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Noncontact Evanescent Microwave Magnetic Dipole Probe
Imaging of Ferromagnets

Run Wang and Massood Tabib-Azar
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We describe a 2-GHz evanescent microwave magnetic dipole probe and its applications in imaging high-frequency electromagnetic
properties of metallic magnetic samples. The probe offers the advantages of low cost and ease of implementation. It consists of a small
inductive metallic loop fed by a microstripline resonator that is scanned over ferromagnetic samples. In contrast to the electric dipole
probe reported previously, the magnetic dipole probe has higher input admittance, making it more suitable for quantitative imaging of
high-conductivity metallic samples. When calibrated with a Gauss probe, the magnetic dipole probe was insensitive to electric beld while
it detected the magnetic bPeld above the magnetized ferromagnetic sample with 1% accuracy and 0.06% resolution at 2 GHz. Using a
simplibed circuit model of the resonator, we were able to interpret the probeOs output and predict the magnitude of the reRected wave

and relate it to the magnetic properties of the samples under investigation.

Index Terms—Atomic force microscopy, imaging, magnetic resonance imaging, microwave imaging.

1. INTRODUCTION

N many technical applications, ferromagnetic inclusions in
a nonferromagnetic surrounding may cause problems. For
example, extremely small iron particles in turbine discs are un-
over, magnetic sensing is a promising technology that has been
developed for the purposes of position measurement and guid-
ance, especially notable for applications in advanced vehicle
control and safety systems (AVCSS) [3]. Imaging the magneti-
zation state of ferromagnetic materials is of great scientific and
technological importance in hard drive disks as well.
Therefore, the growing need for measuring local high-fre-
quency electromagnetic fields on both passive (material) and
active (device or circuit) samples has spawned a variety of tech-
niques using scanned beams and probes. High-frequency mag-
netic field probes have important applications, from examining
superconducting thin films [4] to locating short circuits on inte-
grated circuits [5]. Furthermore, probing at micrometer-length
scales is greatly enhanced by an ability to acquire sample to-
pography along with high-frequency field data, much like the
magnetic-force microscope (MFM) can do for static fields [6].
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Previous work probing high-frequency magnetic fields on
high-frequency circuits have been done using both loop probes
[7] and open-ended rectangular waveguides [8]. In these ef-
forts, larger probe dimensions and samples that were essentially
planar on the scale of the probe tips, minimized the need for
probe-sample distance control. But with micrometer-scale
probes this control is important for field calibration.

To address this need for the instrument, we have designed,
fabricated, and tested an evanescent magnetic microwave
dipole probe (EMMP) for detection of high-frequency perme-
ability. EMMP has been used to detect the corrosion, defects,
conductivity, and thickness nonuniformities of metals in the
past [9]-[15]. Here, we discuss a magnetic field detection
technique which is a logical extension of EMMP working at
2 GHz in permeability sensing. Although the spatial resolution
of this instrument is limited by the dimensions of probe tip,
the low cost, the ease of implementation, and the quantifiable
signal give the EMMP certain significant advantages over other
magnetic imaging techniques. We have applied this technique
to image the permeability variations in a slab-shaped ferromag-
netic material locally magnetized using permanent magnets as
described below.

II. PRINCIPLE OF OPERATION

Our EMMP is a A 4 driven resonant transmission line fab-
ricated on RT Duroid substrates, connected to a feedline by a
coupling screw which can be used to change the coupling ca-
pacitance (C7) value and tune the coupling strength between
the feedline and the resonator, as shown in Fig. 1. One end
of the stripline is connected to a copper loop which is formed
by shorting the microstripline resonator to the ground. This ar-
rangement takes advantage of the resonator structure in order
to improve the signal-to-noise ratio by a factor related to the
quality factor (@) of the resonator, which is verified in [13].
The probe tip is usually tapered to confine the electromagnetic
fields to improve the probe’s resolution. The sample is placed
under the probe tip and point measurement is performed to map
its properties. In the realm of evanescent field imaging, the fields
are intentionally confined or restricted to regions that are signif-
icantly smaller than their wavelength, as shown in the inset of
Fig. 1. The fields in these regions are restricted and unable to
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Fig. 1. Evanescent magnetic microwave probe sensor assembly. The high sen-
sitivity is due to evanescent field decay as shown in the inset.
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Fig. 2. The reflection coefficient (|S11]) of EMMP when a ferromagnetic
sample is placed near the probe.

travel freely, so they evanesce or attenuate exponentially. The
decaying fields are employed to scan over material objects much
smaller than the wavelength of the traveling field in the probe,
which enables to exceed the classical limitation.

When the tip of probe is placed in the vicinity of a sample, the
resonator’s reflection coefficient changes as shown in Fig. 2, due
to magnetic flux ¢ change in the area of the loop probe. Both
the resonance frequency (f-) and the reflection coefficient am-
plitude (]S11|) are affected by the presence of the sample. The
amount of changes in the resonance (f, and |S11|) depends pri-
marily on the magnetic field density as well as on the distance
between the resonator’s tip and the sample ( ), and the tip’s
effective area (Aog) [10], [13]. Keeping 5 and A.g fixed, the
tip can be scanned over the sample and variations in the mag-
netic field density can be mapped. As opposed to the electric
dipole probes where the resonance frequency becomes smaller
in the presence of the sample, the resonance frequency of the
magnetic dipole increases if the sample is metallic or is con-
ductive. The main reason for this is that in addition to inductive
coupling with the sample, the loop also couples to the sample
capacitively. This capacitive coupling can reduce the tip’s in-
ductance by shunting the probe tip to the ground. Thus, the res-
onant frequency increased as can be seen in Fig. 2.
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Different signal detection methods can be used to monitor
the microwave properties of a sample using an EMMP. When
dealing with conducting samples, the resonance frequency is
predominantly affected by the probe-sample distance. Thus, one
can use the resonance frequency as a control signal to regulate
the probe-sample distance. Operating the probe at a constant res-
onance frequency necessitates adjusting the probe-sample dis-
tance as the probe is scanned over the sample. This process
enables controlling the probe-sample distance quite well. The
reflected signal’s amplitude at the resonance frequency, how-
ever, changes even when the probe-sample distance is kept con-
stant by fixing the resonance frequency. Thus, we monitored the
change in the reflected signal at constant resonance frequency
(i.e., constant probe-sample distance) to image the permeability
variations in the sample. Under these conditions, the inductive
coupling between the probe and the sample in addition to the
dissipation in the sample determines the probe’s output signal.

In the high-frequency regime, the dimensions of circuits are
very small. In order to accurately measure the amplitude and
phase of the fields at a point inside a circuit, a field probe must
be as small as possible, so that the perturbation of the operating
circuits by the probe can be ignored approximately. The design
of the evanescent magnetic microwave probes started using a
conducting loop. We have evaluated the energy of interaction
between the probe and the magnetic field emanating from the
sample surface. Consider a one-turn loop of conducting wire C'
which is placed in a magnetic field B. The magnetic flux ¢p
linking the loop C can be written

¢p =) BiIAA

where A A is some sub-area of the loop and B is the compo-
nent of the magnetic flux density which is perpendicular to this
sub-area. The summation is over all of the different sub-areas
required to make up the total area of the loop. The sub-areas
are assumed to be sufficiently small that the magnetic field is
approximately uniform over each sub-area. It was assumed that
the loop is immersed into a plane linearly polarized electromag-
netic wave in free space and is placed in the x-z or y-z plane,
perpendicular to the magnetic field Hy- or H,- components,
which are considered to be constant over the area of the loop.
Because the dimensions of the loop probe are much smaller than
the wavelength and the form of the loop is circular, the induced
electrical field is compensated in the loop. Under these condi-
tions, the current “I” induced in the loop is only proportional
to the magnetic field radiated from the sample. Measuring the
magnetic field distributions on a sample, the probe signal S has
the form:

S = CI(l),

where C' is the coupling coefficient, which is associated with the
properties of the probes and can be obtained by calibration, and
l is the relative distance between the sample and the probe plane.
Because of the small size, the probe can be placed very close to
the sample to increase the sensitivity of the measurement.

We model the coupling between the loop probe and a sample
with the equivalent circuit shown in the inset of Fig. 3. The
loop probe is represented as an inductor Ly, the test material
as a series combination of its effective inductance L and com-
plex impedance Zs = Rs 1 jwCs, and the coupling as a
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Fig. 3. Equivalent circuit model of the resonator in presence of a ferromagnetic
sample.
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mutual inductance . Since the materials of interest are good
conductors with a microwave skin depth much smaller than the
sample thickness, we model the sample inductance by an iden-
tical image of the loop probe, so that Ls = L. The self-induc-
tance of the loop probe is roughly estimated as Ly = 1. 5uga,
assuming a circular loop with inner diameter a [16]. In the high-
frequency limit, the surface impedance of the sample can be
written as Zs = /jpoprwp, Where p, is the complex rela-
tive permeability of the material, w is the microwave frequency,
and p is the resistivity of the material, which is considered to
be independent of 1,.. Since the loop and its image are roughly
circular inductors, we can calculate  as the mutual inductance
between two circular loops in the same plane. However, because
this two-circular-loop model only approximately describes the
geometry, we will ultimately need to treat the value of as a
fitting parameter. In the high-frequency limit, we can take wlLg
to be much greater than | Zg|. From the equivalent circuit shown
in Fig. 4, we find that the load impedance presented by the probe
and sample is Zjoaq = jwo(l — k%)  k*(Rs jXs), where
the coupling coefficient k = Vv LsLy is a purely geomet-
rical factor. The frequency shift is produced by the imaginary
part of Z),aq, While the real part of Z,,q determines the @) of
the microscope.

Given a change in the reflection coefficient of ASy; per a
small perturbation in magnetic field change in the vicinity of
the probe, we can only detect ASy; only if it is equal to or
larger than the noise level in the system. The minimum de-
tectable signal (MDS) is defined as the smallest change in the
input that produces an output (AV,, = AS;;Vi,) equal to
the root-mean-square (RMS) value of the noise (Virm ). Sim-
ilar calculation [13] can be performed for the magnetic probe:

ASll _ Vnrm Vvin

MDS = AB = =
Sz - Sy S-St

where S, is the frequency sensitivity of the resonator
(= (AS11) (Af)), and Sy is the shift in the resonator
frequency per unit change in the magnetic flux density (Sf
= (Af) (AB)). It clearly shows that to improve MDS, S,
and Sy should be maximized. S, is related to the quality
factor of the resonator, while S¢ is determined by the physical
interaction between the evanescent fields and the sample. As
has been shown in [13], S, is given by
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Fig. 4. Experimental setup.

where w = wg  Aw,Aw wy K l,and s = —1ifw  wy
and s = 1 if w > wy. From the above equation, resolution is
proportional to the quality factor of the resonator, as expected.

Due to inaccuracies in the fabrication process, the probes have
slightly different properties and should be calibrated to enable
meaningful comparison. Before performing quantitative mea-
surement, each probe should be calibrated individually. How-
ever, using a thin film technology, the production costs for the
magnetic filed probe are very small and a very stable field probe
can be fabricated, i.e., it is suitable for industrial applications.

For accurate imaging and measurement of the magnetic prop-
erties of samples, or electromagnetic profiles of circuits, the
probe-sample stand-off distance is an important factor. If the
probe is too near to the circuit, it may obtain a larger signal,
but it then disturbs the operation of the circuit. In all the mea-
surements discussed below, the stand-off distance was kept con-
stant at 100 pm. In most cases, this was sufficient to obtain
high resolution images without affecting the sample fields ap-
preciably. Constant stand-off imaging also enables comparison
off different results in a meaningful manner.

III. EXPERIMENTAL SETUP AND RESUTLS

A. Experimental Setup

The evanescent microwave magnetic probe with a wire loop
diameter of 0.4 mm was constructed. The resonator was fabri-
cated on a 0.85 mm-thick Duroid (¢, = . ) substrate with the
center conductor width of 3.0 mm to achieve 50 €2 characteristic
impedance. The probe tip was tapered to confine the electro-
magnetic fields to improve the probe’s resolution. A fine wire
was subsequently attached to the tapered end of the resonator
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that formed a loop terminating at the ground plane. The probe
was then mounted in an aluminum fixture to eliminate unwanted
electromagnetic coupling and to decrease the background noise
that would deteriorate the probe sensitivity. The wire loop pro-
truded through a hole in the box and could interact with samples
nearby. The resonator tuning was carried out after the aluminum
box was closed and with the loop either near a sample or in air.

A block diagram of the field measurement system is shown
in Fig. 4. It consists of a microwave resonator coupled to a feed-
line, which is connected to a three-port circulator circulating the
signal from the FM-modulated radio frequency source to the
resonator, and detects the reflected wave to a phase detector. The
phase detector compares the reflected signal with the reference
signal from the radio frequency signal generator. Its amplitude
output is then fed to a lock-in amplifier to maintain phase lock
and to a digital multimeter to measure the reflected wave magni-
tude. The output voltage of the digital multimeter is proportional
to the reflected wave from the stripline resonator and attained a
minimum value when the frequency was tuned to the resonance
frequency.

The circulator, the phase detector, and the stripline were con-
nected to a vertical support that was mounted to a table top base
and was positioned in the vertical direction with a micrometer.
The sample was mounted on an X-Phi rotary stage and rotated
underneath the probe tip for scanning. The outputs of lock-in
amplifier and digital multimeter were connected to the input of
the DAQ card in the computer that also controlled the position of
the sample platform. The imaging system is automated and the
tip-sample stand-off distance was controlled by the computer
using a PID controller implemented in LabView.

B. Experimental Results

We used the microstrip line with a short termination at z = 0
to evaluate the probe’s sensitivity to electric fields by exam-
ining the probe output in the z direction, similar to the proce-
dure described elsewhere [17]. The standing waves were formed
over the microstripline with the electric and magnetic field dis-
tributions given by |E(z)] = FEnax|sin(kz)| and |H(z)| =
H nax| cos(kz)|, respectively. Fig. 5(a) shows the experiment
setup, where the plane of the wire coil was placed perpendic-
ular to the z direction. Duroid with dielectric constant of 2.2
was used as a device under test (DUT) and the distance between
the tip end and the surface of Duroid was 100 gm. The mea-
sured distributions obtained with our probe and Gauss meter
were compared, as shown in Fig. 5(b). Their values were all nor-
malized by their maximum values. The measured results were
very close to the calculated magnetic field distribution. From
these results, we found that our magnetic probe was insensitive
to the electric field. Similar results were also shown in [18]—[20].

A low-frequency eddy-current imaging system has also been
demonstrated in [21] using a magnetoresistive sensor. More-
over, the concurrent measurement can be achieved by using the
probe array integrated with switches and amplifiers, as shown in
[22], which can provide more flexibility and efficiency in some
cases.

To perform quantitative mapping of magnetic field, we cali-
brated the probe over a range of magnetic field intensity from
—4565 to 4498 Gauss. In our experiment, we used a DC Gauss
meter to measure the magnetic field. With this setup, a change of
0.1 Gauss could be detected, and the deviation was below 5%.
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Fig. 5. (a) Experimental setup, and (b) measured probe output distributions
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Fig. 6. Evanescent magnetic microwave probe calibration curve.

Fig. 6 shows the calibration results for different magnetic
fields. The accuracy of our measurement is better than 1%. The
probe used in this work had the quality factor of ~ 000 and
Varm Vin & 1 x 1073 at fy = GHz. Thus, the field resolu-
tion of the EMMP is around 0.06% at 2 GHz. Fig. 7(a) shows the
decay characteristics for magnetic probe. Approximating it with
an exponential decay constant, it has the characteristic decay
length of 360 pm. The spatial resolution of our microscope is
expected to be on the order of the loop diameter when the probe
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Fig. 7. (a) Relative measured reflected microwave magnitude as a function of
distance (D) between the probe tip and sample. (b) Simulated current density in a
400 mdiameter loop at 2 GHz. The nonmagnetic grounded metallic object was
at 100 m stand-off distance. The current density in the loop is quite uniform.
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Fig. 8. Long-term stability measurement. Measurements are taken at two dif-
ferent distances between tip and sample.

is within one loop diameter of the surface. Fig. 7(b) shows the
simulated current density in the probe loop at 2 GHz. In this sim-
ulation, a conducting sample was located at 100 mm stand-off
distance. The current density (parallel to the loop wire) at 2 GHz
is quite uniform throughout the loop wire indicating that even in
the presence of the conducting sample, the magnetic field gener-
ated by the loop remains, more or less, the same as in free space.
If the sample changed the uniformity of the field, the compo-
nents of current density would vary reflecting the nonuniformity
in the field.
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Fig. 9. (a) Schematic cross section of the probe-sample-magnet arrangement
and setup. Images of patterned magnetic field obtained using magnetic probe
sensor in (b) a sample two magnets (b) and in a sample with three magnets (c).
Please note that the scale bar is in Gauss.

The above measurements were repeated ten times to assess
the reproducibility of the probe’s output. Fig. 8 shows the varia-
tion of each measurement to be as small as 0.8 %. In addition to
the short term reproducibility test, we also investigated the long
term stability of the EMMP. Before each measurement, we en-
sured the probe-sample distance to stay constant by using the
lock-in amplifier as a feedback signal that is proportional to the
stand-off distance. Fig. 8 shows that the variations in the feed-
back signal was less than 0.7 %.

Fig. 9 shows the scanned magnetic regions resulting from
two and three permanent magnets in parallel at a distance of
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Fig. 10. Simulation of the magnetic field inside a loaded epoxide sample with
two magnets (a) and three magnets (b). The field lines as well as field intensities
are shown in a cross-section side view of the sample with magnets.

100 mm from the magnetic probe. The imaging measurements
were done using the ECCOSORB MF-190 rigid magnetically
loaded epoxide slab-shaped sample, whose relative perme-
ability is 9.0 at 100 Hz and 7.0 at 1.0 GHz. The thickness
of the magnetic stock is 6.35 mm and a 30-mm thick copper
that was attached to the backside of the magnetic sample to
have well-defined boundary conditions and isolate the other
undesirable effects from the backside of the magnetic sample.

Subsequently, we placed the permanent magnets underneath
the samples to magnetize them as schematically shown in
Fig. 9(a). The images were obtained by scanning at = 0.1
mm in x-direction and A¢ = 5 in x-y direction per step. We
experimented with two and three magnets placed underneath
the sample. In all cases, the disk-shaped, rare-earth permanent
magnets (~ 0.65 T) were placed with their “N” poles parallel
to the samples’ scanned surface. Fig. 9(b) and (c) shows the
magnetization patterns that were imaged at the surface of the
above sample with the magnetic dipole probe. To understand
the magnetic field distribution and the magnetization patterns in
these samples, we also performed a finite-element simulation.
Fig. 10 shows the simulation results with 2, and 3 magnets
under the sample. The field curvature inside the sample with
three magnets, is less than the field curvatures in the sample
with two magnets. The simulation results qualitatively show
how the field profiles inside the sample affect the magnetization
in the sample detected by the magnetic dipole probe (Fig. 9).

In conclusion, we demonstrated the application of an evanes-
cent microwave magnetic dipole probe in mapping ferromag-
netic materials permeability and remnant magnetization field of
0.06% at the operation frequency of 2 GHz. The probe is a rel-
atively simple device that may find applications in circuit de-
sign and optimization, troubleshooting, and quality assurance.
It should also be possible to extend the technique to image ferro-
magnetic antiresonance, and antiferromagnetic resonance using
the microscope.
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