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Ultra-broadband and ultra-high sensitivity permeability measurements by
transformer coupled permeameter (TC-permeameter)

S. Tamaru
(Spintronics Research Center, Advanced Industrial Science and Technology (AIST), Tsukuba, Ibaraki,
305-8568 Japan)

Magnetic materials are ubiquitously used in various high frequency electronics systems as inductors, transformers,

noise filters and noise suppression sheets, which often determine the entire system performance. One such example is
an inverter. Among many components used in the inverter circuit, inductors and transformers usually have the lowest
high frequency performance, thus limit the entire system performance such as the switching frequency, conversion
efficiency and unit size. For this reason, improvements of these magnetic components are crucial for the development of
modern electronics systems. High frequency magnetic components are often made of magnetic particles by either
sintering or dispersing into polymer resin. Currently the permeability of the magnetic particles can be measured only in
the final component form because of the limited sensitivities of permeance measurement techniques currently available.
This is a serious limitation in the development of the magnetic components, because it is impossible to study the effects
of the processes done on the magnetic particles, such as crashing, micro forging, annealing and solidifying, on the
permeability, and therefore one can only guess the effects by characterizing the magnetic component in the final form.
In order to overcome this difficulty and accelerate the developments of high frequency magnetic components, a
technique to measure the permeability with high sensitivity has been strongly sought.

For measuring the permeability of a single magnetic particle with sufficiently high sensitivity, we have developed a
permeability measurement technique, which we named as “transformer coupled permeameter (TC-permeameter).
Figure 1 shows the block diagram of this technique. A magnetic particle is sandwiched by two short terminated coplanar
waveguides (CPWSs). These two CPWs are electrically insulated by Kapton tape, thus this structure forms a loosely
coupled single-turn transformer. Each CPW is connected to the port 1 (P1) and 2 (P2) of a vector network analyzer
(VNA) that measures the transmission parameter (S21) twice, first under the magnetic field of interest, and second under
a sufficiently strong magnetic field to saturate the magnetic particle. The difference of S,; under these two magnetic
fields reflects the permeability. Figure 2 shows the permeability of a Permalloy particle with a lateral size of
approximately 100 um and thickness of 0.5 um, which is similar to the size of magnetic particles contained in
commercial noise suppression sheets, measured by the TC-permeameter. The figure shows that the permeability can be
measured over a very wide frequency range from 10 MHz up to 20 GHz with a high signal-to-noise ratio (SNR).

In the presentation, the measurement principle of the TC-permeameter technique, including the jig structure, the reason
why this technique can enhance the sensitivity, how to calibrate the system to give the absolute value of the permeability,
and how the measurement limits are determined, will be explained.

This work is partially supported by ‘FY2018 Research support program of matching funds for AIST and Tohoku
university” and 'FY2019 strategic information and communications R&D promotion programme (SCOPE) #195003002'
of Ministry of internal affairs and communications (MIC) of Japan.

Complex permeability of
single Permalloy particle

Relative
permeability

®
10 100 1000 10000
Frequency (MHz)

Fig. 1, Block diagram of the TC-Permeameter. The Fig. 2, Complex relative permeability of a single
magnetic particle is sandwiched by two short Permalloy particle over 10 MHz — 20 GHz.
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K. Fujiwaral, M. Oogane?3#, S. Cakir!, S. Kumagai! and Y. Ando*?34

1Spin Sensing Factory Corp., Sendai 980-0845, Japan;
2Department of Applied Physics, Graduate School of Engineering, Tohoku University, Sendai 980-8579, Japan
3Center for Science and Innovation in Spintronics, Tohoku University, Sendai 980-8577, Japan
“Center for Spintronics Research Network, Tohoku University, Sendai 980-8577, Japan

The tunnel magneto-resistance (TMR) sensors using magnetic tunnel junctions (MTJs) are expected as highly
sensitive magnetic sensors operating at room temperature. Magnetic sensors are used for current sensing, displacement /
rotation sensing, nondestructive testing, etc., and in recent years, biomagnetic field measurement that senses the activity
of the human body with a magnetic field has been actively studied. Measurement of biomagnetic field includes
magnetocardiography (MCG)? resulting from electrical activity of the heart and magnetoencephalography (MEG)?: 2
measuring brain current. These magnetic field measurements are considered to be useful tools for medical diagnosis and
basic research because they have high spatial resolution and temporal resolution compared to electrical measurements..
On the other hand, since the biomagnetic field is a very weak magnetic field of at most 100 pT, the sensors that can
perform the measurement are limited.

We have been researching to realize the measurement of this biomagnetic field using a TMR sensor. Until now, we
have succeeded in partial real-time MCG measurement using a TMR sensor and MEG measurement using averaging®.
The MTJ multilayer film used for the TMR sensor was deposited by ultra-high vacuum sputtering system. This
multilayer film is characterized in that it has MgO barrier layer and has a synthetic structure using NigFez in the
bottom free layer. Since it was necessary to reduce the noise of the TMR sensor in order to measure a small magnetic
field, we reduced 1/f noise by arranging a large number of MTJs in an array. The size of the fabricated MTJ array was
7.1 x 7.1 mm?, and four arrays were used to construct a bridge. The output from the TMR sensor bridge was amplified
and filtered and measured by a PC using an A/D converter. In MCG, the R-peak caused by the heartbeat was measured
with a probability of about 1/2, and a clear QRS wave was measured by performing averaging about 16 times.
Moreover, MEG succeeded in measuring the 10 Hz magnetic signal originating from the o wave by averaging 10,000
times, and confirmed that the phase of the signal is rotated 180 degrees by rotating the direction of the TMR sensor by
180 degrees. At present, we are studying to improve the multilayer film structure of the TMR sensor to further increase
the sensitivity. There is a method of thinning the MgO barrier layer to reduce the noise of the TMR sensor. At this time,
when the resistance value of the junction decreases, the signal is reduced due to the parasitic resistance of the lower
electrode film. As a countermeasure against this parasitic resistance, a thick Cu film was deposited and a chemical
mechanical polishing process was performed, and a TMR multilayer film was formed on this substrate to reduce the
resistance. In addition to the improvement of the multilayer film structure, we are also examining the improvement of
signal and noise by changing the spatial arrangement of the TMR sensor. In addition to the feature of room temperature
operation, TMR sensor has the feature of wide magnetic dynamic range, and its output does not saturate even if it is
used in geomagnetism. Therefore, it is thought that operation outside the shield room is also possible. Using this feature
of wide dynamic range, we are currently studying for measuring biological information without a shield room.
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Soft X-ray magnetic circular dichroism (XMCD) measurement is one of the most powerful tools for researches on
spintronics devices. In recent years, the size of magnetic materials used in spintronics devices has been reduced to
several tens of nanometers. To measure the magnetization behavior in such devices, a high spatial resolution
measurement technique is required. An XMCD measurements technique with Soft-X ray nano-beam has shown
remarkable results for magnetization measurements. However, the spatial resolution of the soft X-ray nano-beam MCD
is limited to a few tenths of nanometers. Therefore, a new method for XMCD high spatial resolution is required. A
combination of XMCD and scanning probe microscopy (SPM) is one of the promising technique to enhance the spatial
resolution of XMCD measurements [1-5]. Here, we developed a soft X-ray nano-beam SPM for high spatial resolution
XMCD measurement.

For soft X-ray nano-beam SPM, we developed an original dynamic force microscope (DFM) with UNISOKU Co.,
Ltd. The soft X-ray nano-beam SPM was installed in Spring-8 BL25SU (Fig. 1). Fig. 2 shows a schematic diagram of
our soft X-ray nano-beam SPM. The DFM is fully controlled by the original controller developed with LabVIEW
FPGA. The controller can be remotely controlled by python programs. With this system, we can enhance the spatial
resolution of the XMCD measurements.
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Fig. 1. Photograph of soft X-ray nano-beam Fig. 2. Schematic diagram of soft X-ray nano-beam dynamic
SPM. force microscope.
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Femtosecond soft x-ray sources via high-order harmonics for ultrafast MCD measurements
Eiji J. Takahashi
(RIKEN Center for Advanced Photonics, RIKEN)
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Excitation and Propagation Dynamics of Spin Waves Observed by
Spin-wave Tomography

Yusuke Hashimoto
Advanced Institute for Materials Research, Tohoku University

In magnetic media, waves of precessional motion of magnetization serve as an elementary excitation, called spin
wave. To know its properties, one should measure how its frequency with its wavenumber vector. This relation is called
dispersion relation. Spin waves, mediated by dipole-diploe interaction, are called pure-magnetostatic waves. The
dispersion relation of pure-magnetostatic spin waves is characterized by complicated and anisotropic dispersion
relations; their slope may even become negative for the so-called backward volume magnetostatic waves. The
magnetostatic waves have been employed in spintronic and magnonic devices, while the observation of dispersion
relations of pure-magnetostatic waves was one of the challenges.

Recently, we developed a new method for the direct observation of the dispersion relation of pure-magnetostatic
waves by developing a table-top all-optical spectroscopy; we hamed spin-wave tomography (SWaT) [1]. Spin waves are
excited by the illumination of an ultrashort light pulse focused on a very small surface area of a magnet medium. When
the pulse duration and the excitation area of the light pulse are infinitesimally small, the pulse includes all temporal and
spatial wave components according to the Fourier theorem. Then, spin waves of all frequency and wavenumber vector
are created simultaneously and propagate from the excitation point. The created spin waves are observed by using a
time-resolved magneto-optical imaging technique [2]. The Fourier transformation of the observed waveform along the
time and spatial coordinates gives the power spectra of spin waves as a function of the frequency and the wavenumber
vector. The spectra represent the dispersion relation of spin waves. This is the basic concept of SWaT [1].

In this talk, I will introduce our recent studies about the excitation and the propagation dynamics of spin waves
using time-resolved SWaT [1,3] and phase-resolved SWaT [4,5], of which typical data are shown in Figs. 1(a) and 1(b),
respectively.
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Fig. 1 Typical data of (a) time-resolved SWaT [1,3] and (b) phase-resolved SWaT [4,5].
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