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Creation of tunneling electro-magneto-dielectric effect of nanogranular
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This work provide insights into the electric polarisation of disordered granular solids to electric
fields associated with nanometric structures, which is of importance in the field of dielectric and
spintronics physics and may have application in compact filters and antennas.

I have developed novel dielectric nanogranular materials that allow for the
tuning of the dielectric relaxation frequency (fr) in the AC transport response using a DC electric
field. These materials have the potential to simplify and miniaturize device structures such as RF
low pass filters and antennas. The structure consists of magnetic metal nanoparticles dispersed in
an insulating matrix. By applying a direct current electric field, it is possible to adjust the fr
within a specific frequency range. Interestingly, increasing the electric field initially shifts the

fr towards the low-frequency side before moving to the high-frequency side.

To address this issue, I developed an asymmetric electron tunneling model, which provides an
explanation for the observed results. | have also theoretically investigated the dielectric
properties based on the asymmetric electron tunneling model, taking into account the size difference
between granular pairs.
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Nanogranular materials comprise disordered nanometre—sized granular metals
dispersed in a host matrix and are a robust platform for studying complex disordered
solids. Based on this platform, a variety of intriguing phenomena have been discovered
that involve the interplay of electronic, magnetic, optical, and thermal properties
as well as quantum and superconductive behaviour. At diluted granular fractions
(typically less than the percolation threshold of 50% vol. percent), the materials are
in the dielectric regime, whereby both DC and AC electrical transport properties have
been widely studied in this regime. In particular, the study of AC transport provides
an in—depth understanding of the electric polarisation associated with the structural
configuration.

In this field, I have conducted experimental and theoretical studies to understand
the impact of magnetic particle content and film morphology on the tunnel magneto—
dielectric (TMD) effect in nanogranular films. I discovered that the peak frequency of
the TMD effect changes as the insulation layer thickness varies. This finding
established a strong correlation between the applied magnetic field and charge
tunneling between granular pairs in the nanogranular film. I also investigated the
structure and alloy composition of the films in detail, successfully creating films
with the highest TMD value (8.5%) at room temperature. There has been significant
research in a wide range of fields investigating how H and E fields can alter material
properties, including optical, electrical, and magnetic properties. Progress has been
reported in various material systems, such as electric field control of magnetism and
magnetic field control of electrical polarization. Thus, the tunnel magneto—electro-—
dielectric (TEMD) effect, which is the main focus of this study, is based on the
premise that TMD and tunnel electro—dielectric (TED) effects can occur simultaneously

and independently.

2. WFEEOEM

This application aims to develop nanogranular films that exhibit a tunneling
electro-magneto—dielectric (TEMD) effect. This effect involves a change in the
dielectric effect under the influence of both electric (E) and magnetic (H) fields
This research is exciting as it seeks to explore and control the interaction of
electrical and magnetic properties in materials under both H and E fields. In this
project, the challenge is to create nanogranular films that demonstrate a TEMD effect
where the dielectric effect is influenced by both electric and magnetic fields. This

would allow the two properties to be mutually influential, rather than independent

3. WDk
The Coy- MgF,) 1« films was realized by magnetron co—sputtering of Co and MgF, targets

on Si/Si0,/Ti/Pt substrates under an Ar gas pressure of 0.5 Pa at room temperature.



Two target sources are located in one chamber with an angle of 45° relative to the
substrates. The Co or FeCo content was carefully regulated by increasing the input
power from 80 to 120 W at intervals of 10 W with fixed sputtering power of MgF, target
to 150 W. The substrate was rotated at a speed of 10 rpm to achieve a uniform granular
state. Structures were observed using a field—emission transmission electron microscopy
and a Cs—corrected 200 kV high-angle annular dark-field (HAADF)-type scanning
transmission electron microscope (STEM). The magnetic behavior was measured using a
vibrating sample magnetometer. The dielectric and magneto—dielectric properties were
measured using an inductance—capacitance-resistance meter within a 1-1000 kHz frequency
range and an impedance analyzer in the range of 1 kHz-100 MHz, with magnetic fields
ranging up to =10 kOe or dc bias voltage of 0-2.5V.
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this correlation (i.e., TMD ratioocm?) being centred around the spin—dependent quantum-
mechanical charge tunnelling mechanism, which has been observed in numerous
nanogranular material systems. Therefore, understanding these behaviours from a
theoretical perspective, specifically on how large TMD ratio can attain and how such
a correlation can arise, is critical.

In this study, we combine the Debye-Frohlich model with the spin—dependent charge
tunnelling effect to theoretically derive the limit of TMD ratio and show that the TMD
ratio can be expressed as TMD ratio = 2P’m’?, where Pr is the tunnelling spin polarization
(Pr) of the magnetic nanogranules and m is the normalized magnetization (m = M/Ms).
According to this equation, for a sufficiently large magnetic field (m = 1), TMD ratio
becomes 2P;%>, whereby it allows predicting a theoretical limit of TMD ratio exceeding
200%, and for a small Pr, TMD ratio is proportional to m?’. We finally investigate the
x—dependence of TMD ratio in (Co.Feigy) -MgFs films that can be consistently explained

by the formulation.

A 2[Ref. 2] :

Frequency filters that alter the amplitude and phase of an electrical signal with
respect to the frequency are extensively used in electronic applications such as
telecommunication and signal processing systems, which can transmit the desired signal
in a specific frequency range while rejecting or suppressing sighals in the undesired
frequency range. In tunable filters, the passband frequency can be effectively tuned
via mechanical, magnetic, or electrical approaches, and have been explored using a
variety of technologies, including switched capacitor networks, microelectromechanical
systems, ferroelectric, and ferromagnetic films. Tunable frequency filters may cover
multiple frequencies to meet different scenarios in multiple band operations

In this work, we demonstrate new dielectric nanogranular materials, where the
dielectric relaxation frequency (£;) of the AC transport response is tuned by a DC
electric field. Using dielectric granular materials with electrically tunable frequency
response, device structures such as RF low pass filters and antennas may be simplified
and miniaturised. The structure comprises nanometre—sized magnetic metals dispersed in
an insulating matrix. Using different metallic Co fractions (x) of Co-MgF. films, £
can be tuned by the electric field. Specifically, for x = 0.24, £, is controlled in the
range from 1.5 MHz (OFF state) to 2.2 MHz (ON state) by increasing the electric field
up to 14 kV/cm, as shown in Fig. 2.

To probe the origin of the electric—field induced tunable £ in this work, we focus
on the Debye—-Frohlich model. As described earlier, charge oscillation is typically
considered based on the granular pairs of the same size, forming a double potential
well in the AC electric field £,(¢). This model explains the distribution of # by
introducing a distribution function. Nonetheless, the granular size difference and
resulting charge energy difference in each granular pair are ignored. In the absence

of charging energy difference (AZ.= 0), the variation of £ is monotonically increased



as £ is gradually applied, which is unable to reproduce and explain the calculation
result. By introducing the charging energy difference (AZ # 0), which is a natural
consequence of granular systems, we propose a generalised asymmetric model. For this
model, there exists a difference in granular size (di > &), which causes the potential
shift to be asymmetric in the electric field £(¢) = £,(¢) + E where £,(#) is the AC
electric field and £ is the DC electric field. Based on this model, the calculation
results indicate that £ first decreases in small £ and then increases upon further
increasing £ which 1is consistent with the results. Further, the theoretical
calculations reveal that the granular size difference (di — &) is proportional to the
decreased magnitude of 7 in small £ In other words, as the size difference increases,
£, decreases sharply. For a specific combination of dand d (e.g, d=3.0nm &= 2.0
nm), an increasingly large intergranular separation (s;;) may result in a sharp increase
while maintaining a negligibly small decrease in £, with increased £ This model allows
establishing the structure—property relationship in disordered granular solids and
quantitively analysing the effect of structural parameters on the tunability of 7.
This work was recently published on Advanced Electronic Materials and was selected

as Front Cover.
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Fig.2. Experimental dielectric variations under different electric field ranging
from 0 to 12 kV/cm and newly established asymmetric charge tunneling model to fit
the dielectric relaxation frequency. This work was selected as Front Cover in

Advanced Electronic Materials
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