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ABSTRACT

In recent years, magnetoelectric (ME) nanodevices, characterized by their ability to cou-
ple magnetic and electric phenomena at the nanoscale, have emerged as a focal point in
advanced multifunctional device applications. Compared to conventional approaches to
controlling magnetization, which rely on external magnetic fields or currents, ME materi-
als achieve magnetization control with energy consumption at the attojoule level through
an electric field. This unique feature holds promise for two distinct yet interconnected do-
mains: spintronics and lab-on-a-chip (LOC) technologies. This thesis explores the potential

of ME-based nanodevices for these two significant applications.

For the first application, a novel ME-based spintronic device is demonstrated to overcome
the limitations of the high-saturation operational electric field near the device breakdown
voltage and the requirement for electrical contacts, which leads to complexity. For this pur-
pose, using an infrared (IR) light source, both static and dynamic magnetization modulation
is achieved in the Ni/PMN-PT (ferromagnet/ferroelectric) ME heterostructure without any
applied electric field. Upon light irradiation, the internal polarization of PMN-PT is al-
tered, which in turn generates a photo-strain at the heterostructure interface that modifies
the effective magnetic anisotropy of the Ni thin film. Using magnetoresistance (MR), static
magnetization control is obtained. A reduction in MR is observed in both parallel and
perpendicular modes, with a preferential effect in the perpendicular mode. Analysis using

the classical Langevin function indicates that the external magnetic field required to align
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magnetization towards an energetically favorable axis is reduced and highly localized due
to the photo-strain. On the other hand, using ferromagnetic resonance (FMR), dynamic
magnetization modulation is obtained, where a bidirectional FMR shift is observed depend-
ing on the direction of the externally applied magnetic field. This technique presents a
remote means to control the magnetization for next-generation, light-controlled ME-based
spintronic devices for memory, computing, radio frequency (RF), and microwave devices,
allowing easier integration of these devices into complex architectures by eliminating the

need for direct electrical contacts or bulky external electromagnets.

The second application discusses limitations associated with state-of-the-art ME-based
LOC devices in detail. Three critical device aspects are examined. First, the constraints
of conventional ferromagnetic (FM) rings or discs used in ME-based LOC devices, such as
the necessity of complex multi-electrode systems to achieve single magnetic particle rotation
beyond 45° and their lower thermal stability, are addressed. To overcome these limitations,
a ME-based LOC device utilizing shape-anisotropic FM elliptical rings on a ferroelectric
(FE) substrate is presented. By leveraging the inherent high thermal stability of ellipti-
cal FM rings due to dominant shape-anisotropy, along with micromagnetic analysis and
experimental demonstration, it is shown that, with an optimized ring width and aspect
ratio, single magnetic particle rotation up to 90° can be achieved without the need for
multi-electrode configurations. Next, a novel approach for the quantitative assessment of
magnetic nanoparticles (MNPs), widely utilized in the development of MNP-based thera-
peutics, is presented. This advancement is crucial for improving the therapeutic efficacy
of current ME-based LOC systems. Although ME-based LOC devices have enabled the
capture and manipulation of magnetic particles, as previously discussed, the quantitative

assessment of captured or released MNPs remains unexplored-a critical gap for broadening
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the application of these devices in biomedical contexts. To address this, an infrared-driven
Ni/PMN-PT ME heterostructure-based sensor is introduced that enables rapid assessment
of suspended MNPs concentration in a fluidic environment without using an external mag-
netic field. The injected MNPs are captured by the magnetic field gradient generated by the
Ni thin film, and the optothermal-pyroelectric property of the underlying PMN-PT layer is
then used to quantify the MNP concentration. Under an incident infrared pulse with zero
bias voltage, the device exhibits distinct transient photocurrent responses to varying MNP
concentrations, achieving a sensitivity of 0.29nA mg~!ml and a response time of under 2
seconds. Finally, a novel integration of an acoustic mechanism with a ME-based LOC device
for location-specific trapping of magnetic particles is presented. By combining acoustic and
magnetic forces, precise manipulation of magnetic particles in three dimensions is achieved,

overcoming the non-uniform capture limitations.

By addressing these critical aspects of ME-based LOC devices, this work eliminates the
need for bulky electromagnets to achieve precise single magnetic particle rotation up to 90°
without requiring multi-electrode configurations. It also demonstrates an energy-efficient
approach for quantitatively assessing trapped MNPs concentration and enabling location-
specific trapping, which is essential for enhancing the therapeutic efficacy of current ME-

based LOC systems.

KEYWORDS: Magnetoelectrics, Spintronics, Ferromagnetism, Ferroelectric, Photo-
strain, Magnetization modulation, Electric-field control of magnetism, Static magnetization
control, Dynamic magnetization control, Magnetoresistance, Ferromagnetic resonance, Mi-
cromagnetics, Memory and logic devices, Microwave devices, Lab-on-a-chip, Shape anisotropy,
Infrared, Magnetic Particle, Magnetic Nanoparticles, Optothermal-pyroelectric, Quantita-

tive assessment, Transient photocurrent, Acoustic force, Location-specific trapping.
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Traditional magnetization control mechanisms used macroscopic devices with
sizes of mm or larger, such as motors and generators, based on the principle
given by Oersted. However, as devices scale down from mm to microscopic
dimensions (um to nm), current struggles as devices shrink, which is crucial
for microelectronics, sensors, storage, etc. (Image Credit: Wikipedia)

Energy scale comparison of electric and magnetic field control. (a) The resis-
tivity change against temperature in a 100 nm thick LCMO film is compara-
ble when subjected to either a 6 Tesla (T) magnetic field or an electric field
of 4 x 10° V/m [1]. (b) Generating a 6 T" magnetic field to alter the mag-
netization of LCMO requires an electric current of nearly 30 Amperes (A)
at a distance of 1 um, which is inefficient. (c) In contrast, a comparable
resistivity change is achieved with an electric field of 4 x 10° V' /m, which, for
a 100 nm thick LCMO film, requires only 4 Volts (V) [2]. . . ... .. ..

A schematic and transduction mechanism of a strain-mediated ME device.
Applying a voltage across the ferroelectric substrate induces strain at the het-
erostructure interface, which is subsequently transferred to the ferromagnetic
material and modulates the magnetization. . . . . . . . ... .. ...

Different order parameters. . . . . . . . . . .. ... ...

Different coupling mechanisms possible among order parameters in multifer-
roics [3]. . . . L

Advanced multi-functional applications of ME nanodevices: (a) ME Magnetic
Tunnel Junctions [4], (b) ME Spin-Orbit Memory/Logic devices [5], (¢) ME
antennas for microwave spintronics [6], (d) ME-based LOC devices for single-
cell manipulation [7], and (e) single-cell separation [8]. . . .. ... .. ..

(a) Kerr rotation as a function of the applied electric field across a PZT
substrate in LSMO/PZT, with the right ordinate showing the corresponding
magnetization [9]. The inset shows the magnetic state in LSMO in blue
and the electric state in PZT in red. (b) A ME-based MTJ utilizing a
Fe/BTO/LSMO heterostructure, where charge-mediated coupling modifies
the Fe/BTO interface by switching the polarization state of BTO, thereby
modulating its magnetoresistance and tunneling magnetoresistance [10]. . .
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Exchange-bias ME effect in CoFe/BFO. (a) Device schematic with PEEM
images showing the magnetization state of CoFe in its (b) virgin state, (c)
after the first electric field application, and (d) after the second electric field
application across the BFO substrate. (e-f) depict the direction of the applied
field, the incoming x-rays used in PEEM imaging, and the net magnetization
state of CoFe [11]. . . . . . . . ..

Reversible magnetization switching in LSMO/BFO, demonstrated by Wu et
al. [12]. (a) The gate voltage sequence applied across BFO, with (b) showing
the normalized exchange bias (Hpp/H) and the corresponding resistance
change in LSMO due to the exchange-bias ME effect. (¢) Room-temperature
non-volatile magnetization switching in CoFe upon applying 6V across BFO,
as demonstrated by Heron et al. [13]. . . . . . . ... ... ...

The first experimental demonstration of the strain-mediated ME effect in
LSMO/BTO by Eerenstein et al. [14] at different temperatures. (a) Magne-
tization transitions over time at different electric fields: 4kV/cm (sample 3),
10kV /em (sample 4), and 6 kV /cm (sample 5). (b) M-E loop in LSMO/PMN-
PT observed at room temperature by Thiele et al. [15], attributed to the
strain-mediated ME effect. . . . ... .. 0000000

Strain-mediated ME effect in Fe3O4/PZT. (a) Device schematic with the
coordinate system, and (b) the room-temperature FMR spectra of Fe3O,
under different applied voltages across the PZT substrate. The inset shows
the Lorentz derivative FMR spectra. (c¢) The observed linear FMR resonance
field of Fe30, as a function of the applied voltage across PZT [16].

The first experimental demonstration showing the strain-mediated ME effect
in metallic ferromagnet-based MEs by Sahoo et al. [17]. (a) Normalized Kerr
magnetization rotation of Fe under different electric fields applied across the
BTO substrate, with (b) showing the corresponding coercivity modulation.

Different bulk composite ME systems. (a)0-3, (b) 2-2 and (c) 1-3/3-1 (adapted
from [18]. . . . . .

Emergence of spintronics. (a) The first GMR effect observed in Fe/Cr mag-
netic multilayers demonstrates the transition from antiparallel to parallel
magnetization alignment in adjacent Fe/Cr layers, with a change in MR of up
to 85% for Fe(3 nm)/Cr(0.9 nm) structures [19]. (c¢) Schematic of the GMR
read /write mechanism used in modern hard disk drives (HDDs), with (d)
illustrating the typical magnetic bits recorded on contemporary HDDs [20].

Comparison of energy consumption between a conventional 10 nm x 10 nm

spintronic nanodevice driven by (a) current-induced spin-transfer torque (STT)

and (b) electric field-driven magnetoelectric (ME) control. For STT, the

energy consumption is calculated using £ = IgprVyts, where Igpr is the

switching current required to induce the STT effect, V; is the voltage drop

across the device during switching, and ty is the switching time. For ME,
1

the energy consumption is given by F = QC’VQ, where C' is the parallel plate

capacitance and V' is the applied voltage [21]. . . . . . ... ... ... ..
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indicates the crystalline direction of the PMN-PT substrate. Lithographi-
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(a-c) show the initial MP position along the minor axis for ring widths of 1m,
1.2pum, and 1.5um, respectively. MPs in the yellow box indicate trapped MPs,
while MPs in the red box indicate untrapped MPs. (d-f) show the final MP
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the tensile [01 — 1] and compressive [100] directions of PMN-PT relative to
H; are depicted under an electric field of 0.8 MV/m. . . . ... ... ...
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Once the IR pulse is switched OFF, a negative transient photocurrent peak is
observed (region R2) before reaching the new steady state (Is51). (g) and (h)
illustrate released surface charges when IR pulse is ON and OFF, respectively.
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