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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 45o 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 90o 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 0.29 nA mg−1 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.



सारांश

हाल के वषǏ में, मैग्नेटोइलेɜक्ट्रक (एम. ई.) नैनोयंत्र, जो नैनोस्केल पर चुंबकʏय और ɟवद्युत घटनाओं को जोड़ने

कʏ क्षमता रखते हैं, उȡत बहुɟक्रयाशील यंत्र अनुप्रयोगों में अनुसंधान का प्रमुख ɟवषय बने हैं। पारंपɝरक तरीकों कʏ

तुलना में, जो बाहरी चुंबकʏय क्षेत्रों या धाराओं पर ɟनभर्र करते हैं, एम. ई. सामग्री एक ɟवद्युत क्षेत्र के माध्यम से

एटो-जूल स्तर पर चुंबकʏयकरण ɟनयंत्रण प्राप्त करती हैं। यह अनूठʎ ɟवशेषता दो महत्वपूणर् लेɟकन आपस में जुड़े

क्षेत्रों: ɧȺन्ट्रॉɟनक्स और लैब-ऑन-ए-ɡचप (एल.ओ.सी.) तकनीकों के ɡलए आशाजनक संभावनाएं प्रस्तुत करती

है। यह शोध प्रबंध इन दोनों अनुप्रयोगों के ɡलए एम. ई.आधाɝरत नैनोयंत्रों कʏ संभावनाओं का अन्वेषण करता है।

पहले अनुप्रयोग में, एक नवीन एम. ई. आधाɝरत ɧȺन्ट्रॉɟनक यंत्र प्रस्तुत ɟकया गया है, जो उǴ संतृɥप्त

पɝरचालन ɟवद्युत क्षेत्र और जɞटल ɟवद्युत संपकǏ कʏ आवश्यकता जैसी सीमाओं को दूर करता है। इसके ɡलए,

अवरक्त प्रकाश स्रोत का उपयोग करके ɟनकेल /पीएमएन-पीटʍ (फेरोमैग्नेट/फेरोइलेɜक्ट्रक) एम. ई. हेटरोस्ट्रक्चर में

ɟबना ɟकसी बाहरी ɟवद्युत क्षेत्र के ɜȸर और गɟतशील चुंबकʏयकरण ɟनयंत्रण प्राप्त ɟकया जाता है। प्रकाश ɟवɟकरण

पर, पीएमएन-पीटʍ कʏआंतɝरक ध्रुवणता बदल जाती है, ɣजससे हेटरोस्ट्रक्चर इंटरफेस पर फोटो-स्टे्रन उत्पȡ होता है,

जो ɟनकेल पतली ɟफल्म कʏ प्रभावी चुंबकʏय अɟनसोट्रॉपी को संशोɠधत करता है। मैग्नेटोरेɡसस्टेंस तकनीक के माध्यम

से ɜȸर चुंबकʏयकरण ɟनयंत्रण प्राप्त ɟकया जाता है। ɟवȰेषण से पता चलता है ɟक चुंबकʏय क्षेत्र कʏ आवश्यकता

कम हो जाती है और यह फोटो-स्टे्रन के कारण अत्यɠधक ȸानीयकृत होता है। इसी प्रकार, फेरोमैग्नेɞटक रेज़ोनेंस

तकनीक द्वारा गɟतशील चुंबकʏयकरण ɟनयंत्रण प्राप्त ɟकया जाता है, जहां बाहरी चुंबकʏय क्षेत्र कʏ ɞदशा के अनुसार

ɟद्वɞदशात्मक फेरोमैग्नेɞटक रेज़ोनेंस ɡशफ्ट देखी जाती है। यह तकनीक भɟवष्य कʏ प्रकाश-ɟनयंɟत्रत मैग्नेटोइलेɜक्ट्रक

आधाɝरत ɧȺन्ट्रॉɟनक यंत्रों के ɡलए एक दूरȸ साधन प्रस्तुत करती है, ɣजससे स्मृɟत, गणना, रेɟडयो फ्रʏक्वेंसी और
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माइक्रोवेव यंत्रों को जɞटल संरचनाओं में सहजता से एकʏकृत ɟकया जा सकता है।

दूसरे अनुप्रयोग में, वतर्मान एम. ई. आधाɝरत एल.ओ.सी. यंत्रों कʏ सीमाओं पर ɟवस्तार से चचार् कʏ गई

है। इस अध्ययन में पारंपɝरक फेरोमैग्नेɞटक ɩरʌग या ɟडस्क संरचनाओं कʏ जɞटलताओं और कम तापीय ɜȸरता

जैसी समस्याओं को हल करने के ɡलए, आकार-अनीसोट्रॉɟपक फेरोमैग्नेɞटक अंडाकार ɩरʌग वाले एम. ई. आधाɝरत

एल.ओ.सी. यंत्र को प्रस्तुत ɟकया गया है। माइक्रोमैग्नेɞटक ɟवȰेषणऔर प्रयोगात्मक अध्ययन से यह प्रदɹशʌत ɟकया

गया है ɟक उɡचत ɩरʌग चौड़ाई और अनुपात के साथ, ɟबना बहु-इलेक्ट्रोड संरचना कʏ आवश्यकता के एकल चुंबकʏय

कणों का 90◦ तक घूणर्न प्राप्त ɟकया जा सकता है।

इसके अɟतɝरक्त, चुंबकʏय नैनोकणों कʏ मात्रात्मक जांच के ɡलए एक नया दृɠȲकोण प्रस्तुत ɟकया गया है, जो

जैवɡचɟकत्सीय अनुप्रयोगों में महत्वपूणर् भूɠमका ɟनभाता है। इस समस्या का समाधान करने के ɡलए, एक अवरक्त-

संचाɡलत ɟनकेल /पीएमएन-पीटʍ हेटरोस्ट्रक्चर-आधाɝरत संवेदक ɟवकɡसत ɟकया गया है, जो ɟबना ɟकसी बाहरी

चुंबकʏय क्षेत्र के द्रव में ɟनलंɟबत चुंबकʏय नैनोकणों सांद्रता का तेजी से आकलन करने में सक्षम है। यह उपकरण

ɟवɢभȡ चुंबकʏय नैनोकणों सांद्रणों के प्रɟत ɟवɡशȲक्षɢणकफोटोकरंट प्रɟतɟक्रयाएं प्रदɹशʌत करता है, ɣजसकʏ प्रɟतɟक्रया

समय 2 सेकंड से कम है। अंत में, ȸान-ɟवɡशȲ कण फँसाने के ɡलए ध्वɟनक तंत्र को मैग्नेटोइलेɜक्ट्रकआधाɝरत लैब-

ऑन-ए-ɡचप यंत्र के साथ एकʏकृत ɟकया गया है, ɣजससे तीन-आयामी कण ɟनयंत्रण संभव हो सका है।

इस शोध कायर् द्वारा मैग्नेटोइलेɜक्ट्रक आधाɝरत लैब-ऑन-ए-ɡचप यंत्रों कʏ महत्वपूणर् समस्याओं को हल ɟकया

गया है, ɣजससे भारी चुंबकʏय इलेक्ट्रोमैग्नेट्स कʏ आवश्यकता समाप्त हो जाती है और अɠधक ऊजार्-कुशल तरीकों

के माध्यम से नैनोकणों कʏ मात्रात्मक जांच एवं ȸान-ɟवɡशȲ फँसाव को संभव बनाया गया है। यह मैग्नेटोइलेɜक्ट्रक

आधाɝरत लैब-ऑन-ए-ɡचप प्रणाɡलयों कʏ ɡचɟकत्सीय प्रभावशीलता को बढ़ाने में एक महत्वपूणर् योगदान प्रदान करता

है।

मुख्य शब्द: मैग्नेटोइलेɜक्ट्रक, ɧȺन्ट्रॉɟनक्स, फेरोमैग्नेɞटज़्म, फेरोइलेɜक्ट्रक, फोटो-स्टे्रन, चुंबकʏयकरण मॉ-

ड्यूलेशन, ɟवद्युत क्षेत्र ɟनयंत्रण, मैग्नेटोरेɡसस्टेंस, फेरोमैग्नेɞटक रेज़ोनेंस, माइक्रोमैग्नेɞटक्स, स्मृɟत और लॉɣजक यंत्र,

माइक्रोवेव यंत्र, लैब-ऑन-ए-ɡचप, आकार-अनीसोट्रॉपी, अवरक्त, चुंबकʏय कण, चुंबकʏय नैनोकण, ऑप्टोथमर्ल-

पाइरोइलेɜक्ट्रक, मात्रात्मक आकलन, क्षɢणक फोटोकरंट, ध्वɟनक बल, ȸान-ɟवɡशȲ फँसाव।
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netization of LCMO requires an electric current of nearly 30 Amperes (A)
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resistivity change is achieved with an electric field of 4×105 V /m, which, for
a 100 nm thick LCMO film, requires only 4 V olts (V ) [2]. . . . . . . . . . 3

1.3 A schematic and transduction mechanism of a strain-mediated ME device.
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cell manipulation [7], and (e) single-cell separation [8]. . . . . . . . . . . . 16

2.1 (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]. . . 22
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2.2 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]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3 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 (HEB/H) and the corresponding resistance
change in LSMO due to the exchange-bias ME effect. (c) Room-temperature
non-volatile magnetization switching in CoFe upon applying 6V across BFO,
as demonstrated by Heron et al. [13]. . . . . . . . . . . . . . . . . . . . . . 25

2.4 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: 4 kV/cm (sample 3),
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PT observed at room temperature by Thiele et al. [15], attributed to the
strain-mediated ME effect. . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.5 Strain-mediated ME effect in Fe3O4/PZT. (a) Device schematic with the
coordinate system, and (b) the room-temperature FMR spectra of Fe3O4

under different applied voltages across the PZT substrate. The inset shows
the Lorentz derivative FMR spectra. (c) The observed linear FMR resonance
field of Fe3O4 as a function of the applied voltage across PZT [16]. . . . . 27

2.6 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. 28

2.7 Different bulk composite ME systems. (a)0-3, (b) 2-2 and (c) 1-3/3-1 (adapted
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2.8 Emergence of spintronics. (a) The first GMR effect observed in Fe/Cr mag-
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2.9 Comparison of energy consumption between a conventional 10 nm × 10 nm
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5.2 Domain wall initialization for simulated elliptical rings with different aspect
ratios. (a) Minimum energy density for elliptical rings with AR 1.1:1, 1.3:1
and 1.5:1 as a function of trackwidth. The nature of the minimum energy
density state is observed due to competition between the exchange and de-
magnetization energies, which are the dominant contribution to the total
energy in the absence of an external voltage (b) Exchange and Demagneti-
zation energy variation against trackwidth for elliptical rings with AR 1.3:1
and (c) corresponding simulated micromagnetics and PEEM images. Up to
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netization 180o is high, producing an onion state with transverse DWs having
a non-negative minimum energy density. For trackwidths greater than 250
nm, the required demagnetization energy to rotate the magnetization 180o is
low, producing a vortex state with almost negligible minimum energy den-
sity. To illustrate magnetization orientation in simulated PEEM images,
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5.5 DW transition from onion state having transverse (O-T) DWs to onion state
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5.9 Generation of the stray magnetic field (
−→
H stray) with radial distribution near

domain wall (DW) junction. (a) Head to head (HH) DW initiates a stray
magnetic field having a positive out of a plane component. Tail to tail (TT)
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−→
H stray =

−→
H vortex ≈ 0) is

almost negligible. For narrow trackwidth magnetic ring (t ≤ to) magnitude
of the stray magnetic is finite (

−→
H stray =

−→
H dw ̸= 0), giving rise to an onion

state.(c) Generation of the attractive magnetostatic potential well between
a 100nm radius MP and the center of HH DW (x=y=0nm) in an elliptical
ring with AR 1.3:1 and 150nm trackwidth. (d) Schematic of trapping of
MP due to an attractive magnetostatic potential energy well generated due
to stray magnetic field (

−→
H dw). (e) Coupling of the MP to HH DW when

−→
F dw >

−→
F d and (f) Decoupling of the MP from DW when −→

F d overcomes
−→
F dw i.e. −→

F dw <
−→
F d. (g)-(i) Left ordinate shows attractive force (

−→
F dw)

calculated between (g) 100nm (h) 200nm and (i) 300nm radius (rp) MP at
200nm height and HH DW in an elliptical ring with AR 1.1:1, 1.3:1 and 1.5:1
having t ≤ to. Righ side ordinate shows drag force (

−→
F d) calculated for (g)

100nm (h) 200nm and (i) 300nm radius (rp) MP for injected velocity (−→v p)
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