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Abstract 
 

In this work I studied the electric-field manipulation of transport and magnetic properties 

in La0.66Sr0.33MnO3 (LSMO) and Zn0.92Mn0.08O thin films, through the geometry of field-

effect transistors. In such field-effect devices, the application of electric field through the 

gate dielectric attracts or repels charge carriers in the ferromagnetic channel, leading to 

charge accumulation and depletion at the gating interfaces and hence modulating the 

transport and magnetic properties of the channel layer. Usually the strength of modulation 

depends on the thickness of the ferromagnet and the electrostatic screening depth within 

the channel. In this thesis, the modulation of magnetic properties in the ferromagnetic 

layer, as induced by the application of gate voltage via ferroelectric polymer or ionic 

liquid gating, were described.   

Several related investigations were performed in this thesis. Firstly, the electric-field 

manipulation of carrier transport and magnetism in the LSMO (7.5 nm) channel was 

studied, using ferroelectric copolymer of poly[(vinylidenefluoride-co-trifluoroethylene] 

[P(VDF-TrFE)] as the dielectric gate. Upon the polarization reversal of P(VDF-TrFE), 

the LSMO channel exhibited a 15 % change in resistance at room temperature (and less 

than 1% change at 20 K). Experimental results in the resistance-temperature (R-T) 

measurement showed insignificant change of Curie Temperature (TC) of LSMO upon 

switching the polarization direction of P(VDF-TrFE), which was attributed to the short 

screening depth in the LSMO channel. 

Apart from controlling the LSMO behavior by reversal of P(VDF-TrFE) polarization, 

electric-field manipulation of the transport and magnetic properties of LSMO films was 

also examined through the application of low-voltage pulse chains across the P(VDF-

TrFE) gate, using the same device structure. With the increase of positive-pulsing cycles 

from 0 to 36 k, the LSMO channel exhibited a gradual decrease in TC from 280 K to 265 

K and showed suppression of low-field magnetoresistance at 20 K. The results also 

indicated that TC and magnetoresistance at 20 K could be reversibly controlled through 

the application of gate pulses of different polarities, as well as the number of pulses 

applied. X-ray photoelectron spectroscopy (XPS) and transport measurements in the 

LSMO channel under different gas environment revealed that low electric-field pulse 

switching with positive gate pulses favored oxygen vacancy (Ov) creation in LSMO layer 
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under vacuum environment, while the Ov annihilation in LSMO channel was more 

favorable under oxygen environment. By comparing the pristine and gated samples, a 

change in the ratio between Mn3+ and Mn4+ ions was observed. Such results indicated that 

the manipulation of transport and magnetic properties in LSMO during the low-voltage-

pulse cycles were due to electrochemical reactions (namely Ov creation/annihilation) in 

the LSMO, rather than electrostatic accumulation or depletion of charge carriers.    

The final study involved the electric-field manipulation of transport and magnetic 

properties in the dilute magnetic semiconductor (DMS) of Zn0.92Mn0.08O, using an 

electric-double-layer gating through ionic liquid. In addition to modulation of ZnO 

channel resistance, the electrostatically-controlled Zn0.92Mn0.08O films exhibited a 

tunable magnetoresistance below 100 K, indicating that the application of gate voltage 

effectively manipulated the charge carriers of the ZnO channel. Moreover, anomalous 

Hall effect measurements revealed an enhanced ferromagnetic state as the gate voltage 

switched from -2V to 2V, thereby indicating the controllable electron carrier density also 

altered the ferromagnetism in the material.  
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Chapter 1 Introduction 
 

1.1 Background and objectives 

The strong correlations between spin, charge, orbital and lattice degrees of freedom in 

transition metal oxides (TMO) provide a variety of interesting features including 

superconductivity, magnetism, spin-and charge ordering [1-3], among many others. Such 

correlations in TMO provide fundamental prerequisites to develop novel and tunable 

functionalities including magnetism, superconductivity and metal-to-insulator transition 

in the electronic devices through the application of electric-field, which cannot be 

achieved in conventional semiconductors [4-7]. Take Zn1-x-MnxO as an example, 

isovalent ions are introduced into Zn1-x-MnxO by substitution of divalent ion (Zn2+) into 

divalent ion (Mn2+) [8]. These chemical substitutions are not applicable for tuning the 

ferromagnetic properties in the electronic devices, while such tuning in the electronic 

devices through the application of electric field is highly desired [1, 8-10]. 

Manipulation of electronic and magnetic properties in TMO has attracted lots of attention 

[2, 3], such as colossal magnetoresistance (CMR) [11-14], magnetocaloric effects[15] 

and metal-to-insulator transition [14]. The electrostatic doping through field-effect 

transistor geometry is conventionally used to achieve the modulation of carriers in the 

TMO [5, 7, 9, 16-19]. As the electric field is applied through the dielectric layer, the 

charge carriers in the TMO channel are accumulated or repelled to form the conducting 

layer [5, 10]. Besides gating with dielectric materials, artificial multiferroic 

heterostructures provide an alternative solution for modulating the carrier density in TMO, 

by inducing changes in the ferromagnet layer through polarization in the ferroelectric 

components [18, 20-22]. This magneto-electric effect has been observed in previous work 

of La0.85Ba0.15MnO3/Pb(Zr0.2Ti0.8)O3 heterostructures [21, 23], which demonstrated that 

the magnetic and electric-transport properties in La0.85Ba0.15MnO3 can be simultaneously 

changed by switching the ferroelectric layer. Lu et al. further suggested that the 

modulation of metal-to-insulator transition in La0.67Sr0.33MnO3 (LSMO) can arise from 

the electrostatic doping due to ferroelectric reversal in BaTiO3 (BTO) [22]. These reports 

also concluded that the screening depth provided from the ferroelectric layer can be 

extended up to 3 nm, which is far beyond the expected values in metallic LSMO. Besides 

TMO, the interfacial magnetoelectric coupling in Fe/BTO heterostructures have been 

studied by Radaelli et al. [24]. Their results indicated that the magnetization can be 
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reversibly switched between on and off states by electric field. The manipulation of 

magnetism in these heterostructure is mainly due to the ionic displacement in BTO, 

leading to the reversible oxidation of the Fe layer.  

In order to achieve a high tunability in the carrier density of the channel layer, dielectric 

selection and the thickness of the channel layer should be considered. First, a large change 

of carrier density in the channel layer requires a high capacitance of the dielectric, 

implying that the dielectric should possess high breakdown voltage and of minimal 

thickness. Secondly, the thickness of the ferromagnet should be comparable with the 

screening depth (typically around 1 nm) to achieve a high tunability of carrier 

concertation in TMO or ferromagnet. Typically, the change in carrier density can be up 

1014 cm-2. 

Beside using dielectric and ferroelectric as gate materials [25], many reports attempted to 

enhance the tunability in magnetism by using the electric-double layer (EDL) in ionic 

liquid (IL) [26-29], since the change in carrier densities can reach up to 1015 cm-2 [29, 30]. 

This electrostatic doping effect through IL was observed by Dhoot et. al. in 5 nm-thick 

La0.8Ca0.2MnO3 (LCMO) transistor devices [30]. With the application of a positive gate 

voltage through the IL, the LCMO film could be changed from a ferromagnetic metal to 

an insulating ground state. Their results also indicated that the electrostatic doping can 

extend up to 5 nm in LCMO, achieving a doping concentration of 2 x 1015 cm-2.  

Beyond electrostatic doping, many studies also attempted to operate the IL through 

electrochemical reaction in the channel layer [25, 31, 32]. This electrochemical reaction 

can offer an exceptional tunability of carrier concentration. Cui et. al. demonstrated 

electrochemically-induced LSMO layer modulation through the gating process in IL [25]. 

Their results indicated that the metal-to-insulator transition temperature of LSMO could 

be changed by up to 60 K. The formation and annihilation of hard magnetic insulating 

phase were observed in transmission electron microscopy (TEM) measurements upon the 

application of the gate voltage, accompanied by the changes in Mn valence and 

magnetotranspsort behaviour in the LSMO devices. 

For achieving a large tunability of carrier density in the ferromagnet [33], several attempts 

were made to manipulate the transport and magnetic properties of ferromagnets through 

a redox reaction between the ferromagnetic channel and the gating material [9, 34, 35]. 

For example, Gilbert et al.  studied the AlOx/GdOx/Co heterostructures [35], and their 
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results demonstrated that the reversible control of magnetization in the heterostructure is 

mainly due to the change in the Co valence states, originating from the oxygen 

transferring from GdOx at the operating temperature of 230ºC.   

1.2 Signification of this work 

Much efforts have been made to improve the performance of memory devices, such as 

ones based on the current-induced magnetization reversal in spin-transfer torque (STT) 

[5, 7, 10, 36]. Rather than using the electric current to manipulate the magnetism, electric 

field-based control of magnetism is now drawing lots of attentions, since the energy 

dissipation of electric field based devices is much smaller when compared with current-

based ones. Moreover, the electric-field devices are compared to the existing field-effect 

devices, and with further advantages of non-volatile behavior [5].  

Due to the technology importance of such electric field-based devices [5, 7, 9, 10, 18, 19, 

37, 38], I investigated the electric-field manipulation of transport and magnetic properties 

of oxide-based devices. Electric-field-induced manipulation of magnetism through 

different methods, such as ferroelectric control by poly[(vinylidenefluoride-co-

trifluoroethylene] [P(VDF-TrFE)], oxygen vacancy modulation through low-voltage-

pulse cycles and electrostatic control through IL, were investigated in this thesis.   

1.3 Outline of thesis 

This thesis attempts to investigate the electric-field manipulation of transport and 

magnetic properties in ultrathin LSMO and Zn0.92Mn0.08O films with the field-effect 

transistor (FET) device geometry. Different gating approaches are studied. 

The thesis is arranged in the following way: 

 The fundamental concepts of TMO such as LSMO and Zn0.92Mn0.08O are provided 

in Chapter 2. Different methods for achieving the electric-field manipulation of 

magnetism in ferromagnets are described. 

 

 Chapter 3 describes an overview of experimental methods, including the 

substrate treatment processes, thin film fabrication techniques used for the 

preparation of oxide films, and the structural, electrical and magnetic 

characterization methods used in this project. 
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 Chapter 4 details the study of electric-field-effect manipulation of transport and 

magnetic properties in 7.5 nm-thick LSMO thin film through ferroelectric 

copolymer of P(VDF-TrFE). Experimental details of these LSMO FET are 

discussed. Ferroelectric-induced changes in transport and magnetism in LSMO 

devices are studied. 

 

 In Chapter 5, a different LSMO modulation approach using the same device 

structure in Chapter 4 is explained. Upon the application of low-voltage pulses 

through the P(VDF-TrFE) gate, resistance-temperature (R-T) measurements of 

the LSMO channel reveal a change of the Curie temperature (TC) by more than 

14 K. Through the measurement results of X-ray photoelectron spectroscopy 

(XPS) and LSMO resistance switching behavior in different gas environment, I 

will demonstrate that the enhanced tunability of transport and magnetic properties 

in LSMO channel were mainly due to oxygen vacancy (𝑂𝑣) modulation with the 

assistance of P(VDF-TrFE) as a dielectric.  

 

 Chapter 6 focuses on the electric-field induced changes in the transport and 

magnetic properties of DMS, Zn0.92Mn0.08O, using an electric double-layer gating 

through an IL. The results indicate that magnetoresistance at low temperature, 

and the perpendicular component of magnetization as measured through 

anomalous Hall effect (AHE), are varied by the application of external electric 

field. 

 

 The important findings of this thesis are summarized in Chapter 7, in which 

potential future work on magnetism modulation in oxide films are also presented. 
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Chapter 2 Literature review  
 

This Chapter gives a brief introduction on the fundamental concepts of magnetic oxides 

such as LaxSr1-xMnO3 and ZnO. This is followed by a literature review about different 

methods for controlling magnetism in ferromagnets, such as electrostatic doping, 

electrochemical reactions, exchange coupling, strain effect and orbital reconstructions.  

2.1 Manganites 

Doped perovskite manganites such as the LaxSr1-xMnO3 system attract lots of attention 

for the development of future spintronic applications [1], owing to their distinctive 

properties of nearly 100% spin polarization, high TC, metallic conductivity and colossal 

magnetoresistance. These unique properties are mainly due to the strong coupling effect 

between spin, charge, lattice and orbital degrees of freedom [1]. In this section, the crystal 

structure, electronic and magnetic properties of manganites are presented. 

2.1.1 Crystallographic structure of manganites 

Mixed-valence manganites have the general chemical composition of AxB1-xMnO3, 

where A is a trivalent rare-earth cation (La, Pr, Nd, Sm, Bi, Y, Ho, Er, Tb and Gd) and B 

is divalent alkali-earth cation (such as Sr, Ca, Pb and Ba). As divalent alkali-earth cations 

(Sr2+ in case of LSMO) substitute the trivalent rare-earth cations (La3+) in the mixed 

valence manganite, the Mn ions can take two possible valance states of Mn3+ and Mn4+ 

for maintaining the charge stoichiometry, and can be expressed as below: 

(𝐿𝑎1−𝑥
3+ 𝑆𝑟𝑥

2+)(𝑀𝑛1−𝑥
3+ 𝑀𝑛𝑥

4+)𝑂3 

The crystal structure of LaxSr1-xMnO3 belongs to perovskites with the formula ABO3, 

which is close to the ideal cubic structure (Figure 2. 1). The A site is occupied by the 

trivalent rare-earth cation (La3+) or divalent alkali-earth cation (Sr2+), and B site is 

occupied by the mixed valence manganese (Mn3+ and Mn4+), which is located at the center 

and surrounded by the oxygen octahedron.  

The crystal structure of the mixed-valence manganites is governed by the tolerance factor 

(𝑡𝑓),  

𝑡𝑓 =
𝑟𝐴,𝐵 + 𝑟𝑂

√2(𝑟𝑀𝑛 + 𝑟𝑂)
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where 𝑟𝐴,𝐵, 𝑟𝑀𝑛  and 𝑟𝑂  are the ionic radii of A, B, Mn and O ions respectively.  The 

perovskite structure is stable with tf between 0.89 and 1.02. For tf = 1, the perfect cubic 

structure is preferred. The crystal structure of manganites generally belongs to 

orthorhombic perovskites with tf appreciably differs from 1.     

 

Figure 2. 1 Left: crystallographic structure of LaMnO3 perovskite. Right: schematics illustration of cubic 

perovskite structure [1]. 

 

2.1.2 Electronic structure and Jahn-Teller distortion 

The 3𝑑 electrons in Mn3+ ions experience an electric field from the surrounding oxygen 

octahedron, leading to the splitting of five degenerate orbital states for the 3𝑑 electrons 

into three 𝑡2𝑔 orbitals (with lower energy) and two 𝑒𝑔 orbitals (with higher energy). This 

effect is the so-called “crystal-field splitting”. This crystal-field splitting is typically ~ 2 

eV for manganites. According to the Hund’s rule, the electron spins should be occupied 

and aligned into a half-filled parallel status in order to maximize the total spin, which is 

the result of the Coulomb interaction within a single atom. This so-called Hund’s rule 

energy is typically ~ 4 eV in manganites and is much larger than the crystal field splitting 

[2]. Figure 2. 2 shows the case for manganites that Hund’s rule coupling is larger than the 

crystal-field splitting. Under this case, four electrons with parallel spins are distributed 

such that one occupies the 𝑒𝑔 level and the remaining three take the 𝑡2𝑔 level. Such a 

single electron in the 𝑒𝑔 level results in the case that Mn3+ ion is active in Jahn-Teller 
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effect. Based on Jahn-Teller theory, Mn3+O6 octahedra in the manganites would elongate 

along z-direction, and causes the energies of dZ
2, dxz

 and dyz orbitals to decrease. In the 

perovskite manganites, the splitting energy due to the Jahn-Teller distortion is typically 

0.6 eV [2]. Owing to absence of an unpaired electron in the 𝑒𝑔  orbitals, Mn4+ ion is 

inactive in Jahn-Teller effect. 

 

Figure 2. 2 Schematics illustration of energy levels of Mn3+ free ions and Mn3+ in oxygen octahedron. 

Taking manganite as a case, the Hund’s rule is stronger than crystal field splitting. The Jahn-Teller effect 

lifts the degeneracy of eg level and results in elongation of MnO6 axial direction. The right side shows the 

five 3d orbitals  three t2g orbitals and two t2g orbitals) [2]. 

 

2.1.3 Double-exchange coupling 

LaMnO3 (LMO) is the parent compound of LaxSr1-xMnO3, with only Mn3+ ion being 

present. The 3𝑑 electrons (triple 𝑡2𝑔 and one 𝑒𝑔) hybridize with O 2p states and results 

an insulating and antiferromagnetic states (Mn3+-O-Mn3+). When part of the La3+ ions are 

replaced by Sr2+ ions in the LMO lattice, a corresponding number of Mn ions have to be 

changed from 3+ to 4+ in order to maintain the charge stoichiometry. As suggested by 

Zener [3], the direct coupling between Mn3+ and Mn4+ is not possible, since the distance 

between Mn3+ and Mn4+ orbitals is too far and without any appreciable overlapping. Zener 

et al. further proposed the double-exchange coupling between Mn4+ and Mn3+ mediating 

through the oxygen p-orbital, that could induce ferromagnetic signal and electronic 

conduction in the mixed–valence manganites [3], as shown in Figure 2. 3. Based on the 
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theory of double-exchange (DE), the magnetic properties of manganites are determined 

by a transfer of 𝑒𝑔 electrons in Mn3+ ions to he oxygen 2𝑝 orbital, and the simultaneous 

transfer of another electron from O 2𝑝 orbital to the empty 𝑒𝑔 state in the Mn4+ site. Upon 

the completion of the transfer processes, Mn3+ changes to Mn4+ and vice-versa. Due to 

Hund’s rule, the electron hopping mechanism between Mn3+ to Mn4+ can happen when 

the spin alignment of 𝑡2𝑔 electrons are in parallel states. As a result, double-exchange 

mechanism between Mn3+ and Mn4+ leads ferromagnetic alignment of spins and is 

associated with electron conductivity. The hopping probability between Mn3+ and Mn4+ 

ions depend on the relative orientation of neighboring spins, which is proportional to 

cos(θ/2), where θ is the bond angle of Mn-O-Mn. In the case of La0.66Sr0.33MnO3, it is 

ferromagnetic at low temperatures and possesses high conductivity due to the active 

hopping channel (𝜃 = 0). As the temperature goes up, manganites transits from the 

ferromagnetic state to a disordered state (with reduced conductivity) as the hopping 

channel becomes forbidden. Therefore, the transition temperature from metallic to 

insulator states matches with the TC, and one can infer the magnetism of manganites 

through R-T measurements.    

 

Figure 2. 3 Schematic illustration of double exchange mechanism in Mn3+-O-Mn4+ and Mn4+-O-Mn3+ [4]. 

 

2.1.4 Super-exchange coupling  

Super-exchange (SE) coupling is the electron interaction between the Mn ions and O 2𝑝 

orbitals. Owing to weak overlapping between 𝑡2𝑔 in Mn ions and 2𝑝 orbitals in O ions, 

the 𝑡2𝑔 electrons are confined. 𝑡2𝑔 electrons virtually hop between two Mn ions through 

O-2𝑝 orbitals. For Mn3+ and Mn4+, 𝑡2𝑔  electrons are half-filled due to Hund’s rules. 

According to Pauli exclusion principle, the transferred electrons between Mn4+ and Mn3+ 
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through O-2𝑝 orbitals should be in opposite spin directions. Therefore, the relative spins 

of Mn3+ and Mn4+ possess antiparallel state, leading to an antiferromagnetic coupling. 

However, SE coupling does not necessarily lead to antiferromagnetic behaviour but can 

lead to weak ferromagnetic. Based on the Goodenough-Kananmori rules [3, 5, 6], a 

certain dependence on the 𝑒𝑔 orbital occupancy and bond angle in the Mn-O-Mn can 

predict whether ferromagnetic or antiferromagnetic interaction inside the manganite is 

dominant, as listed below: 

1. The exchange between empty or filled 𝑒𝑔  states is strong in 

antiferromagnetic interaction when the bond angle is 180o in the Mn-O-

Mn. 

2. The exchange between one empty and one filled orbital is weak in 

ferromagnetic interaction when the bond angle is 180o in the Mn-O-Mn. 

3. The exchange coupling between both filled orbitals are weak in 

ferromagnetic interaction when the bond angle is 180o in the Mn-O-Mn. 

 

2.1.5 La1-xSrxMnO3 phase diagram 

Bulk La1-xSrxMnO3 exhibits different magnetic interactions such as SE and DE with 

varying Sr doping concentrations a shown in Figure 2. 4. For 0 < 𝑥 < 0.1, an A-type 

antiferromagnetic interaction due to SE interaction is dominant with 𝑇𝑁~ 130 K. In this 

doping concentration, the manganite is highly insulating, since the major valence of Mn 

ions is 3+. As 𝑥  increases to 0.17, ferromagnetic interaction due to DE interaction 

gradually dominates and TC can be observed, but the materials is still insulating. With 

further increases in 𝑥  to 0.5, ferromagnetic state with metallic behavior at low 

temperature dominates due to DE interaction. The peak of TC is 360 K at 𝑥 ≈ 0.33 [7]. 

Above 𝑥 = 0.5, the antiferromagnetic interaction starts dominated due to SE interaction. 

Up to 𝑥 <  0.7 , the transport properties still belongs to metallic. As 0.7 < 𝑥 < 1 , 

magnetic interaction of manganites becomes C-type antiferromagnetic and the system is 

insulating [7].        
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Figure 2. 4 (a) Phase diagram of La1-xSrxMnO3 bulk crystals with different Sr doping concentration x [8]. 

(b) Temperature dependence of resistivity for different Sr doping concentration (x) of La1-xSrxMnO3 bulk 

crystals. Arrows and open triangles indicated the TC and structural changes from rhombohedral to 

orthorhombic [7].     

 

2.2 Zinc oxide 

Owing to the large direct bandgap (3.4 eV) and high exciton energy (60 meV), ZnO-based 

materials have attraction lots of attention due to the promising applications in spintronics 

and optoelectronic devices such as light-emitting diodes and transparent conducting 

electrodes for liquid crystal display [9]. The native doping of ZnO materials are OV, while 

making p-type doping in ZnO is quite challenging [10].    

2.2.1 Crystal structure  

Figure 2. 5 shows that ZnO has three common allotropes, namely rocksalt, cubic 

zincblende and hexagonal wurtzite. ZnO with rocksalt structure is only stable at 

extremely high pressures (10 GPa) and cannot be epitaxially grown on lattice-matching 

substrates, unless a large proportion of MgO is doped into the ZnO lattice (40%). 

Zincblende ZnO is rare and can only be grown on cubic substrates such as cubic-phase 

ZnS. Under ambient pressure and temperature, ZnO crystalizes into the hexagonal 

wurtzite structure with a and c lattice constants of 0.33 and 0.52 nm, respectively. The 

Zn ions are bonded with the oxygen ion tetrahedron. This ZnO lattice exhibits a lack of 

inversion symmetry, which induces piezoelectric and pyroelectric properties [9].  
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Figure 2. 5 Crystal structures of common ZnO allotropes: (a) rocksalt, (b) zincblende and (c) hexagonal 

wurtzite. Large and small circles indicate oxygen and zinc atoms, respectively [9].   

 

2.2.2 Diluted magnetic semiconductor 

In 1961, Matthias et al. first demonstrated simultaneous ferromagnetism and 

semiconducting behavior in europium oxide (EuO) [11]. This type of material is termed 

magnetic semiconductor, as all magnetic atoms are periodically distributed inside the 

semiconductor lattice. However, it’s low TC (<80 K) means it is not suitable for 

integration into current semiconductor industries.  

More efforts were made on the discovery of DMS, in which a small portion of cations are 

replaced by the transition metal ions [12-14], while the magnetic moment of these DMS 

are mainly due to the partially occupied 3d and 4f electrons of magnetic ions [15-18]. 

Dietl et al. predicted theoretically that p-type semiconductors such as Mn-doped GaN or 

ZnO exhibit TC higher than room temperature and with bandgap larger than 3 eV [12], as 

shown in Figure 2. 6. Such DMS materials have great potential to fabricate practical 

spintronic devices such as spin-light emitting diode and spin-field effect transistor 

working at room temperature.        

 

Figure 2. 6 Computed Curie temperatures for different p-type semiconductors [12]. 
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2.2.3 Donor impurity-band exchange model 

Coey el al. adapted the donor impurity-band model to explain the variation of magnetic 

moments across 3𝑑-transition metal-doped ZnO films, and how structural defects such as 

𝑂𝑣 and zinc interstitial (𝑍𝑛𝑖) induce ferromagnetism in n-type materials [13]. Considering 

Mn-doped ZnO as an example (Figure 2. 7), 𝑂𝑣 in the ZnO lattice give rise to impurity 

states in the band diagram, resulting in spin-polarized electrons in the ZnO lattice. The 

interactions of collective spins in DMS are known as bound magnetic polarons. As 

magnetic polarons interact with 3d cation such as Mn2+ within their orbitals, these 

interactions result in ferromagnetism, when the 3d shell of Mn2+ is less than half full. 

Therefore, the overlap of neighboring polarons forms a parallel alignment, resulting in a 

long-range ferromagnetic interaction. For the coupling between electrons and Mn2+ ions, 

it results in antiferromagnetic ordering when the 3d shell in cations are half full or more 

[13].      

 

Figure 2. 7 Schematics illustration of bound magnetic polarons. In the presence of magnetic field, Ov form 

the polarons. The overlap of polarons results in long-range ferromagnetic ordering. The squares represent 

Ov of ZnO lattice and black circles represented the magnetic ions [13].   

 

2.3 Electric-field manipulation of magnetism 

With the strong demand for small, high-density and low-power consumption data storage 

devices, joule-heating issue become an enormous obstacle for developing magnetic 

random access memories (MRAM) with increased densities, which is based on spin-

transfer torque (STT) to alter the magnetization direction of the spin valve structure [19]. 
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Rather than using electric current for controlling the magnetization in the memory devices, 

electric-field manipulation of magnetization and tunnel magnetoresistance can be 

achieved with a current density of 104 A/cm2, which is 100 times smaller than the current 

required in STT-MRAM technology, and further incorporates non-volatile functionality 

[20-23]. Electric-field manipulation of magnetism in memory devices are considered as 

promising candidates for the next-generation memory technologies with ultralow power 

consumption, high density and compatible with standard CMOS technologies [24].  

In 2000, Ohno. et al. first realized electric-field manipulation of ferromagnetism in DMS 

(In,Mn)As films in the FET geometries (Figure 2. 8 (a)), using thick polyimide as the top 

gate [25]. The AHE curve in Figure 2. 8 (b) indicates that the ferromagnetic response is 

switched to a paramagnetic response upon the application of gate voltage (Vg) from -125 

to 125 V respectively. This voltage-controlled ferromagnetism is mainly due to the 

manipulation of hole carriers in (In,Mn)As: a negative Vg increases hole carrier 

concentration, leading to an increase in the ferromagnetic interaction inside (In,Mn)As, 

whereas a positive Vg has an opposite effect. Their work (Figure 2. 8 (c)) also 

demonstrated that TC of DMS can be manipulated through the hole concentration density.  

Inspired by these works, many efforts have been made to replace normal dielectric 

materials with either ferroelectrics or IL to enhance the tunability of magnetism. The 

mechanism of electric-field manipulation of ferromagnet (FM) can be classified into the 

following five categories:  

I. Electrostatic doping 

II. Electrochemical reaction  

III. Exchange coupling  

IV. Strain effect 

V. Orbital reconstruction 
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Figure 2. 8 (a) Electric-field manipulation of hole-induced ferromagnetism in DMS (In,Mn)As FET. (b) 

AHE measurements (RAHE-H curve) under different Vg of 125, 0 and -125 V. (c) Temperature dependence 

of RAHE under different Vg, R2
AHE is proportional to the magnetization of (In,Mn)As [25]. 

2.3.1 Electrostatics doping 

Electrostatics effect originates from the electrostatic potential profile induced from 

dielectrics and liquid electrolytes, or by non-volatile electric polarization of ferroelectric 

materials. The modulation of magnetism in ferromagnets induced by electric field or 

polarization is located at the interfacial region between the gate dielectric and the 

ferromagnet, and the extent of modulation is determined by the screening depth (𝑡𝑠𝑑) 

within the ferromagnet layer [22, 26]:  

𝑡𝑠𝑑 = (𝜅ℏ
2/4𝑚𝑒2)

1

2(1/𝑛)
1

6,  

where 𝜅 is the permittivity of the DMS, n is the carrier density, ℏ is the Planck constant, 

m and e are the electron mass and charge, respectively. Owing to the low carrier density, 

electrostatic control of charge carrier density is an effective way to manipulate the 

magnetism in ferromagnetic semiconductors, since the carrier density in semiconductors 

is 2-3 orders of magnitude smaller than that in metals. Many reports have demonstrated 

the modulation of magnetic anisotropy, TC and coercivity in magnetic semiconductors 
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[17, 27-29]. In the following sections, the use of normal dielectric, high-k dielectric, 

ferroelectrics and IL as gating materials are introduced. 

1) Dielectric material  

Lee. et. al first demonstrated the electric-field control of ferromagnetism in (Zn,Co)O 

system by AHE, using 500 nm-thick SiOx as the dielectric [15]. AHE revealed that 

ferromagnetism was induced upon the increase of electron concentration in the depletion 

layer (Figure 2. 9). This finding showed the ability of manipulating ferromagnetism in 

ZnO system by electron-mediated exchange interaction through AHE measurement.      

 

Figure 2. 9 The left hand side is the schematics illustration of energy band diagram for ZnO under different 

bias electric fields. Positive gate electric field results in the enhancement of ferromagnetic interaction 

between Co ions (increase electron carrier concentration), whereas negative gate electric field results in 

the suppression of ferromagnetic interaction (decrease electron carrier concentration). The right side is 

the field dependence of anomalous Hall resistance (RAHE) for various electric fields (5, 0 and -5 MV/cm), 

measured at 4 K. Clear hysteresis loop appeared as the positive gate electric field was applied [15]. 

 

2) High-k dielectric oxide 

To increase the field-induced change in ferromagnetic properties in semiconductors, 

larger changes in carrier concentration or a larger screening depth upon gating process is 

needed. Considering the geometry of field-effect transistor, the change in ∆𝑛2𝐷 can be 

expressed by the following equations: ∆𝑛2𝐷 =
𝐶𝑉𝑔

𝑒
, where 𝐶 is the capacitance per unit 

area. The capacitance across the gate can be expressed as the following equations;  𝐶 =

𝑘𝜀0

𝑑
, where 𝑘 is the relative permittivity, 𝜀0is the permittivity of free space and d is the 

thickness of the dielectric layer. Therefore, field-effect devices require a high 𝑉𝑔 or high 
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𝐶 to obtain a large changes in carrier concentration. A large 𝐶 value can be achieved by 

adopting high-𝑘 materials such as HfO2, MgO, Al2O3 and ZrO2. Chiba et. al. reported the 

electric-field control of magnetism in perpendicularly magnetized Co/Pt system with 50 

nm-thick HfO2 gate insulator [30] (Figure 2. 10). They not only controlled the coercivity 

through changing Vg, but also observed a controllable domain-wall velocity from 106 to 

103 ms-1 as detected through the magneto-optical Kerr effect (MOKE) microscopy.  

 

Figure 2. 10 (a) Schematics illustration of the electric-field manipulation in perpendicularly magnetized 

Co/Pt devices. (b) The field dependence of RAHE measured at 290 K. (d)-(k) Movement of domain-wall as 

observed by MOKE microscope after a single domain was produced by the application of large negative 

H. A magnetic field of 170 Oe was applied at t = 0 s, for the nucleation of a domain wall. After that, the 

magnetic field was reduced to 120 Oe. The image shows the domain-wall creep motion as it prorogates 

from left to right [30].  
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3) Artificial multiferroic heterostructure 

There are limited choices of single-phase materials with a coupling effect between 

ferroelectricity and ferromagnetism at room temperature [23, 24, 31]. Artificial 

multiferroic heterostructures are promising alternatives, by depositing a bilayer 

consisting of FM film coupled with FE film. The non-volatile spontaneous electric 

polarization at the FE results in carrier accumulation or depletion in FM and hence a 

change in ferromagnetic properties. Among different FE/FM heterostructures, the 

coupling between FE and perovskite manganites have attracted lots of attention, since 

they are potential candidates for spintronic devices with high efficiency [22, 32]. Kanki 

et al. demonstrated electric-field control of TC in 6 nm-thick La1-xBaxMnO3 (LBMO) 

films through the ferroelectric reversal in Pb(Zr0.2Ti0.8O3) (PZT) [33], which is shown in 

Figure 2. 11. Their results indicated that the shift in TC was proportional to the magnitude 

of ferroelectric polarization of PZT, and they attributed the hole accumulation as a main 

factor for the magnetic change in the LBMO layer. 

 

Figure 2. 11 Temperature dependence of LBMO channel resistivity with different ferroelectric polarization 

reversal in PZT for (a) x=0.10 and (b) x=0.15. (c) Plot of TC modulation against the value of ferroelectric 

remnant polarization with x= 0.1 (white circle) and x=0.15 (black circle). The inset shows the plot of 

change in channel resistance against the value of ferroelectric remnant polarization, and the linear fit 

indicates the trend line [33].   
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4) IL (electrostatic operation) 

A large capacitance in the dielectric layer is expected to increase the tunability of the 

ferromagnetic properties. The non-conventional approach uses IL as electrolytes which 

contains mobile anion and cations. As Vg is applied, an EDL is formed, then cations and 

anions are attracted electrostatically between the ferromagnet channel and the gate 

electrode. Therefore, accumulated or depleted charge carriers are achieved in the 

ferromagnetic channel upon the polarity change of Vg. A larger C value can be achieved 

since the gap of two charged sheet in the EDL capacitor is approximately 1 nm [34]. As 

a result, a larger change in carrier density is expected.  

EDL capacitors have been widely used for manipulation of transport and magnetic 

properties of ferromagnet. Dhoot et al. demonstrated the electric-field manipulation of 

magnetism in La0.8Ca0.2MnO3 (LCMO) [35] (Figure 2. 12). For a positive Vg, electron 

doping from IL (cation: EMIM+; anion: TFSI-) drives the manganite layer from a 

ferromagnetic to an insulating state in LCMO. The electron-doped layer (Vg = +3V) can 

extend to 5 nm within the LCMO layer, requiring an electric-field doping of 2 x1015 

charges per cm2, which is equivalent to 2.5 electrons per unit cell area. For negative Vg, 

the metallic conductivity can be increased by 30 %. 

 

Figure 2. 12 Schematics illustration of LCMO field-effect devices gated with EDL, (a) for the application 

of position gate voltage. (b) the top view of devices. (c) temperature dependence of 5 nm-thick LCMO sheet 

resistance gated with ionic liquid with different Vg (3 V: blue line, 0 V: black line and -3 V: red line) [35]. 

 

2.3.2 Electrochemical reaction 

Charge screening in the ferromagnets tend to confine the electrostatic effect at the gate 

electrode/ferromagnet interface region, and hence reduce the tunability of 

ferromagnetism in the channel as the film thickness is increased. Alternatively, the 
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electric-field-driven redox reaction in the ferromagnet is a promising method for the 

manipulation of magnetism in thicker films. The redox reaction is based on the changes 

in the chemical states, which can either be partially reversible or completely irreversible 

reaction.  

1) IL (electrochemical reaction)  

It was experimentally proved that the charge accumulation and depletion mechanism 

between IL and ferromagnet interfaces changes from electrostatic doping (C ≈

10𝜇𝐹 𝑐𝑚−2) to electrochemical reaction (C≈ 103𝜇𝐹 𝑐𝑚−2) with the increase of 𝑉𝑔[36]. 

These electrochemical reactions are useful for robustly manipulating the magnetism in 

any ferromagnetic system. Cui et al. demonstrated that the manipulation of phase 

separation in LSMO was controlled via the IL gating process [37]. TEM and MR results 

(Figure 2. 13) indicated the formation of an insulating and magnetic matrix in the 

ferromagnetic layer. Through the variation in Mn4+/(Mn3++Mn4+), dislocation density and 

magnetotranspsort measurement, it is demonstrated that the controllable Vg would cause 

the formation of insulating and magnetic matrices in the ferromagnetic layer, further 

leading to a TC change up to 70 K in literature.   
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Figure 2. 13 (a) Phase diagram of La1-xSrxMnO3 with different Sr doping concentration (x), where the 

abbreviations are spin-canted insulating (CI), ferromagnetic insulating (FI), ferromagnetic metal (FM), 

antiferromagnetic metal (AFM), antiferromagnetic insulating (AFI), paramagnetic insulating (PI), and 

paramagnetic metal (PM) phases. (b) Temperature dependence of LSMO channel resistance as a function 

of Vg (c) Fourier-filtered images of LSMO sample with the application of Vg=3V. ⊥ and dashed ovals 

highlights the dislocations sites and regions with high dislocation densities, respectively. (d) to (f): MR (left 

axis) and normalized magnetization (right axis) recorded with sweeping magnetic fields along the LSMO 

channel direction under different Vg: (d) 2.5 V, (e) 3 V and (f) 3.2V  [37]. 

 

Electric-field-reversible manipulation of 𝑇𝐶 and magnetism were demonstrated in 4 nm-

thick SrRuO3 (SRO) films with FET geometry [38], as shown in Figure 2. 14. In these 

SRO FETs, 𝑇𝑐 and MR measurements can be reversibly manipulated in range from 90-

250 K and 70-100 K by the application of 𝑉𝑔 less than 2.2 V. Electric-field manipulation 

of magnetism in SRO were suggested to originate from the reversible-diffusion process 

of oxygen ions in SRO lattice.    
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Figure 2. 14 (a) Temperature dependence of 4 nm-thick SRO thin with different Vg of -2.5, 0, 2.5 and 3 V, 

(b) Temperature dependence of MR (
𝛥𝜌

𝜌
), which is obtained in 0.5 T with different Vg. The inset is the semi-

log plot of data, where 𝑇𝐹𝑀is defined as the metal-to-insulator temperature of SRO [38]. 

 

2) Voltage-induced oxidation 

 

Figure 2. 15 (a) Schematic illustration of Co/GdOx field-effect devices. (b) AHE measurements (RAHE-H 

curve) of the Co devices in the as-deposited state and after holding at 200C for 10 mins, which are 

indicated as black and red lines, respectively. (c) AHE measurements (𝑅𝐴𝐻𝐸 − 𝐵) of the Co devices after 

the application of electric field of -625 kV/cm for 6 mins (blue line) and +625kV/cm (purple line) for 13 

mins at 200C. The red line is the same as in (b).  Planar Hall effect (𝑅𝐴𝐻𝐸 − 𝐵) measurement with the 

magnetic field parallel to the applied current direction  [39].  
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Electric-field manipulation of magnetic properties in Co films adjacent to Gd2O3 gate 

oxides were demonstrated by Bi et al. [39], as shown in Figure 2. 15. Using the strong 

oxygen affinity of gadolinium oxide [40], oxygen ions can be reversibly migrated into/out 

of the Co film. Their results indicate that Co films can be reversibly manipulated from 

ferromagnets with strong perpendicular magnetic anisotropy (metallic state) to one with 

zero magnetization, depending on the polarity and duration in which Vg was applied.    

 

2.3.3 Exchange coupling  

The observed phenomena of electric-field manipulation of magnetism in antiferromagnet 

(AF) have been subjected to intensive investigations [31, 41-43]. Experiments have 

successfully manipulated the AF spins though different mechanism such as 

magnetoelectric coupling [41-43] and carrier accumulation from ionic liquid [44].   

1) Magnetoelectric coupling 

In 2005, magnetoelectric-induced antiferromagnetic changes in Cr2O3 were first reported 

in the heterostructure of Cr2O3 (111)/(Co/Pt)3 [41]. Under the application of magnetic 

field and electric field (E), the antiferromagnetic domain switched some uncompensated 

pinned spin at the interfacial region between Cr2O3 and (Co/Pt)3, as shown in Figure 2. 

16. 

 

Figure 2. 16  (a) Normalized hysteresis loop of Cr2O3 (111)/Pt (0.5 nm)/[Co (0.3 nm)/Pt (1,5 nm)]3 Pt (1.5 

nm) recorded after field-cooling process (0.6 T, E=0), which is measured from 350 to 298 K (labelled as 

(1)), and after field-cooling process to 250 K (0.6 T, E= -500 kV/m) and (0.6 T, E=500 kV/m) (labelled as 

(2) and (3), respectively). (b) and (c) Schematics illustrations of Cr2O3 (111)/(Co/Pt)3 with field cooling 

(𝐻𝑓𝑟), showing different polarities of electric field on Cr2O3 (±𝐸𝑓𝑟), order parameter (M, 𝐼±) and magnetic 

moment in FM and AFM (𝑆𝐹𝑀 , 𝑆𝐴𝐹)where AF is single domains after magnetoelectric switching and field 

cooling process [41]. 
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Wu et al. demonstrated the electric-field control of exchange-bias effect through a field-

effect device with 600 nm-thick BiFeO3 (BFO) and 3 nm-thick  La0.7Sr0.3MnO3 [42], as 

shown in Figure 2. 17. Upon the application of electric field and switching the 

polarization direction of BFO, a reversible switching of exchange bias (EB) between two 

distinct states was observed at 180 K.  

 

Figure 2. 17 (a) Schematics diagram of BFO/La0.7Sr0.3MnO3  field-effect devices. (b) Temperature 

dependence of sheet resistance with different ferroelectric directions of BFO. (c). Changes in sheet 

resistance as a function of Vg measured at 180 K. (d) Magnetoresistance measurement after field-cooling 

process with 1 T, and measured at 180 K. Two distinct exchange-bias states were observed after switching 

the ferroelectric direction of BFO [42]. 

2.3.4 Strain coupling  

Strain coupling is a conventional method to control the magnetism for ferromagnetic 

materials grown on ferroelectric substrates such as BTO [45] and PMN-PT [46]. The 

control of FM properties can be classified into two different mechanisms.  

1) Converse piezoelectric effect from ferroelectric crystal (piezo-strain): As the external 

electric field is applied to the ferroelectric crystal or substrate, the lattice dimension of 

the ferroelectric is altered and transfers the strain to the FM layer, resulting in a change 

in magnetic anisotropy, coercivity and TC by magnetostriction. This electric-field induced 

strain to FM layer (Figure 2. 18) leads to a butterfly-loop shape in magnetization-electric-

field measurement, which has similar shape in the relationships between in-plane strain 

and applied electric field: i.e. the electric-field-induced strain to FM layer is volatile [46]. 
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Figure 2. 18 (a) Relationship between in-plane strain of (001) oriented PMN-PT with x=0.28 and applied 

electric field along [001] direction. (b) Magnetization of LSMO at T = 330 K against electric field along 

[001] direction. (c) Magnetization of LSMO against in-plane strain. (d) 𝑇𝐶  of LSMO as a function of 

applied electric field. (e) 𝑇𝐶 of LSMO as a function of in-plane strain [46].    

2) Charge-mediated mechanism (ferroelectric-strain): If the applied electric field is larger 

than the coercivity field of the ferroelectric substrate, the manipulation of magnetism by 

FE is mainly due to the accumulated/depleted charge carriers FM/FE interface. Usually 

an electric field of a few hundred volts are required to switch the FE polarization. The 

reversible hysterics-loops curves such as resistance-electric field (R-E) and 

magnetization-electric field (M-E) measurements are used to indicate the manipulation 

of magnetism with non-volatile behavior [47], as shown in Figure 2. 19. 



Chapter 2 Literature review 

 
 

WONG Hon Fai                                                                                                                                           46  

                                                                                                                                                                       

 

Figure 2. 19 (a) Change of Zn0.96Mn0.04O resistance with bipolar electric field applied across 

Zn0.96Mn0.04O/PMN-PT heterostructure. (b) Non-volatile behavior in resistance-switching effect of 

Zn0.96Mn0.04O/PMN-PT heterostructure by the application of pulse voltages. (c) Magnetic hysteresis loops 

of the Zn0.96Mn0.04O films after subtracting the background from the substrate; the red and blue lines are 

loops switched with positive and negative polarization direction respectively. The upper inset is M-H loop 

without subtracting contribution from the substrate. The lower inset is M-H loop after removal 

Zn0.96Mn0.04O from PMN-PT substrate [47].     

2.3.5 Orbital reconstruction 

The change in orbital hybridization at the FM interfaces through gating with FE or 

dielectric has a great impact on the magnetism in FM. Electrical-field manipulation of 

magnetic anisotropy in MgO (10 nm)/ Fe (0.48 nm) were demonstrated [48], as shown in 

Figure 2. 20. Based on the measurement of magneto-optical Kerr ellipticity (𝜂𝜅), the 

increase in perpendicular anisotropy of Fe layer were observed upon the application of 

𝑉𝑔 changes from 200 to -200V. Manipulation of magnetism in Fe layer is concluded due 

to the 3d orbital occupation alterations.  
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Figure 2. 20 (a) Magneto-optical Kerr ellipticity (𝜂𝜅) with applied voltages of 200 and -200V, as a function 

of magnetic field. The upper inset is the schematic diagram of magnetization direction of point A and B.  

The lower inset is the voltage manipulation of Kerr ellipticity, 
𝑑𝜂𝜅

𝑑𝑉
. (b) Schematics illustration of electric-

field effect on electron filling of the 3d orbitals in ultrathin Fe layer [48].  

 

Subsequently, Radaelli et al. demonstrated that electric-field control of interfacial 

magnetism in the Fe/BTO [49], as shown in Figure 2. 21. X-ray magnetic circular 

dichroism (XMCD) measurements revealed that oxidized interfacial FeOx shows an 

enhanced magnetism as the ferroelectric polarization of BTO was switched to upward 

directions. These findings provided microscopic information on how the interfacial level 

of the artificial magnetoelectric system is controlled through the electrical switching of 

BTO polarization.    
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Figure 2. 21 TEM images of Au (4 nm)/Fe (1 nm)/BTO (150nm)/LSMO (50 nm) on STO (001).  (a) 

Elemental mapping analysis. (b) Elemental profiles acquired from electron energy loss spectroscopy (ELLS) 

line scans, showing a significant amount of O outside the BTO layer.  X-ray absorption spectroscopy (XAS) 

Fe-L2,3 spectra obtained from Au/Co/Fe(2 monolayers)/BTO/LSMO on (001) STO at 300 K, after 

polarization of BTO with  (c) V+ =5V (Pup) and  (d) V- =-5V (Pdown). (e) XMCD signal from Fe-L3 energy 

region for different polarization directions; the yellow region indicates the oxidized Fe layer adjacent with 

BTO layer [49]. 

 

2.1 Conclusion 

This Chapter introduced the concepts of LSMO and ZnO The different methods of 

electric-field control of magnetism through electrostatic doping, electrochemical reaction, 

exchange coupling, strain effect and orbital reconstruction was also introduced.  
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Chapter 3 Experimental techniques 
This Chapter describes the key techniques used for the fabrication and characterization 

of epitaxial thin films. Firstly, details of substrate surface treatment before the thin film 

deposition are explained, followed by an introduction on pulsed laser deposition (PLD). 

Next, a brief description of the device fabrication with Hall-bar pattern is provided. In the 

final part, the experimental techniques that are employed to characterize the electrical and 

magnetic properties of the heterostructures are introduced.   

3.1 Substrate surface treatment 

3.1.1 Strontium titanate substrates 

Strontium titanate (STO) has the perovskite structure of ABO3 with a pseudo-cubic lattice 

constant of 3.905 Å. LSMO films prepared by PLD exhibit a layer-by-layer growth 

pattern with a step height of 3.9 Å, which is close to the lattice parameter of STO lattice. 

The small lattice mismatch between LSMO and STO substrate is suitable for the growth 

of high-quality LSMO thin films.  

Many reports have shown that the device performance of oxide films, such as 2D electron 

gas at the LAO/STO interface, strongly depends on the film/substrate interface quality [1, 

2]. However, surfaces of commercially-purchased STO substrates typically contain both 

SrO and TiO2-terminating planes along the (001) direction. The preparation of STO 

substrates with single termination is an important step for growing high-quality thin films. 

For our LSMO films, I used TiO2-terminated STO substrates to fabricate the LSMO films 

for several reasons: 

 The interfacial quality between STO substrate and LSMO film can be well-

controlled.  

 TiO2-terminated STO substrates are chemically more stable in various acids and 

even in water than those with SrO termination [2]. 

STO (001) substrates with a mixture of SrO and TiO2 terminations and miscut angle <0.5 

were purchased from HeFei-Kejing in China (Figure 3. 1 (a)). Due to the safety issue 

related to the use of buffered hydrofluoric acid (BHF) [3], deionized (DI) water etching 

and thermal treatment were employed to achieve the TiO2-termination on the STO 

substrates [4, 5]. Firstly, as-received substrates were ultrasonically cleaned by acetone 

and ethanol, in order to remove organic impurities on the surface. And then the substrates 

were annealing at 1000C in air for 2 hours (1st thermal annealing process). Boiling DI 
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water was then used for etching, as SrO is readily soluble in water and hence the process 

can enhance the etching selectivity of SrO layers. As a final cleaning step, the substrates 

were subjected to annealing at 1000C in air for another 2 hours (2nd thermal annealing 

process). Figure 3. 1 (b) show the AFM image after DI water treatment and the thermal 

annealing processes. As in contrast with as-purchased substrates, atomically-flat 

substrates with clear step-terraced surfaces were obtained. The step height is equivalent 

to the height of a single STO cell along the (001) direction (Figure 3. 1 (c)).   

 

 

Figure 3. 1 Surface morphology of STO (001) substrate in different states: (a) as-received, and (b) after a 

series of substrate treatment processes. (c) shows the line profile along the line in Figure 3. 1 (b) 

 

3.2 Pulsed laser deposition  

Epitaxial growth of LSMO films and Zn0.92Mn0.08O films were prepared by PLD. Figure 

3. 2 shows a schematic diagram of the PLD system, with the main components of UV 

excimer laser, vacuum system, substrate heater stage and target.  The mechanism of PLD 

involves the use of tightly-focused high-energy laser pulses to hit on the target in vacuum.  

Due to the high energy of the laser pulses, target materials are vaporized on the surface 

and a plume containing atoms, molecules, ions, electrons and large particulates are 
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produced. The plume (and the associated materials) is transported towards the substrate. 

The quality of deposited films is governed by various deposition parameters, such as 

substrate temperature, ambient gas pressure, laser power density and repetition rates. 

These parameters strongly affect the ablation process and the thin film growth mode. 

Besides, the content of oxygen vacancies in the films can be controlled through the 

deposition environment or by post-deposition in situ annealing process. The condensation 

and diffusion processes of transported materials are mainly governed by the substrate 

temperature. With a high substrate temperature (> 600C) and lattice-matching substrates, 

epitaxial growth of films can be achieved by PLD.       

 

3.2.1 Unique characteristics of pulsed laser deposition 

Compared with other deposition techniques, the unique characteristics associated with 

the PLD technique are listed as follows: 

 Good stoichiometric matching between the target material and the as-grown films. 

 Epitaxial films can be easily obtained under high substrate temperatures.  

 Precise control of film thickness can be achieved.  

 Background pressure can be varied from mTorr to 10-8 Torr range. Moreover, an 

oxygen-abundant environment can be introduced to suppress the formation of 

oxygen vacancies during the deposition of oxide films.    

 Under certain deposition conditions, nanoparticles and nanowire can be prepared. 

 Deposition rates can be adjusted by controlling the laser pulse frequency. 

 Due to the high kinetic energy of the species, re-deposition and defects are often 

found in the as-grown films. 

 Due to the use of high laser energy, micron-sized particulates are often found on 

the films.  
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Figure 3. 2 Schematics diagram of PLD system used in this project. 

 

3.2.2 Thin film growth modes 

The surface energy between adatoms, and the interaction energy between adatoms and 

the substrate are the key factors that determine the growth of epitaxial films on lattice-

matching substrates. On the sub-monolayer level, adatoms arrive and move to favorite 

sites on the substrate by surface diffusion. As the deposition goes on, the adatoms prefer 

to coalesce and form nuclei. The nuclei then tend to form grains and islands, which 

gradually merge together and form a continuous film.  

These nucleation and growth processes can be classified into three modes (Figure 3. 3): 

Volmer-Weber (island) growth, Frank-van der Merwe (layer-by-layer) growth and 

Stranski-Krastinov growth. In the Volmer-Weber growth mode, deposited materials tend 

to form clusters and finally become three-dimensional aggregates on the substrate. The 

interatomic interactions between adatoms are stronger than that between the substrate and 

the film material. In the layer-by-layer growth mode, the adatoms tend to spread over on 

the substrate and form a full coverage of monolayer. The interatomic interactions between 

adatoms and the substrate are stronger than those among the adatoms. Stranski-Krastinov 

growth mode involves a layer-by layer growth mode at the early stages, and island growth 

mode tends to happen as the film thickness increases.   
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Figure 3. 3 Three different thin film growth mode: (a) island growth mode, (b) layer-by-layer growth mode, 

and (c) Stranski-Krastinov growth mode. 

 

3.2.3 Thin film growth conditions in this project 

In this project, a krypton fluoride (KrF) excimer laser (with wavelength 248 nm and pulse 

duration 25 ns) was used to ablate the desired target materials. The target faced directly 

towards the substrates, which facilitated the achievement of uniform film thickness. The 

base pressure of the PLD system can achieve 510-4 Pa. Up to four PLD targets can be 

installed and selected during the deposition, and a linear manipulator allowed the change 

of the target-substrate distance. The substrate temperature was monitored by a K-type 

thermocouple, which was embedded underneath the substrate holder. The substrate can 

be heated up to 750C during the thin film growth. The oxygen pressure of the PLD 

system was controlled by a MKS mass flow controller and a regulating valve inside the 

chamber. Prior to deposition, a pre-ablation process was necessary to remove any 

unwanted materials on the surface of the target. Table 3. 1 lists the deposition conditions 

for PLD of thin films in this project. 
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Target materials LSMO Zn0.92Mn0.08O 

Energy 220 mJ 220-300 mJ 

Substrate temperature 700 oC 300 oC 

Oxygen pressure 150 mTorr 3.8 x10-6 Torr 

Repetition rate of excimer 

laser 

1 3 

Number of pulses 240 600 

In-situ annealing condition 700 oC, 10 Torr (5 minutes) NA 

 

Table 3. 1 Experimental conditions for PLD of LSMO and Zn0.92Mn0.08O thin films.   

3.2.4 Target fabrication 

LSMO and Zn0.92Mn0.08O ceramic targets for PLD were prepared by conventional solid-

state reactions. The synthesis of ceramic target can be divided into two parts:  

1) Starting precursors (oxide powders) of correct stoichiometric ratio were mixed in 

an ethanol medium by a ball-milling process for 10 hours. After that, the mixture 

was dried in the oven at 120C and was followed by a calcination process (600C 

for Zn0.92Mn0.08O target and 1100C for LSMO target) for 10 hours. The 

calcination process allowed the initialization of the chemical reaction in the mixed 

oxides. 

 

2) The calcined powder was grounded and mixed with 5 wt% PVA (polyvinyl 

alcohol) homogenously. The PVA solution served as a binder for granulation in 

the agate mortar. Dense pellets with 25 mm diameters were prepared by an 

uniaxial pressure of 50 MPa for 30 seconds. Finally, a sintering process (800C 

for Zn0.92Mn0.08O target and 1350C for LSMO target) was employed to increase 

the density of the ceramic target. 
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3.3 Device fabrication 

This section describes the fabrication process of micron-sized devices, which were used 

to study the electric-field manipulation of magnetism in Zn0.92Mn0.08O and LSMO. The 

device fabrication processes, including optical lithography, etching and deposition of 

contact electrodes, are described as follows.   

 

3.3.1 Fabrication of LSMO field-effect devices 

To study the electric-field manipulation of magnetism in LSMO, ferroelectric copolymer 

of P(VDF-TrFE) was employed as the dielectric to manipulate the change in the carrier 

concentration in the LSMO channel layer. In this section, the device fabrication process 

is described.      

1. Optical lithography of Hall-bar patterns 

a. 1.5 m-thick AZ5214 photoresist was spun on the sample. Desired 

Hall-bar patterns with channel widths and lengths of 20 and 200 m 

were exposed to ultraviolet (UV) radiation with a power density of 24 

mW/cm2 for 15 seconds and developed in AZ300 MIF for 40 seconds. 

b. Inductively coupled plasma (ICP) etching was employed to provide the 

physical and chemical etching of the LSMO channel, using a mixture of 

CH4 and Ar gases at a ratio of 4:1 for 4 mins. The etching rate was 

typically 4 nm/min. 

c. The remaining photoresist was washed away by acetone.     

 

2. Fabrication of contact pads 

a. 1.5 m-thick AZ5214 photoresist was spun on the sample. The desired 

contact pad patterns were exposed to UV radiation with a power density 

of 24 mW/cm2 for 15 seconds and developed in AZ300 MIF for 40 

seconds. 

b. Au (50 nm)/Ti (5 nm) contact pads for LSMO channel were deposited 

by electron-beam (e-beam) evaporation, with a deposition rate of 0.2 Å/s. 

c. A lift-off process was employed to remove any metal films on unwanted 

locations. 

 

3. P(VDF-TrFE) deposition 
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a. P(VDF-TrFE) copolymer (7:3 mole ratio) was dissolved in diethyl 

carbonate with a mass content of 2.5%, and was spin-coated at 4000 rpm 

for 30 seconds on the LSMO Hall-bar pattern, resulting in 250 nm of 

copolymer film. 

b. The as-deposited copolymer films were annealed at 120C in air for 2 

hours, in order to obtain the ferroelectric β phase. 

c. Au (30 nm)/ Al (100 nm) top-contact electrodes (500 1000 m) were 

deposited by e-beam evaporation with appropriate alignment of shadow 

masks.   

Upon the application of a large voltage that is sufficient to induce the ferroelectric 

polarization reversal, or through the use of a low-voltage pulsing method, the 

accumulation and depletion of charge carriers in the LSMO/P(VDF-TrFE) 

heterostructure were obtained, which is shown in Figure 3. 4. 

  

 

Figure 3. 4 Schematic illustration (left) and cross-sectional view (right) of the device geometry for 

magnetism modulation in LSMO induced by charge accumulation.  

3.3.2 Fabrication of Zn0.92Mn0.08O devices 

To reduce the electric-field-induced breakdown of the field-effect devices, low-electric-

field manipulation of magnetism in Zn0.92Mn0.08O devices was studied through gating via 

an IL of [N,N-diethy1-N-(2-methoxyethy1)-N-methylammonium (DEME+) and 

bis(trifluoromethylsulfony1)-imide (TFSI-)]. The device fabrication process is described 

as follows: 

1. Fabrication of Hall-bar patterns  

a. 1.5 m-thick AZ5214 photoresist was spun on the sample. The desired 

Hall-bar geometry with channel widths and lengths of 50 and 100 m were 
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exposed to UV radiation with a power density of 24 mW/cm2 for 15 

seconds and developed with AZ300 MIF for 40 seconds. 

b. Wet etching process was employed to remove materials in the area not 

covered by the photoresist, using diluted HCl as the etchant. 

c. The remaining photoresist was washed away by acetone. 

 

2. Deposition of metal electrodes and capping layers 

a. 1.5 m-thick AZ5214 photoresist was spun on the sample. The desired 

contact pads were exposed to UV radiation with a power density of 24 

mW/cm2 for 15 seconds and developed with AZ300 MIF for 40 seconds. 

b. Au (50 nm)/Ti (5 nm) contact electrodes for Zn0.92Mn0.08O and IL were 

deposited by e-beam evaporation, with a deposition rate of 0.2 Å/s. 

c. A lift-off process was employed to remove any metal films at unwanted 

locations. 

 

3.  Preparation of IL 

a. 2 nm-thick SiO2 was prepared by e-beam evaporation, to prevent any 

chemical reaction between the IL and Zn0.92Mn0.08O thin film. 

b. Due to the sensitive chemical nature of IL, it was kept at 80C to prevent 

any water contamination. 

c. The devices were immediately put into the measurement chamber within 

2 minutes after the addition of IL on the channel. 

 

With the application of a gate voltage, electric-field manipulation of charge carriers 

occurred on the surface of Zn0.92Mn0.08O layer, as illustrated in Figure 3. 5. 
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Figure 3. 5 The schematic diagram and side view of electric-field manipulation in magnetism of Zn1-xMnxO 

(x = 0.08).  

3.4 Thin film characterization techniques 

This section presents the experimental techniques used to characterize the oxide thin films 

and the Hall-bar devices. Structural characterization methods such as AFM, TEM, XPS 

and XRD are discussed. The magnetic behavior of the oxide thin films were examined by 

VSM. Finally, Hall-effect measurements and magnetic field-dependent resistance 

measurements are also mentioned. 

 

3.4.1 X-ray diffraction  

X-ray diffraction (XRD) is widely used to reveal the microstructural information of 

materials such as crystal structure, crystal orientation and phases present in materials. In 

this project, XRD was performed using a Rigkua Smartlab XRD with Cu Kα radiation 

with a 2-bounce monochromator.  

The working principle of XRD involves an X-ray beam incident on the sample surface. 

The X-ray beam scattered by crystal planes interfere with each other, and constructive 

interference occur according to Bragg’s law: 

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛𝜆 

where 𝑑ℎ𝑘𝑙 is the d-spacing between successive planes and 𝑛 is an integer. 

In the high-angle regime (2𝜃 > 10𝑜),  several scan modes were performed to understand 

the crystal information of films. 𝜃-2𝜃 scans were used to identify the crystalline phase 

and crystal orientation of the films. -scans (rocking curves) were used to determine the 

mosaicity of the films, which can be revealed by the full-width at half-maximum (FWHM) 

of selected diffraction peaks. -scans were employed to understand in-plane 

crystallographic relationship between the film and the substrate. 

Figure 3. 6 (a) shows the θ-2θ scan of a 24 nm-thick LSMO film grown on TiO2-

terminated STO (001) substrate. Only (002) peaks of the LSMO film and the STO 

substrate are obtained. Moreover, Laue oscillations are observed around the LSMO film 

peak, indicating highly-ordered crystalline film was prepared in the PLD system used in 

this work. In Figure 3. 6 (b), the FWHM of LSMO (002) and STO (002) diffraction peak 

are 0.1º and 0.06o respectively, further proving that the LSMO films are of good quality. 
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Figure 3. 6 (a) XRD θ-2θ scan of 24 nm-thick LSMO film on (001) STO substrate. * represents the satellite 

peaks., (b) XRD -scan of (002) LSMO film, showing a FWHM around 0.1o. 

In the low-angle regime (2𝜃 < 10o) , physical properties of the films such as film 

thickness, surface roughness and density of films can be explored by X-ray reflectivity 

(XRR). Figure 3. 7 shows the characteristic features of a typical XRR scan. The initial 

drop of the intensity at very low 2𝜃 values (< 1o) originates from the critical angle, 

which results from the total external reflectivity of X-ray from the surface of the film. 

The regularly-spaced oscillations in the reflectivity scan are known as the Kiessig fringes, 

which are consequences of the interference of X-rays between heterogeneous interfaces 

formed by different materials (hence different refractive indices). The thickness of films 

(down to angstrom-level resolution) can be obtained from the 2𝜃 values of successive 

Kiessig fringes [6, 7]:  

𝑠𝑖𝑛2 𝜃𝑛+1 − 𝑠𝑖𝑛
2 𝜃𝑛 = (

𝜆

2𝑡𝑓𝑖𝑙𝑚
)2 

where (𝑠𝑖𝑛2 𝜃𝑛+1 − 𝑠𝑖𝑛
2 𝜃𝑛)  is the measured value from successive peaks in XRR 

measurement, λ is the wavelength of x-ray and 𝑡𝑓𝑖𝑙𝑚 is the thickness of films.  

The general effect of film roughness is to affect the decay rate of the reflectivity in the 

XRR measurement. The higher the film roughness, the stronger is the attenuation of the 

reflectivity with increasing 2𝜃 values.  



Chapter 3 Experimental techniques 

 
 

WONG Hon Fai                                                                                                                                           63  

                                                                                                                                                                       

 

Figure 3. 7 XRR measurement of a 15-nm La0.8Sr0.2MnO3 film deposited on (001) STO substrate by PLD. 

3.4.2 Atomic force microscopy  

 

 

Figure 3. 8 Schematics diagram of atomic force microscopy. Adapted from[8] . 

Atomic force microscopy (AFM) (Digital Instrument Nanoscope IV) was used to 

investigate the surface morphology of films with height variations ranging from 

angstroms to sub-micrometer levels (Figure 3. 8). For the working principle, as the tip 

approaches to sample’s surface, either attractive or repulsive force between sample 

surfaces and tip would cause the cantilever to deflect towards or away the sample surfaces.  

The change in oscillation amplitude of the tip can be reflected from the back of the tip to 

photodiodes. By tracking the movement of the tip, the surface features can be obtained.  

3.4.3 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopic technique 

that is widely employed to investigate the chemical information of samples, such as 
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elemental composition, empirical formulae, chemical and electronic states of the 

elements inside the samples. The working principle of XPS (Figure 3. 9) involves the 

sample being irradiated with a beam of monochromatic X-ray, and the kinetic energy and 

the number of the ejected electrons are quantitatively measured.  

 

Figure 3. 9 Schematic diagram of X-ray photoelectron effect. 

The binding energy of the emitted electrons can be determined by the following equation: 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − 𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐 

where 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔  is the binding energy of electron, 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 is the energy of the X-ray 

photon and 𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐 is the kinetic energy of electrons measured from the sample. 

In this project, the chemical states of the samples were characterized by XPS with a 

Sengyang SKL-12 electron spectrometer equipped with a VG CLAM 4 MCD electron 

energy analyzer and twin-anode Mg Kα radiation (1253.6 eV) or Al Kα radiation (1496.3 

eV) X-ray sources. The base pressure of the XPS measurement was about 2×10-9 Torr. 

All binding energies in this work were calibrated with the C 1s peak (284.6 eV). 

3.4.4 Transmission electron microscopy   

Transmission electron microscopy (TEM) is a high-resolution microscopic technique, as 

illustrated in Figure 3. 10. It is useful to study the crystal quality in microscopic scales, 

as well as the epitaxial relationship between the film and the substrate. 
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Figure 3. 10 Schematic illustration of transmission electron microscopy. Adapted from[9]. 

The crystal structure of epitaxial films was examined by cross-sectional high-resolution 

transmission electron microscopy (HRTEM) with a JEOL 2100F electron microscope. 

The preparation of cross-sectional specimen involves the mechanical polishing of the 

sample down to 10 m or below, followed by an ion milling process which further 

reduces the specimen thickness to 100 nm or below. In this study, TEM was generally 

operated at the bright field mode for capturing large-area images, and the HRTEM mode 

for detailed studies such as defects, interfacial investigations and thickness measurements.  
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3.4.5 Vibrating sample magnetometer  

 

Figure 3. 11 Schematic diagram of VSM system. Adapted from [7]. 

Vibrating sample magnetometer (VSM) was employed to study the magnetic properties 

of LSMO and Zn0.92Mn0.08O thin films. This non-destructive technique is a common 

method to characterize the magnetization signals ranging from 10 emu to 1 emu. The 

working principle of VSM (Figure 3. 11) involves the sample being vibrated in an applied 

static magnetic field. The induced voltage in the pick-up coil is proportional to the 

magnetic moment of the sample. In this project, the magnetic hysteresis curves (M-H 

curves) were examined by a Quantum Design physics property measurement system 

(PPMS) and a Lakeshore 7400 magnetometer. Moreover, diamagnetic contributions from 

the substrates and sample rods were subtracted, in order to measure the accurate magnetic 

moments of the samples.    

 

3.4.6 Hall effect measurements 

Hall effect is a phenomenon that a transverse force is exerted on the charge carriers if an 

electric current flows through a conductor, when an applied magnetic field is imposed 

perpendicularly to the current flow direction.   

The film resistivity, sheet carrier density and mobility of thin films were measured in this 

project by preparing the films into Hall bar geometries. The measurements were carried 
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out in a closed-loop cryogenic chamber at temperatures between 10 and 300 K and 

variable magnetic field between  0.6T.  

 

 

Figure 3. 12 Schematic diagram of a 6-contact Hall-bar pattern. 

 

The resistivity of thin films can be deduced from the longitudinal resistance using the 6-

point Hall bar pattern (Figure 3. 12) in the absence of external magnetic field, according 

to the following relation: 𝜌𝑥𝑥 =
𝑉21𝑊𝑡

𝐼56𝐿
, where 𝑊 and 𝑡 are the width and thickness of the 

Hall bar, 𝐿 is the distance between point 2 and 1, 𝐼56 is the applied current. The carrier 

concentration (𝑛) of the samples can be deduced from these following equation: 𝑛 =

𝑉24 𝑡

𝐵 𝐼56
  , where B is the applied (out-of-plane) magnetic field and 𝑉24  is the potential 

difference between points 2 and 4. Sheet carrier densities of samples can be deduced from 

the Hall voltage measured between points 2 and 4 by: 𝑛𝑠 =
𝐼𝐵

𝑞𝑉24
. The negative and 

positive signs of carrier concentration refer to the electron and hole conduction, 

respectively. Finally, the mobility of samples can be calculated from  𝜇 =
𝑅𝐻

𝜌𝑥𝑥
. 

The use of Hall-bar patterns with micrometer sizes suppresses the possibility of short-

circuits between top gate and sample channel, as well as restrict the current direction 

under Hall-bar geometries.   
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3.4.7 Anomalous hall effect 

 

Figure 3. 13 AHE of as-deposited Co-doped ZnO (red circles), overlapped with the corresponding M-H 

loop (dashed line). The inset shows the same measurements for a vacuum-annealed sample. [10]. 

The Hall effect in ferromagnetic materials (under an out-of-plane applied field Hz) have 

contributions from two different sources; the ordinary hall effect (OHE) increases with 

Hz due to the Lorentz force acting on the charge carriers, while the contribution from 

anomalous hall effect (AHE) is due to the magnetization of the sample. The AHE 

increases steeply in weak Hz, and becomes saturated as Hz further increases. Study from 

Pugh et al. established the equation which is descried as [11],  

𝜌𝑥𝑦 = 𝑅0𝐻𝑧 + 𝑅𝑆𝑀𝑧 

where 𝑅0 is a constant which may be nearly independent of material and 𝑅𝑠 is a constant 

which can be positive and negative depending on the material [11]. The first and second 

terms are the OHE and AHE, the latter being the consequence of the spontaneous 

magnetization in the ferromagnet. As shown in Figure 3. 13, the coercivity value of 

𝜌𝐴𝐻𝐸 − 𝐻 curves in Co-doped ZnO is comparable with those in 𝑀 −𝐻 curves, indicating 

that AHE is an alternative method to characterize the weak ferromagnetic signals that 

cannot be easily measured by the conventional magnetometers. In this work, the AHE 

was employed to characterize the strength of ferromagnetism in Zn0.92Mn0.08O, as the 

charge carrier of Zn0.92Mn0.08O is accumulated or depleted through an IL gating process. 
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3.4.8 Physical property measurement system 

Physical property measurement system (PPMS) was employed to measure the electrical 

and magnetic properties of Zn0.92Mn0.08O thin films. The PPMS provides an environment 

for variable temperature (2 to 400 K) and variable magnetic field (± 9 T) measurements. 

Magneto-transport properties of Zn0.92Mn0.08O devices were measured by four-point 

electrical measurements, in order to eliminate the contribution from contact resistances. 

Au (50 nm)/ Ti (5 nm) electrodes were used to form ohmic contacts on the Zn0.92Mn0.08O 

and LSMO films. Electrical contacts between thin films and measurement holder were 

connected with Al bonding wire. 

 

3.4.9 Magnetoresistance   

Magnetoresistance (MR) measurements were performed in a closed-cycle cryogenic 

chamber with temperature ranging from 20 to 400 K in the vicinity of a magnetic field (± 

0.6 T). Keithley 6221 was employed as an AC current source ranging from 100 to 1 A 

into sample and the voltage was measured by a Keithley 2182A nanovoltmeter. The MR 

ratio is defined by the following equation: 

 
𝑅(𝐻𝐹𝑖𝑒𝑙𝑑)−𝑅(𝐻0)

𝑅 (𝐻𝐹𝑖𝑒𝑙𝑑)
  x 100% 

As the applied magnetic field is parallel with the current direction of samples, anisotropic 

magnetoresistance (AMR) of the samples can be measured. AMR can be useful in 

probing the magnetic signals which are low and difficult to be measured by convectional 

magnetometers [12-14]. 

3.5 Conclusion  

 

The experimental details for the deposition of high-quality LSMO and Zn0.92Mn0.08O 

films are presented. Detailed fabrication steps of Hall bars, field-effect devices are 

introduced. Finally, different characterization methods were employed to study structural, 

electronic and magnetics properties of these electric-field manipulation of magnetism in 

the LSMO and Zn0.92Mn0.08O devices are introduced.     
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Chapter 4 Electric-field manipulation of 

magnetism in the multiferroic heterostructure  

of La0.66Sr0.33MnO3/P(VDF-TrFE) 
 

4.1 Introduction 

Recent progress in electric-field control of magnetism has already demonstrated the 

capability of tuning magnetic moments [1-3], metal-to-insulator transition temperatures 

[1, 3-6], magnetic anisotropy [1, 3, 7] and exchange-bias effect in magnetic 

heterostructures [1, 8-10]. Among different methods, electric-field control of 

magnetoelectric multiferroics has attracted much attention, due to the potential 

application for next-generation memories devices by controlling the magnetic states 

through electric field [11].  

Intensive studies have been conducted on the strain-mediated magnetoelectric 

multiferroics [2, 12]. External electric field causes a change of ferroelectric lattice 

parameter, and the strain effect is transferred to the ferromagnet layer through the 

converse piezoelectric effect. The strain induces changes in the magnetic properties such 

as magnetization and Tc of (La1-x,Srx)MnO3 grown on the PMN-PT substrates [12]. Very 

often, a few hundred volts is required for achieving such changes, which is too large for 

integration into the existing semiconductor devices [2, 12, 13].  

The second method of electric-field manipulation of magnetism in 

ferroelectric/ferromagnetic bilayers relies on the interfacial charge-mediated 

magnetoelectric coupling [14-17]. The change of transport and magnetic properties in 

ferromagnet is mainly governed by the ferroelectric polarization. For LSMO, the field-

effect geometry is expected to modulate the magnetism mainly due to charge-mediated 

ME coupling, which occurs within a few nm of the LSMO at the 

ferroelectric/ferromagnetic interface [13]. To achieve low-switching voltage in electric-

field-induced magnetic devices, a thin ferroelectric layer with epitaxial relationship 

between the ferroelectric and the ferromagnet is required, and high deposition 

temperature is necessary to obtain highly-crystalline ferroelectrics such as BaTiO3 and 

(Pb,Zr)TiO3 [16, 18, 19].   



Chapter 4 Electric-field manipulation of magnetism in the multiferroic heterostructure  

of La0.66Sr0.33MnO3/P(VDF-TrFE) 

 
 

WONG Hon Fai                                                                                                                                           72  

                                                                                                                                                                       

Apart from ferroelectric oxides, ferroelectric polymers such as crystalline copolymer of 

P(VDF-TrFE) have been used as the ferroelectric layer in electric-field-controlled 

magnetic devices. For P(VDF-TrFE), an annealing temperature of 120-140C is required 

for crystallization into the ferroelectric β phase [20]. In particular, such a ferroelectric 

control of magnetism has been widely investigated in manganite systems such as LSMO, 

due to the 100 %-spin polarization and 𝑇𝑐 around 350 K that are promising for future 

spintronics devices [15, 21-26]. In these system, tunable ferromagnetism using 

ferroelectric gate mainly relies on the manipulation of the double-exchange coupling 

between Mn3+ and Mn4+ through the O 2p orbital [27, 28]. Upon the depletion and 

accumulation of charge carrier in the ferromagnet, a control in the strength of magnetism 

was achieved.  

Up to now, mort of works concerning the field-effect control of magnetism are based on 

polarization reversal of FE oxides [9, 19], and there was little work on modulating 

manganite channels use FE copolymer as the gate dielectric. In this Chapter, the electric-

field manipulation of transport and magnetic properties in the multiferroic bilayer 

heterostructure, with P(VDF-TrFE) as ferroelectric layer and LSMO as ferromagnetic 

layer, is reported. A 15% change in LSMO channel resistance at 300 K was observed 

upon the ferroelectric reversal of P(VDF-TrFE), with insignificant 𝑇𝐶 change in LSMO 

channel. The experimental results indicated that electric-field effect provided from the 

ferroelectric reversal of P(VDF-TrFE) failed to penetrate into the LSMO channel, leading 

to an insignificant change of the magnetic properties in the LSMO devices. 

3.2 Experimental details 

Epitaxial LSMO films with a thickness of 7.5 nm were prepared on single-crystal STO 

(001) substrates by PLD. Before the deposition, the substrates were treated with buffered 

hydrofluoric acid (HF) or deionized (DI) water, followed by a thermal annealing process 

at 1100C for 2 hours; as mentioned in Chapter 2, such steps would lead to the formation 

of TiO2-terminated STO surfaces with atomic steps of height 0.39 nm. The LSMO films 

were then deposited at 700C with an oxygen pressure of 150 mTorr. After deposition, 

the films were annealed in-situ at an oxygen pressure of 10 Torr for 5 minutes, in order 

to minimize the oxygen vacancies. The LSMO films were then cooled down to 300 K 

with a ramp rate of 10 K/min. Film thickness was controlled by the number of laser pulses 
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used during the deposition (based on a calibrated rate obtained from a thick LSMO sample) 

and was further evaluated by XRR measurements. 

P(VDF-TrFE)/LSMO heterostructures were prepared as follows. The LSMO films were 

patterned into Hall bars with 200 m channel length and 20 m channel width by standard 

photolithography and reactive ion etching processes. Electron beam evaporation was 

employed to deposit Au (80 nm)/Ti (15 nm) as contact electrodes, with a base pressure 

of 2.2 x10-6 Torr and no substrate heating. After that, P(VDF-TrFE) with 7:3 mole ratio 

of VDF/TrFE copolymers were dissolved in diethyl carbonate (C5H10O3, DEC) at a 

concentration of 2.5% weight content. 250 nm-thick P(VDF-TrFE) films were prepared 

on the pattered LSMO by spin-coating techniques at 4000 rpm for 30 seconds and 

subsequently annealed at 120C for 2 hours, allowing them to crystalize into the 

ferroelectric β phase. Finally, top gate electrodes of Au (15 nm)/Al (100 nm) were 

deposited by electron beam evaporation via appropriate shadow mask alignment with the 

bottom LSMO Hall-bar pattern.  

Figure 4. 1 shows the schematic diagram of the device structure used in this study. To 

probe the magnetic properties of the LSMO channel, a Keithley 2400 sourcemeter was 

employed to provide the 𝑉𝑔 for switching the polarization direction of P(VDF-TrFE). The 

LSMO 𝑅𝑥𝑥  was measured along the longitudinal direction of the Hall-bar pattern via 

four-point measurements, in order to eliminate the contributions from contact resistances.     

 

Figure 4. 1 Left: Schematic diagram of device structure used for electric-field manipulation of magnetism 

in the P(VDF-TrFE)/LSMO with accumulated hole carriers in the LSMO channel due to ferroelectric 

polarization. Right: Planar view of Hall-bar pattern used in this study.      
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4.1 Results and discussions 

4.1.1 Structural characterization  

 

Figure 4. 2 AFM image of 7.5 nm-thick LSMO film grown on STO (001) substrate. 

Prior to characterizing the heterostructure, AFM measurement was employed to study the 

surface morphology of LSMO films grown on STO (001) substrates. As shown in Figure 

4. 2, the LSMO film exhibits flat terraces and steps with a height of 0.4 nm, corresponding 

to one unit-cell of LSMO lattice along the (001) direction [29].  

Figure 4. 3 (a) shows the XRD pattern of a 24 nm-thick LSMO films. Apart from the 

diffraction peaks of LSMO (002) and STO (002) as observed in the 𝜃 − 2𝜃 scan, the Laue 

fringes alongside the LSMO (002) diffraction peaks indicate the high crystallinity and 

atomic flatness of the LSMO films. Moreover, rocking curve (Figure 4. 3(b)) acquired on 

LSMO (002) diffraction peak have a FWHM about 0.1, further implying the well-

ordering of the LSMO lattice. However, the LSMO (002) diffraction peak in the P(VDF-

TrFE)/LSMO heterostructure becomes insignificant due to the reduced film thickness, 

and is shadowed by (002) STO substrate peak [29, 30]. At the lower-angle regime (Figure 

4. 3(c)), a diffraction peak is observed at 19.7, corresponding to the P(VDF-TrFE)  

phase (110) and (200) diffraction peak [30].    
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Figure 4. 3 XRD patterns. (a) θ-2θ scans of bare STO substrate (black color), 24 nm-thick LSMO film (blue 

color) and P(VDF-TrFE)/LSMO heterostructure (red color). (b) rocking curve acquired from LSMO (002) 

diffraction peak. (c) θ-2θ scan of P(VDF-TrFE)/LSMO heterostructure between 2θ values of 16 to 22, 

indicating the  phase P(VDF-TrFE) (200)/(110) peak . 

PFM was performed to examine the ferroelectric properties of P(VDF-TrFE)/LSMO 

heterostructures. A Pt-coated AFM tip and the LSMO bottom electrode were set as the 

positive and negative terminals respectively. Figure 4. 4 (a) show the out-of-plane (OP) 

piezoelectric response of a 250 nm-thick P(VDF-TrFE) film grown on LSMO sample. 

The OP PFM phase angle shows a typical ferroelectric hysteresis loop, which corresponds 

to the domain switching-induced upward and downward polarizations. Based on the 

hysteresis loop, it was concluded that voltages above 35 V was sufficient to fully switch 

the polarization directions of the ferroelectric copolymer. 
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Low-voltage ferroelectric switching process was also examined in the work. Figure 4. 4 

(b) shows the topography of the heterostructure undergoing different poling conditions 

respectively. Without a poling process (outer region), the scan exhibits noisy PFM signals, 

implying an arbitrary dipole arrangement. After poling with -10 V (downward 

polarization) and +10 V (upward polarization) tip voltage in the intermediate and inner 

square region (Figure 4. 4 (b)), sharp piezoelectric contrasts can be observed, implying a 

voltage of 10 V is enough to partially switch the ferroelectric domain in the P(VDF-TrFE). 

Figure 4. 4 (c) shows the AFM topography of the P(VDF-TrFE) surface, which shows no 

surface deformation during the film poling process, and the film surfaces exhibited no 

atomic terraces of the LSMO after the deposition of P(VDF-TrFE). 

4.1.2 Transport and magnetic characterization 

The temperature dependence of LSMO channel resistance (R-T) was employed to study 

its magnetic changes upon the electric-field induced polarization reversal in P(VDF-

TrFE), and the results are shown in Figure 4. 5. Voltage pulses of ±35 V were applied to 

the top gate electrode, resulting in a 15 % resistance change in 𝑅𝑥𝑥 at 300 K and less than 

1% at 20 K. As the temperature was ramped down from 290 K, a larger screening depth 

is expected in the LSMO interfaces since the LSMO became more insulating. However, 

once the temperature is ramped down across the metal-to-insulator transition temperature 

of the LSMO, it starts to be like a metallic material (with hole carrier concentration ~1021 

cm-3), resulting in a decrease in the screening depth and leading to a decrease in 𝑅𝑥𝑥 in 

the low temperature regime [16].  

Insignificant peak value (which essentially correspond to its 𝑇𝐶 ) shift in the R-T 

measurements is observed upon the change of polarization direction (Figure. 4. 5), 

implying that the change of carrier concentration within the LSMO channel is not 

significant. Upon the application of a +35 V (-35 V) through the top gate electrode, an 

upward (downward) polarization is induced in the copolymer ferroelectric layer. Hole-

doped LSMO carriers are depleted from (accumulated towards) the P(VDF-TrFE)/LSMO 

interface. On the other hand, this switching process will be irreversible if electric field 

applied is above the dielectric breakdown strength (400 MV/m) of P(VDF-TrFE) [31]. 

Several reports suggest that the electric field provided from ferroelectric oxide of BTO 

only pass through two to three u.c. of LSMO lattice [16]. In the present study, the 
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spontaneous polarization coefficient of P(VDF-TrFE) (10 µC/cm2) is four times less than 

BTO (48 µC/cm2). Low tunability in magnetism is therefore expected.     

 

Figure 4. 4 (a) Hysteresis loop of the OP PFM phase and magnitude signals obtained from P(VDF-

TrFE)/LSMO heterostructure, (b) PFM phase images of inner and intermediate square domains, pre-

polarized with -10 V and +10 V respectively. (d) AFM image of P(VDF-TrFE) acquiring during the poling 

process.    

Considering the homogenous channel in the current case, the carrier concentration in the 

LSMO channel is uniformly equivalent to 1021 cm-3. Electric-field effect from 

ferroelectric reversal of P(VDF-TrFE) is confined to 1 nm at the LSMO/P(VDF-TrFE) 

interface in LSMO channel, and does not extend into the whole layer. Since the thickness 

of whole LSMO is 7.5 nm, this implies that the bulk of the film is unaffected and hence 

the change in TC is not obvious. At the same time, the overall 𝑅𝑥𝑥  depends on the 

proportion of LSMO in the channel layer that is affected by the gating. At high 

temperatures (T > TC), electric-field effect due to ferroelectric reversal has a strong impact 

on paramagnetic (insulating) LSMO compared with LSMO in the ferromagnetic metallic 

state. The change in 𝑅𝑥𝑥  is expected to be stronger than at low temperatures. At low 

temperatures (T < TC), the positive Vg transforms the gated LSMO into the insulating state 

and further suppresses the ferromagnetic metallic state, and results in the increase in the 



Chapter 4 Electric-field manipulation of magnetism in the multiferroic heterostructure  

of La0.66Sr0.33MnO3/P(VDF-TrFE) 

 
 

WONG Hon Fai                                                                                                                                           78  

                                                                                                                                                                       

overall 𝑅𝑥𝑥 at low temperature. Therefore, large change in 𝑅𝑥𝑥 and insignificant changes 

in TC happens in our system.     

 

Figure 4. 5 R-T measurement for 7.5 nm-thick LSMO film upon upward and downward polarization from 

P(VDF-TrFE), where P+ and P- in the legend represent upward and downward polarization direction in 

P(VDF-TrFE). The inset shows the magnified view of the measurement around the peak of the curves. 

To prove that short screening depth of ferroelectric polarization is the main reason of 

insignificant TC in the LSMO channel, one should understand the relationship between 

TC and hole carrier concentration  of  LSMO can be approximated as [15], 

∆𝑇𝑐 ∝
∆𝑛

𝑛
 

(4.1) 

where ∆𝑛 can be expressed in the following relationship, 

∆𝑛 ∝
𝑃𝑟

𝑑𝐿𝑆𝑀𝑂
   (4.2) 

In (4.2), 𝑃𝑟 is the remanent polarization of the ferroelectrics and 𝑑𝐿𝑆𝑀𝑂 is the thickness of 

LSMO. Based the experimental results by Cui et al., the TC shift in BTO/LSMO 

heterostructure is only 5 K upon the ferroelectric reversal in BTO [32], when the thickness 

of LSMO layer is 20 u.c. (~7.8 nm). Combining equation (4.2) and the experimental 

results by Cui et al., the expected 𝑇𝐶 change due to ferroelectric reversal of P(VDF-TrFE) 



Chapter 4 Electric-field manipulation of magnetism in the multiferroic heterostructure  

of La0.66Sr0.33MnO3/P(VDF-TrFE) 

 
 

WONG Hon Fai                                                                                                                                           79  

                                                                                                                                                                       

should be around 1 K, which can hardly be observed given the broad R-T peak in Fig. 4. 

5.  

4.1.3 Conclusion 

In this Chapter, I reported electric-field manipulation of transport and magnetic properties 

of P(VDF-TrFE) as ferroelectric layer, and LSMO as ferromagnetic layer. Upon the 

switching polarization direction of P(VDF-TrFE), the screening effect providing from 

ferroelectrics exhibited 15% change in LSMO resistance at 300K, but less than 1% at 20 

K. Moreover, insignificant change of TC was observed in the R-T measurement.  
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Chapter 5 Electric field-induced oxygen vacancy 

modulation in perovskite manganite Films  

gated with ferroelectric polymer 
 

5.1 Introduction 

Chemical doping is frequently adopted for manipulating the transport and magnetic 

properties of complex oxides [1-4]. Recently, efforts have been made in studying electric-

field induced manipulation of charge carriers at the oxide interfaces, through the 

application of voltages across high–k dielectric [5, 6] or ferroelectric materials [5-8]. By 

electrostatics gating, a change in the areal charge density below 1014 cm-2 can be obtained.  

 

To achieve even stronger modulation of interfacial carriers, electrolytes or IL were used 

for achieving the goal by the EDL effect [9, 10]; such a device geometry can induce 

interfacial capacitance up to tens of µF-cm-2, bringing large changes in carrier densities 

in the order of 1015 cm-2 [10]. Aiming at more prominent changes in magnetism, several 

studies have operated the IL-based devices through redox reaction in the channel layer 

rather than electrostatic effect [11-15]. Unlike electrostatic control, the manipulation of 

gated materials through redox reaction can be stable even after the gate voltage is 

removed [16]. These studies demonstrated tunable metal-insulator transition in 

manganites [13, 17] as well as superconductivity in iron-based superconductors [18] and 

two-dimensional materials [19]. On the other hand, due to the corrosive nature of IL, thin 

protective layers are often required to cover the active channel [20]; alternatively the 

gating environment should be dehydrated or the devices are operated just above the 

freezing point of the IL [13]. Such obstacles have limited the applications of IL-based 

devices. 

 

Many efforts have been made to investigate the electric-field-induced magnetism in 

LSMO through a FM top electrode [7, 21-24]. These LSMO field-effect devices are 

mainly governed by polarization-induced carrier modulation in the FE/FM interfaces, and 

accompanied with the change in transport and magnetic properties. However, most 

studies of these FE reversal of LSMO devices were electrostatic in nature and used oxide-

based FE layers with thicknesses at least tens of nm, making it difficult to study the 
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interfacial changes upon the ferroelectric-gating process. In this regard, copolymer 

ferroelectric P(VDF-TrFE) offers an alternative choice due to its low processing 

temperature (~140C) [25-27], chemical inert and compactible with group III-V dilute 

magnetic semiconductors such as (Ga,Mn)As for achieving the electric-field control 

devices [28]. By dissolving ferroelectric copolymer in the field-effect devices after 

switching process offer a direct probing of interfacial changes of FM through surface-

sensitive probing techniques, which is ideally suitable to investigate the interfacial 

magnetism due to electrochemical reactions. So far, only a few investigations have been 

made concerning both electrostatic and electrochemical modulation of transport and 

magnetic properties of manganites, using FE as the gate dielectric.  

 

In this part of the thesis, I investigate the non-volatile, electrical control in transport and 

magnetic properties of epitaxial LSMO thin films through a top-gated FET structure with 

P(VDF-TrFE) as the gate dielectric. Typical modulation of ferromagnet devices via 

ferroelectrics is vulnerable to dielectric breakdown during the application of large 

saturation voltage [21, 22, 29]. Such an issue can be avoided by pulses of low-voltages, 

with magnitudes smaller than that required for the switching of polarization direction in 

the ferroelectric. In contrary with typical electrostatic modulation through ferroelectrics, 

it will be shown that the electrochemical control of LSMO layer permits strong 

manipulation of the transport and magnetic properties through low-voltage-pulse with an 

assistance of P(VDF-TrFE) as dielectric layer. Detailed chemical characterization on the 

valency variations of the LSMO channel layer was performed, by exposing the pulsed 

channel through dissolving the copolymer gate using conventional organic solvent. Both 

electrostatic and electrochemical modulation of manganites can be achieved through 

controlling the magnitude of applied voltages and the number of pulses being applied. 

Through a combination of structural, chemical, transport and magnetic characterization, 

I will demonstrate that the tunability of transport and magnetic properties in LSMO layer 

are mainly due Ov modulations during a low-voltage gate-pulsing process. The technique 

offers a controllable method for modulation the transport and magnetic properties of 

manganites through Ov modulation, which is more robust compared with direct 

polarization switching that may lead to dielectric breakdown during the switching process. 
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5.2 Experimental details 

5.2.1Thin film growth and device fabrication 

High-quality LSMO films with thickness 7.5 nm were grown on (001)-oriented STO 

single crystal substrates, by means of PLD from a stoichiometric target [30-32]. Samples 

were deposited at a substrate temperature of 700C in an oxygen pressure of 150 mTorr. 

The samples were subsequently annealed in situ for 5 minutes with an oxygen pressure 

of 10 Torr, before they were cooled to room temperature with a ramp rate of 10 K/min.  

The thickness of LSMO thin films was estimated based on a calibration sample, and was 

further confirmed by XRR measurements. 

 

The LSMO layer was patterned into the Hall bar geometry (channel length 200 µm, 

channel width 20 µm) by conventional photolithography and inductively coupled plasma 

etching. Ti (80 nm)/Au (15 nm) electrodes were deposited by electron beam evaporation 

under a base pressure of 5×10-4 Pa. For the ferroelectric copolymer gate, P(VDF-TrFE) 

with 7:3 molar ratio of VDF and TrFE copolymers was dissolved in diethyl carbonate. 

The solution was spin-coated onto patterned LSMO tracks, and was subsequently 

annealed at 120 ºC for two hours in order to obtain the ferroelectric β phase [25, 26]. The 

resultant copolymer film thickness was ~ 250 nm. Top gate electrodes of Al(100 

nm)/Au(30 nm) were prepared by e-beam evaporation through a stainless steel shadow 

mask.  

5.2.2 Structural characterization 

 XRD and XRR measurements were conducted using a high-resolution Rigkua Smartlab 

X- ray diffractometer with Cu-Kα radiation (λ = 1.5406 Å). XPS was performed with a 

Sengyang SKL-12 electron spectrometer equipped with a VG CLAM 4 MCD electron 

energy analyzer and twin anode Mg Kα radiation (1253.6 eV) or Al Kα radiation (1496.3 

eV) X-ray sources. The base pressure for the XPS measurement was 2×10-9 Torr. All 

binding energies in this work were calibrated with the C 1s peak (284.6 eV). 

5.2.3 Electrical and magnetic measurements 

Electrical measurements of the samples were conducted in a closed-cycle cryostat 

evacuated to a pressure of 10-4 Torr. The LSMO channel resistance was then measured 
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through standard four-point probe method using a Keithley 2400 sourcemeter. R-T and 

MR measurements with in-plane applied magnetic field were conducted using a Keithley 

2182A nanovoltmeter and a Keithley 6221 DC/AC current source.  

 

5.3 Results and discussions 

5.3.1 Structural and ferroelectric characterization  

Before investigating the LSMO-based devices, the structural properties of LSMO films 

grown on (001) oriented TiO2 terminated-STO substrates were studied. Kiessig fringes 

in XRR measurements (Figure 5. 1 (a)) indicate a film thickness about 7.5 nm with 

surface roughness ~ 0.43 nm, consistent with the results obtained from AFM 

measurement (0.38 nm, inset of Figure 5. 1 (a)). The AFM image also exhibits an 

atomically flat LSMO surface with clear terraces of step height ~0.38 nm, consistent with 

the unit-cell height of LSMO along the (001) cleavage plane. Such several hundred-nm-

wide terraces in LSMO are due to DI water treated STO substrate before LSMO 

deposition, as mentioned in Chapter 2. 

 

The ferroelectric properties of P(VDF-TrFE) strongly depends on its crystallinity. XRD 

pattern of P(VDF-TrFE) on LSMO film (inset, Figure 5. 1 (b)) shows the peak for (200) 

and (110) planes of P(VDF-TrFE) at ~19º, after annealing the sample in air at 120 ºC for 

two hours, implying the presence of the ferroelectric β phase [27]. Ferroelectric hysterics 

loop of P(VDF-TrFE) film (Figure 5. 1 (b)) measured at 100 kHz and 300 K exhibits a 

remnant polarization of 10 µC-cm-2, coercive voltage of 15 V and saturation voltage of 

40 V. The results demonstrate the good ferroelectric performance of the copolymer layer 

prepared in this work. 
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Figure 5. 1 (a) XRR measurement of LSMO film grown on TiO2-terminated STO (001) substrate. Inset 

shows AFM scan of the LSMO film (scan area = 1 µm2). (b) Polarization hysteresis loop of P(VDF-TrFE) 

prepared on glass substrate, with the inset showing the XRD θ-2θ scan profile of P(VDF-TrFE) on LSMO 

film surface. 
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5.3.2 Transport characterization 

 

Figure 5. 2 (a) Schematics diagram of the FET device with LSMO channel and P(VDF-TrFE) gate. The 

plots in (b) and (c) show the resistance change Rxx/Ro (left axis) and Rxx (right axis) of LSMO channel 

as functions of different pulse parameters: (b) number of pulse cycles (for constant pulse amplitude of 10 

V and width of 300 ms); (c) pulse width (for constant pulse amplitude of 10 V and pulse cycles of 60). 

It was mentioned in Chapter 4 that insignificant TC of LSMO were observed when Vg was 

larger than the voltage required to switch the polarization direction of P(VDF-TrFE). 

Rather than providing a single pulse of Vg, the tunability of electrical and magnetic 
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properties in LSMO devices were also examined through successive-low-pulsing cycles. 

In the following sections, Rxx is defined as the longitudinal resistance of the LSMO device 

as measured by four-point measurement, and Vg is the potential applied to the P(VDF-

TrFE) gate with reference to the LSMO channel (drain) potential; unless otherwise stated, 

the Vg magnitude, pulse width and pulse cycle are equal to 10 V, 300 ms and 500 ms 

respectively. Figure 5. 2 (a) illustrates the resistance measurement on the LSMO device 

with P(VDF-TrFE) gate dielectric.  

 

Figure 5. 3 Rxx/Ro (left axis) and Rxx (right axis) in response to successive +10 V (first 30k) and -10 V (up 

to 106) pulses with constant pulse width (300 ms). Inset of figure highlights the switching-up process in 

LSMO Rxx/Ro (left axis) and Rxx during the +10 V pulse cycles at the beginning of the measurement in the 

main figure. 

Figure 5. 2 (b) and 5. 2 (c) present the transport properties of LSMO channel at 300 K, 

after undergoing various Vg pulse cycles. Here ΔRxx and ΔRxx/Ro (%) and are defined as 

Rxx(n)-Rxx(0) and (Rxx(n)-Rxx(0)/Rxx(0)) respectively, where n is the number of pulses 

applied to the channel and Ro = Rxx(n = 0) refers to the channel resistance at the start of 

the measurement before Vg was applied. The results indicate that ΔRxx/Ro positively 

correlates with the number of pulse cycles (Figure 5. 2 (b)) and the pulse width (Figure 

5. 2 (c)).  
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To further investigate the behavior of ΔRxx/Ro in response to Vg pulses, I reversed the sign 

of Vg after the application of a series of positive Vg pulses. Figure 5. 3 reveals the gradual 

change in ΔRxx/Ro at 300 K upon the application of successive positive and negative Vg 

pulses. Initially, ΔRxx/Ro shows a continuous increase (by up to 45% from Ro) upon the 

application of +Vg (10 V). When the sign of Vg is reversed, Rxx gradually returns to the 

initial value. One can notice in Figure 5. 3 that it is more difficult to reduce Rxx through 

the application of negative Vg, as more pulse cycles are required for returning Rxx back to 

the original level (~ 30k pulses for +Vg vs. 106 pulses for –Vg).  

 

The asymmetric switching of resistance with Vg of the same magnitude but opposite signs 

is reminiscent with the studies of electric-field control of transport properties in 

manganites through IL gating [13];  in the electrostatic regime, Rxx increases by 20% for 

Vg = 1 V, while ΔRxx/Ro decreases only 4% for Vg = -2 V. In contrast, in the present case 

of Figure 5. 2, a change of 45 % was recorded, but clearly this is not the limit for ΔRxx/Ro 

judging from its linearly increasing trend. It should also be mentioned that the resistance-

switching process in this experiment was performed in vacuum (<10-4 Torr).  

 

Transport and magnetism of LSMO films depend heavily on the ratio of La3+ and Sr2+, 

leading to the varying ratio of 3+ and 4+ Mn valence states [33]. Apart from controlling 

the growth condition of manganites films, recent work with IL modulation of manganite 

thin films showed the possibility to generate Ov by using large Vg, as the formation 

enthalpy of Ov is small [13, 17]. The Vg applied to the device in Figure 5. 2 to Figure 5. 3 

is far below the saturation field for ferroelectric reversal of P(VDF-TrFE), and hence is 

inadequate to explain the dependence of Rxx modulation with low-voltage-pulse cycles 

and the asymmetric LSMO channel response between positive and negative Vg pulses.  

 

It is therefore postulated that the creation and annihilation of Ov in LSMO channel, with 

an assistance of repeated Vg pulses, plays an important role in the electrochemical reaction 

within the LSMO layer [34, 35]. As discussed in previous work involving LSMO gated 

with IL, the electric field provided by IL is enough to drive the Ov accumulation near the 

LSMO interfaces, weakening the ferromagnetic properties of the LSMO channel [17]. 

The process can be described by the following equation: 
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𝑀𝑛4+
+𝑉𝑔 
→  𝑀𝑛1−𝑥

4+ +𝑀𝑛𝑥
3++𝑂𝑣

2− + 𝑂2 

 
Figure 5. 4 Evolution of Vo in LSMO channel with successive positive and negative Vg pulses, according to 

the proposed electrochemical switching mechanism. 

 

Figure 5. 4 depicts the schematic of the proposed model of Ov modulation in LSMO. As 

+Vg pulses are applied, n-type carriers (in form of Ov) are created and gradually diffuse 

from the LSMO/P(VDF-TrFE) interface to the bulk of LSMO film. Some LSMO lattices 

gradually change from metallic ferromagnet phase to insulating ferromagnet phase at the 

interface, and the “insulating” layer is extended through the interfaces. Such an increase 

in the Ov concentration induces additional resistance throughout the interface region due 

to the p-type nature of LSMO. The scenario is reversed when -Vg pulses are applied which 

induces the depletion (in form of annihilation of Ov) back to LSMO lattice and leads to a 

drop of LSMO resistance.  

 

Figure 5. 5 Variation of Rxx of LSMO channel as a function of Vg pulse number in different environment. 

(a)  +Vg cycles in vacuum (squares) and oxygen (triangles) environment. (b) - Vg cycles in vacuum (squares) 

and oxygen (triangles) environment.  
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To verify the possible electrochemical variation (Ov annihilation/formation) in LSMO 

channel during the application of Vg pulses, the Vg dependence of  Rxx under oxygen and 

vacuum environment were conducted at 300 K (Figure 5. 5). One would expect the lack 

of any dependence between different the gas environment and Rxx/Ro upon Vg pulsing, 

shall the resistance change is due to electrostatic effect. On the other hand, the 

electrochemical reaction associated with Ov formation (annihilation) in LSMO channel 

would induce larger changes in Rxx/Ro in the vacuum (oxygen) environment. In the case 

of +Vg pulses (Figure 5. 5 (a)), while insignificant Rxx/Ro change is observed when it is 

switched in the O2 environment, a gradual Rxx/Ro increase is obtained if the sample is 

pulsed in vacuum (~10-4 Torr). The result indicates that the vacuum environment can 

accelerate the response LSMO channel resistance, as a consequence of the efficient 

removal of oxygen (i.e. creation of Ov) under the vacuum. For -Vg pulses (Figure 5. 5 (b)), 

although a Rxx/Ro drop is observed in both vacuum and oxygen environment, the effect 

is doubled in the presence of oxygen. This indicates that incorporation of oxygen into 

LSMO channel helps to annihilate Ov. The results are consistent with the study of electric 

field-induced migration of Ov modulation in VO2 under IL gating [16].   

 

Figure 5. 6 (a) Mn 2p XPS spectra of LSMO film at pristine state and after +Vg pulsing for 36,000 cycles. 

(b) and (c) shows the multiple peak fitting of the XPS spectra for pristine (b) and gated (c) samples. 
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The change in the valance state of Mn ions provides additional evidence to support the 

hypothesis of Ov formation in LSMO. Here, XPS was employed to analyze the LSMO 

channel at pristine state and after gating with 36k +Vg pulses. For direct probing of the 

LSMO channel, the top Al electrode and the copolymer gate dielectric were removed by 

acetone after the application of +Vg pulses, before the samples were transferred into the 

XPS chamber. Figure 5. 6 (a) depicts the Mn 2p core-level spectra of the pristine and +Vg-

pulsed samples. The position of the Mn 2p3/2 core-level peak in the pristine LSMO device 

is 641.66 eV. After pulsing the LSMO channel, the Mn 2p3/2 core-level spectra shifts 

towards a lower binding energy by 0.47 eV, indicating a decrease in the ratio of 

Mn4+/(Mn3++Mn4+) as the LSMO sample is pulsed with 36k +Vg pulses [17]. 

 

To quantitatively understand the Mn valence change in the LSMO channel, the XPS 

spectra were assessed with multiple peak fitting by the Xpspeak software, the results of 

which are shown in Figure 5. 6 (b)-(c). The ratio of Mn4+ ions to (Mn3++Mn4+) changes 

from 0.39 to 0.23 after +Vg pulse cycles. The observation indicates that the oxidation state 

of Mn states evolves from Mn4+ to Mn3+ upon the application of +Vg pulses. As the XPS 

were preformed after the removal of the P(VDF-TrFE) layer, any polarization effect on 

the LSMO channel should have been removed by the time of XPS measurements. The 

observed valence state change of Mn ions due to Vg pulse chains is therefore 

electrochemical in nature. 
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Figure 5. 7 (a) Time profile of LSMO channel resistance as a function of +Vg from 0 to 36k cycles. (b) R-

T measurement for sample undergone various positive Vg cycles.  (c) Change in TC as a function of positive 

Vg cycles (main figure) and Rxx at 300 K (inset). 
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The results in Figure 5. 5 and 5. 6 provide strong supports for the hypothesis of Ov 

formation and annihilation as the origin of modulated LSMO properties. +Vg chains 

through the ferroelectric copolymer effectively drives oxygen out of the LSMO channel 

and creates Ov, accompanied by a valence transition of Mn4+ to Mn3+. Enhancement of 

Mn3+ would lead to a few portions of magnetic order changing from Mn3+-O-Mn4+ 

(ferromagnetic) to Mn3+-O-Mn3+ (antiferromagnetic) interaction.  

 

After proving the electric-field-induced Ov modulation in LSMO channel, it is worthwhile 

to investigate the tunability of transport and magnetic properties in LSMO channel under 

successive Vg pulsing. The possibility of driving the LSMO channel resistance through 

the application of Vg implies its potential for multilevel memory applications [30, 35]. 

Figure 5. 7 demonstrates the performance of LSMO channel upon the application of 

various +Vg cycles. As shown in Figure 5. 7 (a), Rxx increases from 0.28 MΩ to 0.41 MΩ 

through the application of 36k pulses, and it remains steady once +Vg is removed. Such a 

non-volatile resistance behavior can be explained by the Ov creation, which gives rise to 

additional resistance.  

 

Meanwhile, R-T measurement is a good indicator for observing the variation of magnetic 

properties in LSMO upon the application of pulse voltages. Figure 5. 7 (b) depicts the 

temperature-dependent LSMO channel resistance after the application of +Vg pulses at 

room temperature. Two things can be observed in the figure. Firstly, there is an increasing 

trend of Rxx at all temperatures with increasing number of +Vg pulses, as evidenced by the 

gradual upward shift of the R-T traces. Besides, the peak position of the R-T curves (at 

which dR/dT = 0), which correspond to the metal-insulator transition temperature of 

LSMO, gradually shifts to lower values with more Vg pulses; for LSMO the R-T trace 

peak is basically equivalent to its TC [4]. In Figure 5. 7 (c) the change in TC is plotted as 

a function of applied pulses at 300 K. The application of +Vg cycle gradually reduces the 

LSMO channel TC from 280 K (pristine sample) to 265 K (after 36k pulses). Such an 

observation implies that more Ov are gradually created from LSMO channel upon the 

application of positive pulses.  

 

For further investigation, the variation of the TC with the room-temperature LSMO 

channel resistance (inset of Fig. 4 (c)) is plotted. The +Vg cycle makes the LSMO films 
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more insulating at room-temperature and lead to reduced TC. By considering the 

correlation between n and TC in LSMO [7]: 
∆𝑛

𝑛
∝
∆𝑇𝑐

𝑇𝑐
, a shift of Tc by 15 K corresponds to 

a 7% variation of n.  

 

5.3.3 Magnetic characterization 

 

Figure 5. 8 Variation of LSMO channel magnetotransport properties at 20 K with applied +Vg, (a) MR 

behavior for LSMO channel undergone +Vg pulse cycles; the inset indicates the magnified view of MR loop, 

after the application of 36k +Vg pulses. (b) MR ratio (20 K) and Rxx (300 K) as a function of +Vg pulse 

cycle at 300K. 
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To further study the modulation of magnetic properties in LSMO channel due to Vg 

pulsing, MR measurements (i.e. dependence of Rxx on external in-plane magnetic field B) 

were conducted in the LSMO channel. Figure 5. 8 (a) depicts the MR of the LSMO 

channel at T = 20 K, upon the application of +Vg pulse cycles from 0 ,4, 13, 24 and 36 k 

at 300 K. Here the MR ratio is defined as (Rxx(B) – Rxx(0))/Rxx(0)), where Rxx(B) and Rxx(0) 

are the LSMO channel resistance with and without magnetic field. As shown in Figure 5. 

8 (b), the LSMO channel exhibits increasingly negative MR characteristic from -0.65 % 

to -1.15 % at B = 1200 Oe upon the application of 36k +Vg pulses, reflecting the 

increasingly insulating nature of the LSMO in response to accumulated +Vg pulses 

applied. In the current case, the increase in +Vg pulse cycle would lead to a decrease in 

TC, and result in the increases in negative MR values.  Such a trend of MR values is 

consistent with the scenario in which the MR effect in manganites is the largest around 

TC, and becomes smaller when it is far below TC [4]. These effects can originate from the 

accumulation of Ov at P(VDF-TrFE)/LSMO interfaces, which is consistent with decrease 

in TC in the sample.  

 
Figure 5. 9 Reversibility of LSMO channel resistance at 300 K (a), Tc of LSMO (b), and MR of LSMO 

channel at 20 K (c), through the application of positive and negative Vg pulses. Note that the number of 

pulses in each ‘cycle’ (x-axis of the graphs) are different (c.f. Fig. 5. 2). 
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To verify the reversibility of observed modulation effects in LSMO channel resistance, 

successive positive and negative Vg pulses were applied and the corresponding electrical 

properties of the LSMO channel were measured. Figure 5. 9 (a)-(c) depict the Rxx, TC and 

MR value between ±1200 Oe through the application of positive and negative Vg pulses. 

At the start of the experiment, Rxx is 0.41 MΩ at 300 K, and TC of the LSMO channel is 

264 K for both heating and warming cycles, while the MR values at 20 K is measured as 

-0.85%. With the application of -Vg pulses, Rxx becomes 0.28 MΩ at 300 K, accompanied 

by an enhancement in ferromagnetic properties as reflected from the increase in TC by 16 

K. It is suggested that decrease in Rxx in 300 K and increase in TC of LSMO channel is 

due to Ov annihilation, which is consistent with reduction of magnetic scattering at low-

temperature MR measurement (-0.55 %). With the further application of –Vg pulses, TC 

and MR value at 20 K resume previous values while the Rxx at room temperature is reset 

back to 0.41 MΩ. This indicates that the gate-induced creation of Ov in LSMO channel 

can be achieved by the application of –Vg pulse cycle. The tunability in transport and 

magnetic properties of these LSMO device through low-Vg pulses operates with a 

mechanism different from the electrostatic effect, and the results show strong support on 

the electrochemical switching of the LSMO film.  

 

5.4 Conclusion 

In summary, the electric-field manipulation in transport and magnetic properties of ultra-

thin LSMO film through low-Vg pulsing across a P(VDF-TrFE) gate was reported. The 

results showed strong support on the Ov vacancy movement as the mechanism for the 

reversible transport and magnetic properties switching in the LSMO devices. Comparing 

with the modulation due to electrostatic effect through polarization reversal in P(VDF-

TrFE), the electrochemical reaction process in LSMO layer offers strong tunability in 

both TC and MR at 20 K. The results indicated that low-voltage gate-pulsing method is a 

promising candidate to enhance the manipulation of transport and magnetism in the 

complex oxide system.      
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Chapter 6 Electrical control of the transport 

and magnetic properties in diluted magnetic oxide 

of Zn0.92Mn0.08O 
 

6.1 Introduction 

Electric-field manipulation of magnetism is being intensely investigated in various ways 

[1-3]. The most common approach is through the magnetoelectric effect [4, 5], in which 

the charge carriers of the FM are controlled by the electric-field driven interfacial 

coupling between FM and gating materials such as FE or dielectrics. Such kind of 

electric-field manipulation of magnetism involves the modulation of charge carrier 

density in FM through electrostatic means, by controlling the dipole polarization reversal 

of ferroelectric materials.  

It has been demonstrated that the tunability of ferromagnetism is directly related to the 

carrier concentration of channel materials and the capacitance of dielectrics [6, 7]. 

Usually, the accumulation of a large carrier density (<1014 cm-2) in ferromagnetic material 

is difficult because large capacitance often requires a very high electric-field strength and 

thin dielectrics, which easily results in the dielectric breakdown. Electric double layer 

transistors (EDLTs) has become a convenient technique to overcome this problem, as it 

allows the change in carrier density up to 1015 cm-2 [8]. EDLTs use liquid electrolytes 

such that electric-field-induced rearrangement of cation and anions form a 1 nm-thick 

EDL to produce large surface charge changes on the ferromagnetic surfaces, reaching an 

electric-field strength up to 10 MV-1 that cannot be easily achieved by high-k dielectric 

materials [7, 9].  

As alternatives to metallic ferromagnets, DMS draw much attentions as the magnetic 

spins and electrical charges strongly correlate with each other, which allow the field-

induced coupling between spin and charge degrees of freedom [9, 10]. Therefore, DMS 

with FET geometry is one of the promising methods to study the electric-field 

manipulation of magnetism. Electric-field control of magnetism in DMS is more 

interesting than that of metallic ferromagnet, since the carrier density of metallic 

ferromagnets is much larger than those of DMS [2, 11]. Reports on DMS of (Ga,Mn)As 

demonstrated that TC, magnetic anisotropy and magnetization can be manipulated by 
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electric field[12, 13]. However, since TC of (Ga,Mn)As is ~190 K, room-temperature 

manipulation of ferromagnetism  in DMS has yet to be demonstrated [14].    

As one of the DMS, (Zn, Mn)O is a promising candidate for the next-generation 

spintronic devices [15-19] due to its high TC above 300K [20]. As reported in previous 

studies, the enhancement of ferromagnetism of (Zn, Mn)O films can be achieved by either 

increasing the Mn or electron concentration through introduction of Ov.  

Up to now, several attempts on the electric-field manipulation of magnetic properties in 

ZnO are mainly focused on films deposited on FE substrates [21], in which both 

polarization and strains are induced to the films through the substrates. Since the magnetic 

properties of ZnO are sensitive with several factors such as strain [22], crystal quality 

[23], Ov [19, 24] and interfacial diffusion [25], it is difficult isolate the electrostatic effect 

from these piezoelectric substrates. Moreover, the growth ZnO on FE substrates [21] 

implies the need to apply high voltages (in the order of kV) and is incompatible with 

typical device operations. On the contrary, IL gating process can be easily integrated on 

different type of DMS films without concern of epitaxy matching, and has the further 

advantage of reducing the switching voltage below 5 V [9, 26]. 

In this section, I deposit Zn0.92Mn0.08O films on Al2O3 substrates and investigate the 

electric-field manipulation of magnetotranspsort and magnetism of the films through the 

IL top gating method. The experimental results indicate that not only low-temperature 

magnetotranspsort but also perpendicular magnetization can be manipulated by electric 

field. My results also demonstrate that the correlation between the carrier concentration 

and magnetic properties of Zn0.92Mn0.08O films. 

6.2 Experimental details 

6.2.1 Thin film growth and device fabrication 

10 nm-thick Zn0.92Mn0.08O thin films were deposited on (0001) Al2O3 single-crystal 

substrates by PLD, from ceramic targets of Zn0.92Mn0.08O with 

stoichiometric compositions. The growth of Zn0.92Mn0.08O thin films were carried out at 

300C with a base pressure of 5 x10-4 Pa or better, and then cooled down to room 

temperature at a rate of 5 K/min. The film thickness was controlled by the deposition time 

and further confirmed with XRR measurements.  
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To study the electric-field manipulation of Zn0.92Mn0.08O, the films were patterned into 

Hall-bar geometries (channel width :50 µm, channel length: 110 um) by photolithography 

and wet etched using diluted HCl as etchants. Au (50 nm)/Ti (5 nm) coplanar electrodes 

for IL gate and contact electrodes for Zn0.92Mn0.08O were prepared by electron beam 

evaporation, with a base pressure of 5x10-4 Pa.  

A capping layer of 2 nm-thick SiO2 film was deposited by electron beam evaporation at 

300 K, in order to prevent the direct contact between the IL and Zn0.92Mn0.08O film. Prior 

to the gating, IL was baked at 80C in a vacuum chamber to get rid of any water 

contamination. A droplet of IL was placed on the top of the film and served as the top 

gate electrode. The device was then immediately cooled down to 230 K for the gating 

process. By applying different Vg (-2 V, 0 V and 2 V), the accumulated and depleted 

charge carrier sin the channel surface would appear and become stable for one hour in the 

gating process. Then the device was immediately cooled down to 180 K, which is below 

the freezing point of IL (~ 210 K). Once the temperature reached 180 K, the Vg was 

removed. After the transport measurements, the device was heated up to 230 K for 

changing the Vg. 

6.2.2 Structural characterization 

XRD and XRR measurements were conducted using a high-resolution Rigkua Smartlab 

diffractometer with Cu-Kα radiation (λ = 1.5406 Å). XPS was performed with a Sengyang 

SKL-12 electron spectrometer equipped with a VG CLAM 4 MCD electron energy 

analyzer and twin anodes of Mg Kα radiation (1253.6 eV) or Al Kα radiation (1496.3 eV) 

X-ray sources. The base pressure for the XPS measurement was about 2×10-9 Torr. All 

binding energies in this work were calibrated with the C 1s peak (284.6 eV). Before 

performing XPS measurement, the samples were washed with acetone and isopropyl 

alcohol to remove the IL. 

6.2.3 Transport characterization 

Transport measurements, including MR (out-of-plane) and Rxx-T measurement, were 

carried out in a PPMS through the standard four-point probe method. Different 

magnitudes of Vg were applied at 230 K through a Keithley 2400 for one hour, in order 

to stabilize the EDL inside IL. Then the sample was cooled down to 180 K, and Vg was 

removed once the temperature was reached. AHE of Zn0.92Mn0.08O devices with different 
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magnitudes of Vg was measured by a Keithley 2182A nanovoltmeter and a 6221 AC/DC 

current source.  

6.3 Results and discussions 

6.3.1 Structural characterization 

The crystal orientation and the phase purity of Zn0.92Mn0.08O were characterized by XRD 

θ-2θ scans (Figure 6. 1). Apart from the (0002) ZnO diffraction peak, no secondary phase 

of MnO or Mn2O3 is found. This implies the Zn0.92Mn0.08O film has a high phase purity 

of hexagonal wurtzite structure, and all Mn ions are embedded into ZnO lattice without 

any segregation. The rocking curve of the (0002) Zn0.92Mn0.08O diffraction peak (inset of 

Figure 6. 1) has a FWHM of 0.1° and is comparable with that of (0006) Al2O3 substrate 

peak (0.1°), implying that the Zn0.92Mn0.08O film possesses high crystal quality. 

 

Figure 6. 1 XRD θ-2θ scan for the Zn0.92 Mn0.08O/Al2O3. Inset: rocking curve of (0002) Zn0.92Mn0.08O 

diffraction peak. 
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Figure 6. 2 (a) High-resolution cross-sectional TEM image of the Zn0.92Mn0.08O/Al2O3, the d-spacing of 

Zn0.92Mn0.08O and Al2O3 are 0.26 and 0.21 nm respectively. (b) The elemental distribution Zn, Mn and O 

for the Zn0.92Mn0.08O as examined by elemental mapping in TEM. (c) SAED pattern on the interfaces of 

ZnO/Al2O3, which is taken at (0001) Al2O3.  

Cross-sectional TEM was employed to study the quality of films and the possible 

existence of manganese or manganese oxide clustering. Figure 6. 2 (a) depicts the high 

resolution TEM image of Zn0.92Mn0.08O film. The 10-nm thick film exhibits epitaxy with 

respect to the sapphire substrate and an atomically sharp interface without any interfacial 
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reactions. The distance between neighboring Zn0.92Mn0.08O and Al2O3 atomic planes was 

found to be 0.26 nm and 0.21 nm, in correspondence with the crystal plane of (0002) ZnO 

and (0006) Al2O3. No Mn metal cluster or other crystal phase was found upon inspection 

by HRTEM at several locations, and it was concluded that single-phased Zn0.92Mn0.08O 

was obtained and the Mn ions were homogenously dissolved in the ZnO lattice. Moreover, 

elemental mapping of these films (Figure 6. 2 (b)) indicates that the Mn ions are uniformly 

dissolved into ZnO lattice, further confirming that the films are single-phased without 

any Mn segregation. Figure 6. 2 (c) shows the selected area electron diffraction (SAED) 

pattern at the interfaces of Zn0.92Mn0.08O/Al2O3. Apart from the crystal planes of 

Zn0.92Mn0.08O and Al2O3, no any secondary phase can be found in these SAED pattern. 

The above structural characterizations confirmed the Zn0.92Mn0.08O film is single-phased, 

and with good crystal quality and an atomically sharp interface. 

 

Figure 6. 3 Schematics diagram of Zn0.92Mn0.08O device with Hall-bar pattern and IL as electrolyte. 
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6.3.2 Transport characterization  

 

Figure 6. 4 (a) XPS core-level spectra of Zn0.92Mn0.08O, showing binding energies of (a) Mn 2p and (b) Zn 

2p. Legends indicate the application of different Vg of -2, 0 and 2 V in 230 K for 1 hour before measurements. 

To form the planar EDLT device (Figure 6. 3), 10 nm-thick Zn0.92Mn0.08O films were 

patterned into Hall bars (channel width :50 µm, channel length: 110 µm) by wet etching, 

followed by electron beam evaporation of Ti (5nm)/ Au (50nm) as ZnO channel and gate 

electrodes. Before investigating the electric-field dependent of the transport properties in 

Zn0.92Mn0.08O, XPS was used to understand the chemical states and composition of the 

Zn0.92Mn0.08O films. In Figure 6. 4 (a), the film gated with 0 V shows a double spectra of 

641.19 eV and 655.48 eV at the core level spectrum of Mn 2p regions, indicating Mn ions 

are present as Mn2+ [27, 28]. In Figure 6. 4 (b), the core level spectrum of ZnO 2p regions 

shows two spectra lines at 1022 eV and 1045 eV, corresponding to Zn2+ 2p level of 2p3/2 

and 2p1/2 respectively [27, 28]. It indicates that chemical state of Zn2+ is predominantly 

present in the sample. 
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Figure 6. 5 Upper panel: IDS(Vg) measurement of Zn0.92Mn0.08O using a scan rate of 100 mV/s, the curve 

corresponds to 50 consecutive I(V) measurement. Lower panel is the corresponding leakage current across 

the Zn0.92Mn0.08O EDLT. 

The electric-field control of charge carrier accumulation and depletion was achieved by 

applying Vg to control the movement of cations and anions. By controlling the Vg, an EDL 

was formed over the surface to manipulate the depleted and accumulated states in the 

Zn0.92Mn0.08O channel. The freezing point of IL used is about 210 K, so the EDL would 

be frozen after Vg is removed following the poling procedures as described in Section 

6.2.1 [29]. Moreover, coplanar electrodes for IL gating were placed close to the 

Zn0.92Mn0.02O channel in order to provide a strong electric-field effect. Although the 

deposition of 2 nm-thick SiO2 film on the Zn0.92Mn0.02O EDLT will reduce the electric-

field effect, the generated effect was still larger than conventional high-k dielectric 

materials such as Al2O3, HfO2 and ZrO2 [6].  

To investigate the electric-field dependence of transport properties in ZnO EDLTs, Figure 

6. 5 shows the Vg dependence of drain-source current (IDS) of Zn0.92Mn0.08O EDLT with 

50 consecutive cycles, using a drain-source voltage (VDS) = 100 mV. These results were 

collected at 230 K, at which the electrochemical reaction between Zn0.92Mn0.08O and IL 

was suppressed while the ionic mobility of IL was enough to accumulate or deplete the 

electron charge carrier in the Zn0.92Mn0.08O EDLTs.  The IDS(Vg) characteristic (upper 

panel, Figure 6. 5 (a)) features typical behaviour of EDL capacitance with symmetric and 
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rectangular shapes without irreversible redox peaks, and highly repeatability between the 

1st and the 50th cycles. These findings indicate that IDS(Vg) measurement is dominated by 

electrostatic doping [30].  

To further prove the possibility of electrostatic reaction in Zn0.92Mn0.08O EDLT, the 

bottom panel of Figure 6. 5 depicts the leakage current (IGS) across the gate electrode. 

The leakage current recorded during the IDS(Vg) measurement is in the nA range, which 

is two order magnitude smaller than IDS. This indicates that the modulation of IDS under 

Vg bias are not due to the leakage current. Moreover, both IDS(Vg) and IGS(Vg) 

measurements show that the modulation of Zn0.92Mn0.08O EDLT is reproducible and 

without any drifting of the IGS and IDS due to prolonged degradation arising from the 

presence of IL. The results suggest that electrochemical effect due to IL gating is not 

likely to happen in the experiment.    

 

Figure 6. 6 AFM surface topography of Zn0.92Mn0.08O EDLT with different Vg. The root mean square 

roughness for the samples are: (a) 0.64 nm, (b) 0.65 nm and (c) 0.66 nm. 

Apart from the IDS(Vg) measurements, the possibility of electrochemical reactions 

between IL and ZnO channel was further investigated through measuring the valence 

change of elements (Mn and Zn), as well as potential surface morphology variations 

induced by the gating process. XPS spectra of pristine sample, as well as those gated with 

Vg = -2V or 2V IL at 230 K for 1 hour, are shown in Figure 6. 4 (a)-(b). Noting that 

migration of cations and anions in IL is a dynamic process, a reasonable time is required 

for the formation of stable EDL layer under a fixed Vg. The Zn 2p and Mn 2p core-level 

spectra show no apparent change in the shape and peak values, indicating no valence 

change in Mn, Zn and O upon gating with different Vg. This implies that the IL gating 

effect on ZnO channel is an electrostatic one with volatile behaviour. On the other hand, 
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after removal of the IL by isopropyl alcohol, AFM images (Figure 6. 6) gated with 

different Vg show similar surface morphologies (r.m.s roughness: 0.64 nm (2V), 0.65 nm 

(pristine) and 0.66 nm (-2V), further suggesting the non-electrochemical nature of the 

observed changes in Zn0.92Mn0.08O after the gating process. The above measurements 

demonstrate the non-destructive nature of the IL gating process on ZnO samples studied. 

 

Figure 6. 7 Rxx-time curve with different Vg (2, 0, -2V).  

After establishing the electrostatic nature of the resistance modulation of Zn0.92Mn0.08O, 

the transport properties of Zn0.92Mn0.08O EDLT were measured. Figure 6. 7 records the 

Rxx of Zn0.92Mn0.08O EDLT as a function of time, by applying alternating Vg of 2, 0 and -

2 V at 230 K and measuring Rxx at the same temperature. Rxx decreases sharply upon the 

application of Vg = 2 V, which is consistent with injection of electrons at the ZnO surface. 

When Vg is set to 0 V, the modulation of Rxx disappears, although a slightly decrease in 

Rxx is observed as compared with the pristine state. On the contrary, a sharp increase in 

Rxx is achieved when applying a Vg of -2V, which is consistent with the scenario for the 

depletion of electrons at SiO2/Zn0.92Mn0.08O interface. We note that the modulation of Rxx 

cannot reach a steady value: considering that the migration of IL is a slow process, it 

requires 10-30 mins to form a stable EDL upon applying Vg [29]. Moreover, Rxx cannot 

return to the original values, since the external electric field is required to alter the 

direction of EDL [29]. The influence of IGS is negligible since the IDS is higher than IGS 

by two order of magnitude.  
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Figure 6. 8 Rxx-T of Rxx in Zn0.92Mn0.08O EDLT for Vg = -2 (blue triangles), 0 (black squares) and 2 V (red 

circles). 

Rxx-T measurements were also performed. Firstly, Vg was applied at 230 K for 1 hour for 

the charging process, followed by cooling the device to 180 K with the same Vg.  Figure 

6. 8 depicts the Rxx-T measurement of Zn0.92Mn0.08O EDLT for Vg = -2, 0 and 2 V. All 

measurements indicate semiconducting behaviour, showing an increase in Rxx as T 

decreases. As Vg increases from -2 V to 2 V, Rxx of Zn0.92Mn0.08O shows a decrease by 

7% at 180 K, which could be understood as the consequence of electron accumulation at 

the SiO2/Zn0.92Mn0.08O interface.  

The temperature dependence of ρxx, n and µe of Zn0.92Mn0.08O EDLT were further 

examined using Hall effect measurements (Figure 6. 9). Negative Hall coefficients of the 

samples reveal that the conduction is due to electron-doping of Zn0.92Mn0.08O devices, 

and can be attributed to the excess of Ov inside the Zn0.92Mn0.08O channel. Clearly, high 

and low levels of ρxx and n are observed for the whole temperature range with different 

Vg, indicating that accumulation and depletion of electron carriers by IL are responsible 

for the significant modulation in Rxx. Moreover, ρxx, n and µe at different Vg show strong 

temperature dependences, indicating that the semiconducting behaviour is still dominant. 

The slight decrease in n from 180 to 20 K is mainly attributed the frozen charge carriers 

at low temperatures [18]. However, it is noted that the µe dependence on temperature for 



Chapter 6 Electrical control of the transport 

and magnetic properties in diluted magnetic oxide of Zn0.92Mn0.08O 

 
 

WONG Hon Fai                                                                                                                                           112  

                                                                                                                                                                       

Vg = ± 2 V overlap with one another, suggesting no obvious relationship between µe and 

Vg in the Zn0.92Mn0.08O EDLT. 

 

Figure 6. 9 Temperature dependences of various Hall measurement parameters in Zn0.92Mn0.08O EDLT for 

Vg = -2 and 2 V: ρ (a), n (b) and µe (c).  
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6.3.2 Magnetic characterization 

 

Figure 6. 10 MR of Zn0.92Mn0.08O EDLT for different Vg at 10 K (a), 20 K (b), 40 K (c) and 100 K (d). 
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Magnetotranspsort measurement is a tool to understand the interaction between Mn 

impurity ions and the ZnO lattices, since the Mn ions can contribute to the interaction 

between the localized spins and electron carriers in ZnO lattices [31]. Figure 6. 10 show 

the MR of Zn0.92Mn0.08O EDLT under different Vg (-2, 0 and 2 V) and temperatures, with 

the magnetic field applied in the out-of-plane direction. Here MR=(Rxx(H)-Rxx(0))/Rxx(0), 

where Rxx(H) and Rxx(0) are the Rxx values in external field H and without external 

magnetic field, respectively. At 10 and 20 K, the device shows a transition from a 

positive-MR behavior at low-field regime (3 T at 10 K, and 3-6 T at 20 K) to a negative-

MR at large magnetic fields (~9 T). On the other hand, only negative-MR can be observed 

at higher temperatures (40 K and 100 K).  

The opposite MR signs originate from different magnetic-field transport behavior. 

Positive MR originates from spin-splitting of conduction band induced by s-d exchange 

interaction in the DMS (spin-dependent scattering) [15, 17], leading to an increase in MR. 

On the other hand, negative MR is due to the exchange interaction between Mn2+ and Ov, 

which is the so-called magnetic polarons [18]. The interaction between OV-Mn complexes 

would form random orientation of magnetic polarons (AF). As the temperature decreases, 

these random orientations of magnetic polarons start to freeze out. A large magnetic field 

is required to align these magnetic polarons along the same direction. As a result, a 

significant drop in MR is found in the DMS. As the interaction between Mn-OV-Mn will 

be ferromagnetic, the overlap of these neighboring bound magnetic polarons formed a 

long-range FM interaction. 

Moreover, MR could be modulated by applying different Vg. At 10 K (Figure 6. 10Figure 6. 

10 ), the device exhibits positive-MR at around 3 T and negative-MR at 9 T. The peak 

positive MR increases from 1.83 to 2.47% and the negative-MR (measured at 9 T) 

decreases from -0.047 to -0.87% when the Vg increased from -2 to 2 V.  

Comparing MR values for different Vg, an increase in positive-MR and decrease in the 

absolute negative-MR is applicable for all measurement temperatures in relation to the 

increase in carrier concentration, as Vg is set from -2 to 2 V. As predicted by the impurity-

band exchange model for carrier-mediated ferromagnetism in DMS, the increase in 

electron concentration leads to the short distance between neighboring Mn sites assisting 

the overall overlapping chance of the neighboring bound magnetic polarons. Such an 

increase in carrier concentration would decrease the overall content of AF interaction 
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between Mn-Ov complex, and lead the increase in FM interaction [15, 32]. Therefore, the 

observed magnetotranspsort behaviour is consistent with carrier-mediated 

ferromagnetism model. 

 

Figure 6. 11 (a) Hall resistivity of 10-nm thick Zn0.92Mn0.08O EDLTs measured at 50 K as a function of 

magnetic field. (b) AHE after subtracting the linear contribution from ordinary Hall resistivity. Dashed 

lines are guides to the eye. (c) Hysteresis loop of a 250 nm-thick Zn0.92Mn0.08O film at 50 K. 
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AHE was also employed to study the changes in ferromagnetic properties under electric 

gating through IL, since RAHE is proportional to the perpendicular component of 

magnetization [33]. Figure 6. 11 (a) shows the 𝜌𝑥𝑦 as a function of out-of-plane magnetic 

field at 50 K. In ferromagnetic materials, the 𝜌𝑥𝑦 consists of two contributions that can 

be expressed as follows [33]: 

𝜌𝑥𝑦=𝜌𝑂𝐻𝐸+𝜌𝐴𝐻𝐸 

where 𝜌𝑂𝐻𝐸 and 𝜌𝐴𝐻𝐸 are the ordinary and anomalous Hall contributions originate from 

the Lorentz force acting on the charge carrier and magnetization of DMS respectively. 

𝜌𝑥𝑦 as obtained from the slope of Figure 6. 11 (a) yields an electron concentration of 4.92 

x1019 cm-3 and 5.19 x1019 cm-3 at Vg = -2 and 2 V, respectively; the increases in carrier 

concentration with Vg = 2 V is consistent with previous results. The correlation between 

𝜌𝐴𝐻𝐸 and Vg is a direct evidence to prove the existence of interaction between carrier 

concentration and ferromagnetism in Zn0.92Mn0.08O. As depicted in Figure 6. 11 (b), after 

subtracting the linear contribution from  𝜌𝑂𝐻𝐸 , 𝜌𝐴𝐻𝐸 increases from 0.1 to 0.3 µΩcm 

upon the application of Vg of -2 and 2 V, indicating that the increases in carrier 

concentration is accompanied by the increase in ferromagnetism of Zn0.92Mn0.08O. The 

enhanced 𝜌𝐴𝐻𝐸  is therefore a key evidence to prove that the carrier concentration can 

increase the exchange interaction between conduction electrons and localized spin of 

magnetic impurities [34].  

Figure 6. 11 (c) show the M-H curve of 250 nm-thick Zn0.92Mn0.08O films measured at 50 

K. The strength of AHE can be understood by the comparison of anomalous Hall 

conductivity (𝜎𝐴𝐻𝐸) which can be expressed in this following equation [33]: 

𝜎𝐴𝐻𝐸=
𝜌𝐴𝐻𝐸

𝜌𝑥𝑥
2 +𝜌𝐴𝐻𝐸

2
 

where 𝜌𝑥𝑥
2  is defined as the longitudinal resistivity of Zn0.92Mn0.08O devices at 50 K.  The 

obtained 𝜎𝐴𝐻𝐸 with Vg= 2 and -2 V are 3 x10-3 and 7.26 x10-4 Ω-1cm-1, comparable with 

the reported values of n-type Co doped TiO2 [9].  

The magnetotranspsort and AHE measurements reveal that the magnetic properties of 

Zn0.92Mn0.08O EDLT strongly correlates with the electron carrier concentration. The 

isovalent substitution of Mn2+ by Zn2+ into the ZnO lattice would not induce any spin-
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polarized carriers in the Zn0.92Mn0.08O [18]. The formation of spin-polarized electrons is 

due to the Ov in the Zn0.92Mn0.08O, while magnetic alignment is due to the Mn2+- Ov - 

Mn2+ interactions [18]. Upon switching Vg from 2 to -2 V, the conductivity and electron 

carrier concentration is increased, implying that more donor electrons can be introduced 

into Zn0.92Mn0.08O via IL gating. In the negative MR (large field) regime, the increase in 

electron carrier concentration leads to increase the overlapping probability of each 

polaron (Mn2+- Ov -Mn2), and causes a decreased contribution in the magnetic scattering 

due to paramagnetic states or the antiferromagnetic interaction mediated through Ov, as 

finally reflected from the increases in MR for high field regime [18]. The enhanced 𝜌𝐴𝐻𝐸 

with the switching Vg from -2 to 2 V is consistent with the accumulation of electron 

carriers, which increases the ferromagnetic interaction mediated through Ov [9]. 

6.4 Conclusion 

In summary, the electric-field manipulation Zn0.92Mn0.08O was reported, using IL as the 

top gate electrode. Structural characterization such as XPS and AFM measurements 

proved that the electrical modulation of Zn0.92Mn0.08O were due to electrostatic effect 

from IL. Transfer curve measurements revealed a reversible modulation of Rxx at different 

Vg. In addition, electrical-field control of MR and AHE further revealed that the enhanced 

tunability of magnetotranspsort and ferromagnetism in Zn0.92Mn0.08O was correlated with 

the increase in electron concentration via IL gating. This work provided a reversible 

approach towards manipulating the electrical and ferromagnetic properties in DMS via 

electric field, which would significantly contribute to the development of spintronic 

devices with low-power dissipation.    
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Chapter 7 Conclusions and future work  
 

7.1 Summary of results 

 

In this thesis, different methods for achieving the electric-field manipulation of 

magnetism in LSMO and Zn0.92Mn0.08O devices were studied. In particular, Ov 

modulation in LSMO and electrostatic gating of Zn0.92Mn0.08O have demonstrated 

potential in the development of electric-field-driven memory devices. This work can be 

concluded as follows:   

1. Ferroelectric-driven manipulation of transport and magnetic properties of 

ultrathin LSMO FET was studied. The results suggested that upon the application 

of electric field,  the polarization direction of P(VDF-TrFE) could be reversed,  

which in turn led to a 15% change LSMO 𝑅𝑥𝑥 at 300K. Besides, results of such 

heterostructures showed insignificant changes of TC upon the reversal of P(VDF-

TrFE), implying that the electric-field effect provided from P(VDF-TrFE) 

polarization was too weak for the purpose.    

2. Electric-field-induced Ov modulation of ultrathin LSMO epitaxial films, through 

the application of low-voltage pulses across P(VDF-TrFE) top gate dielectric 

layer, was presented.  Results from XPS measurements and switching tests in 

different gas environment revealed that the low-voltage-pulsing method favored 

the Ov creation (annihilation), as positive (negative) Vg pulses were applied in 

vacuum (oxygen environment). Upon the application of multiple low-positive-

voltage pulses, Ov were created, resulting in the decrease in LSMO TC from 280 

to 265 K. This corresponded to a change in carrier concentration by 7 %. 

Successive switching cycles in the TC and MR at 20 K implied that the Ov can be 

manipulated through the pulsed voltage with different signs and pulse cycles. 

These results also demonstrated that electrochemical reaction in LSMO channel 

offered a higher tunability in the TC of LSMO, comparing with the measurement 

results obtained from the ferroelectric reversal in P(VDF-TrFE). Such a 

controllable Ov in LSMO through the application of low-voltage-pulses offered a 

promising route to enhance the transport and magnetic properties of transition 

metal oxides.   
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3. The final work was about the electric-field manipulation of Zn0.92Mn0.08O thin 

films using IL as the top gate electrode. XPS and AFM measurements provided 

evidence that electrolyte gating in Zn0.92Mn0.08O thin films were electrostatic in 

nature. Enhancement of negative MR in the low-temperature regime and 

perpendicular magnetization components through the AHE measurements were 

achieved, as a results of the increase in carrier concentration via the accumulated 

electrons towards the SiO2/Zn0.92Mn0.08O interface. These results demonstrated 

that the electrostatic gating effect was a promising method to manipulate the 

magnetic properties of DMS. 

 7.2 Future directions 

 

Beside investigating FM, electric-field-induced magnetism in multilayered devices have 

also attracted lots of attention [1]. For example, previous studies of AF faced significant 

challenges due to lack of techniques to probe its magnetic behavior [2-5]. Until recently, 

the magnetism of AF would be probed through the adjacent FM. Such an interfacial 

coupling between AF and FM, otherwise known as EB, would cause the shift of hysteresis 

loop and also enhanced coercivity [6].        

Based on the presented achievements of electric-field-induced-Ov creation/annihilation 

in the LSMO channel [7], one could extend the work to investigate the electric-field-

control EB in the epitaxial heterostructure of manganites, using LSMO as FM and 

SrMnO3, LaMnO3 or BiFeO3 as AF. These perovskites possess good lattice matching and 

allows epitaxial growth of corresponding multilayers. Through IL gating methods, the 

high change of carrier density doping could induce the variation of magnetism in AF layer, 

which could induce the change in magnetization and Neel temperature in AF layer. The 

IL-gating process can achieve strong carrier concentration manipulation, leading to 

enhanced changes of magnetism and allows one to explore new phenomena at the 

interfacial level. 
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