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ABSTRACT 

 

Multifunctional oxides attract much attention recently. The strong correlated 

electron system involves the notable properties of colossal magnetoresistance, 

ferroelectric tunneling and spin transport, with the coupling of electron, spin 

and orbital degrees of freedom. Their rich functional behavior is of potential 

use for nanoelectronics and data storage. Particularly interesting are the 

mulitferroic materials, which exhibit simultaneously electric and magnetic 

ordering properties. Understanding the interface coupling mechanism of these 

two order parameters are critical to future development of high-performance 

spintronic devices. The goal of this dissertation is to elucidate the interfacial 

magnetoelectric (ME) coupling with optical characterization method -- 

magnetization-induced second-harmonic generation (MSHG), which is 

sensitive to the interface due to the broken spatial inversion symmetry. 

 

First, ME coupling at the interface of BaTiO3 (BTO)/La0.67Sr0.33MnO3 (LSMO) is 

observed by applying an external electric field. The voltage-dependent 

magnetic contrast reveals a sharp transition from ferromagnetic (FM) to 

antiferromagnetic (AFM) order occurring at positive voltage (applied to LSMO 

contact). This novel effect is attributed to interface ME coupling. Strain or 

ferroelectric (FE) polarization induced mechanisms do not play an important 

role in this system. A new mechanism is proposed -- minority spin injection -- 

to modulate the interface magnetization. The minority spin injection at the 

interface weakens the double-exchange coupling of nearby eg electrons, 

thereby weakening the FM ordering. Thus the dominant AFM superexchange 

coupling of localized t2g electrons causes the phase transition at positive 

voltage. The magnetic transition is shifted to higher voltage by reducing the 

carrier concentration of BTO.  

 

Second, a non-multiferroic heterostructure -- SrTiO3 (STO)/La0.5Ca0.5MnO3 

(LCMO)/La0.67Sr0.33MnO3 (LSMO) -- is studied to elucidate further the interface 

ME effect. The magnetization transition is observed but shifted to negative 

voltage. The LSMO is pushed to higher hole doping level due to the STO layer 

which acts as a hole donating layer, while the LCMO interlayer at the medium 

doping level displays complicated CE-type AFM phase. Thus, a negative 

voltage is required to lower the hole doping level of LSMO to induce the FM 

phase. The magnetic contrast reappears at high positive voltage, indicating the 

occurrence of an A-type AFM phase, which is stable at high hole doping 

concentration. The results of this dissertation show that the interface magnetic 

phase of LSMO can be controlled by an applied electric field through 

modulation of the hole doping level. 
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Chapter 1  

Introduction 

 

Electrons have charge and spin, which have been considered separately 

until recently. In traditional electronic devices, electrical charges are moved by 

an electric field to transport information and are stored in a capacitor to save it. 

Increasing the integration density of electronic devices leads to faster 

processing speed due to the shorter distance of the electron transport. 

However, the following challenge emerges: the heat generated by the charging 

and discharging process causes a high temperature, which can ruin the 

function of a transistor as the integration density increases.  

The spintronics technology offers the opportunity to solve the problem. It 

is not based on the conduction by electrons or holes as in semiconductor 

devices but relies on the different transport properties of the majority spin and 

minority spin electrons. 

 

1.1 Magnetic tunneling junction 

The discovery in 1988 of giant magneto-resistance (GMR) on Fe/Cr 

magnetic multilayers1 is considered the beginning of the new spin-based 

electronics. The resistance is lowest when the magnetic moments in 

ferromagnetic (FM) layers are aligned parallel and highest when aligned 

anti-parallel. The GMR ratio is defined as: 
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Fig. 1.1 Schematic spin tunneling process in MTJ [2]  

           𝑮𝑴𝑹 = (𝑹𝑨𝑷 − 𝑹𝑷) 𝑹𝑷⁄  ,                               (1.1) 

where 𝑹𝑷 and 𝑹𝑨𝑷 are the resistances in the parallel and antiparallel state, 

respectively. The GMR ratio can be 80% at helium temperature and 20% at 

room temperature.  

By replacing the non-magnetic metallic spacer layer by a thin 

non-magnetic insulating layer, higher magnetoresistance can be achieved, 

thus creating a magnetic tunnel junction (MTJ). In this configuration, the 

electrons travel from one FM layer to the other by a tunneling effect, which 

conserves the spin (Fig. 1.1)2. The first MTJs used an amorphous Al2O3 

insulating layer that can reach a tunneling magneto-resistance (TMR) ratio of 

around 70% at room temperature3. Much higher effects were observed with 

the MgO barrier4,5. The MgO barrier is active in selecting a symmetry of high 

spin polarization, leading to the record values of 1010% at 5K, and 500% at 

room temperature6. 
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Fig. 1.2 Principle of MRAM in the "cross point" architecture [2]  

MTJ’s have been widely used in read-heads of hard-drive disks and 

magnetic sensors. In addition, researchers have started to develop the 

magnetic random access memory (MRAM)7. Figure 1.2 shows the principle of 

MRAM in the "cross-point" architecture2. The binary information 0 and 1 is 

recorded on the two opposite orientations of the magnetization of the free layer 

along the easy axis. 

 

 

 

1.2 Spin transfer torque 

The use of a magnetic field to write the information is still considered a 

limitation. The information is stored in the form of magnetization orientation of 

a nanoparticle of volume. By reducing the volume, we need to increase the 

writing field to overcome the thermal excitations. However, the power available 
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to create it decreases as the dimensions are downscaled.   

Spin-transfer torque (STT) provides a new route for writing magnetic 

information. The magnetization orientation of a free magnetic layer can be 

controlled by direct transfer of spin-angular momentum from a spin-polarized 

current. The first experimental demonstration of the low and high 

magnetoresistance states by STT effect is carried out with a Co/Cu/Co 

mulitlayer system in 20008. The polarized current flows through the FM layer 

with different magnetization orientation. The s-d exchange coupling results in a 

torque tending to align the magnetization of the layer towards the spin moment 

of the incoming electrons. The amplitude of the torque per unit area is 

proportional to the injected current density, so that the writing current 

decreases proportionally to the cross-sectional area.  

The principle of writing into MRAM cell with STT effect is shown in Fig 1.32. 

Electrons flow from the thick FM layer F1 with certain magnetization orientation 

to the thin free FM layer F2, and the magnetization of F2 would be favored 

parallel to that of F1 with STT effect. When the electrons flow from the thin free 

layer F2 to F1, a strong spin scattering process occurs at the thick layer. The 

back-scattered  electrons with antiparallel spin orientation apply a torque in 

the thin layer to switch it antiparallel to that of F1. The dynamical behavior is 

studied through a modified Landau-Lifshitz-Gilbert equation describing the 

damped precession of magnetization with the effect of STT and thermal 

excitation9. 
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1.3 Magnetoelectric effect    

The switching of the magnetic state is accomplished by applying a current. 

The large current density required leads to significant energy loss from heating. 

Generating an electric field with integrated devices is more convenient and 

energy-favorable. Controlling magnetism by electric fields via magnetoelectric 

(ME) materials has recently attracted significant interest with the approaching 

scaling and power consumption limits.  

Fig. 1.3 Schematic of writing into MRAM cell with STT effect. [2] 
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1.3.1 Magnetoelectric effects on ferromagnetic metal 

When a metal surface is exposed to an electric field, the induced surface 

charge screens the electric field over a characteristic screening length of the 

metal. In a FM metal, the screening charge is spin-dependent due to the 

exchange splitting of the spin majority and spin minority density of states 

(DOS)10. As a result, the surface magnetization changes with electric field. The 

magnitude of the effect depends on the Fermi-level spin polarization of the 

surface DOS, increasing with larger polarization up to the maximum 100 

percent spin-polarized materials: half-metals11. The ME effect can be further 

enhanced by using a ferroelectric (FE) material to form FM/FE interface. The 

polarization charges at the interface in response to the electric field enhance 

the spin-dependent screening. 

In addition to the screening mechanism, the interface bonding change 

during polarization reversal also plays an important role in ME effect at the 

FM/FE interface12. Orbital hybridizations are altered with the change in atomic 

displacement to affect the interface magnetic moments. 

 

1.3.2 Magnetoelectric effect in multiferroic oxide heterostructures 

Transition metal oxides (TMOs) are ideal candidates for the study of ME 

coupling, as the strongly correlated d electrons constrained at a given lattice 

site induce a local entanglement of the charge, spin and orbital degrees of 

freedom13. The competition between different interactions in such strongly 
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correlated electron systems results in a complex phase diagram, which builds 

a platform to manipulate the coupling between those order parameters. For 

example, the magnetic superexchange interaction could be adjusted by the 

polar bond-bending distortion between Mn and O ions in Sr1/2Ba1/2MnO3, which 

causes large negative ME coupling14; ME coupling strength could also be 

modulated by controlling the strain state (lattice order)15, Dzyaloshinskii-Moriya 

interaction16,17, and Jahn-Teller distortion18. Despite of the profound physics in 

such TMO systems, the obtained ME coupling in the bulk of complex 

multiferroic oxides is weak19–21. The hopes of achieving practical devices 

based on single-phase materials have been renewed recently by the discovery 

of room-temperature ME effects in ferromagnetic multicomponent TMOs, such 

as Sr3Co2Fe24O41 
22, Sr3Co2Ti2Fe8O19 

23, Aurivilius-phase oxides21,24, 

[Pb(Zr0.53Ti0.47)O3]0.6-[Pb(Fe0.5Ta0.5)O3]0.4 solid solutions25,26, and epitaxial 

ε-Fe2O3 
27, Ga1-xFe1+xO3 

28, and LuFeO3 
29 thin films.  

An alternative but challenging approach is the ME coupling across 

interfaces of multifunctional oxide heterostructures consisting of a FE and a 

FM component13,30–32, which could be amplified by a “bridge” between them, 

such as FE/antiferromagnetic (AFM)/FM coupling in BiFeO3/La1-xSrxMO3 

system33,34, strain state30,35,36, and charge transfer processes37,38. As a result, 

some progress has been achieved in these multifunctional heterostructures 

with the relative strong ME coupling at room temperature, like the 

magnetization reversal triggered by an electric field39. The interfaces of TMO 
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heterostructures offer a unique and important experimental test-bed as spatial 

symmetry is broken by the structure itself, and different phases could be 

combined at the atomic-level40–43. Also, two-dimensionality usually enhances 

the effects of electron correlations by reducing their kinetic energy. 

Considering these features of oxide interfaces, many novel effects and 

functions that cannot be attained in the bulk form might appear. As a result, 

different symmetry constraints can be used to design structures exhibiting 

phenomena not found in the bulk constituents. For example, at the domain 

walls and structural interfaces, the emergent behavior with properties that 

deviate significantly from the bulk appears in BiFeO3 
44 and ErMnO3 

45. Indeed, 

theory has predicted the possibility of significant changes in the interfacial 

magnetization and spin polarization in a ferromagnet in response to the 

ferroelectric polarization state across the interface 11,12,37,46. 

 

1.3.3 Magnetoelectric effect in spin transport 

Electrical modulation of conductivity in multiferroic tunnel junctions 

(MFTJs), in the configuration of a FE thin-film layer as the tunnel barrier 

sandwiched between two ferromagnetic layers, has received significant 

attention47–50. The key property is the tunnel electroresistance (TER) effect. 

Polarization affects the interface transmission function by changing the 

electrostatic potential at the interface, the interface bonding strength, and 

strain associated with the piezoelectric response50. In the MFTJ, the TER and 
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tunnel magnetoresistance (TMR) effects coexist, making MFTJ a four-stage 

resistance device where resistance can be switched by both electric and 

magnetic fields. Recently, MFTJs consisting of BaTiO3 tunnel barriers and 

La0.7Sr0.3MnO3 electrodes exhibit a TER of up to 10,000% by inserting a 

nanometer-thick La0.5Ca0.5MnO3 interlayer 49.  

 

1.4 Scope of dissertation 

A fundamental understanding of the interface ME effect in multiferroic 

oxide heterostructures is the major focus of this dissertation. Although the 

interfacial ME behavior is to some extent studied by correlated electron and 

spin transportation through the interface in magnetic tunneling junctions 

(MTJs)51–53, direct characterization of interfacial spin states is still missing. The 

resolution of most techniques to investigate magnetic states like SQUID can 

only reach several nanometers, which is already way beyond the thickness of 

the interface. Some others with higher surface sensitivity, such as 

high-resolution transmission electron microscopy, require sample pretreatment 

by ion milling or mechanical polishing which may cause an artificial effect on 

the interface properties54–57. In contrast, optical second-harmonic generation 

(SHG) is a convenient tool to study magnetic and charge states at buried 

interfaces58–60, and it thus turns out to be suitable for investigating interfacial 

ME coupling. In centrosymmetric materials, such as TMOs with perovskite 

structure, SHG is allowed only at surfaces and interfaces that break the 
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inversion symmetry. Hence without modifying the sample, buried interfaces are 

accessible by the SHG technique provided that they lie within the penetration 

depth of light (~100 nm).  

Chapter 2 introduces some basic experimental techniques to characterize 

optically the bulk and interface properties. Magnetization-induced 

second-harmonic generation (MSHG) is a nonlinear optical effect, which is 

interface sensitive to selectively probe the interface magnetization. 

Magneto-optic Kerr effect (MOKE) is used to probe the bulk property. The 

experimental setup is also described.  

Chapter 3 presents the ME coupling at the interface of the multiferroic 

heterostructure BaTiO3 (BTO)/La0.67Sr0.33MnO3 (LSMO). By applying an 

external electric field, an interface FM-AFM transition is observed at positive 

voltage (applied to LSMO layer), which is attributed to ME coupling. Strain and 

FE polarization mediated mechanisms are discussed, but they do not play an 

important role for the observed effect. A new mechanism is proposed -- 

minority spin injection -- to modulate the interface magnetization. In brief, the 

AFM superexchange interaction is strengthened and FM double-exchange 

coupling is weakened with the injection of minority spins. Moreover, a high 

voltage shift of the magnetic transition is observed by reducing the electron 

carrier concentration of BTO. 

Chapter 4 presents the study of a non-multiferroic heterostructure system 

-- SrTiO3 (STO)/ La0.5Ca0.5MnO3 (LCMO)/La0.67Sr0.33MnO3 (LSMO) by replacing 



11 
 

the FE layer. The magnetization transition by ME coupling is also observed but 

at negative voltage, in contrast to BTO/LSMO heterostructure. The STO layer 

acts as a hole donating layer, and thus a negative voltage is required to lower 

the hole doping level of LSMO and to stabilize the FM phase at the interface. 

Moreover, an interface A-type AFM phase is also detected at high positive 

voltage, i.e. high hole concentration in LSMO. The results of this dissertation 

show that the interface magnetic phase of LSMO can be controlled by an 

applied electric field through modulation of the hole doping level. 

Chapter 5 provides the summary of this dissertation. 
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Chapter 2  

Experimental Techniques 

 

This chapter presents the optical characterization techniques which have 

been widely used to study the magnetic properties of magnetic materials. 

Section 2.1 introduces the magneto-optic Kerr effect (MOKE) and optical 

geometries to measure the magnetization. Section 2.2 gives a basic 

introduction to the surface- and interface-sensitive probing technique -- 

magnetization-induced second-harmonic generation (MSHG). The 

experimental setup is described in section 2.3. 

 

2.1 Magneto-optic Kerr effect 

The magneto-optic Kerr effect was discovered by the Rev. John Kerr in 

1877 when he was examining the polarization of the reflected light from the 

polished electromagnet pole. This effect can be observed as the change in the 

intensity and/or polarization state of the light reflected from a magnetic medium. 

Magneto-optics is presently described in the context of either microscopic 

quantum theory or macroscopic dielectric theory61,62. 

Microscopically, the effect originates from the spin-orbit coupling between 

the electrical field of the light and the electron spin, which gives rise to the 

large Faraday rotation in the ferromagnetic materials with the imbalanced 

population of spin-up and spin-down electrons. The electron seems as if it 
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moves through the electric field −𝛁𝑽 with momentum 𝐩��⃗  inside a medium 

with spin-orbit coupling: (𝛁𝑽 × 𝐩��⃗ ) ∙ 𝐬⃗, which connects the magnetic and optical 

properties of a ferromagnet. 

Macroscopic description of the magneto-optic effect is based on the 

dielectric properties of the magnetic medium, represented by the dielectric 

tensor62: 

𝛆�⃗ = 𝜺 �
𝟏 𝒊𝑸𝒛 −𝒊𝑸𝒚

−𝒊𝑸𝒛 𝟏 𝒊𝑸𝒙
𝒊𝑸𝒚 −𝒊𝑸𝒙 𝟏

� .                                  (2.1)                        

The linear polarized light can be expressed as the superposition of two circular 

polarized components, and the Faraday effect is the result of the propagating 

velocity difference between the two circular modes. From Maxwell's equation, 

the two normal modes propagating in the medium are left-circular polarized 

light with refraction index 𝒏𝑳 = 𝒏�𝟏 − 𝟏
𝟐
𝐐��⃗ ∙ 𝐤̂�, and right-circular polarized light 

with refraction index 𝒏𝑹 = 𝒏�𝟏 + 𝟏
𝟐
𝐐��⃗ ∙ 𝐤̂� , where 𝒏 = √𝜺  is the average 

refraction index, 𝐐��⃗ = �𝑸𝒙,𝑸𝒚,𝑸𝒛� is the Voigt vector, and 𝐤̂ is the unit vector 

along the direction of the light propagation. Thus, the Faraday rotation of the 

linear polarized light propagating through the medium with distance L is 

expressed as: 

      𝜽 = 𝝅𝑳
𝝀

(𝒏𝑳 − 𝒏𝑹) = −𝝅𝑳𝒏
𝝀
𝐐��⃗ ∙ 𝐤̂ ，                             (2.2) 

where 𝝀 is the wavelength in the vacuum.  

The difference between the real parts of 𝒏𝑳 and 𝒏𝑹 gives the phase 

shifts of the two normal modes, leading to a rotation of the polarization plane of 
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the light. Meanwhile, the difference between the imaginary part of 𝒏𝑳 and 𝒏𝑹 

results in the different absorption rates for the two normal modes, affecting the 

ellipticity of the light. 

The magneto-optic Kerr effect is categorized as three types according to 

the geometry of the magnetization in relation to the plane of the incidence and 

the plane of the sample: the longitudinal, transverse, and polar MOKE (Fig. 

2.1). The longitudinal and transverse MOKE are observed at oblique angles of 

incidence with the difference of the applied magnetic field orientation relative to 

the optical plane of incidence. The applied field is parallel to the plane of the 

sample in these two geometries and is oriented parallel to the plane of 

incidence for longitudinal but perpendicular to the plane of the incidence in 

transverse condition. The polar MOKE is carried out with the applied field 

perpendicular to the sample surface, and often performed at normal incidence. 

 

 

      

 

 

 

 

 

 Fig. 2.1: Geometry of longitudinal, transverse, and polar Kerr effects. 
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     The nature of the magneto-optic Kerr effect depends on the orientation of 

the magnetization with respect to the plane of incidence and the plane of the 

sample. In the longitudinal and polar conditions, the Kerr effect is shown as a 

change in the polarization state of the reflected light. However, the Kerr effect 

is seen as a change in the intensity of the reflected beam only (for p-polarized 

incident light), and no ellipticity occurs for transverse MOKE . This is 

summarized in Table 2.163. 

 

 

       

 

 

      Based on the Fresnel coefficients in Table 2.1, MOKE measurements 

are usually performed with linear p-polarized light incident to the sample and 

the s-component of the reflected beam is detected by the photodiode selected 

by the analyzer for longitudinal and polar measurements, while for the 

 𝒓𝒑𝒑 𝒓𝒑𝒔 

Polar 
√𝜺𝜶𝟏 − 𝜶𝟐
√𝜺𝜶𝟏 + 𝜶𝟐

 
𝑸𝒑√𝜺𝜶𝟏

𝒊�√𝜺𝜶𝟏 + 𝜶𝟐��𝜶𝟏 + √𝜺𝜶𝟐�
 

Longitudinal 
√𝜺𝜶𝟏 − 𝜶𝟐
√𝜺𝜶𝟏 + 𝜶𝟐

 
𝑸𝑳√𝜺𝜶𝟏 𝐭𝐚𝐧𝜽𝟏

𝒊�√𝜺𝜶𝟏 + 𝜶𝟐��𝜶𝟏 + √𝜺𝜶𝟐�
 

Transverse 
√𝜺𝜶𝟏�𝟏 − 𝑸𝑻

𝟐 𝜶𝟐𝟐⁄ − 𝜶𝟐 − 𝒊√𝜺𝑸𝑻𝜶𝟏 𝐭𝐚𝐧𝜽𝟐

√𝜺𝜶𝟏�𝟏 − 𝑸𝑻
𝟐 𝜶𝟐𝟐⁄ + 𝜶𝟐 − 𝒊√𝜺𝑸𝑻𝜶𝟏 𝐭𝐚𝐧𝜽𝟐

 0 

Table 2.1: The Fresnel coefficients for p-polarized light incident on the magnetic 

layer system with dielectric constant of 𝜺. 𝜽𝟏  and 𝜽𝟐  denote the incident and 

refracted angle in the magnetic layer. The substitution 𝜶𝟏 = 𝐜𝐨𝐬 𝜽𝟏  and 𝜶𝟐 =
𝐜𝐨𝐬 𝜽𝟐 are used. The Voigt coefficients 𝑸𝑷 ,𝑸𝑳 and 𝑸𝑻 are the polar, longitudinal 

and transverse projection of the Voigt vector 𝐐��⃗ , respectively, which are proportional 

to the magnitude of the magnetization components along the corresponding 

directions. [63] 
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transverse measurements, we detect the p-component of the reflected beam. 

 

2.2 Magnetization-induced second-harmonic-generation 

2.2.1 Second-harmonic generation 

Second-harmonic generation (SHG) arises from the nonlinear polarization 

𝑷(𝟐𝝎) induced by the incident laser field 𝑬(𝝎). The polarization can be 

written as64: 

      𝑷(𝟐𝝎) = 𝝌(𝟐)𝑬(𝝎)𝑬(𝝎) + 𝝌(𝑸)𝑬(𝝎)𝛁𝑬(𝝎) + ⋯ .               (2.3) 

The lowest-order term in equation (2.3) describes an electric dipole source, 

where 𝝌(𝟐)  is a third-rank susceptibility tensor. Symmetry considerations 

show that this contribution is zero in a centrosymmetric medium, thus limiting 

electric dipole radiation to the interfaces where the inversion symmetry is 

broken. The second term in equation (2.3) describes the bulk 

second-harmonic generation with much smaller electric quadrupole-like 

contributions59,64.  

In the thin film condition, SHG is surface and interface sensitive, and can 

be described as: 

      𝑷𝒊(𝟐𝝎) = 𝝌𝒊𝒋𝒌𝒄𝒓 𝑬𝒋(𝝎)𝑬𝒌(𝝎)  , 𝒊, 𝒋,𝒌 = 𝒙,𝒚, 𝒛 .                   (2.4) 

𝝌𝒊𝒋𝒌𝒄𝒓  is a third-rand susceptibility tensor with 27 elements describing the 

crystallographic contribution. For SHG, it is irrelevant in which order the 

incident electric field components appear, that is 𝑬𝒋(𝝎)  and 𝑬𝒌(𝝎)  are 

equivalent and can be exchanged, consequently the susceptibility is symmetric 
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in the last two indices: 𝝌𝒊𝒋𝒌𝒄𝒓 = 𝝌𝒊𝒌𝒋𝒄𝒓 . Then the susceptibility tensor can be 

reduced to 18 independent elements and can be expressed in the form of: 

     �
𝑷𝒙
𝑷𝒚
𝑷𝒛
� = �

𝝌𝒙𝒙𝒙 𝝌𝒙𝒚𝒚 𝝌𝒙𝒛𝒛
𝝌𝒚𝒙𝒙 𝝌𝒚𝒚𝒚 𝝌𝒚𝒛𝒛
𝝌𝒛𝒙𝒙 𝝌𝒛𝒚𝒚 𝝌𝒛𝒛𝒛

    
𝝌𝒙𝒙𝒚 𝝌𝒙𝒚𝒛 𝝌𝒙𝒛𝒙
𝝌𝒚𝒙𝒚 𝝌𝒚𝒚𝒛 𝝌𝒚𝒛𝒙
𝝌𝒛𝒙𝒚 𝝌𝒛𝒚𝒛 𝝌𝒛𝒛𝒙

�

⎝

⎜
⎜
⎜
⎛

𝑬𝒙𝟐

𝑬𝒚𝟐

𝑬𝒛𝟐
𝟐𝑬𝒙𝑬𝒚
𝟐𝑬𝒚𝑬𝒛
𝟐𝑬𝒛𝑬𝒙⎠

⎟
⎟
⎟
⎞

 .     (2.5) 

The inversion symmetry is broken along the z-direction normal to the sample 

surface. With the symmetric operation 𝒙 → −𝒙  (mirror reflection with y-z 

plane), we have 𝑷𝒙 → −𝑷𝒙, 𝑬𝒙 → −𝑬𝒙, while 𝑷𝒚 and 𝑷𝒛 keep constant. This 

will lead all the tensor components with odd number of index x to be zero. 

Similarly, we can get all the tensor components with odd number of index y to 

be zero under the symmetric operation 𝒚 → −𝒚. Thus equation (2.5) can be 

written as: 

      �
𝑷𝒙
𝑷𝒚
𝑷𝒛
� = �

𝟎 𝟎 𝟎
𝟎 𝟎 𝟎

𝝌𝒛𝒙𝒙 𝝌𝒛𝒚𝒚 𝝌𝒛𝒛𝒛
    
𝟎 𝟎 𝝌𝒙𝒛𝒙
𝟎 𝝌𝒚𝒚𝒛 𝟎
𝟎 𝟎 𝟎

�

⎝

⎜
⎜
⎜
⎛

𝑬𝒙𝟐

𝑬𝒚𝟐

𝑬𝒛𝟐
𝟐𝑬𝒙𝑬𝒚
𝟐𝑬𝒚𝑬𝒛
𝟐𝑬𝒛𝑬𝒙⎠

⎟
⎟
⎟
⎞

 .       (2.6) 

For the centrosymmetric system, all the components of the susceptibility 

tensor will reduce to zero, which means SHG is forbidden in this system. 

 

2.2.2 Nonlinear magnetic susceptibility 

The second-harmonic polarization of a magnetic medium is described by 

a third-rank nonlinear susceptibility tensor for the crystallographic contribution 
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𝝌𝒊𝒋𝒌𝒄𝒓  and a fourth-rank axial tensor 𝝌𝒊𝒋𝒌𝒍𝒎  for the magnetization-induced part65. 

In the bulk of the centrosymmetric medium, the electric dipole contribution is 

forbidden. At the surface and interface, the inversion symmetry is broken, 

leading to the surface and interface induced components. The presence of a 

magnetization will not affect the inversion symmetry, but will introduce extra 

nonzero surface tensor elements to modify the nonlinear susceptibility, which 

will change sign when the orientation of the magnetization M is reversed. The 

surface and interface can be simplified to one third-rank tensor with even and 

odd components as: 

      𝑷𝒊
𝑴𝒂𝒈(𝟐𝝎) = �𝝌𝒊𝒋𝒌+ (±𝑴) ± 𝝌𝒊𝒋𝒌− (±𝑴)�𝑬𝒋(𝝎)𝑬𝒌(𝝎)  .            (2.7) 

The odd component 𝝌𝒊𝒋𝒌− (±𝑴)  changes the sign with the magnetization 

reversal and therefore contributes to the magnetic asymmetry in the MSHG 

response. 

The symmetry of the nonlinear susceptibility is determined by the 

symmetry of the particular surface under consideration. The nonzero elements 

of 𝝌 can be obtained under symmetry operations66: 

      𝝌𝒊𝒋𝒌(𝑴𝒍) = 𝚺𝚺𝚺𝑻𝒊𝒊′𝑻𝒋𝒋′𝑻𝒌𝒌′𝝌𝒊′𝒋′𝒌′ .                             (2.8) 

where T is the transformation matrix for each symmetry operation. Take the 

longitudinal configuration for example, from the mirror operation in the y-z 

plane (𝒙 → −𝒙 ) with 𝑷𝒙
𝑴𝒂𝒈 → −𝑷𝒙

𝑴𝒂𝒈
, 𝑬𝒙 → −𝑬𝒙  and 𝑷𝒚

𝑴𝒂𝒈
, 𝑷𝒚

𝑴𝒂𝒈
and  𝑴𝒙 

keeping constant, we can get all the components with odd number of index x 

are equal to zero. By applying the mirror operation in the x-z plane (𝒚 → −𝒚) 
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with 𝑷𝒚
𝑴𝒂𝒈 → −𝑷𝒚

𝑴𝒂𝒈
, 𝑬𝒚 → −𝑬𝒚 and 𝑴𝒙 → −𝑴𝒙, we can have the following 

result: the components with odd number of index y are not necessary to be 

zero and are odd to 𝑴𝒙, while all other non-zero components are even to 𝑴𝒙. 

In other words: 𝝌𝒙𝒛𝒙, 𝝌𝒚𝒚𝒛, 𝝌𝒛𝒙𝒙, 𝝌𝒛𝒚𝒚 and 𝝌𝒛𝒛𝒛 are even components, while 

𝝌𝒙𝒚𝒙, 𝝌𝒚𝒙𝒙, 𝝌𝒚𝒚𝒚, 𝝌𝒚𝒛𝒛 and 𝝌𝒛𝒚𝒛 are odd components.       

The MSHG response depends on the geometry of the magnetization in 

relation to the incident light and sample plane, similar to MOKE. The measured 

intensity in a certain experimental geometry can, in general, be written as a 

sum of effective tensor components: 

      𝑰±(𝟐𝝎) ∝ �𝝌𝒆𝒇𝒇+ (𝟐𝝎) ± 𝝌𝒆𝒇𝒇− (𝟐𝝎)�𝟐 ,                          (2.9) 

where 𝝌𝒆𝒇𝒇+  and 𝝌𝒆𝒇𝒇−  are linear combinations of the even and odd tensor 

elements and Fresnel factors: 

      𝝌𝒆𝒇𝒇 = 𝚺𝜶𝒊𝒋𝒌𝝌𝒊𝒋𝒌 .                                         (2.10) 

The magnetic contrast is defined as: 

      𝑨 = 𝑰(+𝑴)−𝑰(−𝑴)
𝑰(+𝑴)+𝑰(−𝑴)

 ,                                          (2.11) 

where 𝑰(+𝑴) and 𝑰(−𝑴) are the MSHG signal intensities detected for the 

two magnetization states at positive or negative magnetic field (Fig. 2.2). The 

contrast is normalized to the total second-harmonic intensity and does not 

depend on the intensity of the fundamental light. 
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2.3 Experimental setup 

2.3.1 The ultrafast laser system 

The experiments are performed with a femtosecond Ti:sapphire amplifier 

system. The 800-nm wavelength, mode-locked seed beam with 20-nm 

bandwidth generated from "Tsunami" is amplified by the "RegA 9000" system. 

The output is 200-femtosecond pulses with 4 𝛍J energy with the 250-kHz 

repetition at the 800-nm wavelength after compression. Pulse duration is one 

significant parameter related to the MSHG signal and is necessary to be 

optimized. The pulse duration can be measured by the "pump-probe" setup: 

the laser beam is split into two parts. One is modulated by the delay stage to 

Fig. 2.2 MSHG hysteresis loop measured with the sample LSMO/LCMO/STO. 

Red dash lines are two magnetization stages. 
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adjust the optical path difference of the two beams. Both of them are focused 

and finally overlapped spatially in the Beta-Barium-Borate Crystal (BBO), 

which is a nonlinear optical crystal with application of harmonics generation. A 

photodiode is used to detect the signal generated in the middle of the two 

beams through the BBO crystal, which represents the temporal overlap of the 

two beams (Fig. 2.3).  

 

 

 

 

 

 

 

 

 

       

 

The simplest way to compress the pulse width is to adjust the position 

micrometer and the rotation screw of the diffraction grating in the pulse 

compressor, as depicted in Fig. 2.4. The laser beam is compressed with four 

passes off the grating. 

 

Fig. 2.3 Sketch of the setup to measure the pulse duration 
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Figure 2.5 a) and b) displays the autocorrelation curves of the 800-nm 

pulses measured with the pump-probe setup by adjusting the position 

micrometer and rotation screw, respectively. Figure 2.5 c) presents the pulse 

width compressed with 260 fs determined from a sech^2 fit.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 Schematic setup of compressor in the "RegA 9000" laser system. 

CM1, CM2, CM3 are compressor optics. DG is the diffraction grating. The 

position micrometer allows adjustment of the grating along the mount's 

  



23 
 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 MOKE and MSHG experimental setup 

For MSHG experiment, the attenuated s-polarized beam (60 mW) 

selected by the polarizer is focused and incident on to the sample at an angle 

of 40 degree, as depicted in Fig. 2.6. The second-harmonic signal (400-nm 

wavelength) is generated along the direction of the reflected beam. The 

s-polarized component, in combination with a small p- component (around 

Fig. 2.5 Pulse duration adjusted by a) position micrometer (four different marked 

positions) and b) rotation screw (three rotations). Pulse duration is compressed 

and the pulse energy is increased with sharper peak. c) Pulse duration 

determined with sech^2 fitting for rotation 2. 
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6-degree rotation of the analyzer from s-polarization direction), is detected by 

the photo-multiplier tube (PMT). A high signal-to-noise ratio is obtained by 

using a lock-in amplifier and frequency-modulating the beam with the chopper. 

Filtering with prism is required to separate the MSHG light from the 

fundamental laser beam. Similar to MSHG experiment, MOKE signal is 

detected by the photodiode with p-in s-out combination.  

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 Sketch of the MOKE & MSHG setup 
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Chapter 3 

Magnetoelectric coupling in BaTiO3/La0.67Sr0.33MnO3 

heterostructure 

 

3.1 Introduction 

Engineered thin-film heterostructures designed for electrical control of 

magnetic properties, the so-called magnetoelectric (ME) interfaces, present a 

novel route towards using the spin degree of freedom in electronic devices67,68. 

Transition Metal Oxides (TMOs) are promising candidates for those 

multifunctional devices, due to their strong correlated electron system with 

coupled charge69, spin70 and orbital71 degrees of freedom. TMOs with the 

perovskite structure have a long history of research and have been known as 

materials with a variety of interesting properties, such as dielectric, magnetic, 

optical and transport properties40,72. The interfaces of TMO heterostructures 

have the genuine property of breaking space inversion symmetry, and thus 

offer a unique and important test-bed to promote new phases and properties 

that can be controlled at atomic precision, such as conducting electron gases69, 

superconductivity73 or electric polarization dependent spin transfer49,74. In 

recent years, there is enormous interest in the study of manganites, which are 

members of a broader set of compounds with strong correlated electrons. The 

RxA1-xMnO3 series form a perovskite structure, where rare earth R3+ and 

alkaline earth A2+ cations occupy the corner of the cubic sites, while 
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Fig. 3.1: Peroskite structure of compounds with chemical formula 

RxA1-xMO3.  

manganese (Mn) cations occupy the center of the cubic sites, which is 

octahedrally coordinated with oxygen (Fig. 3.1). These compounds display 

large magneto-transport properties, the so called colossal magneto-resistance 

(CMR)75–81 and exhibit a variety of phases, with unusual, spin, charge, lattice 

and orbital order.  

 

 

 

 

 

 

 

 

 

 

 

3.1.1 Motivation 

The interfacial spin configuration of oxide heterostructures under 

electronic and structural reconstruction is key to emerging multiferroic (MF) 

and spintronic technologies with new functionality, and thus attracts research 

with different approaches38,82–85. However, most experimental probes are 

indirect due to the lack of sufficient resolution to locate spin configuration at the 
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atomic scale. In this chapter, we use magnetization-induced second-harmonic 

generation (MSHG) to directly detect the interfacial magnetization controlled 

by the electric field with a series of BaTiO3 (BTO)/La0.67Sr0.33MnO3 (LSMO) 

samples.  

 

3.1.2 Basic properties of La1-xSrxMnO3 

The manganite La1-xSrxMnO3 has received much attention in the past 

decade. This material has a large Curie temperature, as high as 370 K at 

intermediate hole doping86, and is widely considered as a representative of the 

"large-bandwidth"87 family.  

In La1-xSrxMnO3 , the Mn ion is surrounded by the oxygen octahedron. The 

3d orbitals on the Mn-site placed in such an octahedral coordination are 

subject to the partial lifting of the degeneracy by the crystal field. The 

lower-lying orbitals -- t2g states are 𝑑𝑥𝑦, 𝑑𝑦𝑧 and 𝑑𝑧𝑥, while the higher-lying 

orbitals -- eg states contain 𝑑𝑥2−𝑦2  and 𝑑3𝑧2−𝑟2  (Fig. 3.2)88. The splitting 

energy is famously known as "10Dq"89,90, and is between 1 and 2 eV usually. In 

the Mn3+ based compounds, all the 3d electrons are subject to electron 

repulsion interaction. Even the eg state electrons, hybridized strongly with 

oxygen 2p states, are strongly affected by such a correlation effect, and tend to 

localize in the "carrier-updoped" compound, forming the so-called Mott 

insulator. However, the eg electrons can be itinerant and play the role of 

conduction electrons, when electron vacancies or holes are created in the eg 
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Fig. 3.2 Schematic representation of the crystal-field splitting of the 3d 

orbital of Mn ion. a) corresponds to the cubic, while b) corresponds to 

the tetragonal configuration with lattice spacing c (between the layers) 

larger than a and b (in plane of the layer). [88] 

orbital states. This hole-doping procedure leads to the creation of Mn4+ ions. 

The transfer of electrons between two nearby Mn ions via the oxygen 2p orbital 

is known as double-exchange coupling in favor of ferromagnetic (FM) 

interaction91. The t2g electrons, less hybridized with oxygen 2p states and 

stabilized by the crystal field splitting, are always localized by the strong 

correlation effect.  

The important consequence of the apparent separation of the 3d orbital 

states is the effective strong coupling between the eg conduction electron spins 

and t2g localized electron spins. This on-site ferromagnetic coupling JH is 

described as Hund's rule (Fig. 3.2)88.  
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Fig. 3.3 Phase diagram of LSMO as concentration of Sr, courtesy of Y. Tokura 

and Y. Tomioka, prepared with data from reference 86 and 93. PM, PI, FM, FI 

and CI denote paramagnetic metal, paramagnetic insulator, FM metal, FM 

insulator, and spin-canted insulator states, respectively. TC is the Curie 

temperature and TN is the Néel temperature. [92] 

The manganite LSMO exhibits a variety of phases (Fig. 3.3)86,92,93. In 

the range from x ~ 0.16 to close to x ~ 0.5, the system at low temperature is in 

the FM state and exhibits metallic behavior mostly due to the double-exchange 

coupling. At large hole density, an antiferromagnetic (AFM) state is stabilized 

with A-type ordering. This state is actually FM-ordered within the x-y planes, 

and AFM-ordered only between planes. Within each plane, the orbital 𝑑𝑥2−𝑦2 

is lower in energy, producing a state with a uniform orbital order94. The FM 

state of LSMO is intrinsically interesting due to the CMR phenomenon 

mentioned above and half-metallic property95.  
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Fig. 3.4 Idealized density of states N(E) for a half-metallic 

ferromagnetic. The Fermi energy is in the middle of a spin up band, but 

in between bands for the spin down band. [94] 

Half-metallic ferromagnets are systems where the spins of the electrons  

at the Fermi level have a particular direction: here, the spin-up electrons have 

a partially occupied band, while the electrons with opposite spin direction -- 

spin down, occupy filled bands separated from the unoccupied ones by a gap 

(Fig. 3.4)94. Thus, half-metallic ferromagnets exhibit the coexistence of metallic 

behavior for spin-up electrons and insulating behavior for spin-down electrons. 

The electronic density of state (DOS) is completely spin-polarized at the Fermi 

level. It has 100% spin polarization for the conduction electrons 

theoretically96–98, and thus offers potential technological applications such as 

single-spin electron source, and high-efficiency magnetic sensors.     
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3.1.3 Basic properties of BaTiO3 

Barium titanate, BaTiO3 (BTO) is a perovskite-type ferroelectric with 

tetragonal symmetry, which possesses relatively large dielectric constant and 

electro-optic coefficient. BTO thin films have been proposed for applications in 

capacitors of dynamics random access memories and nonvolatile memories. 

BTO undergoes the structural phase transition from a high-temperature 

paraelectric phase into a low-temperature ferroelectric phase (Fig. 3.5)99. The 

Curie temperature is about 120oC. BTO thin films that exhibit 

polarization-electric hysteresis loops have been successfully prepared by 

activated reactive evaporation100, pulsed-laser deposition101 and sol-gel 

methods102. In addition to the polarization-electric hysteresis loop, the 

polarization switching by an electric field leads to a strain-electric field 

hysteresis loop, which resembles the shape of a butterfly103, due to the 

piezoelectric effect of the lattice. 
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Fig. 3.5 Illustration of the changes of BTO transforms from a paraelectric cubic 

into ferroelectric tetragonal phase with temperature. The permittivity curve 

represents data measured on a BTO ceramic. The arrows show possible 

directions of the spontaneous polarization. The unit cell is represented by a 

square in the cubic phase and rectangle in the tetragonal phase. [99] 

 

 

 

 

 

 

 

 

 

 

 

3.2 Samples and experiments 

3.2.1 Sample preparation and characterization 

The BTO (200 nm)/LSMO (50 nm) oxide heterostructures were grown on 

SrTiO3 (001) substrates by using a multi-target pulsed-laser deposition system 

(KrF excimer laser 248 nm). The BTO (200 nm)/ LSMO (50 nm) epitaxial 

bilayer was deposited at a temperature of 750 oC in flowing oxygen of 300 

mtorr pressure and cooled down in the same oxygen pressure (oxygen poor 

condition). The indium-tin-oxide (ITO) (50 nm) layer was deposited in situ at 

50oC in 10 mtorr oxygen. In these cooling conditions, the saturation 

polarization of BTO is reduced from the full value due to oxygen vacancies104. 

Figure 3.6 shows the ferroelectric polarization of BTO with less saturation 
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Fig. 3.6 Ferroelectric polarization hysteresis loop of BTO from oxygen 

poor BTO/LSMO sample. 

value around 10 𝜇𝐶 𝑐𝑚2⁄  as compared to the theoretical value 26 

𝜇𝐶 𝑐𝑚2⁄ .105,106 A series of samples was fabricated, including inserting a 1-nm 

thick La0.5Ca0.5MnO3 (LCMO) layer between BTO/LSMO and changing the 

oxygen vacancy concentration of BTO by in-situ annealing the sample in 600 

mtorr O2 at 450 oC for 0.5 hour, making it O2 richer than previous ones. The 

interfaces of the perovskite layers of a similar sample were characterized by 

scanning transmission electron microscopy (STEM) with aberration correction 

and low-loss electron energy loss (EELS) spectroscopy (Fig. 3.7)49. STEM 

imaging of the interface region of an as-grown multilayer reveals a continuous 

barrier layer.  
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Fig. 3.7 Cross-sectional annular dark-field STEM image at the interface 

region of LSMO/BTO/LCMO/LSMO tunnel junction. The inset is the 

low-loss (EELS) map representing spectroscopic signatures of LSMO 

(blue), BTO (red) and LCMO (green). [49] 

 

 

 

 

 

 

 

 

 

 

 

3.2.2 MSHG and MOKE experiments 

All optical experiments are performed at 80 K below the Curie temperature 

by placing the samples in a cryostat cooled by liquid nitrogen. MSHG is used 

to characterize the interfacial magnetic property and Magneto-Optical Kerr 

effect (MOKE) is carried out to characterize the bulk magnetic property. To 

study the interfacial ME coupling effect, an external magnetic field is applied in 

plane, and an external electric field is applied out of the plane using a "Keithley 

2400 Sourcemeter" (Fig. 3.8). 
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Fig. 3.9 I-V curve of oxygen poor BTO/LSMO sample at 80 K. Inset is 

the semi-log current curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 exhibits the Current-Voltage (I-V) curve measured from the 

oxygen-poor BTO/LSMO sample at 80 K. A typical diode effect is revealed, 

Fig. 3.8 Schematic of the optical measurements. MOKE measures the 

bulk magnetization of the LSMO film, while MSHG selectively probes 

the interface magnetization only. LSMO and ITO are two electrodes 

where a voltage is applied. 
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Fig. 3.10 Schematic band diagram of the n-type Schottky contact. EC, 

EV, EF and Vbi denote conduction band, valence band, Fermi level and 

build-in potential, respectively. 

indicating that a Schottky contact is formed at the BTO/LSMO interface (Fig. 

3.10). The oxygen vacancies introduced by the oxygen-poor growth process 

make the BTO n-type. The electron depletion (or accumulation) with the 

applied field will play an important role in the interfacial ME effect. 

 

 

 

 

 

 

 

 

 

 

 

3.3 Results 

3.3.1 Interfacial magnetic transition induced by magnetoelectric effect  

MSHG is used to selectively probe the interface of oxygen-poor BTO 

(200 nm)/LSMO (50 nm) sample. Figure 3.11 shows the voltage dependent 

MSHG hysteresis loops varying from -4V to +4V. When the gate voltage Ug is 

below a critical voltage Uc = +1V, MSHG hysteresis loops are observed. 

However, they vanish at higher positive voltage. To illustrate the phenomenon 
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Fig. 3.11 MSHG hysteresis loops at different voltage. 

in detail, the MSHG contrast A is calculated for each loop and the 

voltage-dependent contrast curve is displayed in Fig. 3.12 (red curve). For Ug 

< Uc (+1 V), the interfacial LSMO is in the FM state since the magnetic contrast 

is obvious. Above Uc the magnetic contrast A suddenly vanishes. A reversible 

transition is observed by varying the gate voltage from +4V back to initial value 

of -4V (Fig. 3.12 black curve). We attribute this sudden, reversible FM-to-AFM 

phase transition to an interface ME effect.  
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Fig. 3.12 Magnetic contrast A determined from MSHG measurements 

as a function of gate voltage Ug. 

 

 

 

 

 

 

 

 

 

 

MOKE experiments are also performed to detect the bulk property of 

LSMO. Figure 3.13 displays the MOKE hysteresis loops at different voltage. 

MOKE contrast A as a function of gate voltage Ug is shown in Fig. 3.14. The 

MOKE loops remain constant over the whole voltage range. Also, the contrast 

A does not show much change. This demonstrates that the ME coupling has 

no effect on the bulk magnetic property, and that it constitutes an interfacial 

effect. 
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Fig. 3.13 MOKE hysteresis loops at different voltage 

Fig. 3.14 Magnetic contrast A determined from MOKE measurements 

as a function of gate voltage Ug. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2 Voltage-dependent second-harmonic generation  

Furthermore, SHG as a function of gate voltage is measured. Figure 3.15a 

exhibits the PinPout SHG intensity. Pin refers to P-polarized fundamental electric 
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field, while Pout denotes P-polarized SHG field. To illustrate the data more 

clearly, we square-root and normalize the PinPout SHG data, and compare it to 

the P-V loop, as shown in the inset of Fig. 3.15a. The PinPout SHG data has 

similar trend as the ferroelectric polarization but with much smaller coercivity. 

We conclude that the PinPout SHG signal mainly arises from BTO and the 

voltage-dependent signal is manipulated by the polarization of BTO. The much 

smaller coercivity of the PinPout loop indicates the weakness of ferroelectricity. 

One possible explanation is that the ferroelectricity is weakened exponentially 

with size. At 80 K, the bulk BTO is tetragonal and the surface tends toward the 

cubic phase, and the disordered nonpolar layers would become paraelectric107. 

If the PinPout SHG signal is generated in a few monolayers near the BTO/LSMO 

interface, it would exhibit, at best, very weak ferroelectric-like hysteresis. The 

training effect (no overlap at negative voltage of PinPout SHG curves with 

increasing and decreasing voltage) can be attributed to electrical-insulation 

degradation of the BaTiO3 layer due to electrotransport of oxygen vacancies108, 

which would further weaken the ferroelectricity at the interface. Figure 3.15b 

shows the SinS'out SHG signal. S' refers to S-polarization component mixed 

with small P-polarization component. Different from PinPout signal, it almost 

vanishes rather than increases for Ug > Uc. Therefore, the SinS'out signal does 

not arise from the BTO layer, and is instead generated by the LSMO interfacial 

layer. The zero point represents the flatband voltage Uf = +1.4 V, indicating that 

the FM-to-AFM phase transition occurs in a bias regime of electron injection 
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and hole accumulation at the BTO/LSMO interface. 

 

 

 

 

 

3.3.3 Effect of La0.5Ca0.5MnO3 interlayer  

A giant tunnel electroresistance ratio by inserting a thin (nanometer) 

La0.5Ca0.5MnO3 layer has been observed recently109. Here, BTO(200 

nm)/LCMO(1 nm)/LSMO(50 nm) is studied with MSHG and MOKE 

characterization. The I-V curve shows good diode effect (Fig. 3.16). Figure 

3.17 displays the MSHG signal at different applied voltages. Similar interface 

magnetization transition is observed and the magnetic contrast is calculated 

and represented in Fig. 3.18. The magnetic contrast is enhanced as compared 

to the sample without LCMO interlayer.  

 

Fig. 3.15 a) PinPout SHG signal measured at 80 K and the inset shows a 

comparison between the square-rooted PinPout SHG curve (labeled in black 

and red) and the P-V loop (labeled in violet). b) SinS'out SHG signal measured 

at 80 K. 
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Fig. 3.16 I-V curve of oxygen-poor BTO/LCMO/LSMO sample. Inset 

represents I-V curve on log scale. 

 

Fig. 3.17 Hysteresis loops with different voltage applied. 

Fig. 3.18 Magnetic contrast as a function of gate voltage Ug. 
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Fig. 3.19 a) PinPout SHG signal and b) SinS'out signal as a function of 

gate voltage Ug. 

SHG as a function of voltage are also measured (Fig. 3.19). PinPout SHG 

signal shows similar trend as the BTO/LSMO sample (Fig. 3.19a). However, 

the signal rises above the critical positive voltage for SinS'out signal (Fig. 3.19b). 

We attribute this to the LCMO interlayer which enhances the 

voltage-dependent SHG response. Thus we need to confirm from which part 

the MSHG signal originates. We use a BTO/LCMO bilayer without LSMO as a 

reference sample. The hysteresis loop of BTO/LCMO measured with MOKE 

shows larger coercivity field Hc=350 Oe (Fig. 3.20a) as compared to LSMO 

coercivity field Hc=35 Oe (Fig. 3.20b). The coercivity of BTO/LCMO/LSMO 

sample measured with MSHG is almost equal to that of bulk LSMO (Fig. 

3.20b). Thus we exclude the magnetic contribution of LCMO to MSHG signal 

and conclude that the interfacial magnetic transition occurs in the LSMO layer 

at positive gate voltage. 
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Fig. 3.20 a) MOKE hysteresis loop of BTO/LCMO at 80K and b) 

Comparison of coercivities between MOKE and MSHG of 

BTO/LCMO/LSMO at 80 K. 

 

 

 

 

 

 

 

 

 

 

A thinner BTO (100nm)/LCMO/LSMO multilayer sample is also 

investigated. MSHG and MOKE hysteresis loops are displayed in Fig. 3.21a) 

and b) respectively for different voltages. The MSHG contrast is calculated and 

is displayed in Fig. 3.22. The transition voltage ~1V is almost the same as for 

the thicker sample which further indicates that there is almost no modulation 

induced by the ferroelectric property of BTO. 
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Fig. 3.21 a) MSHG and b) MOKE hysteresis loops with different voltage 

applied 

Fig. 3.22 Magnetic contrast as a function of gate voltage Ug. 
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3.3.4 Effect of dopants in BaTiO3 layer  

Further evidence for the ME coupling mechanism is provided from dopant 

dependent studies of the BTO layer. BTO (200nm)/LSMO (50nm) under 

oxygen rich condition is prepared. C-V measurements (Fig. 3.24a) reveal that 

the oxygen rich sample has a lower electron concentration of 8×1017 cm-3 (Fig. 

3.24b) as compared to that of oxygen poor sample (Fig. 3.). MSHG 

measurements at a variety of gate voltages are performed (Fig. 3.25) and the 

interface magnetic transition of the oxygen-rich sample is shifted to a much 

higher gate voltage Ug = +6 V, as shown in Fig. 3.26. We note that the P-V 

curve of oxygen-rich sample (Fig. 3.23b) is comparable to the oxygen-poor 

sample, indicating further that the magnetic transition is not driven by the FE 

polarization. In contrast, the I-V characteristic of the oxygen-rich sample 

exhibits a much higher threshold voltage for the onset of current flow across 

the heterojunction, as shown in Fig. 3.23a. The SinS'out SHG illustrates that 

there is much smaller electric field at the interface and a higher voltage is 

needed to cause the interfacial magnetic transition (Fig. 3.27). We attribute this 

to the lower electron (oxygen vacancy) concentration of the oxygen rich 

sample. This demonstrates that the electric field at the heterojunction is crucial 

for the observed interface ME coupling effect. 
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Fig. 3.23 a) I-V curve, inset is semi-log curve. b) P-V curve. 

Fig. 3.24 a) C-V curve; b) Carrier concentration calculated from C-V 

measurement. 
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Fig. 3.25 MSHG hysteresis loops at a series of voltage. 

Fig. 3.26 MSHG magnetic contrast as a function of gate voltage Ug. 

Fig. 3.27 SinS'out SHG as a function of gate voltage Ug. 
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3.4 Discussion 

Several mechanisms have been explored to achieve interfacial 

magnetoelectric coupling in artificial multiferroic heterostructures and 

composites: strain, spin-exchange, and charge coupling110–113. In the following 

sections, these mechanisms will be discussed with respect to BTO/LSMO 

heterostructure. 

 

3.4.1 Possible mechanisms for interfacial magnetoelectric effect  

The lattice constant of BTO can be modulated by the external electric field 

due to its piezoelectricity. It is the ability of the single crystal to develop an 

electric charge proportional to a mechanical stress or to produce a deformation 

proportional to an electric field. The in-plane and out-of-plane lattice distortions 

are defined as: 

                 
(a−a0)
a0

= d31E ,                            (3.1) 

                 
(c−c0)
c0

= d33E ,                            (3.2) 

where a0 and c0 are lattice constant at zero field, E is the electric filed. Here, 

we assume that the piezoelectric-modulated strain in BTO is transferred onto 

the LSMO lattice at the interface. This assumption might lead to a larger 

estimation of the LSMO lattice distortion, but is still similar with realistic case. 

The average distortion of BTO d31=-82 pm/V is used114 and the calculated 

strain in LSMO at +4V is about 1.64‰.From the work of reference 102, the 

butterfly shaped strain hysteresis loops are observed103 with the application of 
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an electric filed, which is not consistent with the voltage dependence of the 

interface magnetization transition. Thus the strain would not play an important 

role for this effect. 

Modulation in the charge carrier density can lead to profound 

modifications in the magnetic interactions by directly perturbing the relative 

weight of the kinetic and Coulomb energy terms of the system68. The 

ferroelectric property of BTO can modulate the charge density at the interface. 

The charge-mediated mechanism is depicted by a model of screening charge 

accumulation at the BTO/LSMO interface. When the electric displacement is 

pointing away from the interface, the electron depletion (hole accumulation) 

occurs. Otherwise, the electron accumulation (hole depletion) would occur at 

the interface. Considering the boundary condition at the interface, the charge 

distribution is expressed as 𝐷𝛿(𝑧), where 𝐷 is the electric displacement at 

the interface and 𝑧 is the distance away from the interface. The density of 

charge at the LSMO side exponentially decays with increasing distance away 

from the interface. Thus the charge distribution can be expressed as  

𝐷𝛿(𝑧) − 𝐷
𝜆
𝑒−

𝑧
𝜆 , where 𝜆 = 4.14Å  is the Thomas-Fermi screening length of 

LSMO115. The modulation of hole doping level per Mn ion in the first unit cell at 

the interface is approximately calculated by integration of the charge 

distribution over a distance from the interface to one lattice constant in LSMO. 

The saturation polarization of BTO is about 10 𝜇𝐶 𝑐𝑚2⁄  from Fig. 3.6. Thus, 

the ferroelectric polarization would contribute to the hole injection with the 
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maximum value HFE = 0.044 𝑒 𝑢. 𝑐.2⁄ . The magnetization transition from FM to 

AFM occurs around 0.5 doping level in LSMO, which means a hole doping 

level of 0.167 𝑒 𝑢. 𝑐.2⁄  per Mn ion is required to achieve the magnetization 

transition. The ferroelectric effect of modulated hole doping is far too small, 

indicating that it would not dominate the hole injection in our case. The P-V 

curve (Fig. 3.6) suggests that the observed interface magnetic transition is not 

caused by polarization switching of the BTO layer. There is no sudden jump in 

the P-V curve, nor does the magnetic contrast A exhibit a hysteresis loop (Fig. 

3.12). The observed interface ME effect is therefore not related to the 

polarization-induced interface magnetic transition of LSMO, as observed for 

PZT/LSMO interface38,116. 

The diode effect (Fig. 3.9) is shown on this sample. Thus the electric 

displacement at the interface is not only caused by the ferroelectric 

polarization effect, but also originates from the band bending. The 

characteristic quantities of the Schottky contact can be deduced by solving 

Poisson's equation117,118. The maximum electric field at the interface 𝐸𝑚 is 

given by119,120: 

                𝐸𝑚 = �2𝑞𝑁𝑒𝑓𝑓|𝑉−𝑉𝑏𝑖|

𝜀0𝜀𝑠𝑡
± 𝑃

𝜀0𝜀𝑠𝑡
 ,                     (3.3) 

where Vbi is the build-in potential, Neff is the effective charge density in the 

depletion region. P, q, 𝜀0 and 𝜀𝑠𝑡 denote ferroelectric polarization, electron 

charge, permittivity of the free space and low frequency (static) dielectric 

constant of the ferroelectric layer, respectively. Then the electric displacement 
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Fig. 3.28 Capacitance as a function of gate Voltage Ug 

is given by: 

            𝐷 = 𝜀0𝜀𝑠𝑡𝐸𝑚 = �2𝑞𝜀0𝜀𝑠𝑡𝑁𝑒𝑓𝑓|𝑉 − 𝑉𝑏𝑖| ± 𝑃 .           (3.4) 

Capacitance measurements are done to estimate the charge density of the 

sample (Fig. 3.28). For a Schottky contact, the capacitance is related to the 

voltage by119,120: 

                      
1
𝐶2

= 2
𝑞𝜀0𝜀𝑠𝑡𝑁𝑒𝑓𝑓

�𝑉𝑏𝑖′ − 𝑉� .                  (3.5) 

 

 

 

 

 

 

 

 

 

 

From the C-V measurement, the doping density can be evaluated, according 

to119,120: 

                        𝑁𝑑𝑜𝑝 = 2
𝑞𝜀0𝜀𝑠𝑡[𝑑(1 𝐶2⁄ ) 𝑑𝑉⁄ ] .                  (3.6) 

It is important to point out that 𝑁𝑑𝑜𝑝 is the density of free carriers to follow the 

small ac probing voltage used to measure capacitance. The effective charge 

density used in the theoretical equation of the capacitance includes not only 
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Fig. 3.29 Concentration of oxygen poor sample 

the free carriers but also the fixed charges in the space charge region. 

Therefore, we should expect the 𝑁𝑒𝑓𝑓 > 𝑁𝑑𝑜𝑝. Figure 3.29 displays the doping 

concentration calculated from C-V curve.  

 

 

 

 

 

 

 

 

 

In general, the build-in potential can also be evaluated from the slope and 

intercept values based on the C-V characteristics. In our case, the ferroelectric 

effect also contributes to the build-in potential. The large range of reversal of 

ferroelectric polarization makes it not proper to determine the build-in potential 

directly from the C-V curve. Here, we determine the build-in potential Vbi from 

the I-V characteristics, according to119,120: 

                𝐼 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 �− 𝑞
𝑘𝑇
�Φ𝐵 − �

𝑞𝐸𝑚
4𝜋𝜀0𝜀𝑜𝑝

�� .             (3.7) 

For large applied voltages, the expression becomes 𝑙𝑛(𝐼) ∼ (𝑉 − 𝑉𝑏𝑖)
1
4� . The 

build-in potential is chosen to obtain the best linear fit (Fig. 3.30).  
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Fig. 3.30 Linear fitting to determine the build-in potential. 

 

 

 

 

 

 

 

Here, another mechanism is possible to modulate the interface 

magnetization with the injection of the minority spins. As shown schematically 

in Fig. 3.31a, at the reverse gate voltage Ug, no spin injection current occurs at 

the n-type BTO/LSMO interface. The nearby majority spins of Mn3+ and Mn4+ 

ions are double-exchange coupled, leading to a ferromagnetic state. When a 

forward-bias voltage is applied, electron depletion at the interface reduces the 

number of eg electrons per Mn ion, weakening the FM configuration due to less 

spin hopping. In this case, the most important process is the minority spin 

injection from BTO to LSMO layer near the interface, as depicted in Fig. 3.31b. 

The majority spins flow across the LSMO layer by spin-hopping process t. In 

contrast, the minority spin-down electrons will accumulate at the interface, 

since the spin-hopping process t is blocked by the strong interaction with the 

local spins due to the large Hund’s rule coupling JH. Hence, the minority spins 

accumulate at the first layer near the interface rather than flowing across the 
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Fig. 3.31 Schematic model of spin alignment at BTO/LSMO interface. a) Below 

critical gate voltage Uc, majority spins (red arrows) of Mn3+ and Mn4+ ions are 

double-exchange coupled (right panel), leading to a ferromagnetic state of LSMO. 

b) Above Uc, The AFM super-exchange interaction of t2g electrons between 

neighboring Mn ions dominates, and the interfacial LSMO layer undergoes a 

FM-to-AFM phase transition.   

LSMO layer as the majority spins. Thus, the super-exchange interaction of t2g 

electrons between neighboring Mn ions favor the AFM configuration near the 

interface. At a critical gate voltage Uc, a FM-to-AFM phase transition occurs at 

the BTO/LSMO interface. In contrast, the LSMO bulk maintains the FM 

configuration due to the double-exchange interaction as the minority spins are 

confined to the interface. 
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3.4.2 Microscopic mechanism for interfacial magnetoelectric effect  

Next, we will discuss the microscopic mechanism of this novel interface 

ME effect. Figure 3.32 shows a schematic of the proposed magnetic structure 

and band alignment at the n-type BTO/LSMO Schottky junction with positive 

gate voltage. For FE polarization (P) pointing away from the LSMO layer, the 

hole accumulation biases the interfacial LSMO layer towards the AFM 

insulating phase. The La0.7Sr0.3MnO3, however, has stoichiometry that is far 

enough from the phase boundary and a change in magnetic order is not 

expected owing solely to a build-up of screening charge109. On the other hand, 

for a positive gate voltage applied to the LSMO layer, an electron current (J-) 

begins to flow across the BTO/LSMO heterojunction. Both, spin-up and 

spin-down electrons will be injected from the conduction band of BTO into the 

interfacial LSMO layer, since the spin polarization of LSMO surfaces extracted 

from transport measurements usually yield less than 95%121. The majority 

spin-up electrons will quickly relax to the Fermi level and conduct through the 

LSMO layer. In contrast, the minority spin-down electrons will accumulate at 

the interface, since the spin-hopping process t is blocked by the strong 

interaction with the local spins due to the large Hund’s rule coupling JH. This 

will weaken the double-exchange mechanism and hence reduce the 

ferromagnetic coupling between Mn ions at the LSMO interface. At a critical 

gate voltage Uc, the injected minority spin-down electrons will reduce the 

double-exchange mechanism such that the AFM super-exchange interaction 
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will dominate, and the interfacial LSMO layer will undergo a FM-to-AFM phase 

transition. This magnetic reconstruction will occur in the few Mn layers at the 

interface, since the minority spin-down electrons will strongly scatter with 

electrons, phonons and magnons, resulting in fast spin-flip processes122. The 

magnetic reconstruction at the interface also leads to spin frustration, with the 

competition between AFM coupling at the interface and FM ground state of 

bulk LSMO. To achieve a more energetically favorable state, the spins in the 

interfacial layer will cant along the spin direction of the bulk LSMO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Fig. 3.32 Schematic band diagram of the n-type BTO/LSMO Schottky junction 

for Ug > Uc, depicting the electron current J-, ferroelectric polarization P, and 

considering an AFM-ordered LSMO interface layer and a half-metallic LSMO 

electrode with only spin-up states at the Fermi level EF. 
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Chapter 4 

Magnetoelectric coupling in SrTiO3/La0.5Ca0.5MnO3/La0.67Sr0.33MnO3 

heterostructure 

 

4.1 Introduction 

To elucidate further the observed magnetoelectric (ME) effect, a 

non-ferroelectric system - SrTiO3/La0.5Ca0.5MnO3/La0.67Sr0.33MnO3 - is studied 

in this section. 

 

4.1.1 Basic properties of SrTiO3 

Strontium titanate SrTiO3 (STO) is a good candidate. It is 

paraelectric with a relative dielectric constant as high as 300 at 

room temperature123,124 and has been widely studied due to its 

variety of applications125. Stoichiometric STO with a simple-cubic 

perovskite structure is an insulator at room temperature with a band 

gap of 3.2 eV. The Ti4+ ion at the cubic body center is surrounded by O2- ions 

at the face center sites and Sr2+ ions at the cubic corners. As the temperature 

is reduced the crystal structure becomes tetragonal at 110 K, and at 65 K the 

structure becomes orthorhombic126. However, the electrical property in the bulk 

STO can be changed with oxygen vacancy127,128 or impurity doping, such as 

Nb or La129,130. From the viewpoint of conductivity, STO can be changed from 

an insulator to a n-type semiconductor and finally to a metallic conductor. In 
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the region of thin-film growth, STO is very often used as the substrate for 

depositing other perovskite oxides owing to the small in-plane lattice 

mismatch131. Because of its notable dielectric and doped semiconducting 

properties, STO can be utilized to develop field-effect devices132 besides the 

application in dynamic random-access memories, and high-density 

capacitors.133 

 

4.1.2 Basic properties of La1-xCaxMnO3 

La1-xCaxMnO3 (LCMO) is among the most-studied compounds of the 

manganite family due to its robust magnetoresistance effect134, larger than in 

other much-studied materials such as La1-xSrxMnO3 (LSMO). The Ca ionic size 

is almost identical to the La ionic size, and thus a true solid solution forms in 

the entire range of Ca concentrations. Antiferromagnetic (AFM) 

superexchange coupling exists between Mn4+ ions via an intervening oxygen, 

while the superexchange interaction with a Mn3+ ion can be AFM or 

ferromagnetic (FM) depending on the relative orbital orientation. The real 

hopping between Mn3+ and Mn4+ through an oxygen produces a FM coupling 

via the double exchange mechanism91. Therefore, it is expected that there 

exists close interplay among charge carriers, magnetic couplings, and 

structural distortions in LCMO. The phase diagram is depicted in Fig. 4.188. 

Both perovskites LaMnO3 and CaMnO3 are AFM insulators. The prominent 

phase is the FM low-temperature metallic state for Ca concentration of 0.2 ~ 
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0.5 caused by the double exchange coupling. CMR behavior is displayed in 

this region135. The ferromagnetism, optimized at x = 3/8, persists up to x ≈ 0.5, 

charge ordering becomes stable for x > 1/2, and there exists a remarkable 

competition between ferromagnetism and charge ordering at Ca concentration 

of 1/2. The compound La0.5Ca0.5MnO3 is paramagnetic at room temperature 

and changes on cooling to a mainly FM metallic phase at Curie temperature TC 

≈ 220 K, and subsequently to charge-ordered antiferromagnetic (CO-AFM) 

phase at TCO ≈ 150 K (180 K upon warming)135. The CE-state (combination of 

C-AFM and E-AFM type) is observed for x = 0.5 doping, which contains 

"zigzag" FM arrays of t2g spins, coupled antiferromagnetically perpendicular to 

the zigzag direction94(Fig. 4.2).  

It has been established that this system is better described as 

magnetically phase-segregated over a wide range of temperatures136,137, a 

phenomenon called phase separation (PS). At low temperatures, T<TCO; FM 

metallic regions are trapped in a CO-AFM matrix and cannot grow against CO 

in the application of moderate magnetic field, whereas at an intermediate 

temperature range (TCO<T<TC), the FM phase coexists with insulating non-FM 

regions. The FM phase is partially confined but can grow against the insulating 

one while applying a low magnetic field137.  
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Fig. 4.1 Phase diagram of La1-xCaxMnO3, obtained using magnetization 

and resistivity data, reproduced from S.-W. Cheong and H. Y. Hwang. FM: 

ferromagnetic Metal, FI: Ferromagnetic Insulator, AF: Antiferromagnetism, 

CAF: Canted Antiferromagnetism and CO: Charge/Orbital Ordering. [88] 

Fig. 4.2 a) C-type unite cell and b) E-type unit cell. c) The spin structure in 

plane at x = 1/2. Open can solid circle denote the spin up and down 

electrons, respectively. The white and gray squares denote the C- and E- 

type unit cells, respectively. At x = 1/2, C-type and E-type unit cells are 

equal. The thick blue and red lines indicate the zigzag FM path. 
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4.2 Samples and Experiments 

At the STO/LSMO interface, a magnetic and electrical "dead" layer138,139 is 

presented due to the modifications at the interface, including stoichiometry, the 

presence of interfacial strain, and point defects such as oxygen vacancies. 

Thus, we insert a 1-nm thick La0.5Ca0.5MnO3 layer at the STO/LSMO interface 

to avoid this effect.  

The STO (200 nm)/ LCMO (1nm)/ LSMO (50 nm) oxide heterostructures 

were grown on STO (001) substrates by using a multi-target pulsed laser 

deposition system (KrF excimer laser 248 nm). The STO (200 nm)/LCMO (1 

nm)/ LSMO (50 nm) epitaxial trilayer was deposited at a temperature of 750 oC 

in flowing oxygen of 300 mtorr and cooled down in the same oxygen pressure 

(oxygen poor condition). The indium-tin-oxide (ITO) (30 nm) layer was 

deposited in situ at 50 oC in 10 mtorr oxygen. The oxygen vacancy 

concentration of STO is reduced by in-situ annealing the sample in 600 mtorr 

O2 at 450 oC for 0.5 hour, making it less n-type than the non-annealed one.  

All optical experiments are performed at 80 K below the Curie temperature 

by placing the samples in a cryostat cooled by liquid nitrogen. MSHG is used 

to characterize the interfacial magnetic property and Magneto-Optical Kerr 

effect (MOKE) is performed to characterize the bulk magnetic property. To 

study the interfacial ME coupling effect, an external magnetic field is applied in 

plane, and an external electric field is applied out of the plane using a "Keithley 

2400 Sourcemeter".  
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Fig. 4.3 Current-Voltage (I-V) curve shows diode effect. Inset is 

the semi-log curve. 

4.3 Results and discussion 

4.3.1 Interfacial magnetic transition induced by magnetoelectric effect  

A typical diode effect is displayed in oxygen-poor STO/LCMO/LSMO 

sample (Fig. 4.3), indicating a good n-type semiconductor is formed. The 

interfacial magnetic property is selectively probed with the method of 

magnetization-induced second-harmonic generation (MSHG). Figure 4.4 

displays the voltage-dependent MSHG hysteresis loops in the range from -4 V 

to +4 V. The voltage-dependent magnetic contrast A is calculated and is 

shown in Fig. 4.5. When the gate voltage Ug is below -0.5 V, MSHG hysteresis 

loops are observed. They vanish at higher voltage. Again, the FM-AFM 

transition is observed with external electric field applied. 
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Fig. 4.4 MSHG hysteresis loops at different voltage. 

Fig. 4.5 Magnetic contrast A determined from MSHG measurements as 

a function of gate voltage Ug. 
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However, the magnetic transition happens at negative voltage around 

Uc = -0.5 V, which is different from BaTiO3 (BTO)/LSMO samples, where it 

occurs at positive gate voltage. Some possible reasons may contribute to this: 

i) The tensile strain due to the lattice mismatch between LSMO and STO would 

cause LSMO to be on the verge of an A-type AFM. This instability toward the 

AFM phase reduces the FM coupling in LSMO at the interface82,140; ii)STO 

produces a dead layer in the adjacent LSMO, because the STO layer acts as a 

hole-donating layer. It has been considered that the valence-mismatched 

interface induces the charge transfer and that the overdoped LSMO is 

dominated by the AFM spin58,141,142; iii) Ca may segregate to the surface of the 

growing epitaxial thin film, leading to a Ca rich LCMO layer at STO/LCMO 

interface143, which pushes it further to the CO-AFM state. These effects would 

push the sample to an AFM state at zero applied electric field and no magnetic 

contrast is detected. When a negative voltage is applied, the electrons would 

accumulate at the interface and push the hole-doping level x to smaller value. 

Hence, the interfacial LSMO layer displays the FM configuration at -0.5 V.  

MOKE experiments are also performed to detect the bulk property of 

LSMO. MOKE hysteresis loops are observed over the whole voltage range  

(Fig. 4.6). The MOKE contrast A is calculated and displayed in Fig. 4.7, which 

do not exhibit much change. Thus the ME coupling has no effect on the bulk 

magnetic property, and again constitutes an interfacial effect. Furthermore, 

voltage-dependent PinPout and SinS'out are measured. The voltage-dependent 
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Fig. 4.6 MOKE hysteresis loops at different voltage. 

Fig. 4.7 MOKE contrast A as a function of gate voltage Ug. 

PinPout reveals a strong electric-field-induced SHG response (Fig. 4.8). 
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Fig. 4.8 a) PinPout and b) SinS'out SHG measured at 80K. 

 

 

 

 

4.3.2 Effects of dopants in SrTiO3 

Oxygen-rich STO (200 nm)/LCMO (1nm)/ LSMO (50 nm) is fabricated 

for further study. Figure 4.9 displays the I-V curve exhibiting a diode effect with 

higher forward current than previous one. Figure 4.10 displays the MSHG 

loops measured at a series of voltage varying from -4 V to +4 V. The 

voltage-dependent magnetic contrast A is presented in Fig. 4.11. The FM-AFM 

transition is observed at -1 V prior to the transition of oxygen-poor sample (Uc 

= -0.5 V). This is attributed to the lower carrier (electron) concentration of STO. 

Thus, a larger negative voltage is required to push the interfacial LSMO layer 

to the doping level in favor of FM configuration. With small electric field applied, 

no loop is observed due to the formation of the complicated CE phase. 

Different from all previously studied samples, the hysteresis loop surprisingly 
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reappears at +2.5V. A possible explanation is that the hole doping level in the 

interfacial LSMO layer is far above 0.5 and an A-type AFM spin configuration is 

favored in this situation. In this state, FM order is favored in the LSMO 

intralayer and AFM coupling occurs perpendicular to the plane. Hence a 

magnetic hysteresis loop will be observed in the MSHG measurement. The 

lattice constant of STO, LSMO, BTO are 3.905Å , 3.871Å ,144 3.992Å ,114 

respectively. Thus, the lattice mismatch is 0.87% between STO and LSMO, 

while it is 3.12% between BTO and LSMO. The stronger tensile strain in the 

plane would correspond to more compression perpendicular to the plane. Thus, 

the interlayer coupling in STO/LCMO/LSMO is weaker than for BTO. Hence, 

A-type AFM coupling maybe detected in STO/LCMO/LSMO sample, rather 

than in BTO/LCMO/LSMO sample. For comparison, MOKE hysteresis loops at 

different gate voltage Ug is displayed in Fig. 4.12, which reveals no modulation 

of bulk property.  

Figure 4.13a) and b) present the voltage-dependent PinPout and SinS'out 

SHG measurements, respectively. The larger SinS'out SHG signal at positive 

voltage as compared to oxygen-poor sample, may explain why the hysteresis 

loop does not reappear in oxygen-poor sample at high positive voltage. 
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Fig. 4.9 Current-Voltage (I-V) curve shows diode effect. Inset is 

the semi-log curve. 

Fig. 4.10 MSHG hysteresis loops at different voltage. 
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Fig. 4.11 MSHG magnetic contrast A as a function of gate voltage Ug. 

Fig. 4.12 MOKE hysteresis loops at different voltage. 
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Fig. 4.13 a) PinPout and b) SinS'out SHG measured at 80K. 
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Chapter 5 

Summary 

 

Transition metal oxides (TMOs) have attracted much attention in recent 

years. The strong coupling between charge, spin, and orbital degrees of 

freedom creates novel functional properties. The research at the interplay 

between ferromagnetism, ferroelectricity and conductivity provides a promising 

way to the development of future spintronic devices.  

The interface characterization of multifunctional oxide heterostructures is 

crucial to understand deeply the magnetic response, spin injection and spin 

transport. We characterize optically the magnetic property with the method of 

magnetization-induced second-harmonic generation (MSHG), which is a 

sensitive technique to selectively probe the interface where the spatial 

inversion symmetry is broken.  

The interface of n-type BaTiO3 (BTO)/La0.67Sr0.33MnO3 (LSMO) forms a 

Schottky barrier and displays a good diode effect. By applying an external 

electric field across the sample, we observe the magnetoelectric (ME) coupling 

effect to modulate the interface magnetization. The voltage dependent 

magnetic contrast sharply vanishes at positive voltage (applied to LSMO 

contact) and reveals a ferromagnetic (FM)-to- antiferromagnetic (AFM) 

transition occurring at the interface, while the magneto-optic Kerr effect 

(MOKE) indicates that the bulk property is not affected. The strain mediated 
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mechanism and ferroelectric (FE) polarization induced charge medicated 

mechanism are both discussed, but they do not play an important role in the 

observed magnetization transition. A new mechanism is proposed - the 

injected minority spins through strong Hund's interaction with the local 

magnetic moments at positive voltage weaken the double-exchange 

interaction of nearby Mn eg electrons, thereby reducing the ferromagnetic (FM) 

ordering. The dominant superexchange interaction of localized t2g electrons 

finally leads to the AFM configuration. By reducing the electron carrier 

concentration of BTO, a positive voltage shift of the transition is observed. The 

oxygen richer sample with lower carrier concentration requires a higher 

voltage to increase the hole doping level of LSMO to induce the interfacial 

AFM phase. By inserting a thin (1nm) La0.5Ca0.5MnO3 layer between BTO and 

LSMO, the interface magnetic response from LSMO is enhanced. 

Furthermore, a non-multiferroic heterostructure SrTiO3 (STO)/ 

La0.5Ca0.5MnO3 (LCMO)/La0.67Sr0.33MnO3 (LSMO) is studied. In this system, 

the interface FM-AFM transition is observed at negative voltage. The STO 

layer may act as a hole-donating layer, which induces the hole transfer to 

LSMO making it overdoped, while the LCMO interlayer at the 0.5 hole doping 

level displays complicated CE type AFM phase. Thus the AFM phase is 

dominant at the interface and electron accumulation is required to induce the 

FM phase by applying a negative voltage. For oxygen rich sample, the 

magnetic MSHG loop reappears at high positive voltage (around +2.5 V). At 
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high doping level (x > 0.5), LSMO exhibts A-type AFM order, consisting of AFM 

superexchange coupling between adjacent layers and intralayer FM 

double-exchange coupling. The less tensile strain of STO and LSMO due to a 

smaller lattice mismatch as compared to BTO would result in a weaker 

interlayer coupling . Thus, interfacial A-type AFM order can occur in 

STO/LCMO/LSMO heterostructure at high hole doping concentration.  

The study of ME coupling of multifunctional oxide heterostructures is 

definitely important to the development and performance of future spintronic 

devices. The results presented here regarding the interfacial magnetic 

transition controlled by an external electric field offer some new perspective to 

study the spin transport of magnetic tunnel junctions. 
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