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ABSTRACT 

I 
 

Abstract 

 

 Perovskite-type manganese oxides R1-xAxMnO3 (where R and A are 

trivalent rare-earth and divalent alkaline-earth ions, respectively) exhibit a 

colossal magnetoresistance (CMR) effect. Such an effect has attracted 

considerable interest from both the fundamental and practical application points 

of view. Theoretical and experimental studies have shown that the spin, charge, 

and lattice degrees of freedom in R1-xAxMnO3 are strongly correlated, which 

means that one of the degrees of freedom can be controlled by other degrees of 

freedom via the coupling among them. Therefore, the CMR property of these 

perovskites can be varied to a great extent by lattice strain and cation doping. 

The La0.7Sr0.3MnO3 and La0.7Ca0.3MnO3 compounds are typical manganites that 

show metal-insulator and ferromagnetic-paramagnetic phase transitions at the 

transition temperatures Tc of 382 and 260 K, respectively. They have a 

perovskite structure with lattice constants (pseudocubic with a∼b∼c∼3.88 Å) 

that are similar to those of (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 single crystal 

(a∼b∼c∼4.02 Å). By depositing La0.7(Ca1-xSrx)0.3MnO3 (LCSMO) thin films 

with different compositions on piezoelectric 70Pb(Mg1/3Nb2/3)O3-30PbTiO3 

(PMN-PT) substrate, Tc can be tuned. 
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 In this thesis, we have successfully grown LCSMO thin films with 

different thicknesses and compositions (x=0, 0.25, 0.5, 0.75 and 1) in 

LCSMO/PMN-PT and LCSMO/PMN-PT/Terfenol-D heterostructures. Influence 

of strain induced by converse piezoelectric effect on the electrical resistance of 

the manganite thin films has been studied. It has been found that after the 

PMN-PT substrate has been polarized, the lattice strains in the PMN-PT substrate 

and the LCSMO can be continuously modulated by applying a dc or ac electric 

field across the PMN-PT substrate. As a result, the resistance of the LCSMO film 

is modulated due to the strong coupling between the charge and lattice degrees of 

freedom in the film. These results indicate that the strain induced by the converse 

piezoelectric effect in the PMN-PT substrates have been effectively transmitted 

to the film. The induced lattice strain in the films leads to a change in their 

electrical properties. Moreover, we have found that the ferroelectric field effect 

in the LSMO/PMN-PT and LCMO/PMN-PT is negligibly small compared to the 

lattice strain effect. The transition temperatures of these thin films vary in a wide 

range from 70 K to as high as about 350 K and Tc of each sample can be tuned 

by up to 10 K upon application of a dc electric field of 10 kV/cm across the 

PMN-PT substrate. 

 

 Besides, we have also studied magnetic field induced strain effect on the 

electrical property of LCMO thin film by constructing 

LCMO/PMN-PT/Terfenol-D heterostructure. The strain is generated by 
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application of magnetic field to the magnetostrictive Terfenol-D and then 

transferred to the thin film layer across the substrate. Resistance of the LCMO 

films was measured before and after bonding Terfenol-D to the PMN-PT 

substrate. It has been found that the resistance of the LCMO thin film decreases 

and the Curie temperature increases after bonding the Terfenol-D to the PMN-PT 

substrate. Considering the thermal expansion mismatch between Terfenol-D and 

PMN-PT, this change is probably caused by contraction in the structure 

introduced during subsequent cooling after curing of the silver epoxy. 

 

 The evolution of magnetic domain patterns with temperature in LSMO thin 

film on (110) NdGaO3 (NGO) single crystal substrate has been characterized by 

a magnetic force microscope (MFM). Highly ordered stripe ferromagnetic (FM) 

domain patterns are observed and proved to originate from anisotropic stress in 

the film plane. The FM domain contrast is found to continuously decrease upon 

warming until the transition temperature has been reached, at which the patterns 

almost completely vanish. The evolution of magnetic domain patterns coincides 

with resistivity change with temperature. This correspondence confirms the role 

of carrier scattering by thermal spin fluctuation in determining the transport 

property in CMR manganites. 
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Chapter 1 Introduction 

 

1.1  Introduction to the Colossal Magnetoresistive 

Manganites 

 The interest to study maganites with general formula R1-xAxMnO3 (R = 

trivalent rare earth ion, A = divalent alkaline ion) has strongly revived in the 

1990s due to the rapid development in thin film preparation technology and 

extensive research on cuprate superconductors with similar structural and 

electronic properties. [1, 2] Although metallic-to-insulating phase transition and 

MR behaviors have been observed in La1-xSrxMnO3 as early as 1950 in the 

pioneering works of Jonker, van Santen and Volger, [3, 4] enormous interests have 

not been renewed until 1993 when the large negative magnetoresistance (MR) in 

La0.7Ca0.3MnO3 thin film was rediscovered. [5] This large negative MR effect is 

called colossal magnetoresistance (CMR) to distinguish it from giant 

magnetoresistance (GMR) observed in transition metal systems in multilayers. 

La1-xCaxMnO3 is a typical CMR manganite and the transport behavior for 

La0.67Ca0.33MnO3 single crystal under different external magnetic field is shown 

in Figure 1.1. [6] At low temperature, the La0.67Ca0.33MnO3 shows metallic 

behavior with dρ/dT > 0. When temperature is increased, the single crystal 

experience a phase transition from ferromagnetic metallic phase to paramagnetic 

insulating phase characterized by the Curie temperature Tc. Around Tc, the 
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resistivity drops dramatically upon application of external magnetic field. A 

better understanding of the CMR effect might result in potential application in 

devices such as magnetic field sensor, read head for data storage and spintronic 

devices. 

 

 The CMR manganite has a perovskite-like and psedocubic ABO3 struture as 

shown in Figure 1.2 (a). The trivalent rare earth ions and divalent alkaline ions sit 

at A sites while the manganese ions locate at the center of oxygen octahedrons in 

the form of mixed-valent state Mn3+-Mn4+. Chemical substitution is easy and 

possible at all sites and may tilt and strengthen the oxygen octahedrons. The 

Figure 1.1 Resistivity as a function of temperature for La0.67Ca0.33MnO3 single 

crystal. [6] 
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Figure 1.2 Lattice structures of perovskite manganites with different tolerance 

factors: (a) pseudocubic, (b) orthorhombic and (c) rhombohedral. [6,16] 
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distortion of the structure is governed by the Goldschmidt tolerance factor: [7] 

( )
( )OA

OB

rr
rrf
+

+
=

2
              (1.1) 

where rA, rB and rO represent the ionic size of element A, B and O, respectively. f 

= 1 corresponds to an ideal cubic structure. The stable tolerance factor f for 

perovskites ranges from 0.89 to 1.02. As f differs from 1, the cubic structure may 

transform to rhombohedral or orthorhombic structure (Figure 1.2). 

 

 Each maganese ion in perovskite manganites is surrounded by six oxygen 

ions forming an octahedron. The 3d electrons of manganese ion have five 

degenerated orbital states. These five d-orbitals are split into three lower-lying t2g 

states and two higher-lying eg states and the degeneracy is further lifted by 

Jahn-Teller distortion for Mn3+ ions, as shown in Figure 1.3 (a). The spins of 

these 3d electrons are parallelly aligned according to first Hund’s rule. As a result, 

the Mn3+ ion shows electronic configuration of t2g
3eg

1 with S=2 while Mn4+ is t2g
3 

with S=3/2. The t2g electrons are considered as localized due to strong correlation 

effect. The eg electrons, strongly hybridized with O 2p states can move between 

two Mn ions via the O 2p obitals with conserved spin, which couples the two Mn 

ions ferromagnetically. When manganite is doped by holes the eg electrons 

become itinerant and play the role of conduction carriers. Zener proposed a 

double exchange (DE) mechanism to explain the phenomenon and qualitatively 

interpret the strong correlation between magnetic order and electrical transport 

(Figure 1.3 (b)). [8] In hole-doped manganite, the eg electrons can hop from a 
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Mn3+ ion through O p-orbital to a Mn4+ ion depending on the relative angle 

between the spins of Mn3+ and Mn4+ ions. The transfer probability of eg electron 

is determined by: [9] 

( )2/cos0 θtt =              (1.2) 

where θ is the angle between the spins of two Mn ions. The maximum of t is 

Figure 1.3 (a) 3d Electronic states and orbitals for Mn4+ and Mn3+ ions. (b) 

Schematic diagram for double exchange (DE) mechanism. [16] 
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achieved when the spins of Mn ions are parallel. DE mechanism offers the 

explanation to the metallic behavior of CMR manganite in ferromagnetic phase 

at low temperature when the spins of Mn ions tend to be ferromagnetically 

coupled. Upon increasing temperature, the resistivity of CMR manganite is 

greatly enhanced due to thermal spin fluctuation. This spin disorder can be 

suppressed by the application of external magnetic field and thus a large drop in 

resistivity occurs, which is the so-called CMR effect. 

 

DE mechanism is unique in explaining the origin of a large MR observable 

in perovskite manganite. It differs from other exchange coupling mechanism, 

such as Ruderman-Kittel-Kasuya-Yosida (RKKY). DE mechanism assumes two 

simultaneous electron transfers: one electron from Mn3+ to adjacent O 2p orbital 

and the other from this O 2p orbital to neighboring Mn4+. RKKY refers to a 

coupling mechanism of localized inner shell electron spins in a metal through an 

interaction between conduction electrons. RKKY theory is successful in 

explaining the mechanism of giant magnetoresistance (GMR). The 

ferromagnetic/antiferromagnetic oscillation, which exists between two magnetic 

layers separated by a non-magnetic spacer one, is a prediction of RKKY theory. 

 

 However, the physics of CMR manganites is much more complex and DE 

mechanism itself is insufficient to fully explain the phenomenon. The insulating 

behavior of resistivity observed at T>Tc indicates that another mechanism 
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predominates and governs the transport property in the paramagnetic phase. A. J. 

Millis considered Jahn-Teller electron-phonon coupling as well as double 

exchange mechanism in a mean-field calculation and gave a qualitative 

explanation for the CMR behavior. [10] When eg electrons move, the JT 

distortions of oxygen octahedron around Mn3+ ions become dynamic and can 

trap and localize the eg electrons, forming JT polarons. The JT effect and DE 

interaction compete with each other and thus result in complex electronic phase 

diagrams for CMR manganites. 

 

1.2  Effects of Carrier Concentration and A-site Cation 

Size 

 The Curie temperature Tc and magnitude of CMR in perovskite manganite 

are greatly influenced by two factors: carrier concentration and average ionic 

radius of the A-site cation. Variable carrier concentration is generally achieved by 

substituting different doping level of divalent ions. Thereby, the relative ratio of 

Mn4+ and Mn3+ characterized by x = Mn4+ / (Mn3++Mn4+) can be changed from 0 

to 1. The doping level effect results in a rather complex phase diagrams for 

perovskite manganite. The phase diagrams for La1-xSrxMnO3 and La1-xCaxMnO3 

in the temperature versus doping level plane are shown in Figure 1.4. [11, 12] The 

parent compound LaMnO3 is an antiferromagnetic (AFM) insulator with Neel 

temperature of about 140 K. A collective Jahn-Teller distortion is present and 
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Figure 1.4 The phase diagrams for (a) La1-xSrxMnO3 and (b) La1-xCaxMnO3. [11,12]

The abbreviations are: ferromagnetic (F or FM), paramagnetic (P or PM), 

metal (M), insulator (I), spin-canted (CN), and antiferromagnetic (AFM).
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orbital ordering with alternating d3x2-r2 and d3y2-r2 orbitals on the ab plane is 

observed in LaMnO3. With doping level x increases in La1-xSrxMnO3, the ordered 

spins become canted for 0 < x < 0.1 and then ferromagnetically coupled as x 

further increases up to 0.17. In the range of 0.17 to ~0.5, the ground state of 

La1-xSrxMnO3 shows a ferromagnetic metallic phase. The Curie temperature Tc 

increases with doping level x up to 0.3 and then saturates at about 370 K. The 

phase diagram for La1-xCaxMnO3 was given by P. Schiffer et al. [12] 

Ferromagnetic metallic ground state is observed in the doping range of 0.15 < x 

< 0.5. In this range, the transition temperature Tc shows an increase with x and  

peaks at 260 K for x=0.3. For x above 0.3, Tc drops and reaches 200 K up to a 

doping level of about 0.5, at which the ground state starts to change from FM 

metal to AFM insulator. 

 

 A-site substitution with different ionic radius generates internal chemical 

pressure and thus causes variation in the Mn-O-Mn bond angle and bond length. 

Thereby, the Curie temperature Tc and CMR magnitude are strongly influenced 

and can be tuned in a rather wide range. H. Y. Hwang et al. have systematically 

studied the A-site cation size effect and established a phase diagram for x=0.3 

(Figure 1.5). [13] With reduction in tolerance factor and average ionic radius of 

A-site, the Curie temperature for 

ferromagnetic-metallic-to-paramagnetic-insulating phase transition 

monotonously decreases. The maximum value for Tc is found at ~370 K for 
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La0.7Sr0.3MnO3 when the tolerance factor f = 0.93. The reason is that a reduced 

average ionic radius in A-site causes a decrease in Mn-O-Mn bond angle from 

180 to a smaller value thereby weakens the DE interaction between Mn ions and 

favours the localization of charge carriers. 

 

Figure 1.5 Phase diagram of perovskite manganite A0.7A’
0.3MnO3 in the 

temperature and tolerance factor plane.  A is a trivalent rare earth

ion and A’ is a divalent alkali earth ion. The abbreviations are: 

paramagnetic insulator (PMI), ferromagnetic insulator (FMI), and 

ferromagnetic metal (FMM). [13] 
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1.3  Substrate-induced Strain Effect in Perovskite 

Manganite Thin Film 

 Thin films of perovskite-type complex oxides are essential for fundamental 

physics and technological applications since the properties of thin film can be 

tuned by many parameters such as lattice mismatch-induced strain, interface 

electronic structure and superlattice ordering and thus novel devices with 

fascinating properties may be fabricated using the state-of-art film deposition 

techniques. [14-17] The magnetotransport properties of CMR manganite thin films 

are sensitive to many variables including biaxial strain, oxygen stiochiometry, 

crystalline quality and phase separation etc. [18-20] Among these factors, biaxial 

strain plays one of the most important roles in determining the properties of 

maganite thin films. For example, ferroic order parameters can be coupled 

through biaxial strain between ferromagnetic thin film and piezoelectric single 

crystal substrate, which gives one origin of multi-ferroic phenomenon. C. Thiele 

has investigated the influence of reversible biaxial strain on the magnetization 

and magnetoelectric effect in LSMO/PMN-PT. The effective magnetoelectric 

coupling coefficient in the structure was found to result from strain induced 

magnetization change.[21] In addition, A. J. Millis has quantitatively studied the 

biaxial strain effect on the Curie temperature of CMR manganite thin films 

within the DE model in which the hopping matrix element could be modified by 

lattice strain through changing the Mn-O-Mn bond angle and length. [22] The 

strain dependence of Curie temperature Tc in CMR manganite thin film can be 
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Figure 1.6 (a) Resistivity and (b) magnetization vs temperature for 22 nm thick

La0.7Sr0.3MnO3 thin film on different substrates. (c) The Curie

temperature Tc as a function of square of compression strain ε*2 and

biaxial strain εB. [24] 
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expressed as: 

( ) ( )( )210,0, JTbcJTbc TT βεαεεε −−=          （1.3） 

εb and εJT are bulk compression (εa+εb+εc)/3 and biaxial distortion 

( ) ( )22 216/14/1 bacba εεεεε −−++ , respectively. ε a, ε b and ε c denote the 

strain in CMR manganite thin film along a, b and c directions, with c 

perpendicular to the film plane. α and β are constants and predicted to be 

about 6 and 1.4 × 103, respectively. Equation (1.3) implies that a compressive 

strain of 1% should increase Tc by 10% while tensile strain always causes a 

decrease in Tc. Several experimental studies have investigated the biaxial strain 

effect on the Curie temperature of CMR manganites and found good agreement 

with the model proposed by Millis. [23, 24] Very recently, Adamo et al. have 

systematically studied the biaxial strain effect on the magnetotransport properties 

of La0.7Sr0.3MnO3 thin films grown on almost all the commercially available 

substrates which includes (100)p LaAlO3, (001) LaSrGaO4, (110) NdGaO3, (100) 

(LaAlO3)0.3-(SrAl0.5Ta0.5O3) (LSAT), (100) SrTiO3, (110) DyScO3, (110) GdScO3, 

(110) SmScO3 and (110) NdScO3. [24] The biaxial strain arising from lattice 

mismatch between bulk La0.7Sr0.3MnO3 and underlying substrates varies in a 

wide range from -2.3% to 3.2% and greatly influence the resistivity and 

magnetization of the La0.7Sr0.3MnO3 thin film, as shown in Figure 1.6. The 

biaxial-strain-dependent Curie temperatures agree very well with the prediction 

of Millis et al. However, considerable disagreement also exists in some reports 

which showed the opposite trend. [25-27] For example, the Tc of La0.8Ba0.2MnO3 
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under tensile strain was surprisingly found to increase from 270 K up to 320 K. 

[27] These disagreements between experimental data and theoretical prediction 

indicate that the magnetotransport behavior in CMR manganite thin film is also 

affected by other factors and further investigation is needed.  

 

1.4  Ferroelectric PMN-PT and Magnetostrictive 

Terfenol-D 

  (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) single crystals have attracted 

considerable attention in recent years due to their ultrahigh piezoelectric 

coefficient (d33 > 2000 pC/N) and electromechanical coupling coefficient (k33 > 

0.9), which is a promising piezoelectric material for potential technological 

applications such as biomedical sensors, transducers, ultrasonic devices and 

actuators. [28, 29] PMN-xPT is a solid solution of Pb(Mg1/3Nb2/3)O3 (PMN) relaxor 

ferroelectrics and ferroelectric PbTiO3 (PT) with a full range of PT concentration 

(x = 0 to 1). PMN has a perovskite-type ABO3 structure where Mg and Nb ions 

occupy the B sites in the center of oxygen octahedron while Pb ions are located 

at the A sites. Phase diagrams of PMN-xPT can be found in many reports and 

may be slightly different due to different fabrication and characterization 

methods for PMN-xPT single crystals. [30-32] One of them given by Y. Guo et al. 

is shown in Figure 1.7 (a). [32] PMN-xPT adopts different structures including 

cubic, rhombohedral, tetragonal, monoclinic and orthorhombic phases depending 
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Figure 1.7 (a) Phase diagram of PMN-xPT in the temperature and PT

composition plane. (b) The piezoelectric coefficient as a function

of PT composition for PMN-xPT. [32] 
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on composition and temperature. With different PT compositions, the 

piezoelectric coefficients d33 of PMN-xPT are also variable and an ultrahigh 

value (2000 pC/N) is obtained with x=0.3 near the morphotropic phase boundary 

(MPB) region (Figure 1.7 (b)). The PMN-PT substrates used in our work have 

x=0.3. The single crystal PMN-xPT near MPB region with x=0.28 to 0.33 has a 

pseudocubic crystal structure with a = b = c = 4.02 Å and is a suitable substrate 

for thin film deposition to study dynamic strain effect. The c lattice parameter of 

PMN-xPT near MPB region has a nearly linear response to external electric field. 

A. Levin et al. has in-situ investigated the evolution of the θ-2θ XRD patterns 

of PMN-28PT (001) reflection peak and calculated the (001) plane spacing 

change as a function of electric field, as shown in Figure 1.8. [33] With the 

increase in electric field, the (001) peak for PMN-28PT shifts to lower 2θ angle, 

indicating that the lattice stretches along out-of-plane direction and shrinks in the 

film plane. A d33 value of as high as 1900 pC/N is obtained from the slope of the 

calculated strain versus electric field curve. 

 

 Rare-earth-iron alloys are the best known magnetostrictive material with 

high magnetostriction in the order of 1000 uL/L, of which Terfenol-D is the most 

popular one. [34, 35] The name of Terfenol-D stems from its elemental components 

terbium (Ter) and iron (Fe) and its discoverer Naval Ordnance Laboratory (NOl). 

The magnetization and strain as a function of magnetic field for Terfenol-D are 

depicted in Figure 1.9. [36] There is a liner relationship between strain and 
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magnetic field strength when H is lower than 0.05 MA/m. When the magnetic 

field strength is further increased, both the magnetization and strain begin to 

Figure 1.8 (a) The evolution of XRD pattern of PMN-28PT (001) reflection as 

a function of applied electric field. (b) Calculated (001) plane 

spacing and strain as a function of voltage and E-field applied to 

the sample. [33] 
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saturate and a room temperature magnetostriction of more than 1200 uL/L can be 

achieved. 

 

Figure 1.9 (a) The hysteresis loop and (b) strain vs magnetic field for

Terfenol-D. [36]  
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1.5  Motivation of Our Research 

 As discussed above, the magnetotransport properties of CMR manganite thin 

films are sensitive to many variables including oxygen nonstiochiometry, 

crystalline quality, lattice relaxation, grain size and variation in chemical 

composition. It is rather difficult to isolate property changes due to lattice strain 

effect from those caused by other variables. In this regard, it would be of value to 

study the effects of lattice strain on the film properties using the same thin film 

sample in which the strain state of the film could be varied in situ while other 

variables could be kept fixed. Therefore, we introduce two novel ways to achieve 

this in situ control of lattice strain on the same manganite thin film. An electric 

field or magnetic field is used to control the strain state of the manganite thin 

films.  

 

 Our previous studies suggest that the electrical resistances of LSMO and 

LCMO thin films are greatly dependent on the polarization in the PMN-PT 

substrate, ferroelectric field effect and converse piezoelectric effect. [37, 38] 

Therefore, in this thesis, we propose to grow La0.7(Ca1-xSrx)0.3MnO3 (LCSMO) 

thin films with different compositions (x=0, 0.25, 0.5, 0.75 and 1) by sputtering 

and to construct LCSMO/PMN-PT and LCSMO/PMN-PT/Terfenol-D 

heterostructures. The strain state in the LCSMO thin film is then in-situ changed 

by applying electric field and magnetic field to the LCSMO/PMN-PT and 

LCSMO/PMN-PT/Terfenol heterostructures, respectively. By dynamically 
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controlling the strain state and introducing different relative concentration of Ca 

and Sr in LCSMO thin films, we are confident that the Curie temperature and 

magnetotransport properties of LCSMO thin film can be tuned in a wide range. 

Our work is original in that the strain state in the LCSMO thin film can be varied 

in situ while other variables such as oxygen nonstoichiometry, crystallinity, grain 

size and composition are kept constant since the same film is used.  

 

1.6  Scope of the Present Study 

 This thesis consists of six Chapters. In Chapter 2, the ceramic target 

preparation and thin film deposition method are introduced. Structural and 

electric property characterization methods including XRD, AFM, VSM and 

standard 4-point resistivity measurement are also described in this Chapter. 

 

 Chapter 3 and Chapter 4 form the main parts of the thesis. In Chapter 3, 

converse piezoelectric effect induced strain effect on the magnetotransport 

properties of LCSMO thin films has been studied. The Curie temperature of the 

LCSMO thin films and its dependence on strain are found to be consistent with 

the theoretical model proposed by A. J. Millis. The quantitative relationship 

between Tc and the strain state of LCSMO thin films has been established. 

 

 In Chapter 4, the dependence of resistivity of LCSMO thin films on 
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magnetic-field-induced strain in LCMO/PMN-PT/Terfenol-D heterostructure has 

been studied. The resistance and magnetoresistance of LCMO thin film have 

been measured and compared before and after bonding Terfenol-D to the 

PMN-PT substrate.  

 

 In Chapter 5, the evolution of magnetic domain patterns with temperature in 

LSMO thin film on (110) NGO substrate has been characterized by a magnetic 

force microscope (MFM). Highly ordered stripe FM domain patterns are 

observed and proved to originate from anisotropic stress in the film plane. The 

FM domain contrast is found to continuously decrease upon warming until the 

transition temperature has been reached, at which the patterns almost completely 

vanish. The evolution of magnetic domain patterns coincides with resistivity 

change with temperature. This correspondence confirms the role of carrier 

scattering by thermal spin fluctuation in determining the transport property in 

CMR manganite. 

 

 Chapter 6 is the conclusions and suggestions for future work. 
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Chapter 2 Deposition and Structural 

Characterization of LCSMO 

Thin Films 

 

2.1  Introduction 

 Manganite thin films have been successfully grown by various physical and 

chemical methods including magnetron sputtering, [39] pulsed laser deposition 

(PLD), [5, 40] thermal evaporation, physical vapor deposition (PVD), polymer 

assisted deposition (PAD), [41] sol-gel and spray pyrolysis. [42] In this work, we 

chose magnetron sputtering to deposit La0.7(Ca1-xSrx)0.3MnO3 (LCSMO) thin film 

since our previous study showed that good epitaxial quality could be achieved 

using this method. [36, 37] The LCSMO ceramic targets used for sputtering were 

prepared using a conventional solid state reaction. The phase purity, electrical 

and magnetic properties of the targets were characterized using the X-ray 

diffraction (XRD) method, standard four point measurement, a magnetic force 

microscope (MFM) and a vibrating sample magnetometer (VSM), respectively. 

 

 In the following part of this Chapter, a brief introduction on the techniques 

involved in deposition and characterization of LCSMO thin films is given. 
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2.2  Target Preparation 

 The LCSMO ceramic targets used for sputtering were prepared using a 

conventional solid state reaction. Stoichiometric amounts of high-purity La2O3, 

SrCO3, CaCO3, and MnO2 were weighed and thoroughly mixed in an agate 

mortar. The reactants were calcined in air at 1050, 1280, and 1350°C for 15 h 

with repeated grindings between calcination. Finally, the calcined powder was 

pressed into pellets and sintered at temperatures varying from 1380 to 1440 °C 

for 12 h according to different Sr concentration x. The resultant ceramic targets 

are 50 mm in diameter and 5 mm thick. 

 

Figure 2.1 Schematic diagram showing the components of a magnetron 

sputtering system. 
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2.3  Thin Film Deposition 

2.3.1 Magnetron Sputtering 

  Magnetron sputtering is one of the frequently used physical vapor deposition 

(PVD) techniques to deposit thin films of various materials such as metal, 

semiconductor, simple oxide and complex oxide. [43, 44] As shown in Figure 2.1, a 

magnetron sputtering system generally is comprised of a vacuum chamber, high 

voltage source, argon inlet, substrate and target holder, heater and cathode shield. 

When a high voltage is applied between target and the cathode shield, the argon 

gas will arc to form a plasma state. Positive Ar+ ions are then generated and 

accelerated toward the cathode where a target is placed. Atoms are sputtered 

Figure 2.2 The process of collision and sputtering when an Ar+ ion with high

energy impinges on the target. 
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from the target by ion bombardment and then deposit to the substrate which is 

placed several centimeters away from the target. The ionization density of Ar gas 

and atomic yield can be greatly enhanced by controlling the Ar+ ion trajectory by 

a magnetic field. The Ar+ ions follow helical orbits above the target surface, 

resulting in more gas ionization so that the plasma can be maintained even under 

a low gas pressure. The process of sputtering by ion bombardment is 

schematically shown in Figure 2.2. The number of atoms ejected per incident ion 

is defined as the yield, which is different between different target atoms and 

dependent on the energy of incoming ions. 

 

Figure 2.3 Multi-head magnetron sputtering system used for deposition of LCSMO

thin film. 
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 Magnetron sputtering has several advantages over other thin film fabrication 

method such as thermal evaporation. Firstly, after optimization of deposition 

conditions thin films grown by sputtering could have composition close to that of 

the target since penetration depth of incident ions is rather small so that only 

atoms near the target surface are ejected. Secondly, high energy transfer between 

Ar+ ions and target ensures better adhesion between film and substrate than 

thermal evaporation method. Besides, the deposition rate of sputtering is much 

lower than that of PLD, which ensures more time for the recrystallization process 

and favors high epitaxial growth of films. In recent years, magnetron sputtering 

has been used to successfully grow various thin films such as high temperature 

superconductor, [45] colossal magnetoresistive oxide [36, 37] and multiferroic 

dielectrics [46] etc. A photograph of a multi-head magnetron sputtering system 

used for deposition of LCSMO thin films is shown in Figure 2.3. 

 

2.3.2 Pulsed Laser Deposition 

Another frequently used physical technique for depositing thin film is pulsed 

laser deposition (PLD). A PLD system generally consists of a target holder, a 

heated substrate and a vacuum chamber. The main parts of a PLD system are 

shown in Figure 2.4. Before deposition, the chamber is evacuated to a base 

pressure of about 10-6 Torr and then oxygen is usually injected to ensure low 

oxygen vacancy in oxide thin film. A pulsed laser beam is focused on to the 



CHAPTER 2 DEPOSITION AND CHARACTERIZATION 

27 

target through a quartz window. The interaction of laser beam with the target 

leads to complex electronic excitation. The heat generated during the interaction 

is converted to thermal and chemical energies, leading to evaporation and 

ionization of the target. A collection of particles, which is called plume, is then 

ejected and transported to a substrate where thin film forms. The substrate holder 

is rotated continuously during deposition to ensure uniformity of thin film. 

 

Many deposition parameters affect the quality of as-grown thin films. They 

include substrate temperature, oxygen pressure, laser energy density and laser 

repetition rate etc. In our case, the oxygen pressure during deposition of 

manganite thin films was maintained at 20 Pa. The energy density was 250 

mJ/cm3 and repetition rate was 5 Hz. The deposition was performed at an oxygen 

Figure 2.4 The main parts of a pulsed laser deposition system. 
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pressure of 20 Pa and substrate temperature of 700 oC. After deposition, the film 

was ex-situ annealed at 750 oC in an oxygen atmosphere for 3 hours. 

 

There are many advantages of PLD. First of all, PLD setup is easy to use 

since the laser source is placed outside the chamber. Changes of laser parameters 

have no effect on the condition of target and substrate ambient inside the 

chamber. Secondly, the deposition rate of PLD can be controlled in a wide range 

by changing laser repetition rate. Besides, since the energy density of laser beam 

is rather high, thin films of various types of materials can be grown by PLD. 

 

2.4  Structural Characterization Method 

 The structural property of the films was investigated by XRD (Bruker D8 

Discover). The out-of-plane lattice parameters were calculated from position of 

the diffraction peaks corresponding to the (00l) planes. By applying an electric 

field across the piezoelectric PMN-PT substrate, the expansion and compression 

of lattice structure can be in-situ studied by investigating the shift in diffraction 

peaks. The strain state and epitaxial quality were also confirmed by transmission 

electron microscopy (TEM).  

 

2.4.1 X-ray Diffraction 

 X-ray diffraction (XRD) is a powerful technique for obtaining 
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crystallographic information of single crystals, ceramics and thin films. [33, 47] A 

parallel X-ray beam impinges on the crystal surface at an angle θ and is 

diffracted at the same angle. The  principle of X-ray diffractometry is based on 

constructive interference between the incident X-rays and the diffracted ones. 

When the path difference between the two rays is equal to an integral number n 

of wavelengths (Figure 2.5), the condition for constructive interference is 

satisfied. This is the Bragg’s law:  

2dsinθ=nλ                                                  (2.1) 

Figure 2.5 The condition for constructive interference. Θ is the incident and

diffracted angle and d is the spacing between adjacent planes. 
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where d is the spacing between the adjacent lattice planes, λ the wavelength of 

the X-ray beam and the integer number n is the order of diffraction. These 

diffracted X-rays are then detected by an X-ray detector and then processed by 

the corresponding software generally offered by the diffractometer manufacturer.  

 

 The main elements of an X-ray diffractometer are an X-ray tube, a sample 

holder, and an X-ray detector. The instrument we used is Bruker D8 Discover, 

which is shown in Figure 2.6. X-rays are generated by an X-ray tube and then 

Figure 2.6 A Bruker D8 Discover X-ray diffractometer. 
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collimated and directed onto the sample surface. The X-ray tube, sample stage 

and detector are rotated in different schemes specified by the operator. When the 

angles of the incident X-rays and diffracted ones satisfy the Bragg equation, 

constructive interference occurs and a peak in the intensity of diffracted X-rays is 

observed. An XRD pattern records the intensity of the diffracted X-rays with 

respect to 2-theta angle. 

  

 The XRD pattern of a ceramic with pure phase is like the fingerprint of the 

substance. By comparing the obtained patterns with the standard JCPDS database, 

the polycrystalline phases of the ceramic are identified. XRD technique also can 

be used to obtain the epitaxial relationship between a thin film and the 

underlying substrate. The out-of-plane lattice parameters of both thin film and 

substrate are calculated from the diffraction angle of the (00l) peaks. The full 

width at half maximum (FWHM) of the rocking curve of a specified diffraction 

peak is indicative of crystalline quality of the thin film or substrate. 

 

2.4.2 Transmission Electron Microscope 

 Similar to an optical microscope, a transmission electron microscope uses 

the interaction between ultrathin material and incident electron beam instead of 

light to obtain the structural information of material. The resolution of TEM is a 

thousand times better than an optical microscope due to the short de Broglie 
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wavelength of an electron beam. A TEM consists of several components 

including a vacuum system, an electron emission source, electromagnetic lens, 

electrostatic plates and CCD camera (Figure 2.7). During operation, a beam of 

electrons is generated by an electron source, travels through the vacuum and 

focuses on the specimen placed on the specimen stage. The trajectory and focal 

point of the electron beam are manipulated through a series of electromagnetic 

lenses.  

 

 Depending on the operation mode, various types of contrast images are 

formed. By directly recording the intensity of transmitted electrons through the 

Figure 2.7 The internal structure and components of a transmission electron 

microscope. 
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sample, a bright field image is obtained. Bright field image of a thin film reveals 

the structural information such as strain state, domain boundary, point defects 

and dislocations etc. Another technique directly indicating the strain state and 

quality of thin film is selected area electron diffraction (SAED) pattern which is 

typically comprised by a series of bright diffraction dots (single crystal) or rings 

(polycrystalline or amorphous material). Crystal orientations with respect to 

electron beam and space group symmetry of the sample are given in its SAED 

pattern. The modal number of the TEM used for characterization of the LCSMO 

thin film is JEOL JEM-2010 (photograph shown in Figure 2.8). 

Figure 2.8 A JEOL JEM-2010 high-resolution TEM. 
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2.5  Electrical and Magnetic Measurements 

 Upon decrease in temperature, the CMR maganite thin film experience 

insulating paramagnetic phase to metallic ferromagnetic phase transition. 

Resistance of the films was measured using a standard four point method and 

their dependence on temperature was examined using a Lakeshore vibrating 

sample magnetometer (VSM). Resistivity of the samples under a magnetic field 

of 12 kOe was also measured and thus their magnetoresistance (MR) was 

calculated using the equation: 

%100
0

0 ×
−

=
R

RRMR H
           (2.2) 

where RH and R0 are resistance of the sample with and without a magnetic field, 

respectively. The phase transition in CMR maganite is a complex process 

involving phase competition. The resistivity change around the Curie 

temperature is determined by the percolative path of metallic ferromagnetic 

domains. Therefore, we have also observed the ferromagnetic domain evolution 

behavior with temperature in LSMO thin film by a magnetic force microscope 

(MFM). 

 

2.5.1 Four-point Resistance Measurements 

 Resistance of the sample at different temperature is measured in a cryogenic 
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measurement system (Oxford Cyrostat) using a standard four-point measurement 

technique. Four gold electrodes are deposited on the thin film. The sample is 

placed in a vacuum chamber and attached to a cryogenic stage, whose 

temperature is controlled by a Lakeshore 350 temperature controller. When 

performing resistance measurement, a constant current is supplied between two 

outer electrodes by a Keithley 2400 source meter and the voltage between two 

inner electrodes is measured by a Keithley 2000 multimeter. Resistance of the 

sample is then calculated and plotted against temperature. 

 

Figure 2.9 Schematic diagram showing the structure and components of a 

vibrating sample magnetometer. 
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2.5.2 Vibrating Sample Magnetometer  

 The structure and components of a vibrating sample magnetometer (VSM) is 

schematically shown in Figure 2.9. When a sample is placed in a uniform 

magnetic field H, a dipole moment M0 is induced in the sample. If the sample 

vibrates with a standard angular frequency (ω), a sinusoidal electrical signal can 

be induced in detection coils. According to Faraday’s Law: 

               (2.3) 

               (2.4) 

where ε is induction potential, N the number of coils, Ф the magnetic flux (=BA), 

t the time and A is the area of the coil. This signal which is at the vibration 

frequency is proportional to the magnetic moment, vibration amplitude and 

dt
dN Φ

−=ε tMNA ωωμ cos00 ⋅−=

tMM ωsin0=

Figure 2.10 A Lakeshore Model 7400 vibrating sample magnetometer.  
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vibration frequency. A photograph of the Lakeshore Model 7400 VSM is shown 

in Figure 2.10. 

 

2.5.3 Magnetic Force Microscope 

 Magnetic force microscope (MFM) is one of the operation modes of a 

scanning probe microscope (SPM). The model number of SPM used is Digital 

Instrument Multimode IV, which is produeced by Veeco Instruments Inc., USA 

as shown in Figure 2.11. The essential part of a SPM is a microscale cantilever 

with a sharp tip at its end which is typically made by silicon or silicon nitride. 

The radius of tip curvature is generally on the order of nanometers to ensure a 

high resolution.  

 

Figure 2.11 The components of a Digital Instrument Multimode IV scanning 

probe microscope (SPM). 
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 Depending on the application, an SPM can be operated in a variety of modes 

including atomic force microscope (AFM), scanning tunneling microscope 

(STM), electric force microscope (EFM) and MFM. When the SPM is operated 

in MFM mode, two successive scans are performed. The topographic image was 

first taken in a tapping mode. Then the tip was lifted to a height of tens of 

nanometers and another scan following the topographic trace was performed to 

measure the far field magnetic force. The tip used was coated with a 

ferromagnetic CoCr alloy layer which is sensitive to the stray field arising from 

magnetic domains in the sample. MFM image was obtained by recording the 

cantilever phase shift caused by magnetic interaction between the tip and the 

sample. The spatial resolution of MFM is determined by the lift height of the 

scanning tip. In general, MFM resolution is roughly equal to the lift height. 

Smaller lift scan height gives better resolution. The range of 10 ~ 200 nm is 

generally used. 

 

2.6  Summary 

 In summary, the LCSMO ceramic targets were prepared using solid state 

reaction and the thin films were grown by the magnetron sputtering technique. 

The phase purity of the targets and crystalline quality of the thin films were 

examined by XRD. The epitaxy and strain state of LCSMO films were examined 

by TEM. The resistance of the films against temperature was measured using a 
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standard four-point resistance measurement technique under 0 and 12 kOe 

magnetic field. The domain patterns and its evolution behavior with temperature 

were recorded by a MFM. 
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Chapter 3 Cation-size, Thickness and 

In-situ Strain Effects in 

LCSMO Thin Films 

 

3.1  Introduction 

 The electric and magnetic properties of perovskite manganite thin films have 

been studied extensively to understand the physics of CMR effect and to realize 

their novel properties for device applications. [48-49] The properties of CMR 

manganite greatly depend on the cation size, [13] doping level, [11, 51] hydrostatic 

pressure, [52] film thickness, [53] oxygen stoichiometry [54] and lattice strain. [50] 

For example, Hwang showed that cation substitution by ions with different radii 

changes the Mn-O-Mn bond length and bond angle and thus tunes the Curie 

temperature in a wide range. [13] X. J. Chen studied the strain effect on the 

magnetotransport properties of La0.9Sr0.1MnO3 thin films with different 

thicknesses. [53] The Curie temperature Tc of La0.9Sr0.1MnO3 thin film is enhanced 

with decreasing film thickness which can be ascribed to the reduction in small 

polaronic formation energy. Besides, researchers have made great efforts to gain 

insights into strain effect by growing manganite thin film on different 

lattice-mismatched substrates. [24, 55] LCMO and LSMO are two typical CMR 

manganites with Curie temperature of 260 K and 370 K respectively. [6] In this 
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Chapter, we show that La0.7(Ca1-xSrx)0.3MnO3 (LCSMO) thin films with different 

compositions x ranging from 0 to 1 can be epitaxially grown on piezoelectric 

0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMN-PT) substrate. The phase transition 

temperature and resistivity can be tuned in a wide range by varying the Sr 

concentration while keeping the doping level Mn4+/Mn3+ fixed. In addition, our 

results indicate that film thickness also plays an important role in determining the 

magnetotransport properties of La0.7Sr0.3MnO3 (LSMO) films. Moreover, to 

isolate these cation size and thickness effect from intrinsic strain effect, we 

further propose to in-situ change the strain state in manganite thin film by 

applying an electric field across the piezoelectric PMN-PT substrate. This 

approach helps to quantify the intrinsic strain effect in manganite thin film since 

the same film is used and variations in deposition parameters, which may greatly 

influence their transport properties, are excluded. 

 

3.2  Characterization of Targets 

 Figure 3.1 shows the room temperature XRD patterns of our LCSMO 

powder with x = 0, 0.25, 0.5, 0.75 and 1. The similarity in the XRD patterns of 

all the samples indicates that our targets are of single phase in all compositions. 

All the diffraction peaks can be indexed to La0.7Sr0.28Mn0.99O3 (JCPDS 89-0649) 

with rhombohedral structure and the Miller indices are indicated above each peak 

in Figure 3.1. Our XRD result suggests the stability of rhombohedral structure in 
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Figure 3.1 XRD patterns for La0.7(Ca1-xSrx)0.3MnO3 powders with x = 0, 0.25, 0.5, 

0.75 and 1. Miller indices are indicated above each peak according to 

JCPDS 89-0649. 

perovskite manganite, which is also observed in LSMO doped with other 

elements. [56-58] 

 

 The electric properties of our targets are measured by standard four-point 

resistance measurement and the temperature dependent resistivity is plotted in 

Figure 3.2 (a) for all compositions. On the increase of Sr concentration, the 
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Figure 3.2 Temperature dependent (a) resistivity and (b) normalized 

magnetization of La0.7(Ca1-xSrx)0.3MnO3 ceramic targets with different 

compositions. 
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resistivity peak temperature increases monotonically from 264 K to 390 K. For 

comparison, the magnetization as a function of temperature for all compositions 

is shown in Figure 3.2 (b). All samples are measured in warming cycle under a 

magnetic field of 0.1 T. The Curie temperature Tc, defined by the negative 

maximum value of dM/dT, also increases with the increase in Sr concentration. 

The dependence of peak temperature Tp and Curie temperature Tc on the Sr 

concentration can be explained within the framework of “double exchange” 

while considering the effect of substitution of La sites by ions of different radii. 

The magnetic coupling between Mn3+ and Mn4+ in hole-doped manganite is 

mediated by the motion of eg electrons with strong on-site Hund’s coupling. 3d 

electron may hop from eg orbital of Mn3+ ion to the vacant one of Mn4+ ion 

Figure 3.3 Tp and Tc of the ceramic targets as a function of Sr concentration x. 
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through the 2p orbital of oxygen. As a result, the spins of the Mn3+ and Mn4+ are 

ferromagnetically coupled. As discussed in Chapter 1, the hopping probability of 

itinerant eg electrons is determined by the relative angle θ between the spins of 

Mn3+ and Mn4+ ions which can be greatly changed when inducing lattice 

distortion in the oxygen octahedron by A-site substitution of ions with different 

radii. The lattice distortion in manganite with ABO3 structure can be quantified 

by a tolerance factor f: [7] 

( )
( )OA

OB

rr
rrf
+

+
=

2
             (3.1) 

where rA, rB and rO are the average radii of each ion. Using the ionic radii 

tabulated by Shannon [59], the tolerance factor for our targets are calculated and 

listed in Table 3.1. Table 3.1 also lists the peak temperature Tp and Curie 

temperature Tc for LCSMO targets with all the five compositions as shown in 

Figure 3.3. It is found that Tp and Tc are quite close to each other and linearly 

dependent on the tolerance factor, which is also observed in LSMO doped with 

other elements. [57, 60] 

Table 3.1 Tolerance factors, resistivity peak temperature Tp and Curie 

temperature Tc of La0.7(Ca1-xSrx)0.3MnO3 with different compositions.
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3.3  CMR Properties of Epitaxial LCMO and LSMO 

Films 

Extensive studies have shown that manganite thin films can be epitaxially grown 

on various single crystal substrates. The lattice mismatch-induced strain can span 

from -2.3% to 3.9%. For example, C. Adamo et al. have successfully grown 

commensurate epitaxial La0.7Sr0.3MnO3 thin film on nine perovskite substrates 

with lattice mismatch ranging from -2.3% to 3.2%. [24] In our study, we 

demonstrate that LCSMO thin film can also be epitaxially deposited on single 

crystal PMN-PT substrate which has a large lattice mismatch of 3.9% with bulk 

LCSMO. In this Section, La0.7Sr0.3MnO3 (LSMO) and La0.7Ca0.3MnO3 (LCMO) 

are used as examples to show some representative results. Figure 3.4 shows the 

θ-2θ X-ray diffraction (XRD) pattern of LSMO thin film on PMN-PT substrate. 

The appearance of only (00l) reflections suggests that our film is of single phase 

and c-axis orientated. The LSMO (002) reflection sits at the right-hand side of 

PMN-PT (002) peak, indicating the existence of tensile strain in the LSMO thin 

film. The c lattice parameters of LSMO and PMN-PT substrate are calculated to 

be 3.847 and 4.02 Å, respectively. The quality of the thin film is confirmed by 

the rocking curve of LSMO (002) reflection as shown in inset of Figure 3.4. The 

full width at half maximum (FWHM) is only 0.23o, showing the high quality of 

our film. 
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 Figure 3.5 is the high-resolution transmission electron microscopy (HRTEM) 

image and the corresponding select-area electron diffraction (SAED) pattern near 

the interface. The HRTEM image shows an obvious cube on cube structure with 

the epitaxial direction of (001). Meanwhile, the SAED pattern not only indicates 

the perfect PMN-PT and LSMO structures, but also gives a strong evidence for 

highly epitaxial growth of our thin film. 

 

 The magnetotransport behaviour of LSMO thin film has been characterized 

using a standard four-point resistivity measurement. Figure 3.6 (a) displays the 

Figure 3.4 θ-2θ X-ray diffraction pattern of LSMO thin film on PMN-PT

substrate. Inset is the rocking curve for LSMO (002) reflection. 
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Figure 3.5 (a) HRTEM image and (b) the corresponding select-area electron

diffraction near the LSMO and PMN-PT interface. 
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temperature dependent resistivity curves of LSMO thin film under magnetic field 

of 0 and 12 kOe. Upon application of 12 kOe magnetic field, the resistivity 

decreases over the whole temperature range and the Curie temperature is 

enhanced, which is a typical CMR effect. The magnetoresistance (MR) can be 

calculated using the following equation: 

%100
0

0 ×
−

=
R

RRMR H                                       (3.2) 

R0 and RH are the resistance of LSMO film under magnetic field of 0 and 12 kOe, 

respectively. The MR value as a function of temperature is also plotted in Figure 

3.6 (a). A large MR value of more than 10% is observed around room 

temperature, which may be of great interest for technological applications. The 

dependence of resistance on magnetic field for LSMO at different temperature is 

depicted in Figure 3.6 (b). There is a linear relationship between resistance and 

magnetic field and the slope of curves decreases when the temperature deviates 

from the MR peak temperature.  

 

 The CMR property for LCMO is similar to that of LSMO except that the 

resistivity peak temperature Tp and MR peak temperature are much lower. The 

resistivity and MR values as a function of temperature for the LCMO films are 

shown in Figure 3.7. Tp is 185 K and MR peak value is about 70% at 170 K. 
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Figure 3.6 (a) Temperature dependent resistivity and magnetoresistance (MR) for 

20 nm thick LSMO film. (b) The MR as a function of magnetic field 

at different temperature for LSMO film. 

 
 
 
 



CHAPTER 3 CATION-SIZE, THICKNESS AND STRAIN EFFECTS 

51 

 

Figure 3.7 (a) Temperature dependent resistivity and magnetoresistance (MR) for 

20 nm thick LCMO film. (b) The MR as a function of magnetic field 

at different temperature for LCMO film. 
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3.4  Cation-size Effect and Thickness Effect 

 As discussed in Section 3.2, cation substitution by ions with different radii 

may generate internal stress within the lattice, thereby influencing the Curie 

temperature and resistivity behavior in perovskite manganites. Many studies 

show that this kind of cation-size effect also exists in the thin film form. [58, 60, 62] 

Therefore, to study how the electric property changes in LCSMO thin film as the 

Sr concentration is varied, we have grown LCSMO thin film with different Sr 

concentrations (x = 0, 0.25, 0.5, 0.75 and 1) on PMN-PT substrate by magnetron 

sputtering. The structural, electric and magnetic properties of the used targets 

with different compositions have already been given in Section 3.2. 

 

 The temperature dependent resistivity of  LCSMO thin film with different 

Sr concentrations is displayed in Figure 3.8 (a). On increase of Sr concentration, 

the resistivity peak temperature Tp increases monotonously from 120 K to 290 K. 

To investigate the magnetotransport behavior of LCSMO thin films, the 

resistivity at 12 kOe magnetic field has also been measured and their 

magnetoresistance calculated. Figure 3.8 (b) shows the magnetoresistance at a 

magnetic field of 12 kOe as a function of temperature for LCSMO thin films 

with different x. The MR values for the films are defined by Equation (3.2). The 

Curie temperature increases as the Sr concentration x increases while the MR 

peak value decreases when x increases. When x = 0 the MR peak value of 

LCMO thin film is extremely large and near 100%. This large MR value of 
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LCMO thin film was also reported in the pioneering work of S. Jin. [5] As Sr 

concentration x increases from 0 the 1, the MR peak value decreases from 

~100% to 20% at a step of ~20%. The MR value for each film peaks at a 

temperature which is very close to Curie temperature. This is a typical behavior 

in manganite thin film arising from complex phase competition around the 

magnetic phase transition.  

Figure 3.8 Temperature dependent (a) resistivity and (b) MR for 45 nm thick

LCSMO thin film with different Sr concentration x deposited on

PMN-PT substrates. 
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 All the MR peak temperature for our LCSMO thin films are lower than room 

temperature, which is different from the study of Broussard who found that the 

MR peak temperature of LCSMO thin film on NGO substrate is close to room 

temperature when x = 0.91. [61] The reason is that the LCSMO thin films on 

PMN-PT substrate have much larger substrate-induced strain than that on NGO 

since the lattice mismatch between LCSMO and NGO is very small and 

Figure 3.9 Temperature dependent (a) resistivity and (b) MR for LSMO with 

different thicknesses deposited on PMN-PT substrates. 
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negligible. 

 

 In addition to cation-size effect, another factor greatly affecting the electric 

property of manganite thin film is the film thickness. To study the thickness 

effect on the LCSMO film property, we have deposited LSMO thin films with 

varied thickness ranging from 15 to 75 nm. The resistivity and MR as a function 

of temperature are shown in Figure 3.9. The change in peak temperature Tp and 

MR peak value is similar to that in Figure 3.8. Increase of film thickness leads to 

increase in Tp and decrease in the MR peak value, which are ascribed to strain 

relaxation occurring in thicker films. 

 

3.5  Converse-piezoelectric-effect-induced Strain Effect 

 As mentioned in Section 3.4 and Chapter 1, there are many factors 

influencing the electric properties of CMR manganite thin films such as cation 

substitution, film thickness, oxygen deficiency, substrate-induced mismatch and 

uncertainty of deposition parameters etc. Therefore, many contradictory results 

and a large scatter of experimental data are often seen in the literatures. [21, 24-27] 

In this work, we propose to in-situ control the strain state in LCSMO thin film by 

applying electric field across the piezoelectric PMN-PT substrate. By doing this, 

we can isolate the substrate-induced strain effect from other external factors and 

thus quantitative relationship between strain and related properties can be 
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established. 

 

 Figure 3.10 shows the temperature dependent resistance of LCMO and 

LSMO thin films when the piezoelectric PMN-PT substrate is under electric field 

of 0 and 10 kV/cm. For both thin films, when 10 kV/cm electric field is applied 

across the PMN-PT substrate, the resistivity is suppressed in the whole 

temperature range and transition temperature Tc is enhanced. The Curie 

temperature Tc of both films is defined as the maximum slope of the temperature 

dependent resistance curves. The Curie temperature increases from 181 to 184 K 

and 300 to 305 K for LCMO and LSMO, respectively. When a 10 kV/cm electric 

Figure 3.10 Resistance as a function of temperature for LCMO and LSMO thin

films. Resistance are measured when the PMN-PT substrates are

under electric field of zero and 10 kV/cm. 
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field is applied to the piezoelectric PMN-PT substrate, the lattice of PMN-PT 

will elongate along the c axis and shrink in the in-plane direction due to the 

converse piezoelectric effect. This change in the lattice of piezoelectric substrate 

is transferred to the thin film and thus the strain state in the LCMO and LSMO 

layer is in-situ changed. Figure 3.11 (b) is a schematic diagram showing the 

elongation of lattice along c axis upon application of external electric field. 

 

 Theoretical studies and experimental investigations show that the electric 

and magnetic properties of CMR manganite are governed by Double Exchange 

(DE) mechanism and Jahn-Teller (JT) effect. [21] The spins of Mn3+ and Mn4+ are 

ferromagnetically coupled through DE mechanism, leading to ferromagnetic 

metallic phase when the temperature is lower than Tc. When T > Tc, JT effect 

dominates and eg electrons tend to be localized by forming JT polarons. The 

ground state around Curie temperature corresponds to a complex phase 

consisting of both insulating and metallic phases and the subtle balance are 

closely related to the electron-lattice coupling linked to the substrate-induced 

strain. [63-65] When an electric field of 10 kV/cm is applied to PMN-PT substrate, 

the out-of-plane lattice parameter c increases and in-plane lattice parameters a 

and b decrease due to the converse piezoelectric effect, resulting in partial release 

of the tensile strain in the film. This release of tensile strain causes reduction of 

the Mn-O-Mn bond length which favors delocalization of eg electron and 

enhances the strength of DE interaction. Meanwhile, this process also restrains 
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Figure 3.11 (a) The diffraction angle for PMN-PT (002) planes and the

corresponding calculated lattice constant c when the PMN-PT are

under different electric field. (b) Schematic diagram showing the

elongation of lattice along c axis upon application of an external

electric field. 
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the formation of JT polarons and suppresses the JT effect. Therefore, application 

of electric field across piezoelectric PMN-PT substrate destroys the subtle 

balance between insulating and metallic phases near Curie temperature and 

causes reduction in resistivity and enhancement of transition temperature in the 

LCMO and LSMO thin films. This strain effect induced by piezoelectric 

substrate on the transport properties of CMR manganite is similar to the effect of 

external pressure. M. Itoh et al. have studied the effect of pressure on 

ferromagnetic transition of La0.85Sr0.15MnO3 single crystals. [67] It is found that 

Curie temperature for La0.85Sr0.15MnO3 single crystal increases with increasing 

pressure. It is because that application of pressure also leads to reduction of 

Mn-O-Mn bond length and enhancement of double exchange interaction. 

 

 To establish quantitative relationship between the Curie temperature and 

strain, we have in-situ investigated the lattice change in PMN-PT substrate under 

different electric field using X-ray diffraction technique. The values of diffraction 

angle for the (002) planes are recorded when the applied electric field is changed 

scan by scan. Using Bragg’s equation, the lattice constant c can be calculated. 

The results are plotted as a function of electric field in Figure 3.11 (a). When 

there is no electric field applied, the (002) reflection peak for PMN-PT sits at 

45.08o and the c value is 0.40174 nm. Upon increase of electric field value to 10 

kV/cm, the angle for (002) diffraction peak shifts to lower value and the 

calculated lattice constant c increases from 0.40174 to 0.40242 nm. Thus the 
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induced strain can be obtained: 

where cE and c0 represent the lattice constant c of PMN-PT under electric field 0 

and 10 kV/cm. The piezoelectric constant of PMN-PT can also be calculated as: 

This value is very close to the reported 2000 pC/N in literature, confirming that 

the change in lattice constant upon application of electric field is caused by the 

converse piezoelectric effect. The in-plane strain can be calculated from the 

out-of-plane strain using the expression εz = -[2ν/(1-ν)]εx where ν is the Poisson’s 

ratio. Assuming ν = 0.35, [68] the in-plane strain εx is calculated to be 0.16%. The 

relative change in Curie temperature is about 1.67% for both LCMO and LSMO 

thin films. Thus a 1% change of strain lead to 10% change in Curie temperature, 

which is in close agreement with the theorectical prediction of A. J. Millis. [21] 

 

 Figure 3.12 (b) shows the relative change in resistance in LSMO film at 335 

K as a function of electric field applied to the PMN-PT substrate. The resistance 

decreases almost linearly with increasing E. In our case, application of 10 kV/cm 

electric field causes the resistance to decrease by 50 Ω. The resistance in LSMO 

can also be dynamically tuned using a sinusoidal and triangular electric field with 

a peak-to-peak magnitude of 1 kV/cm, which is shown in Figure 3.12 (a). It can 

be observed that the resistance of the LSMO film is modulated at the same 

frequency as that of the driving sinusoidal and triangular electric fields. 
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Figure 3.12 The resistance change in LSMO thin film at 335 K as a function

of (a) sinusoidal and triangular electric field and (b) dc electric

field applied across the PMN-PT substrate. 
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3.6  Summary 

 In this Chapter, we show that the property of LCSMO thin film can be 

changed by many factors including cation-size, thickness and 

converse-piezoelectric-effect-induced strain. The propertie of targets which are 

used for film deposition greatly depend on the concentration of Sr element. When 

the doping level is kept fixed, the resistivity peak temperature Tp and Curie 

temperature Tc are enhanced with increasing Sr concentration. XRD 

characterization shows that our targets are of single phase. 

 

 LCMO and LSMO thin films have successfully been grown on piezoelectric 

PMN-PT substrate. XRD pattern and HRTEM image for LSMO confirm the high 

quality of our film and the existence of tensile strain in the film. Both thin films 

experience paramagnetic-insulating to ferromagnetic-metallic phase transition at 

the Curie temperature, which is a typical behavior in CMR materials. The 

magnetoresistance also changes with temperature and peaks at the Curie 

temperature. MR values of 70% and 11% are achieved at 185K and 300 K for 

LCMO and LSMO, respectively. 

 

 LCSMO with different compositions (x = 0, 0.25, 0.5, 0.75 and 1) have been 

fabricated to study the effect of cation size on the electric properties of manganite 

thin film. The increase of Sr concentration in the film leads to enhancment of 

Curie temperature and reduction in the maximum MR value. The introduction of 
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Sr into the LCMO lattice results in an increase in Mn-O-Mn bond angle and thus 

strengthens the double exchange mechanism. Besides, thin film thickness also 

plays an important role in determining the electric property of LCSMO thin film. 

In LSMO with different thicknesses, the Curie temperature increases and the 

maximum MR value decreases with increasing film thickness, which may be 

ascribed to strain relaxation in thicker films. 

 

 The strain effect in LSMO thin film has been investigated by applying 

electric field across the piezoelectric PMN-PT substrate to in-situ change the 

strain state in the layer. A 10 kV/cm electric field induces 0.17% strain along the 

c axis in PMN-PT and this strain can be transferred to LSMO layer and thus 

reduces the film resistivity and enhances the Curie temperature. 1% strain in the 

film plane results in 10% change in the Curie temperature which is consistent 

with the theoretical prediction of A. J. Millis. The resistivity in LSMO can also 

be dynamically tuned by applying sinusoidal and triangular electric fields with 

magnitude of 1 kV/cm.  
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Chapter 4  Electrical Property of 

LCMO Thin Film in 

LCMO/PMN-PT/Terfenol-D 

Heterostructure 

 

4.1  Introduction 

 In Chapter 3, we have demonstrated that the resistivity and 

magnetoresistance of LCSMO thin film can be continuously and dynamically 

tuned by the strain induced via the converse piezoelectric effect. One may ask 

whether the strain can also be induced by a magnetic field through a 

magnetostrictive material. With this notion in mind we propose to fabricate the 

LCMO/PMN-PT/Terfenol-D heterostructure to investigate the magnetic field 

induced strain effect. 

 

 We have grown LCMO thin film on a PMN-PT single crystal substrate by a 

pulsed laser deposition (PLD) method with substrate temperature of 700 ℃. The 

LCMO/PMN-PT structure is then bonded to magnetostrictive Terfenol-D alloy 

by conductive epoxy. The schematic diagram of the LCMO/PMNPT/Terfenol-D 

heterostructure is shown in Figure 4.1. The Terfenol-D bar is 5 mm × 2.5 mm × 

0.5 mm while the PMN-PT single crystal slab is 5 mm × 2.5 mm × 0.5 mm. 
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The resistance of the LCMO film was measured using top Au electrodes 

deposited on the film by sputtering. A four-terminal technique was used instead 

of two-point method to eliminate the lead resistance and contact resistance. 

During four-terminal resistance measurement, the voltage difference between 

inside electrode pair was measured when supplying a constant excitation current 

to outside electrode pair. The measurement circuit is also shown in Figure 4.1. 

The strain is generated in magnetostrictive Terfenol-D by application of magnetic 

field H to the heterostructure and then transferred to the LCMO thin film layer 

through the PMN-PT substrate. The binder in the heterostructure is conductive 

Figure 4.1 Schematic diagram showing the LCMO/PMN-PT/Terfenol-D

heterostructure. The electric circuit for resistance measurement is

also shown. 
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epoxy which can also be used as a bottom electrode of the PMN-PT substrate to 

measure the magnetoelectric coefficient of PMN-PT/Terfenol-D multiferroic 

bilayered composite so that we can estimate the strain generated in the PMN-PT 

layer. 

 

4.2  Experimental Results 

  To study the strain effect induced by magnetostrictive Terfenol-D when 

applying an external magnetic field, the temperature dependence of resistance of 

LCMO in LCMO/PMN-PT/Terfenol-D heterostructure was measured before and 

after bonding the Terfenol-D bar to the PMN-PT substrate. The results are shown 

Figure 4.2 Temperature dependence of resistance for LCMO film with and without

Terfenol-D bonded under magnetic field of 0 and 12 kOe. 
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in Figure 4.2. The resistance vs. temperature curves without Terfenol-D under 

magnetic field of 0 and 12 kOe are shown by black and red solid circles while 

that with Terfenol-D shown by open circles. To our surprise, after Terfenol-D has 

been bonded, the resistance of LCMO film decreases nearly over the whole 

temperature range and the peak temperature shifts from 165 to 170 K. This 

change in resistance and peak temperature in LCMO film is similar to that 

caused by application of an external magnetic field. Another feature revealed in 

Figure 4.2 is that the resistance of LCMO film with Terfenol-D is close to and 

slightly larger than that without Terfenol-D when the sample is under 12 kOe 

magnetic field. The peak temperature for both situations is almost the same, 

which is 183 K. 

 

 The magnetoresistance (MR) value is calculated and shown in Figure 4.3. 

Similar to the results given in Chapter 3, a large MR of 80% is achieved at 134 K 

for the sample without Terfenol-D. However, after bonding Terfenol-D to the 

PMN-PT, the MR value is suppressed over the whole temperature range, which is 

very distinct when T < Tp (~170 K). The result shows that the effect induced by 

Terfenol-D is slight in the paramagnetic temperature range. 
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4.3  Discussion 

 In order to estimate the strain transferred to the thin film layer. The 

magnetoelectric (ME) coefficient of the bottom two layers, i. e. 

PMN-PT/Terfenol-D, is measured. Terfenol-D is magnetized in the longitudinal 

direction while the PMN-PT is poled along its thickness direction. So it can be 

treated as a typical L-T multiferroic bilayered composite, [69] which is 

schematically shown in Figure 4.4. The ME coefficient in L-T bilayered 

composite is greatly dependent on the piezomagnetic coefficient of 

magnetostrictive layer, piezoelectric coefficient of piezoelectric layer and 

Figure 4.3 Temperature dependence of magnetoresistance (MR) value for

LCMO with and without Terfenol-D bonded. The MR value is 

calculated by the equation: ( R0 –RH ) / R0 × 100%. 
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interfacial coupling. The equation is as follows: [70] 
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where β is the coupling factor, dij,M the piezomagnetic coefficients, dij,p the 

piezoelectric coefficient, tm the thinkness of Terfenol-D, tp the thickness of 

PMN-PT, sij
H the compliance of Terfenol-D, sji

E the compliance of PMN-PT and 

gij,P is the piezoelectric voltage constant.  

 

 Figure 4.5 shows the waveform of generated ac voltage across PMN-PT 

when a sinusoidal magnetic field with amplitude of 1.5 Oe is applied along the 

longitudinal direction of Terfenol-D. The bias magnetic field is 0.2 kOe and 

frequency of sinusoidal magnetic field is 1 kHz. Therefore, the ME coefficient 

can be simply calculated as follows: 

OemV
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mV

H
V /7.6

5.1
10

===α  

However, Using literature value [71] for Terfenol-D and PMN-PT as shown in 

Figure 4.4 Schematic diagram showing the bilayered composite  of Terfenol-D

and PMN-PT with L-T configuration.  
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Table 4.1, Equation (4.1) gives a ME coefficient α =β×119 mV/Oe. Then the 

coupling factor β=0.056, which is very low. Therefore, the strain transferred 

from Terfenol-D to PMN-PT is very small. 

 

 It can be observed from Figure 4.3 that the resistance of LCMO thin film 

decreases and the Curie temperature increases after bonding the Terfenol-D to the 

PMN-PT substrate even no external magnetic field is applied. This change in 

resistance and Curie temperature is similar to that induced by converse 

piezoelectric effect described in Chapter 3. This is presumably due to the thermal 

expansion mismatch between PMN-PT and Terfenol-D. The coefficient of 

thermal expansion of Terfenol-D is 12 ppm/oC and that of PMN-PT is smaller 

than 1 ppm/oC. [72] After curing of the silver epoxy at 150 oC, subsquent cooling 

introduced contraction in the PMN-PT slab. This resulted in reduction in the 

biaxial strength in the LCMO thin film and led to a reduction in film resistance. 

When a 12 kOe magnetic field is applied to the heterosturture, the Terfenol-D 

reaches saturation magnetostriction (~1200 ppm). This value is very close to the 

contractive strain caused by cooling (1560 ppm). Therefore, the contraction is 

cancelled by the saturation magnetostriction and the transport behaviors for the 

heterostructure with and without Terfenol are similar under a 12 kOe magnetic 

field. 
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Table 4.1 Thickness, piezoelectric (piezomagnetic), compliance and 

piezoelectric voltage constant of PMN-PT (Terfenol-D). [71] 

Figure 4.5 The waveforms for applied ac magnetic field (black) and generated

output voltage (red) from PMN-PT for PMN-PT/Terfenol-D 

bilayered composite. 
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4.4  Summary 

  In Summary, we measured temperature dependence of the resistance and MR 

in LCMO films in LCMO/PMN-PT/Terfenol-D heterostruture. Compared to the 

result obtained before bonding Terfenol-D and PMN-PT, the resistance decreases 

and resistance peak temperature is shifted when there is no external magnetic 

field applied. Under 12 kOe magnetic field, the transport behaviors for the 

heterostructure with and without Terfenol-D are similar. Our analysis shows that 

this change is probably caused by the thermal expansion mismatch between 

PMN-PT and Terfenol-D. Subsquent cooling after curing of silver epoxy resulted 

in contraction in the structure and led to decrease in resistance and increase in the 

Curie temperature. 
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Chapter 5  Evolution of Magnetic 

Domains in La0.7Sr0.3MnO3 

Thin Film 

 

5.1  Introduction 

 Mixed valence perovskite manganites with the general formula R1-xAxMnO3 

(R = trivalent rare earth ion, A = divalent alkaline ion) have been extensively 

studied in past decades due to their unique physical properties such as colossal 

magnetoresistance (CMR) effect [5] which gives a large decrease in resistance 

when subjected to an external magnetic field. These CMR manganites undergo a 

phase transition from high temperature paramagnetic insulating phase to 

ferromagnetic metallic phase around the Curie temperature. This phenomenon is 

quantitatively interpreted based on Double-Exchange (DE) mechanism [8] and 

Jahn-Teller (JT) effect. [73] However, many groups focusing on low field 

magnetoresistance (LFMR) have found that the magnetotransport properties of 

the CMR manganites are also greatly dependent on grain boundaries and domain 

wall scattering. [74, 75] Zhang et al showed that the conduction of electrons in 

manganites follow percolative paths connected by isolated ferromagnetic 

domains. [76] It was also proposed that the magnetic microstructure in the 

mixed-phase state of hole-doped manganites is responsible for the CMR effect. 
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[77] Therefore, a profound understanding of the magnetic domain structures is of 

great importance for both fundamental physics and potential device application. 

 

 Substrate-induced strain greatly influences the magnetic anisotropy in CMR 

manganite thin films [49] and hence determines the ferromagnetic (FM) domain 

patterns. [78, 79] It has been reported that La0.7Sr0.3MnO3 (LSMO) thin films under 

compressive strain show stripe domains while the films under tensile strain 

display feather-like in-plane magnetic domains. [79] In addition, the magnetic 

domain patterns in CMR maganites such as La0.7Ca0.3MnO3 thin film and 

bilayered manganite La1.36Sr1.64Mn2O7 single crystal also change notably with 

temperature. [76, 80] In this Chapter, we report that highly ordered FM domain 

patterns are observed in LSMO thin film on (110) NGO substrate and that this 

remarkable configuration is mainly caused by substrate induced in-plane 

anisotropic stress. Temperature variable MFM images show that the FM 

magnetic domain evolution coincides with the change in resistivity with 

temperature, suggesting that the change in resistivity in LSMO thin film is 

mainly due to carrier scattering by thermal spin fluctuation. 

 

 The La0.7Sr0.3MnO3 (LSMO) thin film was grown on (110) NdGaO3 single 

crystal substrate (orthorhombic with aOr = 5.5032, bOr = 5.5034, and cOr = 7.7155 

Å) [47] using pulsed laser deposition (PLD) technique with energy density of 250 

mJ/cm3 and repetition rate of 5 Hz. The deposition was performed under an 
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oxygen pressure of 20 Pa and substrate temperature of 700 oC. After deposition, 

the film was ex-situ annealed at 750 oC in an oxygen atmosphere for 3 hours. The 

crystallinity of the film was characterized by Bruker D8 Discover X-ray 

diffractometer and resistivity was measured using a standard four-circle method. 

The topographic and magnetic force microscopic (MFM) images were taken 

using a Digital Instrument Multimode IV (Veeco Instruments Inc., USA) 

scanning probe microscope. The tip used was coated with a ferromagnetic CoCr 

alloy layer which is sensitive to the stray field arising from magnetic domains in 

the sample. MFM image was obtained by recording the cantilever phase shift in a 

Figure 5.1 θ-2θ XRD pattern of LSMO thin film on NGO (110) substrate. Inset is

the rocking curve of LSMO (200) reflection. 
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Lift mode. 

 

5.2  Strain State and Magnetic Domain Patterns 

 Figure 5.1 shows the θ-2θ XRD pattern of the LSMO thin film. Only (00l) 

peaks are observed, confirming the pure phase of our sample. The LSMO (200) 

reflection sits at 47.02o and the out-of-plane lattice parameter of the film is 

calculated to be 3.90 Å, which is slightly larger than that of bulk material, 

indicating the existence of compressive stress in the film plane in LSMO layer. 

The inset in Figure 5.1 is the rocking curve of LSMO (200) reflection. The full 

width at half maximum (FWHM) is only 0.07o, showing that the LSMO film is 

of high quality. In order to quantitatively analyze the strain state in the LSMO 

film, we have also measured the lattice parameters of NGO using XRD. For 

convenience, we describe the NGO structure in pseudocubic notation with 

222
1

OrOr ba
ca

+
==  and 

2
Orcb = . [47] The crystallographic relationship 

between the orthorhombic and pseudocubic perovskite structures of NGO (110) 

substrate is shown in Figure 5.2 (a) while the views along [001] and [1-10] 

directions are shown in Figure 5.2 (b) and (c). We can simply obtain the 

relationship between the lattice parameters of orthorhombic and pseudocubic 

structures from Figure 5.2. The pseudocubic lattice parameters a, b and c can be 

determined by measuring the reflection angle of (11-2), (020), (112) and (002) 

planes. The diffraction patterns for these planes are obtained at CHI~45o and 
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separated by PHI angle of 90o. The pseudocubic in-plane lattice parameters a and 

b of LSMO were measured to be 3.863 and 3.854 Å, respectively. Therefore, the 

LSMO film experience anisotropic compressive in-plane strain with -0.66% 

along a-axis and -0.89% along b-axis.  

 

 The topographic image of the LSMO thin film is shown in Figure 5.3 (a). 

The grain size is about 80 nm and the average roughness is 1.45 nm. Figure 5.3 

(b) is the corresponding MFM image taken in the same area at room temperature. 

Figure 5.2 (a) Crystallographic relationships between the orthorhombic and 

pseudocubic perovskite structures of NGO (110) substrate. (b) and (c) 

show views along [001] and [1-10] directions, repectively. 
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The LSMO film shows highly ordered stripe magnetic domains with 

perpendicular magnetization. There is little correlation between topographic 

image and magnetic domain image, indicating that the MFM signals mainly 

originate from the magnetic interaction between the scanning tip and sample. 

Figure 5.3 (c) shows the cross-sectional profile of the MFM image along the red 

line in Figure 5.3 (b). The period of the stripe domains is about 150 nm, which is 

consistent with the one observed by J. Dho et al. [79] Since the magnetocrystalline 

Figure 5.3 (a) Topographic image and (b) corresponding MFM image in the

same area and (c) phase change along the cross section indicated by 

the red line in (b). The scan size in (a) and (b) is 2 μm × 2 μm. 
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anisotropy in LSMO thin film is negligible, [49] this straight stripe domain 

patterns are mainly due to compressive stress anisotropy EStress arising from the 

lattice mismatch between LSMO film and NGO substrate. The stress anisotropy 

energy density is determined by: [72] 

 θεελ 2sin)(
2
3

abStress YE −=           (5.1) 

where λ is the magnetostriction constant, Y the Young’s modulus, θ the angle of 

the magnetization with respect to b axis and εa and εb are the strain along a and b 

axes in the LSMO film, respectively. For LSMO, the magnetostriction λ is 1 × 

10-4 and Young’s modulus Y is 5 × 1011 N/m2. [81] Thus, using the strain value 

obtained from XRD measurement, the stress anisotropy energy density has a 

minimum value of -1.8 × 104 J/m3 when θ = 90o. It means that the easy axis of 

magnetization in our LSMO film is perpendicular to the b-axis. Additionally, 

calculation by J. Dho et al shows that LSMO thin films with thickness of more 

than 65 nm display perpendicular magnetic anisotropy (our film has a thickness 

of 400 nm). [82] Based on above analysis, the ferromagnetic domains in our 

LSMO film tend to lie along the out-of-plane direction to form highly ordered 

stripe patterns with perpendicular magnetization. The relationship between strain 

state and domain patterns is schematically shown in Figure 5.3 (d). 
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5.3  Temperature Evolution of Magnetic Domains 

 The FM domain patterns greatly influence the magnetoresistive behavior in 

CMR material and are sensitive to external parameters such as magnetic field and 

temperature. To examine how the FM domains evolve with temperature, MFM 

images were taken at various temperatures ranging from 300K to 390 K. Some 

representative images are selected and shown in Figure 5.4. At 300 K, high 

contrast FM domains with different out-of-plane orientations can be clearly 

observed. Upon heating, the highly ordered domain patterns deform and the 

contrast gradually decreases and disappears almost completely at 390 K. The 

deformation of highly ordered domain patterns may be caused by the rapid 

decrease in stress anisotropy energy [72] and the decrease in contrast should be 

due to higher thermal spin fluctuation at elevated temperature. To clarify this 

question, we extract the root mean square (RMS) of phase from MFM images to 

represent the magnetic order in LSMO film [83] and measure the temperature 

dependent resistivity and plot them in Figure 5.5 for comparison. The gradual 

reduction in magnetic contrast coincides with the continuous increase in 

resistivity when approaching the transition temperature Tc which is determined 

by the maximum slope of the sudden change in resistivity (356 K in our case). 

Around Tc, the magnetic contrast exhibits a sudden drop corresponding to the 

metal-insulator phase transition. The good correspondence of the two 

independent measurements suggests that the temperature variable resistivity is 

mainly due to the carrier scattering by thermal spin fluctuation. 
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Figure 5.4 MFM images of LSMO thin film at the remnant state at increasing

temperatures of (a) 300 K, (b) 320 K, (c) 340 K, (d) 360 K, (e) 370 K

and (f) 390 K. The scan size is 3 μm × 3 μm for all the MFM images. 
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 It is worthy to note that some bright areas in the MFM images remain 

distinctive until well above the transition temperature. We believe these are large 

strain free particles formed during the deposition and/or post annealing. Since 

they are highly strain-relaxed, their transition temperatures are close to that of 

bulk material, i.e. 370 K. This phenomenon confirms the existence of magnetic 

inhomogeneity which is often observed in CMR manganite thin films. [76, 77]  

 

5.4  Summary 

 In summary, we have observed highly ordered stripe FM domain patterns 

with period of about 150 nm in LSMO thin film on (110) NGO substrate. This 

Figure 5.5 Temperature dependent resistivity and RMS of phase extracted from MFM

images for LSMO thin film. The black line is guide to the eye. 
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interesting domain configuration proves to originate from anisotropic stress in 

the film plane. The FM domain contrast is found to continuously decrease upon 

warming until the transition temperature has been reached, at which the patterns 

almost completely vanish. The change of RMS of phase shift extracted from 

MFM images coincides with the temperature dependent resistivity. This 

correspondence confirms the role of carrier scattering by thermal spin fluctuation 

in determining the transport property in CMR manganite. 
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Chapter 6  Conclusions and Suggestions 

for Future Work 

 

6.1  Conclusions 

 The spin, charge, and lattice degrees of freedom in perovskite manganite 

R1-xAxMnO3 are strongly correlated and thus their electrical and magnetic 

properties greatly depend on lattice structures and many other parameters. The 

single crystal 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMN-PT) has a pseudocubic 

crystal structure with a = b = c = 4.02 Å and is a suitable substrate for thin film 

deposition to study dynamic strain effect. In this work, we have investigated the 

electrical properties of La0.7(Ca1-xSrx)0.3MnO3 (LCSMO) thin films with different 

thicknesses and compositions (x=0, 0.25, 0.5, 0.75 and 1) in LCSMO/PMN-PT 

and LCMO/PMN-PT/Terfenol-D heterostructures and the evolution of 

ferromagnetic (FM) domain patterns with temperature in LSMO on (110) 

NdGaO3 (NGO) single crystal substrate. 

 

 LCSMO ceramic targets were prepared using solid state reaction. XRD 

characterization shows that our targets are of single phase. All our targets 

experience a phase transition from a high temperature ferromagnetic insulating 

phase to low temperature metallic phase which is characterized by the Curie 
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temperature Tc. The Curie temperatures Tc of the targets are greatly dependent on 

the concentration of Sr element. When the doping level is kept fixed at 0.3, the 

Curie temperature Tc is enhanced from 260 to 382 K when the Sr concentration 

changes from 0 to 1. 

 

 LCSMO thin films with different compositions (x = 0, 0.25, 0.5, 0.75 and 1) 

and thicknesses have been successfully grown on piezoelectric PMN-PT 

substrate by magnetron sputtering. The properties of LCSMO thin films can be 

changed by many factors including cation-size, thickness and 

converse-piezoelectric-effect-induced strain effects. XRD pattern and HRTEM 

image confirm the high quality of our film and the existence of tensile strain in 

the film. The resistivity measurement shows that all the thin films experience 

paramagnetic-insulating to ferromagnetic-metallic phase transitions at Curie 

temperatures Tc, which is a typical behavior in CMR material. The 

magnetoresistance also changes with temperature and peaks at the Curie 

temperature. MR values of 70% and 11% are achieved at 185K and 300 K for 

LCMO and LSMO, respectively. The increase of Sr concentration in the film 

leads to an increase in Curie temperature and a reduction in maximum MR value. 

Introducing Sr element into LCMO lattice results in increase in Mn-O-Mn bond 

angle and thus strengthens the double exchange mechanism. Besides, thin film 

thickness also plays an important role in determining the electric property of 

LCSMO thin film. In LSMO with different thicknesses, the Curie temperature 
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increases and the maximum MR value decreases with increasing film thickness, 

which may be ascribed to strain relaxation in thicker films. 

 

 The strain effect in LSMO thin film has been investigated by applying 

electric field across the piezoelectric PMN-PT substrate to in-situ change the 

strain state in the layer. A 10 kV/cm electric field induces 0.17% strain along the 

c axis in PMN-PT and this strain can be transferred to LSMO layer and thus 

reduces the film resistivity and enhances the Curie temperature. 1% strain in the 

film plane results in 10% change in Curie temperature which is consistent with 

the theoretical prediction of A. J. Millis. The resistivity in LSMO can also be 

dynamically tuned by applying sinusoidal and triangular electric fields with 

magnitude of 1 kV/cm.  

 

 The temperature dependence of the resistance and MR in LCMO films in 

LCMO/PMN-PT/Terfenol-D heterostruture was also investigated. Compared to 

the result obtained before bonding Terfenol-D and PMN-PT, the resistance 

decreases and resistance peak temperature is shifted when there is no external 

magnetic field applied. This is presumably due to the thermal expansion 

mismatch between PMN-PT and Terfenol-D. After curing of the silver epoxy at 

150 oC, subsquent cooling introduced contraction in the heterostructure. This 

resulted in reduction in the biaxial strength in the LCMO thin film and led to a 

reduction in film resistance. Under 12 kOe magnetic field, the transport 
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behaviors for the heterostructure with and without Terfenol-D are similar. 

 

 Highly ordered ferromagnetic (FM) domain patterns with out-of-plane 

magnetization have been observed in LSMO thin film on (110) NdGaO3 (NGO). 

Crystal structure and strain state analyses show that this remarkable domain 

patterns originate from the in-plane anisotropic stress induced by the substrate. 

MFM images taken at different temperatures from 300 to 390 K show that the 

FM domain contrast gradually decreases upon heating and disappears around the 

Curie temperature. The root mean square (RMS) of the phase extracted from the 

MFM images coincides with the resistivity measurement, suggesting that the 

change in resistivity with temperature in LSMO film is mainly due to carrier 

scattering by thermal spin fluctuation. 

 

6.2  Suggestions for Future Work 

 Strain effect plays one of the most important roles in determining the 

properties of thin film. The strain effect is traditionally studied by growing thin 

film on various substrates with different lattice mismatch. However, many other 

factors, including oxygen stiochiometry, crystalline quality, strain relaxation and 

phase separation etc, induce an uncertainty in the property of thin films which is 

hard to be excluded. Our present work shows that the strain effect in LCSMO 

thin film can be in-situ investigated by growing them on piezoelectric PMN-PT 
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substrate. This approach helps to quantify the intrinsic strain effect in manganite 

thin film and can also be applied to other thin films and structures such as high 

temperature superconductor, [84] dielectric and ferroelectric material and 

multiferroic structure. [85] Improved properties may be achieved by tuning and 

optimizing the strain state in the thin films. However, to my knowledge, few 

works have been done so far and the application of this approach to other 

materials deserves future study. 
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