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Chapter 1 
 
 
 

Introduction 

 
 

 
In this introductory chapter, a brief summary of the main aim and the scope of the thesis are 
given. In addition, the selection criteria for the model system of LSMO to prepare thin films 
and the importance of its nanostructuring are briefly discussed. Finally the outline of the 
thesis is given. 

 
 

Recent years have witnessed a tremendous growth of research in the field of 
spintronics, in view of its obvious potential for novel devices with entirely new 
capabilities[1-5]. In this context, phenomena such as giant magnetoresistance (GMR), 
colossal magnetoresistance (CMR), spin-tunneling in junctions (STJ), and more recently, spin 
coherence and spin dephasing have attracted significant attention[6-10]. Since the discovery 
of CMR effect in perovskite mixed valence manganites La1-xMxMnO3 (R = rare earth, M = Ca, 
Sr, Ba, Pb), the magnetic, electronic and transport properties of these materials and their 
relations to microstructures have attracted much interest[11, 12]. Historically, in the fifties, 
the mixed-valence perovskites La1−xMxMnO3 were studied, both experimentally [13] and 
theoretically [14, 15]. Different attractive properties of CMR manganites have been 
extensively described and discussed in review papers[7, 16]. Because of the large 
magnetoresistance effect and strong spin polarization at the fermi level, these oxides can be 
used in  magnetoresistive devices, such as magnetic random access memory and sensors[17, 
18]. However for a great number of these possible industrial applications, these materials 
have to be prepared in thin film form and because of this reason many research work is being 
carried out to get the best structural and physical properties of these thin films. Composition 
of thin films, oxygen content, film thickness, lattice strains induced by the lattice mismatch, 
and so on, have crucial role in determining its magnetic and transport properties[19-21]. In 
this thesis, we have investigated thin films and two dimensional arrays of nanostructures of 
La(1-x)SrxMnO3(LSMO), which can be considered as the model system of CMR manganites. 
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 LSMO is characteristic of the class of Mn perovskites which display an extremely 
high degree of spin polarization, making them possible candidates for magnetic-based devices 
which exploit spin polarized electron transport. The transport properties of these ferromagnets 
appear to be related to strong interactions among charge, spin and lattice degrees of freedom. 
The electronic properties of LSMO, as described by band theory, are nearly half-metallic[22, 
23]. The concept of half metallic ferromagnetism means that the conduction electrons that are 
100% spin polarized. That is, only one of the two spin bands is partially occupied at the 
Fermi level while the other has zero density of states across the Fermi level. The half-metallic 
properties of LSMO are of great importance for applications in spintronics. Due to the high 
spin polarization of carriers, the spin dependent tunneling between two ferromagnetic 
manganite electrodes across a thin insulating barrier should produce a large magneto-
resistance response. Tunnel junction of LSMO/SrTiO3/LSMO shows magnetoresistance in 
excess of 1800% at a temperature of 4K corresponding to a tunnel spin polarization of 95%. 
Nevertheless, the magneto resistance seem to vanish at room temperature[24]. In particular, 
the electronic structure of LSMO is determined by the competition of double exchange and 
superexchange interactions, charge/orbital ordering instabilities and strong coupling with the 
lattice deformations. Moreover, they have high conductivity and good thermal stability with 
maximum curie temperature (Tc) of 370K at Sr doping concentration, x = 0.33[25]. They may 
be employed as electrodes for ferroelectric and dielectric capacitors in future dynamic 
random access memory applications[26, 27]. Although there are many applications of thin 
films of LSMO, very few studies are carried out in the fabrication and analysis of structural 
and magnetic properties of nanostructures of LSMO. 

Magnetic nanostructures are used in patterned magnetic media, magnetic devices 
and materials for microwave applications and also it provides a model system for the study of 
magnetic interactions and switching behavior. Ferromagnetic nanostructures exhibit unique 
and tunable magnetic properties that are very different from those of bulk ferromagnetic 
materials, and thin films. New advances in lithography and magnetic domain imaging 
techniques have facilitated these studies and enabled their application to a wide range of 
magnetic materials.  

Magnetism of the CMR manganites at the nanoscale, when the size of the structures 
is comparable to or smaller than the ferromagnetic (FM) domain size (~150nm), offers an 
important area for research.  Moreover in modern technology, there are techniques capable of 
producing nanometer-sized structures over large areas. Understanding the nature of 
magnetism at the nanometer length scale in these materials is of interest from a fundamental 
perspective and for the development of next generation spin-based devices. The realization of 
spin-based devices requires high density, ordered arrays of magnetic materials with a high 
degree of spin polarization at surfaces.  
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Geometrical confinement of epitaxial LSMO films into nanodots and nanowires may 
change the strain state and thus affect the magnetic and transport properties. The finite size 
effects such as enhancement of coercivity and decrease in curie temperature of the 
nanostructures are a few of the possible changes when the magnetic material is patterned into 
nanostructures. For example, change in shape of the hysteresis loops is seen in patterned 
structures compared to thin film of LSMO[28]. Stripe domains are seen in LSMO islands on 
LAO substrates[28, 29]. They form due to the competition between magneto-static and 
magneto crystalline anisotropy energies. In these films perpendicular anisotropy energy is 
large enough to overcome the magneto-static energy to give stripe domains. The patterning of 
thin film to nanodots does indeed facilitate the rotation of moments in to the out of plane 
direction[28]. Recently, Takamura et al have fabricated highly spin polarized complex 
magnetic oxide nanostructures embedded in a paramagnetic matrix by electron beam 
lithography and ion implantation[30]. In this study, it is shown that the domain patterns can 
be controlled by changing the shape and size of the LSMO islands, film thickness and the 
relative magnitudes of the magneto-crystalline and magneto-elastic energies through the 
choice of the STO substrate orientation.  
 The main aim of this thesis is to study the exceptional structural and magnetic 
properties of epitaxial LSMO thin films grown in controlled layer by layer growth mode by 
pulsed lased deposition on different single crystalline substrates namely SrTiO3 and NdGaO3. 
Deposition conditions and structural quality of the film has a notable influence on its 
magnetic properties. These epitaxial LSMO films can show many interesting magnetic 
properties such as magnetization and magnetic anisotropy depending on many factors such as 
temperature, vicinal steps, and the change in strain state when different substrates are used. 
Next main goal is to pattern these high quality thin films into nanowires and nanodots in 
order to study the resulting changes of the magnetic properties compared to thin films which 
in turn can be interesting for its applicability to future spintronic devices.  
 
1.1 Outline of the thesis 
 
 In the research illustrated in the following chapters, magnetic and structural studies 
of LSMO thin films and nanostructures on different substrates are described. Pulsed laser 
deposition (PLD) technique is employed to fabricate LSMO thin films and laser interference 
lithography (LIL) technique is used for patterning it into nanostructures. In chapter 2, a brief 
overview of the recent research works in LSMO thin films is given which can provide a 
starting point to the research work which is explained in later chapters. LSMO thin films on 
various substrates prepared by different deposition techniques show many interesting 
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magnetic properties determined by number of factors such as film composition, oxygen gas 
pressure, film thickness, substrate induced lattice strain etc which needs to be explored more.  

The experimental techniques used in this thesis are summarized in chapter 3. The 
growth technique, pulsed laser deposition, and reflection high energy electron diffraction, a 
surface sensitive technique to analyze the film surface during growth are briefly described. 
Also different ex-situ characterization techniques are presented, which are used to define the 
structural, and magnetic properties of the as-deposited thin films. In addition, the patterning 
technique (laser interference lithography) is also briefly explained in this chapter. In chapter 4, 
investigations on LSMO thin films grown on SrTiO3 (STO) substrates are presented. STO 
substrates having TiO2 surface termination was used for LSMO deposition. These thin films 
grown by PLD are analyzed for its structural and magnetic properties. Magnetic 
measurements were carried out especially to analyze the magnetic anisotropy properties of 
the films of varied thicknesses at different temperature. Substrates having vicinal surface, 
with varied step directions were used to study the influence of surface steps (ie; the broken 
symmetry on the surface) on magnetic anisotropy of the films. 

Magnetic and structural studies on LSMO films grown on NdGaO3 (NGO) 
substrates of different orientations are presented in chapter 5. The structural studies were 
done by X-ray diffraction (XRD), Reflection high energy diffraction (RHEED) and Atomic 
force microscopy (AFM) measurements on films on different NGO substrates. Magnetic 
anisotropy of all the films on NGO(100), (010), (110) and (001) substrates was extensively 
studied. The influence of vicinal steps and different strain states on the magnetic anisotropy 
of LSMO films on NGO substrates of all the three orientations was also analyzed. 
Magnetization reversal mechanism of these films was studied using two different theoretical 
models.  

In chapter 6, fabrication and magnetic studies of LSMO nanowires and nanodots on 
STO and NGO substrates are discussed. Nanodots and wires fabricated on STO substrates 
were having diameter and width down to 80nm and 125nm respectively. Nanowires 
fabricated on NGO substrates are with width down to 146nm. Magnetic measurements of 
nanowires on STO substrates were done by both vibrating sample magneto meter (VSM) and 
torque magneto meter (TM) to study the magnetic anisotropy and magnetization versus 
temperature. Different magnetic properties of nanowires/dots and thin films on both STO and 
NGO substrates are compared and analyzed. Finally in chapter 7, main conclusions of this 
thesis are given. 
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Chapter 2 
 
 
 

Survey of La0.67Sr0.33MnO3 half-metallic 
ferromagnets 

 
 

     
A brief description about the different fundamental properties of the manganite 
La0.67Sr0.33MnO3 (LSMO) is presented in this chapter. Also, pre-existing studies on magnetic 
behaviors such as the magnetic anisotropy and domain structures of LSMO thin films grown 
on different substrates are briefly explained.  
 
 
2.1 La0.67Sr0.33MnO3  
 

Doped perovskite manganites have renewed interest because they exhibit a variety 
of unique magnetic, electronic and transport behaviors such as colossal magneto resistance 
(CMR), spin/charge/orbital ordering and high degree of spin polarization and so on[1-3]. 
Half-metallic ferromagnetic materials appear as potential candidates for spintronic devices, 
and much work is under progress to synthesize magnetic oxides, such as La0.67Sr0.33MnO3 
(LSMO)[4-7]. The electronic phase diagram (shown in figure 2.1(a)) of LSMO reveals that it 
has an anti-ferromagnetic and insulating behavior at high and low doping concentration (x) 
values and ferromagnetic metallic behavior in a certain range of concentrations centered 
around x ≈ 0.33 with highest curie temperature (Tc = 370K) [8]. So it is considered for the use 
in various devices such as magnetic field sensors and hard disk read heads. Since the density 
of states at the Fermi level (EF) in LSMO is occupied mostly by the majority-spin electrons 
alone in the ferromagnetic (FM) and metallic states, attempts have been made to use this 
almost 100% spin polarization in the form of heterostructures such as tunnel junctions[9-11]. 
Moreover, due to the hole doping in LSMO, many interesting device applications have been 
proposed based on LSMO[12]. Traditionally, LSMO has been grown on substrates such as 
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strontium titanate (STO) and lanthanum aluminate (LAO)[13, 14]. Films of LSMO grows 
epitaxially with (001) orientation on (001) oriented substrates due to the cubic symmetry and 
constraints imposed by epitaxy[15-18]. However, the small lattice mismatch between the 
LSMO film and these substrates cannot be released easily and built-in stresses produce 
interesting effects on magnetic properties[13, 14, 19]. Some of the other factors that affect the 
magnetic properties in LSMO are composition, oxygen stoichiometry, and orientation or 
texture[20-24]. Among these, composition and oxygen content tend to affect mainly the 
transition temperature, whereas strain and texture tend to induce magnetic anisotropy[17, 23, 
25]. The texture and the strain are very closely related to the nature of the substrate and its 
symmetry. These factors become even more important when films are grown on substrates 
with different lattice parameters and symmetries. LSMO is rhombohedral. In the pseudocubic 
description, the unit cell angle α and the lattice parameter of LSMO are 90.26° and 0.388 nm 
respectively. In figure 2.1(b), pseudocubic crystal structure of unit cell of LSMO is shown. 
When LSMO is grown cube on cube on vicinal substrates, there can be two terminations 
either La(Sr)O termination or MnO2 termination as shown in figure 2.1(c) and (d) 
respectively[26]. 

 
Figure 2.1:(a) Phase diagram of La1-xSrxMnO3. AFM, PM, PI, FM, FI and CI denote anti-
ferromagnetic metal, paramagnetic metal, paramagnetic insulator, ferromagnetic metal 
ferromagnetic insulator and spin canted insulator states, respectively(taken from ref. [2]). Tc 
is the curie temperature and TN is the Neel temperature. (b) Schematic diagram of unit cell of 
LSMO. The two possible termination layers (c) La(Sr)O and (d) MnO2 respectively. 
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The early theoretical studies on manganites were considering the qualitative aspects 
of experimentally discovered results namely the increase in conductivity upon the 
polarization of the spins.  Treatments of physics of this system have focused primarily on the 
double exchange (DE) mechanism proposed by Zener[27]. The double-exchange mechanism 
is a theory that predicts the relative ease with which an electron may be exchanged between 
two species. The DE process was explained historically in two ways. In the first way, there 
are two simultaneous motion of electrons involving up spin electron moving from oxygen to 
the Mn4+ ion and up spin electron moving from Mn3+ ion to the oxygen as shown by arrows 
in the figure 2.2(b) and can be schematically written as +

↑↓↑
++

↓↑
+
↑ ⇒ 3

23,1
44

3,2
3
1 MnOMnMnOMn . 

The second way to visualize DE was involving a second order process in which the two states 
described above go from one to the other using an intermediate state +

↑↓
+
↑

3
23

3
1 MnOMn [28]. In 

LSMO, the 180 degree interaction of Mn-O-Mn in which the Mn "eg" orbitals are directly 
interacting with the O "2p" orbitals as shown in figure 2.2(a) and (b). The ferromagnetism 
and the close magnetic correlation of transport property in LSMO were traditionally 
understood within the framework of the Mn3+–O–Mn4+ double-exchange mechanism, in 
which a mobile eg electron can align the local core spins (S=3/2, t3

2g) ferromagnetically via a 
strong on-site Hund’s coupling and the eg electrons in turn become more itinerant due to the 
local spin alignment (Figure 2.2(a)). When the eg electrons directly jump from Mn to Mn 
their kinetic energy is minimized if all spins are aligned giving rise to ferromagnetism and 
metallicity to the material[2].  

Figure 2.2:(a) Field splitting of the five-fold degenerate atomic 3d levels into lower t2g and 
higher eg levels for Mn3+ and Mn4+ where the orbital interactions namely Hund’s coupling 
(JH), hopping or transfer integral(t) and anti-ferromagnetic direct exchange(AF) is denoted. 
(b) Sketch of the double Exchange mechanism which involves two Mn ions and one O ion. 
The mobility of eg electrons improves if the localized spins are polarized. Taken from ref. [2]. 
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The physical properties of perovskite- type manganites especially LSMO are 
determined by two main parameters: the doping level of Strontium, x(Sr)= 
Mn4+/(Mn3++Mn4+), which determines the Mn3+/Mn4+ ratio and the average size of the cation 
A, <rA>. For a perfect size match between the La atoms and dopant atoms, the tolerance 
factor (t) = dA-O/√2 dMn-O = 1 and the Mn-O-Mn bond angle will be 180º.  The curie 
temperature (TC) is maximum around x = ⅓ and for <rA> ≈ 1.24Å which is for La0.7Sr0.3MnO3 
and here the Mn-O-Mn bond angle is 166.3º[2, 29]. The reduction of <rA> from this optimum 
value leads to an increase in distortion of the crystallographic structure which weakens the 
ferromagnetic double exchange and increases the tendency to localize the charge carriers[29]. 
The magnetic and transport properties of manganite thin films are very sensitive to its micro 
structure, growth conditions, and the lattice strain induced by the underlying substrate[21, 30-
32]. Subsequently in this chapter, pre-existing studies and more recent developments of 
LSMO are discussed which are relevant for our work on the same.  
 
2.2 Structural properties of LSMO thin film on different substrates 
 

LSMO films have been grown by pulsed laser deposition on various substrates, such 
as single crystal LaAlO3 (LAO)(001), NdGaO3 (NGO)(110) and SrTiO3 (STO)(001)[21, 33]. 
Figure 2.3 gives the θ–2θ XRD patterns of the LSMO films on these substrates[33]. In the 
films on all these substrates, only the (00l) peaks are present. This reveals that the LSMO 
film is highly c-axis oriented and strained on these substrates and the c-axis lattice constants 
of the LSMO on LAO, NGO, and STO calculated from the x-ray data are 3.930, 3.906, and 
3.855 Å, respectively[33].  The LSMO lattice experiences a biaxial tensile strain on STO 
substrate. The strain on LAO is biaxial compressive and on NGO is uniaxial compressive[21, 
33].  

The films deposited on various other substrates, such as MgO(001), SiO2/Si(001) 
and amorphous quartz, by using a magnetron DC sputtering system has been also studied 
earlier[19]. According to the X-ray diffraction patterns, LSMO films grown on MgO, SiO2/Si 
and amorphous quartz are seen to be polycrystalline and less textured because of the large 
lattice mismatch. The semi conductor-metal transition temperature for ‘c’ axis oriented 
LSMO/STO and LSMO/LAO films is found to be around the curie temperature (≈365K). But 
these transition temperatures of the polycrystalline LSMO films grown on different substrates 
like MgO, SiO2/Si and quartz are lowered down even to 200 K[19]. It is notable that the curie 
temperatures (TC) of these films are about 365 K. Hence, TMI deviates from the TC of the 
polycrystalline LSMO films. The c-axis oriented LSMO films exhibit typical transport 
properties, in which the resistance gradually increases with temperature and reaches its 
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maximum at the curie temperature. But the polycrystalline LSMO films show significantly 
different behaviors of the temperature-dependent resistance, and the magnetoresistance[19]. 

 

Figure 2.3: θ-2θ XRD patterns of the LSMO films on single crystals of (a) LaAlO3 (001), (b) 
NGO(001), (c) SrTiO3 (001). Taken from ref. [33] . 

 
The magnetic and transport studies of LSMO thin films on SrTiO3 substrate, which 

were prepared at different oxygen pressure and of different thicknesses reveals that these 
properties are more sensitive to oxygen pressure than on film thicknesses. Reduced value of 
oxygen partial pressure is associated with the oxygen defect that leads to magnetic and 
structural inhomogeniety[21]. It was found that an increased oxygen pressure during 
deposition increased the homogeneity of the film and a decrease of the c-axis lattice constant 
when LSMO film is grown on LAO substrate[21]. This indicates that there might be a 
connection between oxygen content and lattice strain in the films. Lattice strain can also be 
affected by oxygen vacancies. One reason is that the Mn-O-Mn bond angles and Mn-Mn 
bond distance will change depending on the oxygen content in the film. Increased oxygen 
deficiency in LSMO leads to a negative electric charge deficiency which is compensated by a 
Mn4+ decrease to keep the charge neutrality. So increased oxygen deficiency also decreases 
the Mn4+/Mn3+ ratio[34]. Oxygen vacancies will make the bending of local Mn-O-Mn bond 
chain and as a result the conduction bandwidth decreases significantly. Thus sample 
resistivity increases and metal to insulator transition temperature decreases to lower 
temperature. Lattice distortions and even phase transitions (e.g. from quasi-cubic to tetragonal 
and to orthorhombic structure) can be observed in LSMO films due to these oxygen 
deficiencies[20]. It is seen that with decreasing film thickness the curie temperature (TC) 
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decreases and the peak resistivity increases[21, 31, 35, 36]. Both these effects indicate that 
the Mn-O-Mn double exchange interaction is weakened. 

The epitaxial LSMO films (aLSMO bulk ~ 3.885Å where “a” is lattice parameter) on 
LaAlO3 (LAO) (aLAO ~ 3.789Å) and SrTiO3 (STO) (aSTO ~ 3.905Å) are, respectively under in-
plane biaxial compressive strain and in-plane biaxial tensile strain[13, 14, 19, 33]. On the 
other hand, LSMO films grown on NdGaO3 (NGO) (orthorhombic, a/√2 = 3.873, b/√2 = 
3.890, c/2 = 3.853 Å) has in-plane uniaxial compressive strain as only one of the in-plane 
lattice parameter is different from that of LSMO lattice constant[21]. Although one film is 
under tensile strain (LSMO/STO, Lattice mismatch,δ = (asubstrate – aLSMO)/asubstrate  = +0.8%) 
and one is under compressive strain (LSMO/LAO, Lattice strain = -2.6%)[21], the trends for 
resistivity and metal to insulator transition temperature(TMI) of these LSMO films with 
thickness are the same[13]. It has been found that saturation magnetization of LSMO on LAO 
is larger than LSMO on STO. These differences in the saturation magnetization can be 
understood by the internal ‘pressure’ consequent upon lattice mismatch. That is compressive 
stress increases saturation magnetization and decreases ‘peak’ resistivity while the tensile 
stress in sample on STO acts in the opposite way[13]. Thin films on LAO are under 
compressive strain that will increase the deviation of the Mn-O-Mn angle from its ideal 
value[29, 37], lowering the TMI. The tensile stress on films on STO will decrease the 
deviation of the bond angle, which would increase the TMI, but in order to decrease the strain 
in the film, oxygen vacancies are introduced which will decrease the strain, but also lower the 
metal to insulator transition temperature because there will be fewer Mn4+ ions[38]. 
 
2.3 Magnetic properties of epitaxial LSMO thin films  

 
Single crystals of LSMO have cubic perovskite structure with a rhombohedral 

distortion and a rhombohedral lattice constant 7.78Å. The magnetic anisotropy of (001) and 
(110) LSMO films on (001) and (110) STO substrates were also already studied[16, 17]. 
(001) LSMO films of thickness in the range 500-3000Å clearly show the easy and hard axis 
along [100] and [110] directions respectively which is illustrated in figure 2.4. (Here it should 
be noted that the easy direction of LSMO unit cell is described by some authors[16] as [110] 
direction and by some other authors as [100] direction[39]. It is because their definitions of 
axes are different. Some people consider Mn-O bond direction as [100] axis and the other 
consider one side of the unit cell as [100] axis. And here in this thesis, we use the latter 
definition. 

The fourfold symmetry or biaxial anisotropy shown by this film can be explained by 
either cubic magneto crystalline or stress anisotropy not by rhombohedral magneto 
isotropy[16, 17]. In (001) LSMO films, the magneto elastic energy or biaxial elastic modulus 
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is isotropic in the plane of the film and therefore the magnetic anisotropy is dominated by 
crystal structure effects. So, for (001) LSMO films, easy in plane direction will be [110] and 
equivalent directions. And in plane [100] and [010] directions are hard[39].  

 

Figure 2.4: Remanence vs field angle φ of a (001) LSMO film on (001) STO at room 
temperature. The field is applied in the plane of the film as a function of angle φ as shown in 
the inset. The sample was initially poled positive and then the magnetization measurements 
were made at 1 kOe and zero field. Taken from ref. [16]. 
   
  It is reported that 250Å LSMO film grown on STO substrate exhibits in-plane 
magnetic anisotropy below a TC of ~320K because the out of plane magnetization is 
considerably smaller than the magnetization values taken along two in-plane crystal 
directions ([100] and [110]) as seen in figure 2.5(a)[40]. At temperatures below ~250K 
(indicated by the arrow in figure 2.5(a)), the measured magnetization along the [100] edge 
direction deviates from the behavior along the [110], indicating that an in-plane biaxial 
anisotropy develops with in-plane <110> axes magnetically easy [40].   

The film of thickness 250Å grown on NGO(110) substrate develops ferromagnetism 
below ~340K with an in-plane unaxial anisotropy along one of the edges of the substrate, as 
indicated in figure 2.5(b)[40]. Below ~30K, a weak biaxial anisotropy develops in the system. 
In other words, samples grown on NGO substrates exhibit both uniaxial and biaxial 
anisotropies in the growth plane with their relative strengths that are temperature 
dependent[40]. 

A remarkable feature of the LSMO film is that the slight difference in strain induced 
by the underlying substrate leads to a drastic change in magnetic domain images which can 
be taken by magnetic force microscopy (MFM)[13, 14, 33]. In Figure 2.6, local magnetic 
microstructures of LSMO thin films on NGO and STO substrates imaged by MFM 
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measurements are shown[33]. The MFM image on LSMO/STO shows feather-like magnetic 
patterns with negligible magnetic contrast, which is typical of a film with an in-plane 
magnetization. Magnetic stripe domains is found with almost straight line shape in LSMO 
film on NGO(110) confirming that the film has uniaxial in-plane magnetic anisotropy. On the 
other hand, some other studies on LSMO films grown on NGO(110) shows 'feather' like 
magnetic contrast in magnetic force microscopy (MFM) images which is characteristic of 
films with in-plane magnetic anisotropy[14]. 

Figure 2.5: Field-cooled temperature-dependent magnetization at 5Oe of 250Å 
La0.67Sr0.33MnO3 epitaxial films grown on (a) SrTiO3(001) and (b) NdGaO3(110). The 
responses were measured along three symmetry directions. The directions with respect to the 
substrate are: (a) in-plane [110] (open circles), in-plane [100] (closed circles), and out-of-
plane [001] (triangles). (b) in-plane edge directions (closed and opened circles), and out-of-
plane (triangles). Arrows indicate the spin reorientation transitions. Taken from ref. [40].   

Figure 2.6: MFM images of La0.7Sr0.3MnO3 thin films, taken in zero applied field at room 
temperature, on two different substrates of (a) NGO, and (b) STO. The scan size is 4X4 µm. 
Taken from ref. [33]. 

a) b)a) b)

(a) (b)

STO NGO

(a) (b)(a) (b)

STO NGO
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It is reported that for LSMO films grown on STO substrates, although the coercivity 
is rather low (HC< 10mT), the magnetic saturation value is reached only for fields larger than 
200mT[41]. These high saturation fields suggest that some parts of the film (presumably at 
interfaces level) have different coercivity compared to the ‘bulk’ of the film. The low 
coercivity of the film suggests that there are very small nucleation fields[41]. By polarized 
neutron reflectometry it is observed that the magnetization is clearly inhomogeneous through 
the thickness of the film and decreases markedly when approaching the bottom and top 
interfaces of the film[41]. Looking into literature and finding the promising properties of 
LSMO, which is not fully described in this chapter, many efforts have been directed towards 
making magnetic tunnel junctions out of this material.  
 Magnetic tunnel junctions, consisting of two half-metallic ferromagnets (say LSMO) 
separated by an insulating thin layer are studied by many researchers in order to realize its 
application in magnetic random access memory (MRAM) and read heads. Besides a very 
large tunnel magnetoresistance (TMR) at low temperatures reported by Bowen et al[4] who 
found spin polarization of LSMO as 95%, the TMR ratio for LSMO/STO/LSMO junctions 
reported so far was not large enough, in general, to be associated with the half-metallicity of 
LSMO. Also, TMR was rapidly suppressed with increasing temperature and typically 
disappeared around 215 K[42-44]. One of the possible origins of such decreased TMR is the 
formation of the dead layer near the LSMO/STO interface, in which the ferromagnetism of 
LSMO is locally deteriorated. This is explained by the model that the charge transfer at the 
valence-mismatched interface induces a hole-overdoped LSMO layer which is dominated by 
the antiferromagnetic spin canting[45]. By preventing or compensating the charge transfer by 
interface engineering approaches the TMR response is greatly improved[11, 46]. So it will be 
beneficial to study the magnetic and structural properties of LSMO films grown on different 
substrates which may provide different electronic structure at the interface. 
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Chapter 3 
 
 
 

Experimental Methods and Techniques 
 
 

 
For the research work described in this thesis a number of experimental techniques and 
characterization methods are used. In this chapter, principles and descriptions of those 
experimental methods are given. First, we discuss the pulsed laser deposition technique and 
system used. Next, we present the microstructural and magnetization characterization 
methods. Finally, laser interference lithography technique which is used for patterning thin 
films to nanostructures is illustrated. 

 
 
3.1 Introduction 
 
 For most of the devices based on the epitaxial perovskite-type thin films and 
heterostructures, high-quality surfaces and distinct interfaces in between the constituent 
layers are usually prerequisite for good device performance. Therefore the deposition of high 
quality films and understanding the growth mechanism is very important. Epitaxial thin film 
fabrication of oxide materials are mostly done by one of the physical vapor deposition (PVD) 
technologies. Research in this thesis uses a special PVD technique called Pulsed Laser 
Deposition (PLD) method to grow thin films where high power laser beams ablates the 
material from a target. It is known that PLD has been used to deposit high quality films of 
wide variety of materials for more than a decade [1, 2]. PLD is used very efficiently for 
growth of metastable phases and artificial structures which are very difficult or impossible to 
be stabilized by means of conventional synthesis methods [3]. It has proved to be very 
effective for in situ fabrication of multi-component oxide heterostructures also [4]. Due to 
these reasons, PLD is widely used to grow La0.67Sr0.33MnO3 (LSMO) thin films on different 
crystalline substrates [5-7]. Moreover the growth of the monolayers can be followed by in 
situ Reflection high-electron energy diffraction (RHEED), which makes it possible to 
examine the precise stack of layers. The characterization of the thin films, after the 
fabrication process, can be performed with different analytical techniques which probe the 
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structural, compositional, morphological and magnetic properties. Scanning probe 
microscopy (SPM), x-ray diffraction (XRD), vibrating sample magnetometry (VSM), 
magnetic Torque measurements, and magnetic force microscopy (MFM) are the 
characterization methods used in this thesis. With these experimental analysis techniques, it is 
not only possible to understand the growth, structure and magnetism in our thin films but also 
the relationship between them. We also fabricated patterned structures (dots and wires) from 
these high quality epitaxial films using Laser interference Lithography (LIL). In this chapter 
all fabrication and characterization techniques mentioned above will be presented and briefly 
discussed. 
 
3.2 Deposition of epitaxial oxide films 
 
3.2.1 Pulsed Laser deposition 
 

Pulsed laser deposition (PLD) technique uses high power laser pulses to melt, 
evaporate and ionize material from the surface of a target, resulting in a dense vapor beam, 
which is a so called transient, highly luminous “plasma plume” that expands rapidly away 
from the target surface towards the substrate. The planar target is rotated or (x, y) - scanned in 
the focal plane of the laser beam to achieve a stationary ablation rate. The ablated material is 
collected on an appropriately placed substrate upon which it condenses and the thin film 
grows. The substrate is held stationary or is rotated for homogenization of the deposition rate; 
for particular film growth regimes the temperature of the substrate may be selected between 
room temperature and typically 1000ºC. A processing gas supply is often provided for the 
inlet of selected gases to produce desired chemical reactions during film growth. 

The crystal quality and stochiometry of the final thin film depends mainly on the 
absorption/desorption, diffusivity and energy of the particles on the surface. In spite of this 
widespread usage, the fundamental processes occurring during the transfer of material from 
target to substrate are not fully understood and are consequently the focus of much research. 
Interest in the PLD technique escalated when it was found to be very well suited to the 
preparation of high critical temperature (High-Tc) oxide superconductors, but more 
widespread applications are emerging nowadays such as the deposition of permanent 
magnets, magneto-optic, magneto-electronic and piezoelectric materials [8-12].  

Nd: YAG laser and Excimer lasers are usually used in PLD with a typical 
wavelength range of 200-400nm. As wavelengths decreases in this range, the absorption 
coefficient of the target material increases but the penetration depth decreases. This is a 
favorable situation because thinner layers of the target surface are ablated as the wavelength 
decreases towards 200nm.  
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 Some of the main advantages of PLD are; 
 

1. As the laser source is outside the deposition chamber, it introduces minimal 
contamination to grown film. 

2. With high power densities obtained by focusing the laser beams, high melting point 
materials can be vaporized at high deposition rates. 

3. Simultaneous or sequential multi-source evaporation can be done easily by directing 
the laser beam with external mirrors. 

4. Independent control of deposition parameters such as target to substrate distance, 
substrate temperature, deposition gas pressure, laser energy etc. 

5. Stochiometry of target is maintained in thin films.  
6. Deposition rate is highly controllable. 
 

The main advantage of this method compared to other sputtering systems, is the 
stochiometric transfer of the material from target to substrate and excellent structural quality 
of the deposited film even at lower growth temperatures. Depending on the deposition 
parameters, the kinetic energy of the ablated particles can be controlled and there by the 
surface diffusivity and absorption/desorption probability of the adatoms arriving at the 
substrate or film surface can be controlled. This important aspect gives rise to a better 
crystallinity in comparison with conventional deposition techniques by using similar or lower 
substrate temperatures. As the laser used here is an external energy source, it is possible to 
use inert and reactive background gases like O2, O3, NO2 and N2O. The plasma plume of 
ablated material has a distribution, peaked towards the forward direction to the substrate. So 
thickness uniformity of the thin film is got only in a smaller angular range of ~1cm diameter.  
 
3.2.2 PLD set-up  
 

A schematic view of the deposition chamber is given in figure 3.1.  The laser we 
used is the pulsed excimer, KrF laser (Lambda Physik LPX 210, Göttingen, Germany) with 
wavelength 248 nm, which operates at repetition frequencies of 1-100 Hz. The maximum 
pulse energy is 1000 mJ and width of the laser pulse is about 25ns. The pressure in the 
vacuum system during deposition is controlled by the effective pump speed and the total gas 
mass flow (0 – 40 ml/min). For the background gas, inert gas (Ar) as well as reactive gases 
(O2 and O3) was used. The amount of material ablated from the target surface is determined 
by the spot energy density and the spot size. To keep the spatial energy variation within this 
laser spot below 5%, a very small, homogenous part of the laser beam is selected by using a 
mask, which is projected onto the target under an incidence angle of 45° by means of a lens 
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with a focal length of ~ 453 mm. By varying, both, the laser energy and the spot size on the 
target, the energy density at the target can be varied from 1.0 to 7.0 J/cm2.  

 

Figure 3.1: Schematic diagram of pulsed laser deposition (PLD) set up. 
 
3.2.3 Substrate materials and special surface treatments 
 

ABO3 perovskite materials are excellent substrates for epitaxial growth of many 
other perovskite oxides. Both SrTiO3 and NdGaO3 are examples of the above mentioned 
ABO3 type oxides and their lattice parameters are ideal for epitaxial growth of LSMO films. 
To obtain epitaxial two dimensional growth mode of these films, fine control of the substrate 
surface morphology, the chemistry of terminating layer, as well as knowledge of its vicinal 
angle are important. The substrates which we have used here are (001) SrTiO3 as well as 
(110), (100), (010) and (001) NdGaO3. SrTiO3 is having a cubic perovskite structure and its 
prominent feature is the possibility to control its surface composition at the atomic level. 
SrTiO3 with TiO2 surface termination is an excellent choice as a starting substrate surface for 
the growth of atomically sharp interfaces. While NdGaO3 has an orthorhombic symmetry, 
(110) NdGaO3 can be represented as a perovskite-type pseudocubic crystal structure that is 
slightly distorted in comparison with the primitive perovskite structure. It has no structural 
phase transitions below 1500ºC[13]. Different reports are found about the substrate treatment 
of both STO and NGO[14, 15]. Both thermal and chemical treatments are employed to get 
atomically smooth substrate surfaces. The chemical treatment method is based on the 
difference in chemical reactivity of different surface components of the substrate. They are 
explained below for each substrate.  
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SrTiO3 (STO) 
 For STO, chemical etching and thermal treatment method are used for its surface 
treatment. In this method, one of the surface oxides (i.e., the one with base character, here 
SrO) is selectively removed by means of a chemical reaction resulting in TiO2 termination at 
the surface[16]. The substrate is first cleaned in ethanol and it is soaked in demi water for 30 
minutes. This results in the formation of Sr(OH)2 (SrO→Sr(OH)2 )on the surface of the 
substrate. The etching is done by the commercial buffered hydrogen fluoride solution (12.5 
vol% HF + 87.5 vol% NH4F (BHF)) for 30 seconds and this result in TiO2 termination on the 
substrate surface. Then again the substrates are soaked in demi water for 20 minutes and 
cleaned with ethanol. All procedures done here are in ultrasonic bath. After these chemical 
procedures the substrate is annealed for 1 hour in 1bar of oxygen at 950ºC for the surface re-
crystallization. 
 
NdGaO3 (NGO) 
 For NGO, either thermal or chemical surface treatment was done depending on its 
orientation. Compared to the etching solution for SrTiO3, chemical solution of lower 
reactivity is used for NGO. A modified commercial buffered hydrogen fluoride solution is 
used for the chemical surface treatment of NGO substrate. Chemical treatment of (110) and 
(001) NdGaO3 substrates had to be done in solutions with different pH values, higher for 
former and lower for latter, respectively.  

The pH value of the etching solution for NGO(001) should be in the range 5.0-
5.5[15]. This solution is prepared by adding 20ml of commercial BHF + 3ml of NH4F + 
110ml of demi water. The whole chemical treatment is the same as that of STO except the 
etching solution and the time period of etching. When the substrate is soaked in demi water 
for 30 minutes, Nd(OH)2 (NdO→Nd(OH)2 )forms on its surface and this gets removed during 
the etching process by the modified BHF resulting in GaO2-δ surface termination. Here the 
NGO(001) substrates are etched for 2 minutes and then annealed in 1000ºC for 1 hour in 1 
bar of oxygen. The annealing procedure is performed for the surface re-crystallization. 

For NGO(110), the etching solution consisted of 10ml commercial BHF + 4ml 
NH4F + 90ml demi water resulted in a pH of 4.0-4.5. Here also the chemical treatment is the 
same as that of STO except the etching solution which etches away the Nd(OH)2 formed on 
the substrate surface after soaking it in demi water. The time period of etching is 30 seconds 
for this substrate. After the chemical treatment these substrates were annealed in 950ºC for 1 
hour in 1 bar of oxygen. 
 NGO(100) and NGO(010)substrates are only thermally treated and no chemical 
treatment is done because there is no mixture of terraces with either GaO2-δ or NdO1+δ 
termination. (More details explained in chapter 5). These substrates are annealed for 1h at 
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950ºC in 1 bar of oxygen. More details about the surface morphology of treated NGO 
substrates of different orientations are illustrated in chapter 5. 
  
3.3 Structural characterization methods  
 

In order to have a clear understanding of the thin film growth and to do the 
optimization of the deposition conditions, thorough analysis of the surface morphology and 
crystalline structure is necessary. Using RHEED, the morphology of the surface can be 
monitored during and after the growth of the film. By scanning probe microscopy (SPM), the 
quality of the surface can be analyzed in local areas, in more detail at the angstrom scale. The 
crystalline structure is characterized by x-ray diffraction (XRD). 

 
3.3.1. In situ reflection high-energy electron diffraction (RHEED)  
 

Reflection high-energy electron diffraction is a powerful technique for studying 
surface structures of flat surfaces[17, 18]. It enables direct exploration of the growth 
dynamics and surface morphology. RHEED is sensitive to surface changes, either due to 
structure changes or due to adsorption. Therefore, it is widely used as an in situ probe to 
monitor the growth of thin films both in research and in industry. Along with pulsed laser 
deposition we have used in situ high pressure RHEED where it is possible to use deposition 
pressure up to 0.5mbar. In the simple geometry of RHEED, an accelerated electron beam (5 – 
100 keV) incidents on the surface with a glancing angle (< 3 deg) and is reflected. The high 
energy of the electrons would result in high penetration depth. However, because of the 
glancing angle of incidence, a few atomic layers are only probed. This is the reason of the 
high surface sensitivity of RHEED. Upon reflection, electrons diffract, forming a diffraction 
pattern on the phosphor screen that depends on the structure and the morphology of the 
probed surface. Features in this diffraction pattern explain the surface structure of the sample. 
If a surface is atomically flat, then sharp RHEED spots are seen. If the surface has a rougher 
surface, the RHEED pattern is more diffuse. During the growth of thin film on a substrate 
surface RHEED intensity shows an oscillation which determines the growth rate of the film. 
In the deposition setup the electron source and phosphor screen (as detector) are located far 
from the sample to avoid interference with the deposition process.  
 
3.3.2  X-ray Diffraction  

 
X-ray Diffraction data provides information regarding the crystalline structures of 

different materials in bulk, powder and thin film forms. Such data can be used to determine 
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the relative atomic positions of atoms of simple and complex materials. The crystalline 
structure can be analyzed by performing several scans, such as θ-2θ, (hkl) and φ−scans, to 
determine thickness, roughness and orientation. The XRD results reported in this thesis were 
carried out on the Philips X-ray diffractometer (X’pert, APD) or four-circle single crystal 
diffractometer (CAD4, Enraf Nonius, Delft, The Netherlands), both using the Cu-Kα 
radiation with the wavelength, λ = 1.54056 Å. The CAD4 system is a four circle 
diffractometer which is capable of measuring reciprocal space maps also. The following 
sections are descriptions of different types of XRD measurements used in this thesis. 

 
High-angle measurements 

It is the θ-2θ high-angle measurement which is explained here. A narrow and 
parallel X-ray beam comes from an X-ray source to a sample at an angle θ with respect to the 
film and a detector is placed at an angle 2θ with respect to the incident ray. During the 
measurement, the source is fixed while the sample and the detector are rotated so that the 
configuration θ-2θ is preserved. In the high-angle measurement, normally 2θ is scanned from 
about 20° to 120°, depending on the sample and the aim of the measurement. The recorded 
signal from the detector is plotted versus 2θ, which is called the high-angle XRD spectrum. 
During the measurement, a peak is observed at a certain angle 2θ when the Bragg condition is 
satisfied: 

                                  2d sin θ = nλ…………(3.1) 
where d is the lattice spacing of a set of crystallographic planes, parallel to the film plane; λ is 
the wavelength (1.5406Å). From all the peaks in the spectrum, we can get information about 
the orientation of the film with respect to the substrate and also the unit-cell out of plane 
lattice parameter ‘c’ of the thin film. The intensity of the peaks reveals the amount and 
quality of the texture.  
 
Low-angle measurements 

Low-angle measurement is used to determine the thickness of the thin films. The 
low-angle measurement is in fact the same θ-2θ measurement but performed at low angles of 
2θ, typically from 1° to 3°. In the obtained spectrum, we can see regular peaks which are 
equidistant from each other. These peaks are due to the interference between the reflected ray 
from the film surface and that from the interface between the film and the substrate. 
Therefore, the distance between the peaks reveals information about the thickness of the 
sample. Simple calculation leads to the following equation, which is similar to the Bragg 
equation:                                          

 2t (∆θ)/2 = λ……………(3.2) 
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in which ‘t’ is the film thickness in Å; ∆θ is the distance between the adjacent peaks; λ is the 
wavelength. In practice, ∆θ is obtained by averaging the distances between the peaks (or the 
valleys). However, to have an accurate measurement, the film to be measured should have a 
thickness of less than about 70 nm, otherwise the peaks will be too close together.  
 
Reciprocal space mapping 

The reciprocal space mapping is a contour mapping of the XRD signal peak 
intensity. It records the diffuse distribution of intensity in the vicinity of the Bragg peak. In 
triple axis diffractometry, measurement of both the rocking angle ω and the total scattering 
angle 2θ of the diffracted X-rays gives the diffractometer the capability to produce a two 
dimensional map of diffracted X-ray intensity as a function of position in the reciprocal space. 
The reciprocal space map data are collected by repeatedly taking ω-2θ  scans with the 
position of the double crystal analyzer being varied from the exact Bragg angle.  It is made by 
collecting an N×M array of intensity values, where N is the number of angular steps in ω and 
M is the number of angular steps in 2θ needed to completely map the localized region of a 
reciprocal space. Simple calculations carried out by computer program can directly transform 
ω and 2θ values to reciprocal space co-ordinates (h, k and l) and plot these against intensity. 
These mapping have the advantage that the lattice misfit and degree of lattice relaxation can 
be obtained independent of the miscut of the diffracting lattice plane with respect to the 
surface. It can show the strain relaxation process along both the out of plane and in-plane 
directions for the pseudocubic system like LSMO/STO and LSMO/NGO. In the h-k scan, the 
mapping of the scattering intensity distribution of a reciprocal area h, k is carried out. The in-
plane or lateral lattice misfit appears as a peak separation between substrate and layer (film) 
reciprocal lattice points along h or k directions.  If the h-l scan or k-l scan is taken, the 
difference in out of plane lattice parameter can be measured as the peak separation of 
substrate and film reciprocal lattice points along l direction. In this thesis, we have used 
reciprocal space mapping to determine the in-plane lattice misfit between the substrate and 
film. 

 
Determination of the substrate orientation 
 Using XRD, it was possible determine the crystal orientation of substrates (both 
NGO and STO) with respect to one edge of the sample. By knowing roughly the cell 
constants of the substrates, few symmetric XRD peaks are measured. From these finite 
number of peaks, the orientation matrix of the crystal is back calculated from which the 
values and crystal directions of lattice ‘a’, ‘b’ and ‘c’ parameters with respect to the 
goniometer axes can be found.  
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3.3.3  Atomic Force Microscopy (AFM) 
 

AFM (DI3100) belongs to the Scanning Probe Microscopy (SPM) technique in 
which a fine tip is brought into atomically close contact with a sample surface. This is done 
by sensing the repulsive force between the probe tip and the surface. The forces are extremely 
small (about 1 nN). The tip is then moved back and forth over the sample surface and can 
measure the topography with atomic resolution depending on the tip diameter and aspect ratio. 
To create an image, the tip is scanned over the area of interest on the sample and the image is 
reproduced in the computer. AFM technique requires no sample preparation, and it can be 
operated in the atmospheric pressure. AFM is carried out by tips from PointProbe Plus series 
(Nanosensors) having pyramidal shape with a resonance frequency of 65kHz. Its mean width 
is 35µm, and length is 225µm.  
 
3.4  Magnetic characterization 
 
3.4.1 Vibrating sample magnetometry (VSM) 
 

In magnetic thin film research, the Vibrating Sample Magnetometer (VSM) 
measurement technique is the most important method for magnetic characterization. In a 
VSM, a magnetic sample is vibrating at the center of a set of detection coils. The vibration of 
the sample causes the flux through the coils to change, which induces a voltage on the 
terminals of the set of coils. This voltage is proportional to the magnetic moment of the 
sample, and thus can be determined by calibration. An electromagnet is used to apply a 
magnetic field on the sample, which allows measuring the magnetic moment of the sample at 
varied applied field.  

In this thesis, we have carried out VSM measurements on model VSM 10 (DMS). 
This VSM has a magnet which is capable of producing a maximum field of 1500kA/m and a 
sensitivity of 10-6 mAm2. The VSM has a vector coil system, allowing to measure magnetic 
moment along the field direction as well as perpendicular to it. The VSM can measure the 
signal at different in-plane or out of plane angles of the substrate because the magnet in this 
instrument can freely rotate 360 degrees.  

Different magnetic characterizations can be done with a VSM. In this thesis, we 
used VSM mainly to measure hysteresis loops at different temperatures with magnetic field 
applied in different in-plane angles of the sample. From hysteresis loops, information such as 
saturation magnetization (Ms), remanence (Mr), and coercivity (Hc) can be obtained. 
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3.4.2 Torque magnetometry and  magnetic anisotropy 

The torque magnetometer is used to determine the anisotropy constants of magnetic 
samples. First of all we will describe some few details about the magnetic anisotropy. 
 
Magnetic Anisotropy  

The dependence of magnetic properties on a preferred direction is called magnetic 
anisotropy. Anisotropy is of considerable practical importance because it is exploited in the 
design of most magnetic materials of commercial importance. Magnetic anisotropy strongly 
affects the shape of hysteresis loops and controls the coercivity and remanence.  

 
There are several different types of anisotropy: Type depends on 

1. magnetocrystalline- crystal structure 
2. Magnetostatic- shape of the ferromagnetic material 
3. stress- applied or residual stresses 

 
Magnetocrystalline Anisotropy 

Magnetocrystalline anisotropy is an intrinsic property of a ferromagnet, independent 
of the size and shape of the sample. It can be most easily seen by measuring magnetization 
curves along different crystal directions. Depending on the crystallographic orientation of the 
sample in the magnetic field, the magnetization reaches saturation in different fields. The 
crystallographic direction at which the saturation magnetization reaches at lowest applied 
magnetic field is called the crystalline easy axis of the sample. On the other hand, in the 
crystalline hard direction, the magnetic field needed to saturate the sample is maximum 
compared to all other crystallographic directions.  The remanence and coercivity of the 
hysteresis loop in the easy direction will be the maximum. Magnetocrystalline anisotropy is 
the energy necessary to deflect the magnetic moment in a single crystal from the easy to the 
hard direction. The easy and hard directions arise from the interaction of the spin magnetic 
moment with the crystal lattice (spin-orbit coupling). In cubic crystals, the magnetocrystalline 
anisotropy energy is given by a series expansion in terms of the angles between the direction 
of magnetization and the cube axes. It is sufficient to represent the anisotropy energy in an 
arbitrary direction by just the first two terms in the series expansion. These two terms each 
have an empirical constant associated with them called the first- and second order anisotropy 
constants, or K1 and K2, respectively. 

 
Magneto-static Anisotropy 

In addition to magnetocrystalline anisotropy, there occurs another anisotropy which 
is due to the shape of the magnetic material. When a longitudinal magnetic body gets 
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magnetized with an applied magnetic field, another field in opposition to the magnetization is 
developed inside the body. The energy developed by this field called magneto-static energy 
will be lower when the magnetization is along the long axis than along one of the short axes 
of the magnetic body. This produces an easy axis of magnetization along the long axis. That 
is, a sphere has no shape anisotropy. The magnitude of shape anisotropy is dependent on the 
saturation magnetization. 

 
Stress Anisotropy 

There is a third type of anisotropy, called the stress anisotropy which is related to the 
lattice strain of the magnetic sample. It is seen that the preferred direction magnetization 
vector has a dependence on the plane of the stress axis and the energy needed to rotate the 
magnetization vector perpendicular to its preferred direction is the magnetoelastic energy. A 
uniaxial stress can produce a unique easy axis of magnetization if the stress is sufficient to 
overcome all other anisotropies. The magnitude of the stress anisotropy is described by two 
more empirical constants known as the magnetostriction constants and the level of stress. 

 
Process to determine the magnetic anisotropy from torque magnetometry 

Torque magnetometry is based on the principle that when an anisotropic sample is 
placed in a magnetic field at a certain angle, the field tries to force the magnetization of the 
sample to align along its direction, whereas the anisotropy energy of the sample tries to keep 
the magnetization in the easy-axis direction. The consequence is that the field exerts a torque 
on the sample. This torque is measured as the angle of rotation of the sample at a particular 
field direction and this angle will be later converted into the real signal of torque. Then the 
value of torque is plotted against the rotation angle of the applied magnetic field which results 
in a torque curve. In the case of a magnetic thin film grown on a substrate, we need to 
measure the torque of the substrate alone also, so that the substrate signal can be later 
subtracted from the whole sample signal. The torque per volume G/V(J/m3) is proportional to 
the derivative of the anisotropy energy density Ea with respect to the angle θ between the 
magnetization and the easy-axis: 
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In the torquemeter, a rotating strong magnetic field H turns the magnetization within the 
(001) film plane. We will describe the anisotropy energy in cubic crystals. Here, we have 
assumed that there are two main anisotropy energies playing important role in LSMO thin 
films and that they are uniaxial anisotropy and biaxial crystal anisotropy for the cubic system 
of LSMO. So the total anisotropy energy density of LSMO films can be written as, 
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Where θ is the angle between Magnetization (M) and the [100] direction, Ku1 is the first order 
uniaxial magnetic anisotropy constant, and θ1 is the angle between the uniaxial easy axis and 
[100] direction. K1 and K2 are the crystalline anisotropy constants and ai the direction cosines 
of the magnetization with respect to the three <100> directions. We have neglected the 
second order uniaxial anisotropy constant, Ku2 because the first order anisotropy constant is 
sufficient to match the experimental data.  

When the torque measurement of the LSMO thin film is taken, the magnetization 
rotates in the (001) plane. If θ is the angle between magnetization and [100] direction, 
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Using this relationship,    
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Ea is minimum in the easy direction of magnetization. This means θ = 0 for K1>0 and θ = 45º 
for K1<0. As explained in section 4.3 of chapter 4, the crystal anisotropy of LSMO in the 
(001) plane found to have the easy direction at θ = 45º. There fore K1 is negative. 
 
The torque G/V = -dEa/dθ is, 
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(Here Ku1 is just written as Ku). 
If the crystal anisotropy dominates, at θ = 0 (hard direction of crystal anisotropy) the 

slope of the torque curve is positive, (Da/Dθ)θ=0 >0. On the other hand if the uniaxial 
anisotropy dominates, at θ = θ1 (easy direction of uniaxial anisotropy with Ku>0) the slope of 
the torque curve is negative, (Da/Dθ)θ=θ1 <0. 

Ku and K1 can be extracted by fitting the torque curve to the above function by 
Fourier analysis. If the torque magnitude of Fourier components for 2θ and 4θ are A2 and A4 
respectively, then Ku = |A2|/V and K1 =  - 2|A4|/V[19, 20]. 
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3.4.3 Magnetic Force Microscopy (MFM) 
 
AFM system can be modified to measure magnetic forces on the surface of the films. 

This method is called Magnetic Force Microscopy (MFM). It is used in this thesis to 
characterize the magnetic domain structure of LSMO thin film and nanostructure samples. By 
coating the AFM tips with magnetic materials, it can be used for imaging magnetic pattern of 
the material. Using directional deposition, the magnetic coating is applied only on the two 
faces of the tip pyramid most perpendicular to the sample. As only one of these faces extends 
to the top of the pyramid, the actual measurement area is a one-face, unidirectional 
magnetized magnetic film. A hard magnetic Co-alloy coating is used usually for standard 
high resolution applications. A low moment, soft magnetic nickel coating was also available 
for measurements on soft magnetic samples. Coatings can be obtained in various thicknesses 
(50nm, 35 nm, 20 nm, 10 nm) to fit the optimal trade-off between resolution and signal 
strength for the particular application. In MFM, the magnetic tip is mounted on a cantilever 
spring, very close to the surface of the sample. The interaction between the stray field of the 
sample and that of the tip makes the tip either attracted or repelled by the sample. The small 
cantilever, where the magnetic tip is mounted, translates the force into a deflection which can 
be measured and translates to the signal intensity in the MFM image. The Microscope can 
sense the deflection of the cantilever which will result in a force image (static mode) or the 
resonance frequency change of the cantilever which will result in a force gradient image. The 
sample is scanned under the tip which results in a mapping of the magnetic forces or force 
gradients above the surface. Thus the domain structure can be determined. The facts that no 
sample preparation is necessary and that a lateral resolution below 25 nm can be reached 
make it a powerful tool for investigation of submicron magnetization patterns.  

Since it is possible to apply external magnetic fields during the measurement, the 
field dependence of domain structures and magnetic reversal processes can be observed. In 
our set up, the maximum magnetic field which can be applied is ±100Oe (8kA/m). This was 
made possible using an electromagnet. Methods to separate topography and magnetic features 
allow pure magnetic images to be achieved. Topographic and magnetic details from the same 
scan can be related to each other. In the first pass the topography is determined in tapping 
mode. In the second pass the cantilever is lifted to a selected height for each scan line, and 
scanned using the stored topography (without the feedback). As a result the tip-sample 
separation during second pass is kept constant. This tip-sample separation must be large 
enough to eliminate the Van der Waals' force. During second pass the short-range Van der 
Waals' force vanishes and the cantilever is affected by long-range magnetic force. Both the 
height-image and the magnetic image are obtained simultaneously with this method. 
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3.5  Laser Interference Lithography (LIL) 
 

A relatively inexpensive technique, which makes it possible to pattern large areas of 
sub-micron periodic structures, is called interference lithography. Structure sizes below 
100nm have been reported using this technique. In 1993, Saleem and Brueck introduced 
multiple exposure interference lithography for creating periodic structure in two dimensions 
[21]. Interferometric lithography is a technique based on the interference of two laser beams 
to produce interference pattern, which is used to expose a photoresist layer with out mask.  

Laser interference lithography (LIL) allows vast numbers of identical structures to 
be patterned over a large area with short exposure times and simple equipment. The technique 
has benefited greatly from the availability of highly coherent light from lasers operating in the 
visible and UV ranges. 

The principle of interference lithography is simple; the interference of coherent light 
forms a standing wave pattern, which can be recorded in photoresist. In the two-beam 
interference method the intensity variation is sinusoidal and the resultant pattern is a grating 
with lines and spaces having roughly equal width. Figure 3.2 shows the schematic of the 
setup of LIL that uses interference pattern formed by direct beam and mirror reflected 
beam[22]. 

Figure 3.2: Set up used for the interference lithography. The direct incoming laser beam and 
the reflected beam from the mirror interfere each other and form an interference pattern on 
the substrate (sample) surface.    

 
We can add more laser beams coherently or incoherently to obtain two-dimensional 

array of dots. One example of incoherent addition is the multiple exposure method. In this 
method the sample is exposed with two-beam interference pattern first, then the sample is 
rotated by 90º and exposed with the same configuration of beams again. In this way one can 
obtain holes in the developed resists, which occur at the maxima of the intensity profile, for a 
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positive resist. The reverse patterns, that is, posts in the developed resists can be obtained by 
using a negative tone resist or an image reversal process. 

The period, P of the generated interference pattern is defined by the relation, 
      

)8.3..(..........
sin2 θ
λ

=P  
 
Where 2θ is the angle between the two interfering beams and it can be changed by rotating 
the mirror/substrate configuration. The wavelength of the laser beam, λ is equal to 266nm. 
 The minimum period achievable by interference lithography is about λ/2. 
Significantly smaller periods can be achieved by reducing the wavelength of the beam, for 
example using the X-ray radiation. The size and shape of the regions of the pattern depend on 
the incident angles of the beam, pulse duration, and the energy density of the beam.   

In the situation of perfect contrast of the interference fringe, the intensity peaks have 
their highest value and the nulls are exactly zero. When contrast decreases, the minima of the 
interference pattern increase from zero, and the maxima decrease. Fringe contrast must be 
above a certain level in order to get a good exposure. 
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Chapter 4                     
 
 
 

La0.67Sr0.33MnO3 films on vicinal SrTiO3 (001) 
substrates 

 
 

         
 

Epitaxial La0.67Sr0.33MnO3 (LSMO) thin films of different thicknesses are grown on vicinal, 
TiO2-terminated SrTiO3 substrates by pulsed laser deposition and their structural and 
magnetic properties are investigated in this chapter. Here we mainly study the influence of 
thickness, temperature and vicinal surface steps on the magnetic anisotropy behavior of these 
films.  

 
 
4.1   Introduction 
 
 As a half-metallic ferromagnetic material having its curie temperature (TC = 360 K) 
above room temperature, La0.67Sr0.33MnO3 (LSMO) is the most extensively studied 
manganite[1-4]. Today, the growth of high quality LSMO manganite thin films are widely 
studied because of its interesting applications in spintronics[5-9]. For the last several years, 
many efforts were carried out to study the relation between epitaxial strain and magnetic 
anisotropy of thin films of LSMO[4, 10, 11]. It is also important to thoroughly investigate the 
magnetic and structural properties of LSMO thin films to compare it with that of patterned 
LSMO nanowires and dots which will be described later in chapter 6. Pulsed laser deposition 
(PLD) technique is the most straightforward method for making thin films of LSMO because 
the stoichiometry of the film mostly remains the same as that of target material during the 
deposition as described earlier in chapter 3. Moreover, PLD under an oxidizing gas (oxygen, 
ozone, atomic oxygen, ...) allows “unit-cell-by-cell” two-dimensional growth, which can be 
monitored using in-situ reflection high-energy electron diffraction (RHEED)[12-14]. On 
SrTiO3 (STO), LSMO film appears single crystalline in a perfect “cube-on-cube” epitaxy[15-
17]. Moreover, at 300 K, hysteresis loops with magnetic field applied along different in-plane 
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field angles shows in-plane biaxial anisotropy with easy axis along [110] and hard axis along 
[100] crystal direction[10, 11, 18]. Studies on the correlation between film surface steps and 
magnetic anisotropy at different temperatures are hardly seen in magnetic oxide films. The 
step-induced magnetic anisotropy in ultra thin films of LSMO grown onto vicinal STO 
substrates is one of the fascinating issues subjected to investigation because it has interesting 
role in fundamental studies and also in the performance of different magnetic devices.  

In this chapter we have investigated the influence of deposition conditions on the 
magnetic properties of epitaxial LSMO thin films grown by PLD.  Also, the influence of 
temperature and the surface steps of substrate on the magnetic anisotropy property of LSMO 
films are addressed here. In section 4.2, we describe briefly, deposition conditions of the film 
and the preparation methods of the STO substrates. In section 4.3, the growth behavior and 
the structural properties of the LSMO thin films studied by both X-ray diffraction (XRD) and 
Reflection high energy electron diffraction (RHEED) techniques are elucidated. Magnetic 
properties studied by both vibrating sample magnetometer (VSM) and magnetic force 
microscopy (MFM) are described in section 4.4. Also, in this section, magnetic anisotropy 
studies of LSMO thin films using torque magnetometry (TM) and VSM are described in 
detail. 
 
4.2   Deposition conditions  
  

Epitaxial LSMO thin films were grown on STO substrates by pulsed laser deposition 
at substrate temperature of 750°C from a stoichiometric target in oxygen background pressure 
of 0.35 mbar. A KrF excimer laser having wavelength (λ) = 248 nm is used with laser fluence 
of 1 J/cm2 or 3 J/cm2 and a pulse repetition rate of 1 Hz. Before deposition, the target surface 
was polished with sand paper in order to remove the laser impressions made by previous 
deposition run. In this way, the chances of ablating big particles and residues from previous 
ablations can be reduced. The target is mounted on the target holder and the substrate is 
pasted on the heater using silver paste, and they both are introduced into the deposition 
chamber through a load lock system. The target to substrate distance was fixed at 4 cm. 
Before deposition, the STO substrates (with vicinal angle in the range 0.1º-0.3º) were 
chemically treated and annealed at 950°C to obtain single TiO2 termination[19] and this 
procedure is described in detail in section 3.2.3 of chapter 3. The treated substrate showed 
vicinal steps on its surface with terrace width depending on the vicinal angle of the substrate 
(Figure 4.1). The step height is equal to the height of one unit cell of STO. The vicinal angle 
and step direction of the substrates were determined using x-ray diffraction (XRD). 

A mask with slit area of 0.99cm2 is placed in the laser beam to select a part of the 
beam in which the spatial energy density varies only up to 10%. A lens is positioned along 
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the path of laser beam which demagnifies the width and the height of the spot. The energy of 
the laser pulses before it enters the chamber is measured and controlled to 65mJ/pulse. 
Standard deviation of this energy measurement is typically 2mJ. After measuring the window 
transmittance to be 90%, the energy density of 1J/cm2 or 3J/cm2 is obtained on the target by 
controlling lens and mask position. After LSMO deposition, the films were cooled to room 
temperature with 10°C/min ramp rate at 1 bar of oxygen gas pressure. This ramping of 
LSMO film at high oxygen gas pressure is done in order to remove any oxygen vacancies  in 
the film[20, 21]. The thicknesses of the films were determined using low angle XRD and 
surface morphology was analyzed by atomic force microscopy (AFM). 

Figure 4.1: AFM image of TiO2 terminated SrTiO3 surface after the chemical treatment and 
annealing process (described in detail in chapter 3). The straight unit cell high surface steps 
are visible. 
 
4.3   Growth and structural properties  
 
4.3.1 Growth characterization  
 

Reflection high energy electron diffraction (RHEED) technique used along with 
pulsed laser deposition enables diffraction features to be monitored and analyzed during 
growth of a thin film. One of the most important applications of RHEED in structural 
analysis of crystal surfaces is the possibility to explore the growth dynamics of thin films by 
monitoring the variations in intensity of various features in the RHEED pattern[22-25]. We 
have used in-situ RHEED here to monitor the film growth during deposition of LSMO. The 
intensity of reflected electron beam as a function of time is plotted in figure 4.2. Here LSMO 
film was grown at laser fluence of 3J/cm2. The RHEED oscillations seen in the figure indicate 
the two dimensional growth mode. The oscillation period, from this RHEED data is 

11µµmm

0

1nm
[010]

[100]

11µµmm

0

1nm
[010]

[100]



                          
LSMO films on vicinal STO(001) substrates 

 48 

determined to be 10 seconds.  The oscillation intensity is found to be dropping rapidly which 
points out that the film surface becomes roughened as the growth proceeds. But the 
diffraction spots of island growth are not seen in the diffraction pattern after deposition. This 
means that the roughening during the growth is not that high enough to remove the steps on 
the film surface as later it is found in the AFM measurement that the films also shows vicinal 
steps on it’s surface. 
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Figure 4.2: a) RHEED intensity oscillations during the growth of LSMO film on TiO2 
terminated STO substrate. b) Diffraction pattern of the sample taken along STO (100) 
direction at 0.35mbar before and after deposition respectively. 
  
4.3.2 Surface morphology of LSMO film 

 
Surface topography of LSMO films were analyzed by taking AFM images of its 

surface. The surface morphology of LSMO films of different thicknesses (16nm, 26nm, 45nm 
and 21nm) is shown in figure 4.3. The films with thicknesses 16nm, 26nm and 45nm are 
grown with laser fluence of 1J/cm2 and the film with 21nm thickness was grown with laser 
fluence of 3J/cm2. These films, with thickness up to 85 nm, show atomically flat terraces 
separated by unit cell high steps. These AFM results indicate that the growth of LSMO on 
treated STO substrates is in two dimensional growth mode. Because the miscut angles and 
miscut directions of the substrates used are different, the surface step densities and step 
directions of each of these films are also different. The wavy steps which are seen in the film 
with thickness 26nm, is originated from the substrate itself because the treated substrate 
before depositing the film also had wavy steps. 
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 Figure 4.3: AFM images of the top surface of LSMO thin films of different thicknesses 
(16nm, 21nm, 26nm and 45nm) where atomic steps are visible in all the films. The gray scale 
in the figure denotes the vertical scale of the AFM image. All images are 1×1µm2. 

 Figure 4.4:  (a) The AFM image of one of the LSMO film (thickness = 21nm) after 
performing the plane fitting. (b) The line profile on the terrace structure of the same image 
from which the step height can be determined. 

 
The line profile of the AFM image of one representative film (thickness = 21nm) is 

shown in figure 4.4 where the step height is determined to be around 0.37 ±0.02nm which is 
comparable to the step height of STO (0.3905nm), and the lattice parameter of one unit cell of 
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bulk LSMO (0.388nm). The above AFM results show that there is no obvious influence of 
laser fluence and thickness on the surface morphology of the film. 
 
4.3.3 Structural analysis  

 
The structural analysis of LSMO films was done using X-ray diffraction 

measurements. The low angle XRD spectrum of one of the LSMO film is shown in figure 4.5 
where the thickness is determined from the periodicity of oscillation of the XRD intensity. In 
section 3.3.2 of chapter 3, it is explained how film thickness can be determined from low 
angle XRD.  

Figure 4.5: Low angle XRD of one of the representative LSMO film, from which the film 
thickness is derived. 
 

We performed the 2theta XRD scan of films with varied thicknesses (21nm, 25nm 
and 80nm). In figure 4.6(a), the XRD spectrum of one of the LSMO film of thickness 80nm 
is shown where all the (00l) peaks can be seen. X-ray diffraction spectra (Zoomed in to (003) 
peak) of LSMO thin films of different thicknesses are given in figure 4.6(b) where Kα1 and 
Kα2 peaks are seen for both film and substrate. From these XRD spectrums, the out of plane 
lattice ‘c’ parameter of each LSMO film is determined and these values are found to be less 
than the bulk lattice parameter (0.388nm) of LSMO. The experimental out of plane lattice ‘c’ 
parameter value from (001), (002), (003) and (004) LSMO peaks (respective 2theta values = 
23.11±0.25, 47.155±0.2, 73.87±0.2 and 106.4±0.2) was determined (using equation 3.1) to be 
3.8456±0.041Å, 3.851±0.015Å, 3.8457±0.009Å, and 3.848±0.005Å respectively.  

The reduction in the out of plane lattice ‘c’ parameter compared to bulk value can be 
explained with the lattice strain of LSMO thin films. The lattice mismatch of LSMO with 
STO substrate is found to be around 0.64% [(aSTO –aLSMO)/aSTO]. So there exists an in-plane 
tensile strain in the LSMO film. 
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Figure 4.6: (a) XRD spectrum of LSMO film of thickness 80nm. (b) X-ray diffraction spectra 
(Zoomed in to (003) peak.) of LSMO thin films of different thicknesses (shown in the legend). 
Here both STO (003) and LSMO (003) peaks are shown. The arrow in the figure indicates 
that the intensity decreases with decreasing thickness of LSMO films. 
 

Earlier, Kawasaki et al[26] has already shown (Figure 4.7(a)) how the LSMO lattice 
get strained in both ‘a’ and ‘b’ in-plane directions in order to fit exactly on STO substrate 
lattice. LSMO lattice experiences in-plane tensile strain in this case. Cross section TEM 
micrograph of an LSMO film is also shown in figure 4.7(b) where it can be seen the perfect 
lattice fitting of LSMO on STO showing the epitaxial growth, confirming the above 
argument[27].  

Figure 4.7: (a) Schematic picture showing the in-plane tensile strain of LSMO on STO 
substrate (only in-plane ‘a’ directions can be seen). Taken from Ref [26]. (b) Cross section 
TEM micrograph of LSMO film grown on STO substrate by Pulsed laser deposition. Taken 
from Ref[27]. Equal number (42 each) of lattice spacings for LSMO and STO are counted 
between the white lines as seen in figure. 
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The LSMO peaks are slightly broadened compared to the substrate peaks, which tell 
that the lattice parameter varies slightly at different regions of the film. We can note here that 
the peaks lies between the bulk (2theta value = 73.2) and the maximally strained position 
(2theta value = 74.5), and that with increasing thickness the gravity center of the peaks is not 
moving towards the bulk position (towards left). That means, as the thickness increases, the 
film is not getting relaxed in order to get the lattice parameter of its bulk value. From these 
results, we can conclude that the film is strained and the energy for straining is lower than the 
energy for forming dislocations. It is possible that while straining, oxygen vacancies in the 
lattice are created. 

We have also used reciprocal space mapping to analyze the in-plane lattice matching 
of LSMO film with STO substrate. The plot (reciprocal space map) is a contour mapping of 
the peak intensity signal. In the maps, the ω and 2θ axes are converted in reciprocal lattice 
units. Figure 4.8 shows the results for two reciprocal space maps (hl scan and kl scan 
respectively) around the (202) and (022) reflection of an 80nm thick LSMO film. The 
reflections were chosen so that the in-plane lattice fitting could be analyzed. Here, the hl map 
shows that the peaks of both STO and LSMO layer have identical h values, indicating that the 
lattice ‘a’ parameter of both STO and LSMO are identical. In the kl map, the k values of both 
STO and LSMO are also found to be identical which indicates that the in-plane lattice ‘b’ 
parameters of both layer and substrate are identical as well. 

Figure 4.8: (a) hl scan around the (202) reflection of 80 nm LSMO on STO. The h values of 
both STO and LSMO peaks are same (shown with a straight line in the figure). (b) kl scan 
around (022) reflection of the same film. The k values of both STO and LSMO peaks are same 
(shown with a straight line in the figure). 
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A perfect crystal or thin epilayer would have a reciprocal space map that consists of 
concentric circles as seen in figure 4.8. There is no evidence for relaxation via misfit 
dislocations. In-plane ‘a’ and ‘b’ lattice parameters are found to be equal as expected, and 
there is no lattice relaxation in the film. From these measurements we can conclude that the 
film lattice exactly fits on the substrate lattice. 

As the epitaxial film growth of LSMO/STO is confirmed by RHEED, XRD and 
AFM results, it is important to study the magnetic properties which can be influenced by the 
growth parameters, vicinal steps, thickness and temperature of the film. In the next section, 
magnetic properties of these LSMO films are described in detail. 

 
4.4   Magnetic properties 
 
4.4.1 Hysteresis loops 
 
 Both in-plane and out of plane VSM hysteresis loops of LSMO films grown with 
different laser energy and thicknesses were measured. All the LSMO films described here had 
good structural properties confirmed by XRD and AFM. Figure 4.9 shows hysteresis loops of 
these samples with field applied both in-plane and out of plane directions of the film.  
 Figure 4.9 (a) and (b) shows in-plane (along surface step direction) and out of plane 
hysteresis loops of LSMO film having thickness 50nm grown with laser energy of 1J/cm2. 
The zoomed in part of the same loops are shown in figure 4.9(c) and (d). The in-plane 
hysteresis loop with coercivity 0.47kA/m, shown in figure 4.9(c) has three different regions 
(shown in figure as 1, 2 and 3) where magnetization switching is different suggesting an 
inhomogeneous magnetic film. It is seen in figure 4.9(b) that there is a straight portion of the 
curve (shown with arrows in figure) near to the zero field. From the out of plane hysteresis 
loop in figure 4.9(d), the coercivity is determined to be 4.27kA/m. This tells that there is an 
out of plane ferromagnetic component perpendicular to the film. That is, the anisotropy is not 
simply coming from the shape of the film. But there can be a small contribution from the 
canted spin orientations at the interface of the film.  

When the laser energy is increased to 3J/cm2, the in-plane hysteresis loop (along 
surface step direction) of LSMO films showed sharp magnetization switching without having 
any inhomogeniety (Figure 4.9(e)). That means, whole of LSMO film behaves like one part 
showing same property everywhere. The film has sharp one step switching at a field of 
0.29kA/m which is the coercivity of the film.  The out of plane hysteresis loop (Figure 4.9(f)) 
shows no straight part near to zero field with approximately zero coercivity and the hardest 
anisotropy direction is perpendicular to the film. This means that the film has in-plane 
magnetic anisotropy. 
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Figure 4.9: (a) In-plane (along surface step direction) and (b) out of plane hysteresis loops of 
LSMO thin film of thickness 50nm grown with laser fluence 1J/cm2. The loops in (c) and (d) 
shows zoomed in part of the same hysteresis loops shown in (a) and (b) respectively. (e) In-
plane (along surface step direction) and (f) out of plane hysteresis loops of LSMO thin film of 
thickness 40nm grown with laser fluence 3J/cm2. 

-1000 -500 0 500 1000

-0.2

-0.1

0.0

0.1

0.2 Thickness = 50nm
Fluence = 1J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H(kA/m)

-10 -5 0 5 10
-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
Thickness = 40nm
Fluence = 3J/cm2

 

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H (kA/m)
-1500 -1000 -500 0 500 1000 1500

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
Thickness =40nm
Fluence =3J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H (kA/m)

-60 -40 -20 0 20 40 60

-0.2

-0.1

0.0

0.1

0.2 Thickness = 50nm
Fluence = 1J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H (kA/m)

⊥

⊥

//

//

c)

e) f)

1

2
3

-1000 -500 0 500 1000

-0.2

-0.1

0.0

0.1

0.2 Thickness = 50nm
Fluence = 1J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H (kA/m)

//

⊥

a)

-60 -40 -20 0 20 40 60

-0.2

-0.1

0.0

0.1

0.2 Thickness = 50nm
Fluence = 1J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H(kA/m)

b)

d)

-1000 -500 0 500 1000

-0.2

-0.1

0.0

0.1

0.2 Thickness = 50nm
Fluence = 1J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H(kA/m)

-10 -5 0 5 10
-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
Thickness = 40nm
Fluence = 3J/cm2

 

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H (kA/m)
-1500 -1000 -500 0 500 1000 1500

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
Thickness =40nm
Fluence =3J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H (kA/m)

-60 -40 -20 0 20 40 60

-0.2

-0.1

0.0

0.1

0.2 Thickness = 50nm
Fluence = 1J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H (kA/m)

⊥

⊥

//

//

c)

e) f)

1

2
3

-1000 -500 0 500 1000

-0.2

-0.1

0.0

0.1

0.2 Thickness = 50nm
Fluence = 1J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H (kA/m)

//

⊥

a)

-60 -40 -20 0 20 40 60

-0.2

-0.1

0.0

0.1

0.2 Thickness = 50nm
Fluence = 1J/cm2

M
ag

ne
tic

 m
om

en
t (
µA

m
2 )

H(kA/m)

b)

d)



           
                                                                   LSMO films on vicinal STO(001) substrates 

 55 

It is seen in the figure that saturation magnetic moment (0.16 µAm2) of 50nm LSMO 
film is lower than that of 40nm LSMO (0.3 µAm2) which can be due to the inhomogeniety of 
the film grown with lower fluence and it is explained in the next section. 
 
4.4.2 Magnetization vs Temperature 
 

The dependence of magnetization with temperature for LSMO films with three 
different deposition conditions (namely with laser fluence of 1J/cm2, 2J/cm2 and 3J/cm2) are 
plotted in figure 4.10. The thicknesses of these films were 26nm, 28nm and 21nm 
respectively. It is seen that the curie temperature is ~ 350K for all the films. That is, we could 
not find a noticeable change in TC with change in laser fluence. Here, a sharper ferromagnetic 
to paramagnetic transition can be seen in films grown with laser fluence of 2J/cm2 compared 
to films grown with laser fluence of 1J/cm2. The transition becomes even sharper when the 
fluence is increased to 3J/cm2. The magnetization value of this sample at 150K is 540kA/m 
which corresponds to the value of 3.08 Bohr magneton (µB) per manganese atom. The 
expected full saturation magnetization is 600kA/m (3.7µB) per manganese atom at 10K. 

Figure 4.10: Temperature dependence of magnetization of LSMO thin films with thicknesses 
21nm, 28nm and 26nm .grown with laser fluencies 3J/cm2, 2Jcm2 and 1J/cm2 respectively.  
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fluence is used. When material is ablated with higher laser fluence, its kinetic energy to reach 
the substrate is higher and the growth will be more stochiometric and epitaxial. This is the 
reason that the film grown with higher laser fluence 3J/cm2 has higher magnetization at lower 
temperature and sharp ferromagnetic to paramagnetic transition compared to other films 
grown with lower fluence. 

Magnetic anisotropy measurements are performed only on LSMO films grown with 
laser energy of 3J/cm2 because these films were having better magnetic properties as 
explained above. More close analysis of the influence of substrate steps on magnetic 
anisotropy of our LSMO films of different thicknesses at different temperature are described 
in the next section. 

 
4.4.3 Magnetic anisotropy  
 

Magnetic anisotropy is produced through the interaction between spontaneous 
magnetization and the crystal lattice, so that the temperature dependence of spontaneous 
magnetization should give rise to a change in magnetic anisotropy. The magnetic anisotropy 
is also influenced by other factors such as thermal expansion of the lattice, thermal excitation 
of the electronic states of magnetic atoms, temperature dependence of valence states etc. 
More detailed general description about different kinds of magnetic anisotropy can be found 
in section 3.4.2 of chapter 3. 

In-plane magnetic anisotropy behavior of LSMO films was characterized by 
vibrating sample magnetometer (VSM) at room temperature and 160 K. For each film, 
hysteresis loops were taken at different in-plane field directions with intervals of 5° field 
angle. Figure 4.11 shows two hysteresis loops obtained for a 25 nm thick LSMO film at room 
temperature, taken with applied field along 130° and 40° with respect to one edge of the 
substrate crystal [100] direction. These field directions were found to be the in-plane easy and 
hard directions, respectively. A clear difference in the remanence value can be seen. AFM 
measurements show that the film surface has steps which are a clear imprint of the treated 
STO substrate surface. Note that the step direction of each substrate is different because of 
the variation in miscut direction. A typical example of an AFM image of 25 nm thick film 
(the same sample explained in figure 4.11) is shown in the top panel of figure 4.12. The 
remanence of this film, taken from hysteresis loops at different field angles, versus in-plane 
field angle θ is also given in figure 4.12 (bottom panel).  

Here θ is defined as angle between applied field direction and the [100] STO crystal 
direction. There is an oscillation with periodicity of 180° with highest remanence at θ ~ 130° 
and lowest remanence at θ ~ 37°. From this, we can conclude that this film has a uniaxial 
anisotropy with the easy direction along 130° and the hard direction along 37°. From the 
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AFM image obtained from the same film, we found that the step direction is along the 133° 
±5° direction, which corresponds with the easy axis, whereas the hard axis is perpendicular to 
the step direction (top panel of figure 4.12). 

Figure 4.11: Magnetic hysteresis loops of a LSMO film of thickness 25 nm, with field applied 
in-plane along the easy axis (direction of 130° angle with respect to one crystal edge [100] of 
the substrate) and hard axis (direction of 40°) at room temperature. 

Figure 4.12: Remanence vs in-plane field angle of a 25 nm thick LSMO film at room 
temperature (bottom panel) and the arrows here denote easy and hard directions. AFM 
image of the same film (top panel) with the step direction θ =133±5°. The gray scale range is 
from 0 to 2 nm.  
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Remanence versus field angle of the LSMO film with a thickness of 7 nm and a 
different step direction is given in figure. 4.13. Again, the remanence shows an oscillation 
with 180° periodicity. The highest remanence value was found at 100°±8°, whereas the 
lowest remanence is found in the 10° ±8° direction. This leads to the conclusion that this film 
also has a uniaxial anisotropy, with the easy axis along the 100° and the hard axis along the 
10° direction. Once more, the easy axis of the uniaxial anisotropy in this film coincides with 
the step direction of the film as confirmed by the AFM image (step direction is 100°±5°) of 
the same film (top panel of figure. 4.13). 

 Figure 4.13: Remanence vs in-plane field angle of a 7 nm thick LSMO film at room 
temperature (bottom panel). Arrows denote easy and hard directions. AFM image of the same 
film (top panel) with the step direction θ =100±5°. The gray scale range is from 0 to 2 nm. 
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direction of the film surface. Consequently, the origin of the biaxial anisotropy is not 
dependent on the direction of the surface steps of the substrate. This biaxial anisotropy, is 
crystalline in nature with easy and hard axis along the [110] and [100] directions, respectively. 
The saturation magnetization was constant at different field angle as we expected and it is 
shown in figure 4.14(b). Similar results (not shown) are obtained at low temperature for the 
film which is described in figure. 4.13. 

Step induced uniaxial anisotropy in LSMO films on STO substrates with a large 
vicinal angle of 10° was recently investigated at low temperature (80 K) and it was found that 
the LSMO film showed uniaxial anisotropy with easy axis along the substrate steps[28]. Here 
we have used substrates with vicinal angle in the range 0.1º-0.3º and the step induced uniaxial 
anisotropy is more prominent at room temperature. 

Figure 4.14: (a) Remanence vs in-plane field angle at 160K, for the same 25 nm LSMO film 
as in Fig. 4.11. Arrows denote easy and hard direction, which corresponds to the [110] and 
[100] crystal axes, respectively. (b) Field angle dependence of saturation magnetization of 
the same LSMO film. 
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strain induced by the substrates is not affecting the crystalline anisotropy constant[4]. As a 
consequence, we expect that the uniaxial strain at the step edges of the substrates is not 
affecting the anisotropy. In order to analyze more on the step induced magnetic anisotropy of 
these films, torque magnetometry at different temperatures are done and explained in next 
section. The biaxial anisotropy, which is dominating over uniaxial anisotropy at low 
temperatures, is determined by the fourfold crystalline anisotropy in the LSMO film on the 
STO substrate, which increases with decreasing temperature. 

 
4.4.4 Analysis by torque Measurements 
  

Magnetic torque measurement is a very powerful, quantitative, direct and 
straightforward technique to investigate the magnetic anisotropy (more details about the set 
up and measurement are described in section 3.4.2 of chapter 3). With this method, it is 
possible to establish the type of magnetic anisotropy, uniaxial or biaxial and to determine the 
orientation of the magnetic easy axis. The torque measurements were carried out on our 
LSMO/STO films in order to obtain more quantitative analysis of its anisotropies at different 
temperature. In these torque magnetometry measurements, a large rotating field is applied to 
the sample and the torque curve is plotted versus the field angle. This rotating field turns the 
magnetization within the (001) film plane. The anisotropy constants for each sample at 
different temperature can be determined by fourier analysis of the measured torque curves, 
neglecting any difference between magnetic field direction and magnetization direction. We 
focus here on the films of thickness 7nm, 18nm and 85nm respectively for most of the 
analysis to follow.  LSMO films grow epitaxial, thereby replicating the step-terrace structure 
of the substrate up to the film surface, as confirmed by the atomic force microscopy images in 
figure 4.15. In these AFM images of the films, it is possible to see the direction of the terrace 
steps of each sample with respect to the edge of the sample. The sample edge direction is the 
[100] crystalline axis. So it is possible to determine how the terrace steps are oriented with 
respect to [100] crystal direction of the sample and they are 100º±5º, 90º±5 º, and 60º±5º 
angles for films with thickness 7nm, 18nm and 85nm respectively.  

In order to measure the torque signal of LSMO thin films accurately, it was 
necessary to measure the background torque signal from holder and STO substrate so that 
those signal can be subtracted from the thin film torque curve. As the sample is having 
5×5×1mm size, we used a Si disc (6×7×1mm) to place the sample on it so that it can fit well 
to the quartz sample holder. So, we have measured the torque curves of holder alone, holder + 
Si disc and holder + Si + STO substrate; at room temperature (Figure 4.16(a), (b) and(c) 
respectively). After measuring the torque curve of holder + Si + STO substrate, we rotated the 
STO substrate 90º in the plane and again the torque curve was plotted at room temperature 
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(Figure 4.16 (d)). From this we conclude that the STO has a uniaxial torque contribution of 
not known origin. 

Figure 4.15: AFM images of epitaxial LSMO films of thicknesses 7nm, 18nm, and 85nm 
respectively.  

Figure 4.16: Torque curves (a) holder alone, (b) holder + Si, (c) holder + Si + STO(0º) and 
(d) holder + Si + STO (90º rotated) at room temperature.  
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When the torque curve is measured for holder + Si + STO at lower temperature of 
20K, it is found that there is no notable change in the signal from that of room temperature 
torque signal. So we used only the room temperature data of (holder +Si + STO) for 
subtraction. As there is reasonable torque signal from the background, we have subtracted the 
signal of holder + Si + STO(either 0º or 90º) from all the film torque curves. It is found that 
the subtraction of holder + Si + STO(0º) works well for films of thickness 7nm and 18nm. 
But for film of thickness 85nm, the subtraction of holder + Si + STO(90º) works well. That is, 
the phase angles of uniaxial step induced anisotropy and biaxial crystalline anisotropy 
becomes correct when the above subtraction is performed. The torque curves of all the 
samples were taken for different temperatures and from each curve the corresponding 
subtraction of background signal was also performed. When the temperature increases above 
200K, the torque signal of all the films becomes very close to that of background signal. So, 
the torque measurements shown here are only in the temperature range between 20K and 
200K. In figure 4.17, the torque curves of all the three films are shown for 20K and 200K.  

Figure 4.17: Torque curves of LSMO films of different thicknesses of (a) 7nm, (b) 18nm and 
(c) 85nm at 20K and 200K (shown in the legend of each figure). 

0 100 200 300 400

-0.04

-0.02

0.00

0.02

0.04

 

18nm

-T
or

qu
e 

(1
0-7

N
m

)

Field angle (θ)

 200K
 20K

0 100 200 300 400

-0.08

-0.04

0.00

0.04

0.08 85nm

-T
or

qu
e 

(1
0-7

N
m

)

Field angle (θ)

 200K
 20K

0 100 200 300 400
-0.02

-0.01

0.00

0.01

0.02

7nm

-T
or

qu
e 

(1
0-7

N
m

)

Field angle (θ-900)

 200K
 20K

a) b)

c)

0 100 200 300 400

-0.04

-0.02

0.00

0.02

0.04

 

18nm

-T
or

qu
e 

(1
0-7

N
m

)

Field angle (θ)

 200K
 20K

0 100 200 300 400

-0.08

-0.04

0.00

0.04

0.08 85nm

-T
or

qu
e 

(1
0-7

N
m

)

Field angle (θ)

 200K
 20K

0 100 200 300 400
-0.02

-0.01

0.00

0.01

0.02

7nm

-T
or

qu
e 

(1
0-7

N
m

)

Field angle (θ-900)

 200K
 20K

a) b)

c)



           
                                                                   LSMO films on vicinal STO(001) substrates 

 63 

In these torque curves, it can be seen that there are oscillations having periodicity 
90º which is overlapped by an oscillation of periodicity 180º. Here the oscillation of 
periodicity 90º corresponds to the biaxial anisotropy and the oscillation with 180º periodicity 
corresponds to the uniaxial anisotropy. Comparing these plots at both temperatures, it is clear 
that at low temperature the biaxial crystalline anisotropy becomes stronger. By doing the 
Fourier analysis of the torque curves, phase angles corresponding to both uniaxial and biaxial 
anisotropies were determined for the above three films. These phase angles θ1 (see equation 
3.7) θ1=105º±10º, θ1=95º±10º, and θ1=68º±10º which are the easy axes for the uniaxial 
anisotropy for films of thickness 7nm, 18nm and 85nm respectively (the sample with 
thickness 7nm thickness was positioned in the torque meter with 90º rotation, which is 
considered by the field angle (θ-90º) in plot 4.17(a)). So all these phase angles corresponds to 
the step directions. The phase angle of the biaxial anisotropy for all the films corresponds to 
the easy axis θ=45±10º which is the [110] crystal direction. So the easy axis found for the 
biaxial anisotropy is the [110] crystal direction of LSMO on STO. This is consistent with the 
VSM measurements shown earlier and it confirms that the biaxial anisotropy in these LSMO 
films is crystalline in nature. In figure 4.18, biaxial anisotropy constants which were 
determined from the torque curves of LSMO films are plotted against temperature (bottom 
panel).  

Figure 4.18: Biaxial anisotropy constant (K1) and uniaxial anisotropy constant (Ku) versus 
temperature for LSMO films of different thicknesses which were described in figure 4.15 and 
figure 4.17. 
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It is clear from the figure that the biaxial anisotropy constant decreases with 
temperature same as seen in literature[4].  Also, it has no significant dependence on thickness 
of the film. Uniaxial anisotropy constant (Ku) versus temperature for these films are plotted in 
the top panel of figure 4.18. As the thickness increases to 85nm, a large decrease in Ku is 
found. It is clear from the figure that Ku does not scale with the film volume. This indicates 
that the uniaxial anisotropy is mainly originated from the surface or interface of the film. It 
can be also noted from the figure that the Ku calculated from the torque curves are showing 
large error bars as temperature increases, which is because of the back ground signal and the 
limit of the sensitivity of the torque machine. 
 
4.4.5 Magnetic force microscope (MFM) images 

 
We have performed magnetic force microscopy (MFM) on thin films of LSMO 

using magnetically soft nickel tips, as the films were also magnetically very soft. The MFM 
tip is of pyramidal shape and was coated with Nickel on one side of it. More details about 
these tips are given in section 3.4.3 of chapter 3. In order to get enough magnetic signal, the 
thickness of the magnetic layer on the tip was varied and fine tuned. The thickness of the 
nickel layer on the tip we used was 50nm. The tip was magnetized along the tip length 
direction, which is perpendicular to the sample plane and scanning direction of the tip. The 
MFM image taken on film of thickness 52nm is shown in figure 4.19.  

 Figure 4.19: AFM (left) and MFM (right) images of LSMO thin film grown on STO 
(thickness = 52nm). 
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field to zero. It can be seen that there is not much magnetic contrast which can be due to two 
reasons. One reason is that the film thickness of 52nm is not enough to give significant 
magnetic signal and the other is that Ni tip (as the tip is magnetically harder than the film) 
used is inducing the movement of domain walls along its scanning direction so that no 
magnetic signal is visible. These results are comparable with the MFM image of LSMO film 
grown on STO substrate, seen in literature[32].  
 
4.5 Conclusions 
 

We have grown LSMO thin films on single crystalline STO substrates by pulsed 
laser deposition and optimized the deposition conditions such that the film grows epitaxial 
and shows high quality structural and magnetic properties. The XRD, RHEED and AFM 
measurements shows that the film grows in two dimensional or layer by layer growth mode 
resulting in a vicinal film surface, with unit cell high steps even up to film thickness of 85nm. 
It is observed that the LSMO film experiences an in-plane tensile strain so that the out of 
plane lattice parameter of LSMO is decreased to make the volume of the unit cell constant. 
Lattice parameters extracted from both 2 theta and reciprocal space mapping measurements 
confirms that LSMO lattice exactly fits on the STO lattice and the in-plane lattice parameters 
of LSMO are equal to that of STO. That is, high quality single crystalline LSMO film has 
been grown and has perfect lattice fitting with the STO substrate.  

Magnetic measurements carried out by vibrating sample magnetometry show that 
the film has in-plane magnetic anisotropy. More extensive studies on this in-plane anisotropy 
of these films reveal a mixture of both biaxial and uniaxial in-plane anisotropy which were 
due to the crystalline nature of the film and the vicinal steps on the film surface respectively. 
It is observed that step induced uniaxial anisotropy is more prominent at room temperature 
and biaxial crystalline anisotropy is more prominent at low temperature. Torque 
measurements were carried out to extract biaxial and uniaxial anisotropy directions and 
quantify the anisotropy constants at different temperature. The uniaxial anisotropy axes 
correspond to the surface step direction and biaxial anisotropy axes corresponds to the 
crystalline directions of the film. From the background measurements, it is concluded that 
STO substrate has a small uniaxial anisotropy. The dependence of both biaxial and uniaxial 
anisotropy constants on temperature was studied and the results show that the biaxial 
crystalline anisotropy constant (K1) decreases with temperature and it has no dependence on 
the film thickness. As uniaxial anisotropy constant (Ku) does not scale with volume of the 
film, it can be concluded that the step induced uniaxial anisotropy is mainly originated from 
the surface or interface of the film.  
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In comparison to the earlier studies on magnetic anisotropy of LSMO films, 
interestingly, we have observed uniaxial step induced anisotropy which can be due to the high 
quality thin film growth on chemically treated substrate having vicinal surface steps. Also, 
the films which were studied here were comparatively thin (below 100nm) and this gives 
strong contribution from the interface or/and surface steps of the film. The competition 
between step-induced uniaxial anisotropy and biaxial crystalline anisotropy can play an 
important role in the performance of devices made from LSMO, operating at room 
temperature.  
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Chapter 5                
 
 
 

La0.67Sr0.33MnO3 films on NdGaO3 substrates  
 
 

    
 

Epitaxial La0.67Sr0.33MnO3 thin films are grown on vicinal, NdGaO3 substrates of different 
orientations and their structural and magnetic properties are investigated. The influence of 
strain state and growth geometry of LSMO film on its magnetic properties was analyzed at 
different temperatures. Magnetization reversal mechanism of LSMO/NGO(100) was also 
studied using angle dependent coercivity measurements.  

 
 
5.1   Introduction 
 

The dependence of magnetic properties, especially magnetic anisotropy on the strain 
state in the film can be analyzed by growing La0.67Sr0.33MnO3 (LSMO) on substrates having 
different lattice mismatch with the film. LSMO grown on SrTiO3 (STO) substrate have in-
plane magnetic anisotropy (magnetic axis with in-plane easy axis) which is the combination 
of uniaxial step induced anisotropy and biaxial crystalline anisotropy as depicted earlier in 
chapter 4. It is interesting to analyze the magnetic anisotropy of LSMO film grown on 
neodymium gallate, (NdGaO3) substrate as the film has a different strain state on this 
substrate compared to that of STO. NdGaO3 (NGO) is widely used as substrate material for 
high-temperature superconductors (HTSC) and colossal magnetoresistive (CMR) materials, 
because it has the low mismatch between film and substrate lattice, both at the deposition and 
application temperatures [1-8]. This substrate is orthorhombic (space group Pbnm) with a = 
5.43 Å, b = 5.50 Å and c = 7.71 Å [9-11]. LSMO on NGO(110) experiences an in-plane 
uniaxial compressive strain in which only one in-plane lattice parameter is significantly 
different[11, 12]. Researchers have found magnetic stripe domains with almost straight line 
shape in LSMO film grown on NGO(110) and the stripe domain ordering can be readily 
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controlled by the external magnetic field[12, 13]. Some other studies on LSMO films grown 
on NGO(110) shows 'feather' like magnetic contrast in magnetic force microscopy (MFM) 
images which is characteristic of films with in-plane magnetic anisotropy[9]. Here the shape 
of the magnetic pattern was fully correlated with the magnetic easy axis of the film. As 
described in previous chapter, the magnetic anisotropy axes of LSMO film can be tuned by 
selecting the vicinal steps in a desired direction on the STO substrate at room temperature. In 
this chapter, we have studied the influence of vicinal steps and temperature on magnetic 
anisotropy of LSMO films on NGO substrates of different orientations as little is known in 
this subject.  

Here we have investigated the influence of growth and substrate orientations on 
magnetic properties of LSMO film on NGO. In section 5.2, growth and structural properties 
of LSMO film on NGO substrates of different orientations are described using the 
experimental tools like XRD, RHEED, and AFM. Magnetic studies of these films are shown 
in section 5.3 where a more elaborate description of magnetic properties like magnetic 
anisotropy, magnetization versus temperature, magnetization reversal mechanism and 
magnetic domain imaging by MFM etc. can be found. 

                    
5.2 Growth and structural properties 
  

LSMO thin films were grown on NGO substrates by pulsed laser deposition (PLD). 
Here we have used mainly three different orientations of NGO substrates namely NGO(100)o, 
NGO(110)o and NGO(001)o respectively. The subscript ‘o’ represents the orthorhombic 
metric. 
 
5.2.1 Crystal structure of NdGaO3 (NGO) 

 
NdGaO3 has, at room temperature, a GdFeO3 type structure (space group Pbnm) [14]. 

Among the lanthanide gallates, it is the only oxide with no structural phase transitions in the 
temperature range 12-1773K[15]. As NGO substrates of different orientations offer various 
in-plane strain states, LSMO films grown on it not only have change in its structural and 
magnetic properties but it can also have different growth behavior. Orthorhombic crystal 
structure of NGO is shown in figure 5.1, where the (100)o  (110) and (001)o planes are 
indicated in figure 5.2(a) (b) and (c) respectively. 

The NGO structure can also be described in the pseudocubic space group, in which 
the [100] pseudocubic direction corresponds to the [110] orthorhombic direction, and the 
average pseudocubic lattice parameter, a1, is related to the orthorhombic unit cell by a ~ √2 a1, 
b ~ √ 2 a1, and c ~ 2 a1.  In figure 5.1, it can be clearly seen that both Nd and Ga atoms are 
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present in (100)o NGO planes where as, either Nd or Ga atoms are only present in (110)o and 
(001)o NGO planes. 

 

Figure 5.1: Crystal structure of NdGaO3 (orthorhombic) where the (100) plane (a), (110)o  
plane (b) and (001)o (c) are indicated. 
 
NGO(100)o  
 

NGO(100)o  orientation is first taken into consideration in order to analyze how the 
LSMO lattice fits on the NGO (100)o  plane.  In figure 5.2(a) top view of NGO (100)o  plane 
is depicted on which diagonal plane of LSMO fits well. Top view of the diagonal plane of 
LSMO fitting on (100)o  plane of NGO and the side view of the substrate lattice and LSMO is 
schematically shown in figure 5.2(b) and (c) respectively. LSMO lattice on NGO(100)o  has 
its unit cell diagonal rotated out of plane so that it has good lattice match with the lattice ‘a’ 
parameter of NGO which is 5.43 Å. Here the step height of the substrate is half of the lattice 
‘a’ parameter which then is 2.75 Å (Figure 5.2(c)).  

There is uniaxial tensile strain in the direction of lattice ‘b’ axis and compressive 
strain in the direction of lattice ‘c’ axis of NGO(100)o . The lattice mismatch of the film, 
calculated from the lattice parameters of both NGO and LSMO are -0.23% in the direction of 
NGO lattice ‘b’ axis ([010]) and 0.64% in the direction of NGO lattice ‘c’ axis ([001]). As the 
strains are unequal, it is expected to get uniaxial in-plane magnetic anisotropy in LSMO films 
on these substrates. More details about the values of lattice strains along the crystal directions 
of both NGO substrates and LSMO film are given in Table 5.1 and Table 5.2 respectively.  
From the above described crystal lattice fitting, it is found that there is no separate La(Sr)O 



 
La0.67Sr0.33MnO3 films on NdGaO3 substrates 

 72 

and MnO2 terminations as shown in figure 2.1 in chapter 2. Instead, the terminating layers 
will have both Mn and La(Sr) atoms or only oxygen atoms.  

Figure 5.2: (a) Top view of (100)o  plane of NGO substrate. b) Top view of the diagonal plane 
of LSMO which is superimposed on NGO (100)o  plane. c) Side view of the (100)o  NGO 
substrate and LSMO lattice which grows on it. LSMO lattice orientations [(001)o, (110)o , 
and (100)o ] are also shown. 
 
Substrate treatment of NGO(100)o  
 

Earlier, Ohnishi et al. have shown that an A-site (i.e., NdO1+x) single terminated 
(001)o NdGaO3 surface can be obtained after 2h annealing in air at high temperature (1000°C), 
as demonstrated by coaxial impact-collision ion scattering spectroscopy (CAICISS) 
measurements[16].  

Here, NGO(100)o  substrates are thermally treated before the deposition of LSMO. It 
is already seen that the lattice planes in the out of plane direction of this substrate are either 
consisting of Nd and Ga atoms or only oxygen atoms. So, there is no significance of a 
chemical treatment to get one termination on the surface. So this substrate requires only the 
annealing process to get good straight vicinal steps on its surface. We annealed this substrate 
at 950ºC for 1 hour in oxygen flow of 1 bar of oxygen. AFM image of the annealed substrate 
is shown in figure 5.3. The step height here determined to be equal to 0.27 ±0.02 nm. 

The step height of NGO(100)o  determined from the AFM experiment 
(0.27±0.02nm) match with the step height found from the lattice structure drawings 
(0.272nm) which is being described in the previous paragraphs. The annealed substrates are 
comparatively smooth and clean having atomic steps which will be very suitable template for 
growing epitaxial LSMO film on it.  
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Figure 5.3: (a) AFM image of NGO (100)o  after annealing 1 hour at 950°C in oxygen flow of 

200 ml/hour. b) The line profile of the substrate from which the step height can be determined. 

 
Table 5.1: Lattice mismatch of the film on NGO substrates of (100)o , (110)o , (001)o and 
(010)o orientations in the in-plane substrate crystal directions. 
 

Lattice mismatch in the in-plane directions NGO 
(100)o  

NGO 
(110)o  

NGO 
(001)o 

NGO 
(010)o 

Along in-plane substrate (100)o  axis - -  
 

1%  1% 
 

Along  in-plane substrate (001)o axis 0.64%  0.64%  - 0.64% 

Along in-plane substrate (110)o  axis -  0.38% 
 

-  - 

Along in-plane substrate (010)o axis -0.23% 
 

- -0.23%  - 

 
Table 5.2: Lattice mismatch of the film on NGO substrates of (100)o , (110)o , (001)o and 
(010)o orientations in the crystal directions of LSMO film.  
 

Lattice mismatch in the in-plane directions NGO 
(100)o  

NGO 
(110)o  

NGO 
(001)o 

NGO 
(010)o 

Along LSMO (100)o  axis 0.40% 0.38%  0.27% 0.4% 

Along  LSMO (001)o axis  0.40%  0.64% - 0.4% 

Along LSMO (110)o  axis  0.23%  0.35%  1% 1% 

Along LSMO (010)o axis  -  0.27%  
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NGO (110)o  
 

Earlier, it has been studied how Sodium doped-Lanthanum manganate thin films can 
be deposited on NGO(110)o  substrates which gives a different growth template compared to 
NGO(100)o [11]. Also, there are reports on magnetic properties of LSMO films grown on 
these substrates[12]. The crystal lattice planes of this substrate on which LSMO grows can be 
seen in figure 5.4. There can be two terminations on the surface of the substrate, either 
NdO1+δ or GaO2- δ which are shown in figure 5.4 (a) and (b) respectively. 

 
Figure 5.4: Possible termination layers of NGO (110)o , namely (a) NdO1+δ and (b) GaO2- δ. 

 

In figure 5.5 it is shown how LSMO lattice fits on this NGO (110)o  lattice which 
was terminated with GaO2-δ layer. Figure 5.5(a) shows the top view of the GaO2-δ terminated 
layer and (b) describes how the LSMO cubic lattice fits well on top of this layer. In figure 5.5 
(c), we can also see the schematic of the side view where the substrate and film lattices are 
shown. Using the LSMO and NGO lattice parameters lattice mismatch of the film is 
calculated and it is found that there is uniaxial compressive strain in the direction of lattice ‘c’ 
axis of NGO (110)o  and it is calculated to be 0.64% in this direction. Also there is 
compressive strain perpendicular to this direction and the lattice mismatch in this direction is 
0.38%. So it is expected to get uniaxial in-plane magnetic anisotropy in LSMO films on these 
substrates also with easy or hard axis in the direction of ‘c’ axis of NGO. These NGO 
substrates we have used were cut in 55º angle from one of the crystal direction (‘c’ axis of 
NGO). So one of the in-plane crystal direction was ~55º away from one edge of the substrate. 
 
NGO (001)o 

In figure 5.6, it is depicted how LSMO lattice can be fitted on GaO2-δ terminated 
surface of NGO (001)o. Schematic picture of the top view of (001)o plane of NGO is shown in 
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figure 5.6(a) and figure 5.6(b) shows the top view of 45º rotated (in-plane) crystal plane of 
LSMO which fits well on the (001)o plane of NGO (figure 5.6(c)). Here the lattice mismatch 
is compressive (1.0%) in the direction of lattice ‘a’ axis of NGO and tensile (-0.23%) in the 
direction of lattice ‘b’ axis of NGO. So we expect a strong in-plane uniaxial magnetic 
anisotropy in LSMO film grown on this substrate. In here, when the film grows on the 
substrate, the film crystal lattice get 45º rotated in in-plane with respect to the substrate lattice 
as seen in figure 5.6(b). 

Figure 5.5: a) Top view of the GaO2- δ terminated layer of NGO (110)o  plane and b) top view 

of this plane of NGO substrate on which the cubic LSMO lattice has been superimposed. c) 

Side view of the (110)o  NGO substrate and LSMO lattice which grows on it. 

Figure 5.6: (a) Top view of the GaO2- δ terminated layer of NGO (001)o plane and b) top view 

of this plane of NGO substrate on which the cubic LSMO lattice fits well. c) Side view of the 

(001)o NGO substrate and LSMO lattice which grows on it. 
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NGO(110)o  and NGO(001)o substrates, which have two terminations on its surface 
have treatment method different from that of NGO(100)o . In order to get single terminated 
growth surface, the substrate (NGO(110)o  or NGO(001)o) was chemically treated to remove 
selectively one of the surface oxide layers (the one with base character, ie, NdO2-x)[17]. 
Chemical etching is based on the fact that the substrate has the layered structure and there is a 
difference in chemical reactivity of the constituent oxides. The etching experiments were 
done at room temperature, in an ultrasonic bath using a modified commercial BHF solution. 
The commercial available BHF solution (12.5 vol% HF + 87.5 vol% NH4F) used for SrTiO3 
etching was modified for the purpose of this work. As the surface energy of NGO(110)o  and 
NGO(001)o are different, their chemical treatment had to be done in solutions with different 
pH values, higher for former and lower for latter, respectively. For NGO(110)o , the etching 
solution consisted of 10 ml commercial BHF + 4 ml NH4OH (37 vol%) + 90 ml deionised 
water. The resulted solution has a pH = 5.0-5.5. For (001)oNdGaO3, the etching solution 
consisted of 20 ml commercial BHF + 3 ml NH4OH (37 vol%) + 110 ml deionised water and 
the pH was resulted to be 4-4.5[17]. 

In the etching procedure, first the substrates were soaked in deionised water for 30 
minutes, in ultrasonic bath leading to hydroxide [Nd(OH)3.xH2O] formation at the surface. 
Then the etching was done by the modified BHF for 0.5-2 minutes followed by annealing at 
950ºC-1000ºC for 1-2 hour in O2 pressure of 1 bar to facilitate surface recrystallisation. The 
AFM images of treated NGO(110)o  and NGO(001)o substrates are given in figure 5.7. 
NGO(001)o substrates were chemically etched for 30 seconds in the modified BHF solution 
(pH =4-4.5) and annealed at 950ºC for 1 hour in O2 pressure of 1 bar(figure 5.7(a)). Here the 
substrates steps were not straightened up and there were still unitcell high islands on the 
terraces. These substrates are needed to be annealed at higher temperature. So we have 
chemically treated the substrate and annealed it at 1000ºC for 2 hour in O2 pressure of 1 bar. 
Then the substrate found to show very clear smooth steps of unitcell height (figure 5.7(b)) 
equal to ~ 0.4nm.  

NGO(110)o  substrate was annealed at 950ºC for 1 hour in O2 pressure of 1 bar, and 
the AFM image (fig 5.7(c)) of it shows very clear unitcell high surface steps. Neverthless, 
there are surface defects on the terraces probably formed because of the surface 
decomposition. When this substrate was chemically etched for 30 seconds and annealed at 
950ºC for 1 hour in O2 pressure of 1 bar, the surface looks smooth having unitcell high steps 
and there is no surface defects found in it (fig 5.7(d)). So, we have used only the NGO 
substrates that were described in figure 5.7(b) and (d) for LSMO depositions which will be 
described later in this chapter. It can be noted that the step density in NGO(110)o  and 
NGO(001)o substrates are different and this attributes to the difference in miscut angles of 
these NGO(001)o and NGO(110)o  substrates which are ~ 0.03 and ~0.14 respectively. 
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Figure 5.7: The AFM images of NGO (001)o, (a) chemically etched for 30s and annealed at 
950°C for 1 hour in O2 pressure of 1 bar (b) chemically etched for 2 minutes and annealed at 
1000°C for 2 hour in O2 pressure of 1 bar. (c)  AFM images of NGO (110)o which is only 
annealed for 1 hour in O2 pressure of 1 bar and (d) chemically etched for 30 seconds and 
annealed at O2 pressure of 1 bar. In the zoomed image shown in inset of (c) the surface 
defects (encircled) are visible and not in inset of (d). 
 
5.2.2 Growth and surface analysis 

 
By monitoring the variations of Reflection high energy electron diffraction 

(RHEED) intensity taken during the growth of LSMO on different NGO substrates, the film 
growth dynamics can be comprehensively studied. The intensity of RHEED features shows 
an oscillatory behavior, which is directly related to the growth rate. It is seen that there occurs 
RHEED oscillations for films grown on NGO substrates of different orientations, which 
damp out with the time of deposition (Figure 5.8, Figure 5.9, and Figure 5.10). Nevertheless, 
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the RHEED diffraction patterns of each sample after deposition shows that the diffraction 
spots are still present which has become slightly streaky and there is no other diffraction spots 
indicating the island growth on the film surface. This results show that we could get layer by 
layer growth of LSMO on these substrates and the AFM image of the film also shows very 
smooth stepped surface which will be described later.  

0 50 100 150 200

40

60

80

100
a)

 In
te

ns
ity

Time (seconds)

LSMO on NGO(100)

Before

After

0 50 100 150 200

40

60

80

100
a)

 In
te

ns
ity

Time (seconds)

LSMO on NGO(100)

Before

After

0 50 100 150 200

40

60

80

100
a)

 In
te

ns
ity

Time (seconds)

LSMO on NGO(100)

Before

After

 

Figure 5.8: RHEED oscillations of LSMO grown on NGO(100)o . RHEED diffraction pattern 
of the sample before and after deposition is also shown. The arrows in the figure indicate 
manual increase of the RHEED intensity.  

Figure 5.9: RHEED oscillations of LSMO grown on NGO(110)o . RHEED diffraction pattern 
of the sample before and after deposition is also shown. 
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From the RHEED oscillations, the number of laser pulses required to grow one 
monolayer of the film on NGO(100)o , is found to be equal to 7 to 8 pulses and on 
NGO(110)o  and NGO(001)o was determined to be equal to 11 to12 pulses. Interestingly it is 
seen that for NGO(100)o  substrate, the number of laser  pulses needed is less. That is, for 
completing one monolayer of the film on substrates having step height of 0.27nm 
(NGO(100)o ) is faster than on substrates having step height of 0.4nm (NGO(100)o  and 
NGO(001)o). It takes ~ 4 seconds less time to finish one monolayer on NGO(100)o  than on 
NGO(110)o  or NGO(001)o. 
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Figure 5.10: RHEED oscillations of LSMO grown on NGO(001)o. RHEED diffraction pattern 
of the sample before and after deposition is also shown. The arrows in the figure indicate 
manual decrease of the RHEED intensity.  
 
Topography of LSMO film 
 

LSMO films of different thickness were grown on treated substrates of NGO(100)o , 
NGO(110)o  and NGO(001)o. The same deposition conditions which have been used for 
growing LSMO on SrTiO3 are used here also. That is, we used laser fluence of 3J/cm2, 
deposition pressure of 0.35mbar and substrate temperature of 750ºC. After deposition the 
sample was cooled to room temperature at a ramp rate of 10ºC/min in 1 bar of O2 gas 
pressure. The surface morphology of these films characterized by atomic force microscopy is 
depicted in figure 5.11. All the films shown here has thickness of ~25nm. It can be clearly 
seen that the substrate steps are reproduced on film surface also. The step height 
LSMO/NGO(100)o  is determined to be equal to 0.28±0.02nm which is comparable to that of 
NGO(100)o  substrate(0.27±0.02nm ). For LSMO films on both NGO(110)o  and NGO(001)o 
substrates, the step height is determined to be equal to 0.4nm±0.02nm which is comparable to 
that of each corresponding substrates. 
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Figure 5.11: The AFM images of LSMO film grown on (a) NGO(110)o , (b) NGO(001)o and 
NGO(100)o  showing clear surface steps. (d) The line profile of the surface of 
LSMO/NGO(100)o  film  from which the step height can be determined. 
 
5.2.3 Structural analysis 

 

LSMO on NGO(100)o , NGO(110)o  and NGO(001)o 

The crystal quality of LSMO films were analyzed by the X-ray diffraction 
measurements. The results of 2theta XRD scan of the films grown on NGO(100)o , (110)o  
and (001)o shows only the peaks of corresponding orientations (hk0), (00l) and (00l) 
respectively of the substrate and the film, confirming the crystallinity of the film. Figure 5.12 
shows θ - 2θ curves of representative LSMO films on NGO(100)o , NGO(110)o  and 
NGO(001)o substrates of thickness 15nm, 18nm and 20nm respectively. LSMO is having 
(hk0) orientation on NGO(100)o. The out of plane lattice parameter determined from the XRD 
peak (corresponding 2θ=68.05±0.2) of LSMO/NGO(100)o  is 5.51±0.02Å (using equation 

2µm 10µm

2µm

a) b)

c) d)

(110) (001)

(100)

 

3.25nm

1
1.2µm0

2µm 10µm

2µm

a) b)

c) d)

(110) (001)

(100)

 

3.25nm

1
1.2µm0



                            
                                                                 La0.67Sr0.33MnO3 films on NdGaO3 substrates 

 81 

3.1) which is found to be larger than the bulk value of LSMO (The diagonal of one plane of 
the LSMO unit cell is 5.473Å). Also, it is larger than the out of plane lattice parameter of 
NGO substrate (5.428±0.013Å) determined from the substrate peak (corresponding 
2θ=69.25±0.2) of the same XRD measurement.  

Figure 5.12: (a), (c) and (e) shows the XRD 2θ scan of LSMO/NGO(100)o , 
LSMO/NGO(110)o  and LSMO/NGO(001)o respectively. (b), (d) and (f) are the 
corresponding 2-theta scan zoomed into fourth order peak of the above samples respectively. 
The thicknesses of the films are 14nm, 18nm and 20nm for (a), (c) and (e) respectively. 
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LSMO films are oriented in (00l) orientation on NGO(110)o substrate. For 
LSMO/NGO(110)o films, the out of plane lattice parameter is determined to be 3.906±0.005Å 
(corresponding 2θ value =104.16±0.2) and it is also larger than the bulk lattice parameter of 
LSMO (3.88Å) and the out of plane lattice parameter of NGO substrate (3.86±0.005Å) 
determined (corresponding 2θ value =105.98±0.2) from the same XRD measurement. LSMO 
films on NGO(001)o has (00l) orientation. From the XRD 2-theta scan of a representative 
LSMO film on NGO(001)o, the out of plane lattice parameter is determined to be 
3.91±0.005Å (corresponding 2θ value =103.98±0.2) which is larger than the bulk lattice 
parameter of LSMO and the out of plane lattice parameter of NGO substrate (3.86±0.005Å) 
determined (corresponding 2θ value =105.95±0.2) from the same XRD measurement. 

Reciprocal space mapping (hl scan and kl scan) was also carried out on a ~25nm 
thick LSMO film on NGO(001)o and is shown in figure 5.13. The hl scan and kl scan were 
carried out around (202) and (022) reflections respectively. In the hl scan, besides the NGO 
peak, there is a clear peak from the LSMO. It can be clearly seen that the peaks of both NGO 
and LSMO have identical h values. Also in kl scan, the k values of both NGO and LSMO 
peaks are identical. From these results it can be concluded that the in-plane film lattice 
exactly matches the in-plane lattice of the substrate and the out of plane lattice parameter of 
LSMO is slightly larger than that of NGO as there is difference in l values in both these hl 
and kl scans.  

 

Figure 5.13: (a) hl scan of LSMO/NGO(001)o around (202) o reflection. The h values of both 
NGO and LSMO peaks are identical (shown with a straight line in the figure) (b) kl scan of 
the same film around (022)o reflection. The k values of both NGO and LSMO peaks are 
identical (shown with a straight line in the figure). 
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 Structural and morphological studies reveal that epitaxial LSMO films can be grown 
on NGO substrates of different orientations. The films are grown coherently in two 
dimensional growth mode resulting in both LSMO and NGO having equal in-plane lattice 
parameters with known strain state. 
 
5.3 Magnetic properties 
 
 Hysteresis loops of LSMO films grown on NGO substrates have large paramagnetic 
signal which is coming from the substrate. In order to get the ferromagnetic signal of the film, 
substrate background signal was subtracted from the total signal.  
 
5.3.1 Magnetization vs Temperature 
 

In figure 5.14, the magnetization curve is plotted against temperature for LSMO 
films on NGO(100)o , (110)o  and (001)o respectively. The VSM hysteresis loops were taken 
at each temperature from which the saturation magnetization value was taken and plotted 
against temperature. 

Figure 5.14: Magnetization vs temperature curves of LSMO films grown on NGO(100)o  and 
NGO(001)o and NGO(110)o substrates having thicknesses 14nm, 10nm, and 18nm 
respectively.  
 
 Here the magnetization curves show a second order transition and the curie 
temperature found from these measurements was ~350K, which is same as that of 
LSMO/STO films. The film thicknesses of LSMO/NGO(100)o , LSMO/NGO(001)o and 
LSMO/NGO(110)o  films were 14nm, 10nm and 18nm respectively. Here a slight decrease in 
magnetization values and curie temperature (TC) of LSMO/NGO(100)o and 
LSMO/NGO(001)o films compared to LSMO/NGO (110)o  film can be noticed. This might 
be due to their decreased thicknesses.  
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 From the initial magnetic hysteresis measurements, it is observed that all films 
showed in-plane magnetic anisotropy (magnetic axis with in-plane easy axis). To study this 
anisotropy behavior in detail, hysteresis loops were taken at different in-plane field angle 
similarly as measured on the samples grown on STO substrates (described in the previous 
chapter). 
 
5.3.2 Magnetic anisotropy  
 

NGO (100)o  and NGO (110)o  

In-plane magnetic anisotropy measurements were done using vibrating sample 
magnetometer (VSM) at room temperature and 150K. For each film, hysteresis loops were 
taken at different in-plane field directions with intervals of 5°. Figure 5.15(a) shows three 
hysteresis loops obtained for the 15 nm thick LSMO film on NGO (100)o  at room 
temperature, taken along 0°, 80° and 90° with respect to one edge of the substrate which is 
the crystal [010] direction. Figure 5.15(b) shows three hysteresis loops obtained for the 18 nm 
thick LSMO film on NGO(110)o  at room temperature, taken along 55°, 145° and 135° with 
respect to one edge of the substrate direction 

 Figure 5.15: (a) Hysteresis loops of a LSMO  on NGO (100)o  of thickness 15nm, with field 
applied in-plane along 0°([010]), 80° and 90°([001]) with respect to one edge of the substrate 
crystal direction at room temperature. Here the film surface steps lies along [010] direction 
(b) Hysteresis loops of a LSMO on NGO (110)o  of thickness 18nm, at field angles 55°([001]), 
135°and 145°([1-10])  with respect to one edge of the substrate at room temperature. Here 
the film surface steps lies along 90º field angle. 
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close to the hard direction is also shown in the figure which has the highest coercivity 
compared to all loops in all other field directions (figure 5.15(a)). For the LSMO/NGO(110)o  
film, the field directions 55° and 145° were found to be the in-plane easy and hard directions, 
respectively. It is determined from the XRD analysis (as described in section 3.3.2 in chapter 
3) that the in-plane crystal directions of NGO(110)o  are lying 56° ([001])and 145° ([1-10]) 
away from one edge of the substrate. Here also, the hysteresis loop taken at field angle 135°, 
very close to the hard direction, shows very high coercivity compared to all loops in all other 
field directions (figure 5.15(b)). This peculiar behavior of coercivity with in-plane field angle 
will be explained later when the magnetization reversal mechanism is presented in this 
chapter. 
 AFM image of the 15 nm thick LSMO film on NGO(100)o  is shown in the top panel 
of figure 5.16(a). From each hysteresis loops taken at different in-plane field angles, 
remanence values were taken and plotted against the field angle (bottom panel of figure 
5.16(a)). Here θ is defined as the angle between applied field direction and the [010] NGO 
crystal direction. A clear difference in the remanence value can be seen. There is an 
oscillation with periodicity of 180° with highest remanence at θ ~0° and lowest remanence at 
θ ~90°. From this, we can conclude that this film has a uniaxial anisotropy with the easy 
direction along 0° and the hard direction along 90°. Here, the 0° and 90° are the [010] and 
[001] crystal directions which are the easy and hard axis, respectively. This uniaxial 
anisotropy with [001] direction as hard (‘c’ in figure 5.1) and [010] direction ( ‘b’ in figure 
5.1) as easy axis can be due to the uniaxial in-plane compressive strain of the LSMO film or 
it can be step induced anisotropy as seen in LSMO films grown on STO substrates. It can be 
seen that both step direction and easy direction coincides here. But the investigations on other 
LSMO films on NGO(100)o  substrates having surface step directions away from the in-plane 
crystal directions also showed uniaxial magnetic anisotropy with easy and hard axis lying 
along  [010] and [001] direction respectively (Data not shown here). So we can conclude that 
LSMO/NGO(100)o  has no step induced anisotropy. The compressive strain modifies the 
crystal lattice of the film, which thereby modifies the magnetio-crystalline anisotropy so that 
the easy and hard axes lies along the crystal directions [010] and [001] respectively.  

Similarly, in figure 5.16(b), AFM image of 18nm thick LSMO film on NGO(110)o  
is shown in the top panel and the remanence vs field angle curve is plotted in the bottom 
panel. The measurement done here is exactly same as for the previous sample described in 
figure 5.16(a). Here it is found that remanence oscillates with periodicity of 180° showing 
uniaxial magnetic anisotropy. The highest remanence value found to be around 58° field 
angle and lowest remanence at 145° field angle. That means the easy and hard axis are lying 
58°[001] and 145° [1-10] away from one edge of the sample (see the AFM image in the top 
panel of figure 5.16(b) to understand how the field angle(θ) measured from one edge of the 
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sample). This means that the easy and hard axes are lying along the in-plane crystal directions, 
[001] and [1-10] respectively. Here also it is clear that the compressive strain modifies the 
crystal lattice of the film, which thereby modifies the magnetic crystalline anisotropy so that 
the easy and hard axes lies along the in-plane crystal directions [001] and [1-10] respectively. 
There is no contribution from the surface steps towards the magnetic anisotropy.  

Compared to LSMO films on STO substrates, the anisotropy here is very strong as 
we can see from the remanence oscillations which has higher amplitude and it almost reaches 
zero at the magnetic hard direction. So the anisotropy here is much stronger than the step-
induced anisotropy found in LSMO on STO at room temperature. It is also much stronger 
than the biaxial crystalline anisotropy at low temperature for LSMO/STO. LSMO films of 
different thicknesses (up to 50nm) on NGO(100)o  were made and the same magnetic 
anisotropy results obtained for them also. 
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Figure 5.16: (a) Remanence vs in-plane field angle of 15 nm thick LSMO/NGO(100)o  film at 
room temperature (bottom panel). Arrows denote easy and hard directions. AFM image of 
the same film (top panel) where the in-plane field angle (θ) is shown. The gray scale range is 
from 0 to 2 nm.(b) Remanence vs in-plane field angle of 18 nm thick LSMO film grown on 
NGO(110)o  at room temperature (bottom panel). Arrows denote easy and hard directions. 
AFM image of the same film (top panel) where the in-plane field angle (θ) shown. The gray 
scale range is from 0 to 2 nm.  
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Subsequently, these magnetic anisotropy studies were performed for both the 
samples (LSMO grown on NGO (100)o  and NGO (110)o ) at lower temperature (150K) also. 
Its remanence versus field angle at 150K is plotted in figure 5.17(a) and (b) respectively.  As 
we can see from the figure, both the films show uniaxial anisotropy same as at room 
temperature. The easy and hard axes lies along the crystal directions [010] and [001] 
respectively for LSMO/NGO(100)o  (figure 5.17(a)). And for LSMO/NGO(110)o , the easy 
and hard axes lies along the crystal directions [001] and [1-10] respectively (figure 5.17(b)). 
Lowering the temperature has no effect on the anisotropy behavior of the film, though the 
remanence value is increased compared to the remanence at room temperature. 

 

 
Figure 5.17: Remanence vs in-plane field angle of 15 nm thick LSMO film grown on NGO 
(100)o  at 150K and (b) 17nm LSMO film grown on NGO(110)o  at 150K. Arrows denote easy 
and hard directions.  

 
Next, magnetic anisotropy measurements were performed on LSMO films grown on 

NGO(001)o substrates also. As seen in figure 5.18(a), remanence versus field angle shows an 
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45º field angles respectively. Here the field angles are measured from one edge of the 
substrate. Here the easy and hard axes lie along 135º and 45º respectively with respect to one 
edge of the substrate. So LSMO on NGO (001)o substrate also shows uniaxial anisotropy as 
seen for films on NGO (100)o  and (110)o . 
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figure 5.18(b) where the in-plane field angle θ is seen. Although the film surface step 
directions are coinciding with the easy axis here, it has been made clear with other samples 
having different step directions that the anisotropy axes lies along the crystal directions only. 
There is no correlation with step direction and anisotropy axes.  Here also it is clear that the 
compressive strain modifies the crystal lattice of the film, which thereby modifies the 
magnetic crystalline anisotropy so that the easy and hard axes lies along the in-plane crystal 
directions [100] and [010] respectively. 

Figure 5.18: Remanence vs in-plane field angle of 20 nm thick LSMO film grown on NGO 
(001)o at room temperature. Arrows denote easy and hard directions. (b) AFM image of the 
same film where the in-plane field angle (θ ) is shown. The gray scale range is from 0 to 2 nm. 
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hysteresis loop is measured by changing the applied field angle in-plane or out of plane of the 
film, its coercivity is in general found to vary with the applied field angle. This is called 
angular dependence of coercivity (ADC)[26-28]. Experimentally, the magnetization reversal 
mechanism is usually determined from the dependence of the coercive field as a function of 
angle θ between magnetic field H direction and easy axis of magnetization[29-31]. For this 
reason, there have been numerous investigations of ADC behaviors of various magnetic 
films[32, 33]. 

Gau and Brucker have studied the angular variation of coercivity of evaporated 
cobalt-based films[34]. They observed that the angular variation of the coercivity curve 
exhibited different shapes depending upon the orientation of the easy axis, namely, a bell-
shape curve for an isotropic film, an M-shape curve for a perpendicular film and a shifted M-
shape curve for an oblique evaporated film having a tilted easy axis. The angular variation of 
coercivity results of Huang and Judy indicated that magnetization reversal in their rf sputtered 
Co-Cr perpendicular media followed a curling or buckling mode[35]. 

In studies of magnetization reversal mechanism, we seek to understand the character 
of the switching of a magnetic structure from one orientation of the magnetization to 
another.  There are various routes to reversal, depending on structure size, ranging from fast, 
deterministic, quasi-coherent rotation in submicron-size magnetic elements to slower, 
stochastic domain wall nucleation and propagation in larger thin films. In hard magnetic 
materials, the dominating magnetization reversal process is realized by pinning of domain 
walls or nucleation of reversed domains. For the single domain magnets with magnetization 
reversal process governed by the rotation of magnetic moments, the angular dependence of 
coercive field HC should correspond to the theory of coherent rotation of magnetization vector 
and then give rise to a (cos2/3 + sin2/3)3/2 behavior of HC(θ), according to the Stoner-Wohlfarth 
model[20, 25, 36]. However, for magnets controlled by domain wall pinning mechanism, 
coercivity HC changes should correspond to Kondorsky’s relation  HC/HC[0] = 1/cos(θ); for 
0º<θ<90º: this relation is modified by Suponev et al[37, 38] by considering magnetization 
rotation process in multidomain grains which can be written in the formula, 

 

 
                             
          Where y = (Da +DN)/Dc. 

 
Here Dc and Da (= Db) are the demagnetizing factors of an ellipsoid of revolution 

(easy axis = c axis) and DN is the demagnetizing factor due to the effect of magnetic 
anisotropy and DN = HA/MS , where HA is the anisotropy field and MS is the saturation 
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magnetization. When Dc= 0, the above equation reduces to the real Kondorsky relation. The 
above equation is derived for a prefect crystal having single unique value of Hc(0) and HA .   

Analytical solutions for the curling model with the external field applied at an angle 
θ to the magnetic easy axis are summarized below. For particle sizes larger than the critical 
size but still in the single-domain regime, magnetization reversal occurs by curling. In the 
curling model, magnetization switching is an abrupt process, and the switching field is very 
close to the nucleation field; hence, HC = HS for all angles. Furthermore, HC and HS are 
dependent on both the aspect ratio and the size of the ellipsoid. The angular dependence of 
the normalized Hc for a prolate spheroid based on the curling model is given by 
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Where Nc and Na are the demagnetizing factors of the spheroid along the major and 
minor axes; S is the reduced radius r/r0, where r0 = A½/Ms; A is the exchange stiffness 
constant and Ms is the saturation magnetization[20], k =q2/π, where q is the geometrical factor 
which is equal to 1.8412 for a cylinder of high aspect ratio. θ is the angle between the applied 
magnetic field and easy axis.  

To determine the magnetization reversal mechanism in our LSMO film on NGO 
substrate, we have carried out some simple modeling using curling model and the model of 
domain wall movement (Kondorsky model) modified with the demagnetizing effect 
(modified Kondorsky model). We have considered our LSMO thin film as a square prism of 
size 5cm×5cm×9nm for using the modified Kondorsky model. From the anisotropy field and 
magnetization values, demagnetization factor due to the anisotropy is determined to be 
DN=0.69. The demagnetization factor along the easy axis, Dc is determined using the formula 
of reference[39]. By putting the dimensions of the thin film in the formula we could get the 
value of Dc and is equal to 2×10-5. As we considered that Da and Db are equal and 
Da+Db+Dc=1, Da = 0.5. Using these constant values (in Equation (1)), the curve fitting of the 
angular dependent coercivity plot of LSMO film grown on NGO(100)o  substrate was carried 
out by modified Kondorsky model.  The angular dependence of coercivity is plotted in figure 
5.19, along with the two fitting curves using modified Kondorsky model and curling model. 
In the curling model, we have assumed LSMO thin film as a cluster of infinitesimally long 
cylindrical domains with the constant values S =2, q=1.8412, Na=2π and Nc = 0 in equation 
(3)[40]. 

The curling model, fits very well with the experimental values of coercivity except 
the sharp minimum at the hard direction (field angle 0° and 180° in figure 5.19). The model 
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of domain wall motion which was modified by Suponev et al nicely fits in our experimental 
data of angular dependence of coercivity. That is, in figure 5.19, angular dependence of 
coercivity according to modified kondorsky model is plotted and it is seen that there is a nice 
fit at all field angles. Though there is a slight deviation of the experimental data near to the 
hard direction, it explains the sharp minimum at the hard direction.  

Assuming that the film behaves purely uniaxial, one has to expect a cos(θ) 
dependence of the remanence signal due to the projection of the easy axis magnetization onto 
the axis of observation. Here we have plotted remanence also in order to show the hard and 
easy directions and it follows nicely the 1/cos(θ) fit as shown in figure 5.19. The plot proves 
unambiguously the uniaxial behavior of the films, as the measured remanence (squares) fits 
the 1/cos(θ)  behavior (black line) nearly perfectly. 
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Figure 5.19: Remanence and Coercivity vs in-plane field angle of 9nm thick 
LSMO/NGO(100)o , at room temperature. The solid black line is the 1/cos(θ) remanence fit. 
The experimental data of angular dependence of coercivity was fitted with two models namely 
modified Kondorsky model and curling model. 
 

Curling model found to have good agreement with the experimental data of 
coercivity at all field angles except the hard direction at 90° field angle which represents the 
sharp minimum. But the modified Kondorsky model explains very well all the points 
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including the sharp minimas at hard directions, though there is a slight deviation near to hard 
direction. This slight deviation can be the experimental error. We can also explain the 
magnetization reversal of our LSMO film by the curling model, at all angles except at the 
hard direction, and at this hard direction it can be explained by the rotation of magnetization. 
That is, near to hard direction, the reversal mode switches from curling to uniform rotation of 
magnetization so that the coercivity reaches minimum or zero. 

Another LSMO film of different thickness (15nm) was also measured for the angular 
dependence of remanence and coercivity and plotted in figure 5.20. Here also we fitted the 
curves using the above magnetization reversal models, and found to agree well with the 
experimental data.  

We observed the same magnetization reversal behavior for all our LSMO films of 
different thicknesses, grown on different NGO substrates of all different orientations, NGO 
(100)o , NGO (110)o  and NGO (001)o.  

Figure 5.20: Remanence and Coercivity vs in-plane field angle of 15 nm thick 
LSMO/NGO(100)o , at room temperature. Here the LSMO film is the same as shown in figure 
5.17(a) and 5.16(a). The solid back line is the 1/cos(θ) remanence fit. The experimental data 
of angular dependence of coercivity was fitted with two models namely modified kondorsky 
model and curling model. 
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5.3.4 Magnetic force microscope (MFM) image 
 

Magnetic force microscopy (MFM) measurements were carried out on LSMO films 
grown on NGO substrates of all orientations using the magnetically soft tips with CoNi layer 
of thickness 50nm (more details about the tips are described in section 3.4.3 of chapter 3) at 
room temperature.  

We have grown LSMO thin films on NGO(010)o substrate also which is fairly 
comparable to LSMO/NGO(100)o  and the only difference between them is the ‘a’ and ‘b’ 
lattice parameter of NGO are interchanged. Here also, the unequal in-plane compressive 
strain provide uniaxial magnetic anisotropy with easy axis and hard axis lying along [100] 
and [001] in-plane NGO crystal directions respectively which is quite similar to 
LSMO/NGO(100)o  LSMO films.  

In figure 5.21, both AFM and MFM images of LSMO films grown on NGO(010)o 
are shown. Here both the samples are in the remanent state after applying a magnetic field of 
1500kA/m in its easy direction in the plane of the sample surface. In figure 5.21(a), AFM 
image of LSMO of 100nm thickness is shown and the corresponding MFM image of the 
same film is shown in figure 5.21(b). In the AFM image, it is visible that the film surface is 
rough as the thickness of the film is very high (100nm). The corresponding MFM image 
shows a stripe pattern with white and black contrast. This is a typical pattern seen in samples 
having uniaxial magnetic anisotropy.  

AFM/MFM images of LSMO film on NGO(010)o having lower thickness (18nm) 
are also taken and it is shown in figure 5.21(c) and (d) respectively. AFM image shows clear 
vicinal steps on the film surface. The surface is very smooth compared to the thicker film 
(100nm). But the MFM image shows no magnetic contrast. This might be due to the reason 
that compared to thicker film, this thinner film has not enough magnetic signal to measure by 
an MFM tip.  

MFM measurements of these films were also taken with applied magnetic field. 
With the maximum applied field from the set up, it was not possible to see any change in the 
magnetic pattern of the MFM image. That is, the field required to saturate the sample was 
much higher than the maximum applied field (100Oe) from the set up. LSMO films (having 
thicknesses even up to 100nm) grown on NGO(001)o substrate were showing hardly no 
magnetic contrast (not presented here) indicating that the films are having in-plane magnetic 
anisotropy with no out of plane component of magnetization. 
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Figure 5.21: (a) and (b) are the AFM and MFM images of LSMO film of thickness 100nm 
grown on NGO (010)o substrate. (c) and (d) are the AFM and MFM images of LSMO film of 
thickness 18nm grown on NGO (010)o substrate. The gray scale shows height in AFM image 
and phase in MFM image as seen in figure.  
 
5.4 Conclusions 

There is in-plane biaxial tensile strain in LSMO film grown on SrTiO3 (STO) 
substrate. But on the other hand, LSMO films grown on NdGaO3 (NGO) substrates 
experiences uniaxial compressive strain because of the larger lattice mismatch in one of the 
in-plane crystal direction. Due to this reason, NGO substrates were selected to grow epitaxial 
LSMO films in order to get different strain states than that of STO substrate. It is discovered 
that NGO substrates of different orientations offers different in-plane strain states and growth 
geometry to the LSMO film. These substrates also could get vicinal unitcell high steps on its 
surface by chemical and/or thermal treatment methods.  Structural studies of LSMO films 
grown on NGO substrates of different orientations shows that the film grows epitaxial on 
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these substrates. The XRD, RHEED and AFM results of films on different NGO substrates 
confirms that the films grow epitaxial and in layer by layer growth mode. It is seen that 
LSMO/NGO(100)o  film has a lattice diagonal growth giving growing planes containing 
either La and Sr atoms or only oxygen atoms. We have optimized the deposition conditions 
such that the film shows high quality structural and magnetic properties.  

Magnetic anisotropy of all the films on NGO(100)o , (110)o  and (001)o substrates 
were extensively studied and they show uniaxial anisotropy which was due to the crystalline 
nature of the film. Vicinal steps on the LSMO film surface have no effect on the magnetic 
anisotropy property of the film grown on NGO substrates of all the three orientations. For 
LSMO/NGO(100)o  thin films, the in-plane compressive strain modifies the crystal lattice of 
the film, which thereby modifies the magnetic crystalline anisotropy so that the easy and hard 
axes lies along the in-plane substrate crystal directions [010] and [001] respectively. The film 
lattice gets diagonally rotated as it grows on this substrate. LSMO/NGO(110)o  also has in-
plane uniaxial crystalline anisotropy due to the modification of film lattice by the unequal in-
plane compressive strain and the easy and hard axes lies along the in-plane substrate crystal 
directions [001] and [1-10] respectively. But here the film lattice grows on the substrate 
lattice cube on cube without any in-plane or out of plane rotation. Finally, LSMO/NGO(001)o 
also shows in-plane uniaxial crystalline anisotropy due to the modification of film crystal 
lattice by uniaxial in-plane compressive strain and the easy and hard axes lies along in-plane 
[100] and [010] substrate directions respectively. In here, when the film grows on the 
substrate, the film crystal lattice get 45º rotated in-plane with respect to the substrate lattice. 
Compared to LSMO films on STO substrates, the magnetic anisotropy of LSMO/NGO is 
much stronger, and does not change with temperature. That is, for all the films on NGO 
substrates of different orientations, only uniaxial crystalline anisotropy is present at all 
temperatures. Stripe domains are seen in MFM images of LSMO/NGO(010)o films of larger 
thickness indicating the strong uniaxial magnetic anisotropy of the film.  

To analyze the magnetization reversal mechanism of LSMO film on NGO substrate, 
we have carried out some simple modeling using curling model and the model of domain wall 
movement (Kondorsky model) modified with the demagnetizing effect (modified Kondorsky 
model). The angular dependence of coercivity curves of different LSMO/NGO(100)o  films 
were fitted with both these models and it is seen that the magnetization reversal mechanism in 
these LSMO films is well explained by the modified Kondorsky model.  
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Chapter 6 
 
 
 

Preparation and characterizations of 
La0.67Sr0.33MnO3 nanowires and dots 

 
 

 
Arrays of LSMO nanodots and wires are fabricated on SrTiO3 and NdGaO3 substrates by 
laser interference lithography. The variation in magnetic properties with decreasing 
dimensions of the nanostructures is investigated in this chapter. Also, magnetic properties, 
especially magnetic anisotropy, Curie temperature and magnetization values of these 
patterned nanostructures are compared with that of thin films.  

 
 
6.1 Introduction 
 
 Most magnetic devices used today are based on the properties of thin-film or bulk 
materials. Recently it has become an attractive topic to investigate the fabrication and 
magnetic properties of nanoscale magnetic materials, such as nanowires [1-4], nanodots[5, 6], 
and nanopillars[7, 8].  Generally, to realize nanoscale dimensions two principal routes can be 
followed namely preparation with (1) chemical methods and (2) nanofabrication of the thin 
films. Nanowires, with high aspect ratio were produced by many chemical methods such as 
vapor-phase techniques and electrochemical template synthesis etc[9, 10]. Nanowires with 
lateral dimensions from 5 nm to more than 1µm and with lengths up to 100µm can be 
produced by electrochemical deposition[11, 12]. The major challenge with the chemical 
syntheses is how to place and align the resultant nanowires to the desired configurations or 
patterns. Nanofabrication also offers exceptional capabilities in patterning materials to very 
small size, and in manipulating the size, shape, orientation, and composition of the structures. 
In these ways making nanostructures allow us to achieve unique magnetic properties that do 
not exist in a thin-film or bulk material. This gives us new freedom in controlling material 
magnetic properties, leading to innovative magnetic materials and devices. There are different 
methods for making nanostructures of different dimensions and shapes by nanofabrication of 
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thin films. Optical lithography, Electron beam lithography (EBL)[13], Nanoimprint 
lithography[14-16] and Laser interference lithography[17] are some of these fabrication 
methods. Interference lithography provides a relatively inexpensive way to generate periodic 
structures over large areas. It has been used in a variety of applications including the 
fabrication of x-ray or extreme ultra-violet gratings [18], ultra-violet polarizers or filters [19], 
field emission arrays for flat panel displays[20] and, more recently microlens arrays for super 
resolution surface nanopatterning[21].  

Although, there exists a large number of research works on magnetic metal 
nanostructures, very few studies have been carried out on patterned nanostructures of 
magnetic oxides. For the development of next generation spin-based devices based on 
La0.67Sr0.33MnO3 (LSMO), it is important to study room temperature ferromagnetism and 
magnetization reversal mechanism of LSMO nano-structures. Patterned La0.67Sr0.33MnO3 
(LSMO) dots and wires can show different magnetic and transport characteristics compared 
to thin films of LSMO. Curie temperature and magnetic anisotropy are some of those 
properties which can be changed or modified by nano-structuring. It is interesting to study 
how the magnetic properties of nanowires and dots vary with its size, shape and composition. 

 Patterning of LSMO thin films into well characterized large area regular arrays of 
LSMO nanowires and dots using laser interference lithography technique is described in this 
chapter. The main challenges and optimization procedure of the laser interference lithography 
technique and ion beam etching process are discussed in section 6.2. In section 6.3, magnetic 
anisotropy of LSMO nanowires on STO substrates are analyzed by both vibrating sample 
magnetometer and torque magnetometer measurements. Also in this section, Magnetic 
domain imaging of LSMO dots and wires on STO substrate carried out by magnetic force 
microscopy is discussed. In section 6.4, both fabrication process and magnetic studies of 
LSMO nanowires on NGO substrates are described. 

 
6.2 Optimization of Laser Interference Lithography and Ion Beam 
Etching parameters 
 

Epitaxial LSMO films are spin coated with diluted photo resist (Arch 907 aka Olin) 
and patterned by exposing in Laser Interference Lithography (LIL). Then the sample is etched 
by Argon ion milling and ultrasonic cleaning is done in acetone to remove the photo-resist in 
order to get the desired patterned LSMO wires or dots. More details about LIL procedure can 
be found in section 3.5 of chapter 3. Different exposure time is used to get photo resist 
patterns, and they were found to give different pattern sizes as shown in figure 6.1. We used 
here 3 exposure times of 14 seconds, 28 seconds and 42 seconds respectively. For this set of 
samples shown in figure 6.1 we used laser energy of 172µW/cm2. It is seen that as the 
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exposure time increases from 14s to 28s and to 42s, the pattern size (here the dot diameter) 
decreases from 390nm to 304nm and to 210nm respectively and after a threshold value of 
exposure time (~1minute) the nanopattern disappears. So, for this case it is considered that 
the optimum exposure time is in between 14 s and 1minute. Then the optimization of etching 
procedure which is carried out by argon ion milling is also done. We used the acceleration 
voltage of 100V to accelerate the argon ions in the direction of the sample. The beam has an 
incident angle of 20º with the surface normal of the sample. The sample is rotated during the 
etching process. Beam current was 20mA and beam voltage was 500V. The etching rate of 
LSMO sample was found to be around 1.4nm/minute. To make sure that all the LSMO is 
removed, the etching time is increased so that it etches slightly into the substrate also. It is 
found that even after cleaning the sample with acetone for 1 hour in ultrasonic bath, the 
photo-resist still remains on top of the patterned structures. In figure 6.2(a) and (b), it can be 
seen that there remains the photo resist on top of the dots and wires. After the etching process, 
photo-resist becomes hardened on top of the patterned structures, and it becomes difficult to 
remove by ultrasonic cleaning. So some mechanical cleaning step was introduced for 
removing the hardened photo-resist. With cotton tips we cleaned the top surface of the sample 
placed in acetone bath for 1 minute. Then again ultrasonic cleaning was done in acetone for 
10 minutes to clean up the residues. 

Fig 6.1: Developed photoresist patterns on LSMO films grown on STO substrates, with 
different laser exposure time of 14 seconds, 28 seconds and 42 seconds respectively. It is 
clear that the dot diameter decreases with LIL exposure time. 
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Figure 6.2: (a) Patterned LSMO nano dots and (b) wires on STO substrates. Here the photo 
resist is not fully removed by the ultrasonic cleaning. In the inset of (a) it is seen that photo 
resist is fully removed from three dots and not removed from one dot. In (b) we see that resist 
remains on all wires except one which is the 6th wire from left. 

Figure 6.3: Both 3-dimensional and 2 dimensional AFM images of patterned LSMO nano 
dots(a)&(c) and nanowires(b)&(d) respectively on STO substrates after the mechanical 
cleaning followed by the ultrasonic cleaning. Blow up of some part of the nanowires are also 
shown here where the wire edges are not sharp and straight. 

 
In figure 6.3, the AFM images (both 3dimensional and 2dimensional) of the nano 

dots and nano wires of LSMO after the cleaning step which included the mechanical cleaning, 
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is shown.  From the images it can be clearly concluded that the hardened photo-resist can be 
removed completely by mechanical cleaning step. Both dots and wires show clean top surface. 

 
6.3 Patterned La0.67Sr0.33MnO3 nano structures on SrTiO3 substrate 
 

After optimizing the LIL exposure time, the etching time, and solving the problem 
of photoresist hardening on top of the nanostrucures, we achieved clean LSMO nanowires 
and dots of different dimensions. The AFM images of these LSMO nanowires and dots with 
decreasing dimensions are shown in figure 6.4 and 6.5 respectively. 

Figure 6.4: AFM images (all with size 5X5µm) of patterned LSMO nanowires of different 
dimensions on STO substrates. Width of the wires of is written below each image.  
 
 Nanowires of width down to 125nm and nanodots of diameter down to 80nm were 
fabricated. The periodicities of these nanostructures were either 400nm or 600nm. The 
periodicities of the wires in all the images in figure 6.4 were 600nm except the one with 
width 234nm (there the periodicity is 400nm). LSMO nanodots shown in figure 6.5 have 
periodicity 600nm for the first 3 samples with dot diameters of 300nm, 215nm and 152nm 
and the last sample with diameter of 80nm is having periodicity of 400nm. Although, dots of 
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diameter 80nm were created, the cross section of the structure looked conical in shape instead 
of rectangular shape. 

Figure 6.5: AFM images (all with size 2X2µm) of patterned LSMO nanodots of different 
diameters on STO substrates. Diameter of the dots is written below each image.  
 
6.3.1 Magnetic anisotropy 
  

On reducing the structure sizes to dimensions comparable to relevant magnetic 
length scales, such as the domain-wall width or the exchange length, there arises the 
importance of the existence of a true single-domain state, the magnetic switching 
characteristics as well as the stability of the domain state[22]. Compared to thin films of 
LSMO, nanowires made from it may have different property of magnetic anisotropy by the 
effects of strain and shape. Wu et al[23] had found that sub-micron sized LSMO islands of 
different aspect ratio on LaAlO3 substrate has characteristic multi-domain structure with 
perpendicular orientation[10]. Optical lithography and ion milling were used there to pattern 
LSMO films to islands of diameters greater than 500nm and they were imaged by magnetic 
force microscopy (MFM). The domain structure in these structures was dominated by the 
compressive strain effects from the underlying substrate resulting in perpendicular domains. 
Recently magnetic oxide nano structures embedded in a paramagnetic matrix by electron 
beam lithography and ion implantation has been also reported[24].  
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 The main magnetic measurements performed on our LSMO nanowires and nanodots 
are magnetic anisotropy measurements done by the vibrating sample magnetometer (VSM), 
torque magnetometry (TM), and the magnetization switching studies carried out by magnetic 
force microscopy (MFM). 
 
Vibrating sample magnetometer measurements of Nanowires 
 

As shown in the previous section, LSMO nanowires of different nano dimensions 
were fabricated on STO substrates. Using the VSM, we analyzed and compared the magnetic 
anisotropy properties of these nanowires at room temperature and 160K, and it is described in 
later paragraphs. First we discuss the magnetic anisotropy behavior at room temperature. 

In figure 6.6, both in-plane and out of plane hysteresis loops are plotted for one of 
the representative LSMO nanowire sample with wire width 420nm, height 26nm and 
periodicity 600nm at room temperature. In this sample, the wire direction is along the [100] 
crystal direction and 45º away from the step direction of the film from which these patterned 
wires were made. In-plane hysteresis loops were taken with magnetic field applied both 
parallel and perpendicular to the wire direction. The coercivity found from the in-plane 
hysteresis loops are in the range of 1kA/m which is very small and comparable to the 
coercivity of LSMO/STO film. According to the in-plane and out of plane hysteresis loops in 
figure 6.6, it can be concluded that these nanowires have magnetic hard axis directed out of 
plane. In the out of plane loop it is seen that there is a small straight portion close to zero field 
(shown by the arrows in figure) which indicate that the wires have a small magnetic moment 
in the out of plane direction also.   

Figure 6.6: Both in-plane (parallel to and perpendicular to wire direction) and out of plane 
VSM hysteresis loops of patterned LSMO nanowires of LSMO (wire width 420nm periodicity 
600nm and height of 26nm) on STO substrates.  
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To analyze the in-plane magnetic anisotropy, hysteresis loops were taken at different 
in-plane field directions with intervals of 5° for each sample. Figure 6.7 shows hysteresis 
loops of three different samples of LSMO nanowires of different dimensions. These three 
samples are nanowires of wire width of 283nm, 146nm and 125nm with periodicity 600nm 
respectively. The heights (thickness) of the wires are 26nm, 43nm and 95nm respectively. 
Here in each graph, only the in-plane easy and hard loops were shown which are 0º and 90º 
respectively with respect to the wire axis. That is, the easy axis lies along the wire direction 
and the hard axis lies along perpendicular to the wire direction. Here, it should be noted that 
the wire direction is along the [100] crystal direction and 45º away from the film step 
direction for samples with wire widths 146nm and 125nm. But the sample with wire width 
283nm, has both wire direction and film step direction along [100] crystal direction. All the 
three samples of nanowires showed the same result with easy axis lying along the wire 
direction irrespective of the wire width, periodicity, thickness, and wire direction, although 
the shape of the hysteresis loops are different. 

Considering the shapes of the hysteresis loops of sample with wire width 283nm, it 
can be seen that the magnetic switching behavior along the hard and easy directions are 
having significant difference. In the hysteresis loop along the easy axis, the magnetic moment 
decreases rapidly just after the field crosses the zero value (shown in figure as part (1)) and 
then the change in magnetic moment is much slower with the increase in field (shown in 
figure as part (2)).  At first a sharp switching occurs and then rather slow switching as the 
field increases. That is, the in-plane easy axis hysteresis loop has two distinct steps and 
magnetization reversal occurs in two steps. In the beginning, it seems like sharp switching is 
due to the domain wall motion and towards the higher field, the switching behavior changes 
to rotation of the moments. For the hysteresis loop along the hard direction, there is no such 
kind of loop shape and switching behavior. But when the dimension of the wires decreases, 
the hysteresis loops along the hard axis also shows the double switching behavior by sharp 
switching in the beginning and then the rotation of the moments. 

The coercivity and remanence of the hard loop is found to be smaller than that of 
easy loop which is expected for a normal ferromagnetic nanowire sample. It can be also 
observed that the coercivity of the nanowires increases with decrease in the wire width. 
Reports about this enhancement of coercivity with reduction of structure size is found in 
many other magnetic nanostructures also which is explained by the finite size effects[25-27]. 
The increase in saturation magnetic moment can be attributed to the increase in thickness 
(height) of the wires. 
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Figure 6.7: VSM hysteresis loops, along in-plane easy (filled square) and in-plane hard 
(open circle) directions of patterned LSMO nanowires of different wire widths (283nm, 
146nm and 125nm) with heights 26nm, 43nm and 95nm respectively. In-plane easy and hard 
axes which are 0º and 90º away from the nanowire orientation respectively.  
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There are two possible interpretations for the double switching behavior in the 
hysteresis loops of nanowires. They are: (1) Because of the dry etching by argon ion milling, 
some structural change of LSMO at the edges of the wires might have occurred which 
resulted in that part of the wire behave magnetically different and the side edge part and the 
middle part of the wires could be magnetically decoupled and thus explain the two steps 
hysteresis loop. There could be large structural strains at the side edges of the wires, or there 
can be some damages occurred at the edges of the wires due to the argon ion milling (See the 
zoomed in image of nanowires in figure 6.3). (2) Here the fabricated nano wires are lying 
along the crystal axis (100) which is crystalline hard axis according to the magneto-
crystalline anisotropy of the film. That is, the magneto-crystalline easy axis ([110] direction] 
lies 45º away from the wire direction. So in these wires, there is a competition of two 
anisotropies namely biaxial magneto-crystalline anisotropy and uniaxial magneto-static 
(shape) anisotropy. This also can explain the double step magnetic switching. In order to 
investigate the origin of the double switching behavior, we have fabricated LSMO nanowires 
in such a way that the wire axis lies along [110] crystal direction (~45º away from one edge 
of the substrate). In figure 6.8(a), hysteresis loops along easy (~50º away from one edge) and 
hard (~135º away from one edge) directions of this particular sample are shown. Here the 
easy axis is along the wire direction which is the crystal direction [110]. It can be clearly seen 
that there is no double switching behavior in these both hysteresis loops along easy and hard 
directions. 

Figure 6.8: (a) Hysteresis loops along easy and hard directions of nanowires (wire 
width=300nm, height= 20nm and periodicity= 600nm) having wire direction along [110] 
crystal direction of STO. (b) Hysteresis loops along the same field angles for another 
nanowire sample (wire width=420nm, height= 25nm and periodicity= 600nm) having wire 
direction along [100] direction.  
 

To compare it with nanowires aligned along [100] direction (one edge of the 
substrate), we have plotted the hysteresis loops at same field angles of a previous nanowire 
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sample which has wire direction along [100] direction (figure 6.8(b)), where the double 
switching can be clearly seen. In-plane hysteresis loops at different field angles were taken 
for both the above samples to confirm that no double switching is present in wires aligned 
along [110] crystal direction (figure 6.9) and double switching is present in wires aligned 
along [100] crystal direction (figure 6.10).  

Figure 6.9: In-plane hysteresis loops of the same nanowire sample shown in figure 6.8(a) at 
different field angles. It is seen that the loops at all field angles have no double switching. 
Here all the loops have same scale as that of 180º field angle. 

Figure 6.10: In-plane hysteresis loops of the same nanowire sample shown in figure 6.8(b) at 
different field angles. It is seen that the loops at all field angles except 180º (hard direction) 
and 5º shows double switching. Here all the loops have same scale as that of 180º field angle.  
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So, from these results, it can be concluded that the competition between the magneto 
crystalline anisotropy and shape anisotropy of the wires is the origin of double switching in 
the hysteresis loops of nanowires aligned along crystal hard direction. 

In order to get a more detailed picture of the in-plane magnetic anisotropy of the 
wires, hysteresis loops at different in-plane field angles with 5º step were taken and then the 
remanence and coercivity found from these hysteresis loops were plotted against the in-plane 
field angle. Figure 6.11 shows the plots of remanence and coercivity against in-plane field 
angle of nanowire sample of width 283nm and periodicity 600nm and thickness of 46nm both 
at 300K and 160K. Here in this sample, the wire direction is along the crystal [100] direction. 

Figure 6.11: (a) Remanence and coercivity vs field angle of patterned LSMO nanowires on 
STO substrates (wire width of 283nm, periodicity of 600nm and thickness of 46nm) at 300K. 
Easy and hard directions are shown with arrows. (c) The same measurement curve of the 
same sample at temperature, 160K. The remanence dip at 90º field angle is shown by an 
arrow and (b) shows the three dimensional AFM image of the same sample. 
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At 300K, it shows an oscillation of periodicity 180º with respect to the field angle 
which confirms the in-plane uniaxial magnetic anisotropy (Figure 6.11(a)). Easy axis found 
to be lying along the wire direction and hard axis was perpendicular to the wire direction. As 
shown in the three dimensional AFM image in figure 6.11(b) the angle of applied magnetic 
field (θ) was taken with respect to one edge of the sample. The edges of the AFM image and 
the edges of the sample have the same direction.  

At lower temperature(160K), remanence shows a difference in its oscillation 
behavior with extra dip in the curve at around 90º field angle (shown with an arrow in figure 
6.11(c)), indicating that there is a contribution of biaxial anisotropy also. The same result is 
observed in different samples of nanowires having different dimensions, both at 300K and 
160K. Only the result of one sample is shown here. 

At room temperature, uniaxial anisotropy can be due to either the shape of the wires 
or uniaxial strain relaxation. This uniaxial anisotropy dominates over the magneto-crystalline 
anisotropy, or step induced anisotropy of the LSMO at room temperature. When the 
temperature is decreased, biaxial magneto-crystalline anisotropy comes into play similar to 
the behavior of LSMO thin films which is described in chapter 4. So, when LSMO film is 
patterned into nanowires, the magneto-crystalline anisotropy appears at lower temperature 
though the shape anisotropy is also present. To study more on the anisotropy of LSMO 
nanowires, magnetic torque measurements were carried out on few samples. As explained in 
the previous chapter, torque analysis gives a detailed and quantitative picture on the 
anisotropy behavior of these patterned wires. 
 
Torque measurements of nanowires 
 

More direct and quantitative measurements of the anisotropies of these nanowires 
can be carried out by Torque magnetometry. As explained in chapter 4, magnetic anisotropy 
studies done on LSMO films on STO substrates by torque magnetometer shows combination 
of biaxial and uniaxial magnetic anisotropy. Torque curves were plotted at different 
temperatures for two different LSMO nanowires samples on STO substrates. In figure 6.12 
the AFM images of these two samples are shown indicating the field angle, θ. The wire 
directions are at an angle θ = 0º (for the wires in 6.12(a) and (b)) with respect to an edge of 
the sample which is the [100] crystal direction. In figure 6.13(a), torque curves of two 
different nanowire samples at 20K and 200K are shown in the bottom and top panel 
respectively. Here also we have subtracted the background from the torque signal of the 
sample as explained in chapter 4. Here the oscillation of periodicity 90º corresponds to the 
biaxial anisotropy and the oscillation with 180º periodicity corresponds to the uniaxial 
anisotropy. A mixture of biaxial and uniaxial anisotropy is found here. For the above two 
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samples shown in figure 6.12(a) and (b) the field angles (θ) corresponding to the magnetic 
easy axes determined from the torque curves were, θ = 5±10º and (θ+90º) = 90±10º (here the 
sample shown in figure 6.12(b) was placed in the torque meter 90º rotated) for the uniaxial 
anisotropy and 45±10º for the biaxial anisotropy which corresponds to the wire direction and 
the crystal [110] direction respectively. That is, the uniaxial anisotropy has easy axis lying 
along the wire direction and biaxial anisotropy has easy axis along [110] crystal direction 
confirming the VSM results. The volume of the LSMO nanowire samples are calculated to be 
equal to 210±35×10-15 m3 and 300±35×10-15 m3  for figure 6.13(a) and (b) respectively. From 
these torque curves, both the uniaxial and biaxial anisotropy constants were extracted using 
Fourier analysis and they found to be decreasing with temperature. In figure 6.13(b), both 
uniaxial (top panel) and biaxial (bottom panel) anisotropy constants are plotted against 
temperature. The decrease in both anisotropy constants is found to be independent of the 
dimensions of LSMO nanowires. It can be seen that as the temperature increases beyond 
200K, the error bar in the anisotropy constants increases because of the background torque 
signal and the limit of sensitivity of the torque meter. 

Figure 6.12: AFM images of LSMO nanowires (a) having width 234nm, height 26nm & 
periodicity 400nm and (b) width 283nm, height 46nm & periodicity 600nm.  
      
 It is possible to calculate the magneto-static anisotropy energy (Ems) of one magnetic 
nanowire from its magnetization value using the formula[28],  
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where Nd is the demagnetization factor of the sample. Here we consider the wire as a 
spheroid (rod) or rectangular prism, with semi major axis ‘c’ along the length of the wire. 
Here one of the semi minor axis ‘a’ is along the width of the wire and other minor axis ‘b’ is 
along the height of the wire. Using these dimensions of a particular nanowire, its 
demagnetization factors along all these directions Na, Nb and Nc can be extracted. The 
equation derived by Aharoni et al is used for this purpose[29].  
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Figure 6.13: (a) Torque curves of patterned LSMO nanowires having different dimensions 
(top panel and bottom panel) at 200K and 20K (b) Uniaxial magneto-static and biaxial 
magneto-crystalline anisotropy constants (Ku and K1) plotted against temperature shown in 
the top and bottom panel respectively (wire widths(w), heights(h) and periodicities(p) are 
shown in the legend). 
 

As we consider only the in-plane magneto-static anisotropy of the nanowire, the 
demagnetization component in a direction out of plane of the nanowire sample (Nb) is not 
taken here. From equation 6.1, the shape anisotropy (magneto-static) constant can be 
derived[28], and it can be written as, 

)2.6.....(..........)(
2
1 2

0 MNNK cas −= µ  
 
Using the above equation the shape anisotropy constant can be determined if the 
magnetization value is known. As the experimental value of magnetization from the VSM 
measurement for an array of nanowires sample (width = 420nm, height = 26nm and 
periodicity = 600nm) in an area 5×5 mm is known (magnetization curve of a similar sample 
can be found in figure 6.15) at different temperature, Ks can be determined and it is plotted 
against temperature (here the volume of the nanowires = 252±35×10-15 m3). Although in this 
case there are many nanowires, we are considering the Na (=0.08)and Nc (=6.6 × 10-6) values 

0 50 100 150 200 250 300 350 400
0

5

10

 

-K
1 (

10
3 J/

m
3)

Temperature (K)

 w = 234nm, p = 400nm, h = 26nm
 w = 283nm, p = 600nm, h = 46nm

0

2

4

6

8

10

  

Ku
 (1

03  J
/m

3 )

 w = 234nm, p = 400nm, h = 26nm
 w = 283nm, p = 600nm, h = 46nm

 

a) b)
0 100 200 300 400

-0.03

0.00

0.03
w = 283nm, p = 600nm, h = 46nm

 20K
 200K

-T
or

qu
e 

(1
0 -7

N
m

)

Field angle (θ+900)

-0.02

0.00

0.02
w = 234nm, p = 400nm, h = 26nm

To
rq

ue
 (1

0 -7
N

m
)

 200K
 20K

0 100 200 300 400
 Field angle (θ)

 

0 50 100 150 200 250 300 350 400
0

5

10

 

-K
1 (

10
3 J/

m
3)

Temperature (K)

 w = 234nm, p = 400nm, h = 26nm
 w = 283nm, p = 600nm, h = 46nm

0

2

4

6

8

10

  

Ku
 (1

03  J
/m

3 )

 w = 234nm, p = 400nm, h = 26nm
 w = 283nm, p = 600nm, h = 46nm

 

a) b)
0 100 200 300 400

-0.03

0.00

0.03
w = 283nm, p = 600nm, h = 46nm

 20K
 200K

-T
or

qu
e 

(1
0 -7

N
m

)

Field angle (θ+900)

-0.02

0.00

0.02
w = 234nm, p = 400nm, h = 26nm

To
rq

ue
 (1

0 -7
N

m
)

 200K
 20K

0 100 200 300 400
 Field angle (θ)

 



 
Preparation and characterizations of LSMO wires and dots  
 

 114 

for only one nanowire. In figure 6.14, Ks is plotted against temperature where the uniaxial 
anisotropy constant (Ku) determined from the torque measurement is also plotted for 
comparison. It can be seen that Ku and Ks are of the same order, but there is a factor of two 
difference. This can be due to the reason that we considered only one nanowire for the 
calculation and there is an array of wires where the wires can have mutual interaction which 
can reduce their total anisotropy. 

Figure 6.14: Uniaxial anisotropy constant (Ku) from torque measurement and calculated 
shape anisotropy constant (Ks) which are plotted against temperature for a nanowire sample 
of width =420nm, height =26nm and periodicity = 600nm.  
 
6.3.2 Magnetization vs Temperature 
 

In order to study the influence of nano patterning in the magnetic properties 
especially curie temperature of LSMO, magnetic hysteresis loops of both nanowires and dots 
were taken at different temperature. From these loops saturation magnetic moments are 
extracted for each temperature. Also, by knowing the height, periodicity, width/diameter of 
the wires/dots and area of the sample surface, it is possible to calculate the volume and thus 
the magnetization of the LSMO nanowires and dots. In figure 6.15, the magnetizations versus 
temperature curves are shown for both nanowires and dots of width 283nm and diameter 
180nm respectively. The heights of both wires and dots are 46nm and 44nm respectively and 
their periodicity is 600nm. Here the volume of the LSMO nanowires is calculated to be equal 
to (229±35)×10-15 m3 and of the nanodots is equal to (126±20)×10-15 m3. Even though there is 
a notable error bar (There can be error in determining the exact width and diameters of the 
nanostructures using AFM. Also there can be some small parts of the sample where the 
nanostructures are removed) in the calculated volume of the magnetic nanostructures, the 
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curie temperature which is found to be 350K for both the above samples is similar to that of 
LSMO films (Section 4.4.2 of chapter 4). So patterning LSMO films into nanowires and dots 
has not made a decrease in curie temperature from which we can conclude that there is no 
influence of finite size effects on curie temperature of LSMO nanowires and dots at least 
down to the feature size (diameter or width) of ~200nm. 

Figure 6.15: Magnetization versus temperature curves of LSMO nanowires and dots. Curie 
temperature is denoted with an arrow in the figure and it is equal to 350K for both the 
samples. 
 
6.3.3 Magnetic force microscopy studies of dots and wires 

  
Using magnetic force microscopy (MFM), we can map the spatial distribution of 

magnetism by measuring the magnetic interaction between the sample and tip. More details 
about the principle and procedure of MFM measurement are given in section 3.4.3 of chapter 
3. When MFM measurements were taken on our LSMO nanowires samples without any 
external applied field, the magnetic contrast was very feeble. But it was possible to see 
magnetic contrast in LSMO nanowires when we applied a magnetic field perpendicular to the 
direction of the wires. A simple schematic picture of the arrangement of magnetic tip and 
sample is shown in figure 6.16. So when the MFM image is taken, the stray fields (as shown 
in figure 6.16) which is coming out and going into the sample are mostly measured resulting 
in a light and dark contrast at both sides of the wires. 

In figure 6.17, AFM and MFM images of nanowires with height 25nm are shown 
which was measured simultaneously. AFM image gives the height profile in which the lighter 
contrast shows the real wires with higher height and darker contrast is the space in between 
the wires, with lower height. Before imaging, the sample was in the remanence state after 
applying the maximum magnetic field (-1500kA/m) to saturate it and then reduced the field 
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to zero, in the in-plane direction perpendicular to the LSMO wire axis.  The MFM imaging 
was done with in-plane magnetic field applied in a direction perpendicular to the wires. We 
have applied magnetic field in the order +100 Oe, 0 and -100 Oe respectively. There is three 
parts in the MFM image shown in figure 6.17(b), and they are, the top part where the 
magnetic field of 100 Oe is applied to the right (H = +100Oe), then the middle part where the 
magnetic field decreased to zero and finally the bottom part where the magnetic field of 
100Oe is reversed towards left direction (H = -100Oe).  

Figure 6.16: Schematic picture of the magnetic tip and cross section of the LSMO nanowire 
where the field lines are shown. 

 
Magnetic field of 100 Oe (~ 8kA/m) was the maximum field which we could apply 

in our set up and it was enough to saturate the LSMO nanowires in its hard direction, which is 
perpendicular to the wire direction. When this field is applied, the wires are in single domain 
state where all the spins lie in the direction of the applied field. Then we reduced the 
magnetic field to zero and the magnetic contrast becomes very feeble showing that the wires 
now returned to its remanence state. In this state also light and dark contrast still remains but 
it is not as strong as the saturated state (middle part of the MFM image in figure 6.17(b)). 
Here in the remanent state the magnetization orientation still remains in the previously 
applied field direction (from left to right in the figure), and the contrast is feeble because of 
the magnetization is reduced from its saturation value. When we reverse the field of 100 Oe 
in opposite direction, the wires get saturated in the opposite direction and all the spins align in 
the direction of the field. In this case, the light and dark contrast of the MFM image 
interchanges (bottom part of the MFM image in figure 6.17(b)). Because of the thermal 
drifting of the sample during scanning of the image, the wires look bended and not seemed to 
be straight.   
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Fig 6.17: Left figure shows the AFM image of patterned LSMO nanowires where the lighter 
contrast shows the real wires with higher height and darker contrast is the space in between 
the wires, with lower height. The corresponding MFM image of the wires is shown in the 
right figure which is divided into top, middle and bottom parts. As shown in figure, the 
magnetic field applied is varied in these three parts, as 100 Oe towards right direction in top 
part, 0 field in middle part and 100 Oe applied towards left direction in the bottom part 
respectively. 

Figure 6.18: (a) MFM image of the patterned LSMO nanodots (diameter ~ 250nm, height = 
35nm and periodicity = 600nm) on STO substrate. (b) MFM image taken only on one of the 
dots where the domain wall switching is shown by an arrow. 
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In figure 6.18(a), MFM images of LSMO nanodots (diameter = 250nm, height = 
35nm) on STO substrate are shown. Here also the sample was in the remanence state after 
applying the maximum magnetic field (+1500kA/m) to saturate it in the in-plane direction of 
the LSMO dots We can see the magnetic contrast on each dot where the outer parts of the 
dots are having more dark contrast. This means that the tip is being more attracted at the 
edges of the dots. The magnetic flux closure occurs at the outer edges of the dots resulting 
stronger out of plane component of magnetization of the sample at the edges. Domain walls 
also are visible inside the dots and when we closely look into one of the dot (figure 6.18(b)) 
the domain wall switching can be clearly seen (shown with an arrow). It might be due to the 
reason that the sample is magnetically softer than the tip so that the tip can switch the 
domains in LSMO nanodots. 

 
6.4 Patterned La0.67Sr0.33MnO3 nanowires NdGaO3 substrates 
 
 LSMO nanowires on NdGaO3 (NGO) substrates also were fabricated by LIL. LSMO 
thin films on NGO(010) and NGO(110)o substrates were patterned to nanowires by the same 
procedure which has been explained earlier in previous section where the nanowires on 
SrTiO3 substrate were made. After optimizing the LIL exposure time, the etching time, we 
could finally achieve clean LSMO nanowires of different dimensions on NGO substrates. 
Here also, the problem of photo resist hardening on top of the nanostrucures was present and 
the same procedure (as that of nanowires on STO) of mechanical cleaning was performed to 
remove the photo resist.  
 
6.4.1 LSMO wires on NGO(110)o 
  

LSMO nanowires were fabricated on NGO(110)o substrate by laser interference 
lithography. Magnetic anisotropy measurements were carried out on these samples using 
VSM at room temperature. The in-plane hysteresis loops along hard and easy directions of 
one of the representative nanowire sample (wire width = 300nm, height = 20nm and 
periodicity 600nm) are plotted in figure 6.19(a). AFM image of these wires also is shown 
(figure 6.19(b)). 

In this measurement, the easy axis and hard axis are found to be lying along the 
crystal directions [001] and [1-10] respectively. There found to be no correlation between the 
wire direction and easy axis. The sample has uniaxial magnetic anisotropy which is 
determined by the magneto crystalline nature of LSMO and not by the shape anisotropy of 
the wires. Similar to the LSMO film on NGO(110)o substrate, the patterned wires also show 
quite strong magneto-crystalline anisotropy. 
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Figure 6.19: (a) Hysteresis loops along easy ([001]) and hard ([1-10]) directions of 
nanowires on NGO(110)o substrate at room temperature. Here these easy and hard in-plane 
crystal directions are 145º and 55º degree away from the substrate edge as shown in the 
AFM image (b).  
 
6.4.2 LSMO wires on NGO(010) 
 

The AFM images of the LSMO nanowires with decreasing dimensions (wire width 
of 664nm, 300nm, 175nm, and 146nm) on NGO(010)o substrates are shown in figure 6.20.  

Fig 6.20: AFM images (all with size 5×5µm) of patterned LSMO nanowires of different 
dimensions on NGO substrates. Width of the wires is written below each image.  
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The periodicities of wires in each image are 1µm, 600nm, 400nm, 400nm 
respectively (written in the order of lowering dimension). The wire dimensions and 
periodicities can be varied by varying the LIL exposure time and the angle of exposure 
respetively. Here we could create LSMO nanowires of dimension down to 146nm. The wire 
directions were always parallel to one edge of the substrate. All these samples were made on 
5×5 mm substrate and they were also showing magnetic property in VSM measurements. As 
explained in section 5.3.4 of chapter 5, we deduce that LSMO film on NGO(010)o has 
uniaxial crystalline magnetic anisotropy at all temperatures, with easy axis along [100] and 
hard axis along [001] directions respectively. So it will be interesting to analyze the magnetic 
anisotropy of LSMO nanowires, with wire axis lying along one of the crystal directions. 
 
6.4.2.1 Magnetic anisotropy  
 
 Hysteresis loops of one of the representative nanowire sample of width 300nm, 
periodicity 600nm and height of 25nm, were taken with vibrating sample magnetometer 
(VSM) in both in-plane and out of plane field directions at 300K. From these loops (not 
shown here) it can be concluded that these nanowires also show in-plane magnetic 
anisotropy. Here the sample was prepared such a way that the wire axis lies along [001] 
direction which is the hard axis of the film (ref. section 5.3.4) Here the crystal orientations are 
determined by XRD as explained in section 3.3.2 in chapter 3. More detailed analysis of the 
in-plane magnetic anisotropy was performed by taking hysteresis loops at different in-plane 
field angles with 5º step. The remanence and coercivity found from these hysteresis loops 
were plotted against the in-plane field angle. In figure 6.21(a) both in-plane hard and easy 
axis hysteresis loops are plotted where a clear difference in remanence values can be seen. 
The easy loop is nearly square shape with highest remanence and hard loop has smallest 
remanence close to zero. Interestingly, it is discovered that the easy axis of this nanowire 
sample lies along [100] direction (same as that of LSMO film on NGO(010)o) which is 
perpendicular to the wire direction ([001] direction). That is, the crystalline anisotropy of 
LSMO here is very strong and it dominates over the shape anisotropy, giving the easy axis of 
the nanowire sample even perpendicular to the wire direction. 

Figure 6.21(b) shows the plot of remanence and coercivity against the in-plane field 
angle. Remanence shows an oscillation of periodicity 180º with respect to the field angle 
which confirms the in-plane uniaxial magnetic anisotropy. Easy axis found to be lying 
perpendicular to the wire direction and hard axis was along the wire direction. As shown in 
the AFM image in figure 6.21(c) the angle of applied magnetic field (θ) was taken with 
respect to one edge of the sample ([001] direction). The edges of the AFM image and the 
edges of the sample have the same direction. 
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Fig 6.21: (a) In-plane hysteresis loops of patterned LSMO nanowires on NGO(010)o 
substrate (wire width of 300nm, periodicity of 600nm and height of 25nm) at 300K with field 
applied along easy and hard directions. (b)  Remanence and coercivity vs field angle (c) and 
AFM image of the same sample where field angle θ is shown. 

 
It is clear that at room temperature, magneto-crystalline anisotropy of LSMO on 

NGO(010)o dominates over the shape anisotropy of the wires. Similar to the LSMO film on 
NGO(010)o substrate (chapter 5), the patterned wires also show quite strong magneto-
crystalline anisotropy which is comparable to the anisotropy result shown by the nanowires 
on NGO(110)o substrate. Also it can be noted here that these nanowires also have the same 
“M” shape coercivity curve as that of LSMO film.  
 
6.4.3 Magnetic force microscopy  

 
MFM images of LSMO nanowires (width = 665nm, height = 25nm and periodicity = 

1µm) fabricated on NGO(010)o substrates were also taken using different magnetic tips. In 
figure 6.22, both AFM and MFM images of LSMO nanowires are shown which was 
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measured with a magnetic tip of CoNi layer (thickness = 35nm) as coating. This measurement 
was taken with out any applied magnetic field. In order to distinguish the wires from 
surrounding, some rectangles are drawn on top of the image as seen in figure.  

Fig 6.22: Left figure shows the AFM image of patterned LSMO nanowires on NGO(010)o 

substrate where the lighter contrast shows the wires with higher height and darker contrast is 
the space in between the wires, with lower height ( The wires are arrow marked in figure). 
The corresponding MFM image of the wires is shown in the right figure where the wires are 
denoted by rectangles. Here the tip was coated with CoNi layer of thickness 35nm. 

Fig 6.23: Left figure shows the AFM image of patterned LSMO nanowires on NGO(010)o 

substrate where the lighter contrast shows the wires with higher height and darker contrast is 
the space in between the wires, with lower height (One of the wire is arrow marked in the 
figure). The corresponding MFM image of the wires is shown in the right figure where the 
wire is denoted by a rectangle. Here the tip was coated with Ni layer of thickness 20nm. 
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In the MFM image, white contrast is seen in between the wires and inside the wires 
there is black contrast. This means that the tip is more attracted on the magnetic LSMO 
nanowires than on the spaces between the wires. But in this measurement the magnetic 
structure in the sample is being switched by the magnetic tip used, because the sample is 
magnetically much softer than the tip. This phenomenon, we can notice in the MFM image as 
a sharp black to white contrast appearing while the tip is scanning in the horizontal direction. 
So it can be concluded that with this kind of MFM tip, it is not possible to see the magnetic 
domain structures of the nanowire sample as the tip is largely influencing the sample. 

Magnetically softer tips with a different magnetic layer coating were used to get 
better MFM images of the nanowires. For this, the tips coated with Nickel layer of smaller 
thickness (20nm) were specially prepared. In figure 6.23, both AFM and MFM images taken 
with this special magnetic tip is shown. Here also wires are denoted with filled rectangle and 
transparent rectangle both in AFM and MFM images respectively. It is seen that MFM 
images has darker black contrast on top of the wires and lighter contrast on between the wires. 
This means the tip get attracted when it scans on the wires as the wires are magnetic and the 
tip has no attraction in between the wires. As the magnetic contrast is very weak, we could 
not find any domain patterns inside the wires. 

 
6.5 Conclusions 
 
 Magnetic nanowires and dots of LSMO were fabricated from the thin films of 
LSMO grown on STO and NGO substrates. We have used Laser Interference Lithography 
technique to fabricate these nanowires and dots of different dimensions. Nanodots and wires 
on STO substrates were having diameter and width down to 80nm and 125nm respectively. 
Nanowires fabricated on NGO substrates were having width down to 146nm.  

Magnetic measurements were performed on these nanowires and dots using 
vibrating sample magnetometry (VSM), magnetic force microscopy (MFM) and torque 
magnetometry (TM).  The results from these measurements reveal that nanowires on STO 
substrate have uniaxial magneto-static anisotropy (shape anisotropy) with easy axis lying 
along the wire direction and hard axis perpendicular to the wire direction. As of LSMO films, 
biaxial magneto-crystalline anisotropy was also present in these wires which have been 
measured both by VSM and TM and this becomes prominent at lower temperatures. 
Compared to LSMO films on STO substrates which show a combination of two magnetic 
anisotropies, namely biaxial crystalline anisotropy and step induced uniaxial anisotropy,   
nanowires on STO substrate also shows combination of two anisotropies which are uniaxial 
shape anisotropy and biaxial crystalline anisotropy. The shape anisotropy constant calculated 
from the magnetization value and the demagnetization factors of a particular nanowire at 
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different temperatures is found to be comparable to (to within a factor of 2, probably because 
of interactions between the wires) the measured shape anisotropy constant of an array of 
nanowires from the torque data.  

Double switching behavior is seen in hysteresis loops of LSMO nanowires with wire 
axis along one edge of the substrate ([100]) direction. When the wire axis is changed to [110] 
crystal direction of STO the double switching behavior disappears. That is, the origin of 
double switching behavior can be attributed to the competition between the magneto 
crystalline anisotropy and shape anisotropy of the nanowires.  The curie temperature of 
LSMO nanodots and wires are found to be same as that of LSMO film, and there found no 
influence of finite size effects down to the dimension of 180nm. Magnetic flux closure occurs 
at the outer edges of the dots fabricated on STO substrate giving stronger out of plane 
component of magnetization of the sample at the edges. Domain walls also were visible 
inside the dots which are being switched by the tip because of the strong interaction between 
the sample and the magnetic tip. From the magnetic contrast of the wires in the MFM 
measurement it can be concluded that with the maximum applied in-plane magnetic field in 
the MFM set up, the wires can be saturated in a direction perpendicular to the wire axis.  

Magnetic anisotropy measurements of LSMO nanowires on NGO(010)o and 
NGO(110)o substrates were performed using VSM and the results shows that the wires have 
uniaxial magneto crystalline anisotropy dominated over shape anisotropy at room 
temperature. Similar to the LSMO films on NGO(010)o and NGO(110)o substrates, the 
patterned LSMO nanowires on these respective substrates also show quite strong magneto-
crystalline anisotropy. Here LSMO wires on NGO(110)o substrates have easy axis along 
[001] direction and hard axis along [1-10] directions which are 55º and 140º away from the 
wire directions. For LSMO wires on NGO(010)o substrates have easy axis along [100] 
direction which is even perpendicular to the wire direction. It is interesting to note that 
compared to nanowires on STO substrates, the nanowires on NGO(110)o and NGO(010)o 
substrates have easy axis not along the wire direction, but along 55º  or even 90º 
(perpendicular) away from the wire direction respectively. MFM images of the wires show 
large influence of the tip on the sample when CoNi tip was used. Then, rather magnetically 
softer Ni tip was used for imaging this sample and the results shows magnetic contrast for the 
wires but the magnetic signal was found to be very weak.  

With the results mentioned in this chapter, it can be concluded that down sizing the 
LSMO nanowires and dots up to the size of 100nm (width or diameter) has very little effect 
on its curie temperature compared to that of thin films, although the coercivity is enhanced. 
Also, it is clear that for the nanostructures on STO substrate, magnetic anisotropy is mostly 
governed by the shape of the magnetic entity, whereas the nanowires on NGO substrates have 
strong magneto crystalline anisotropy dominating over its shape anisotropy. In future, it will 
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be interesting to study in detail the magnetic configurations and mutual interactions of 
nanostructures of LSMO and their magnetoresistive response because many of the present 
efforts are now oriented towards lateral size reduction of continuous layers of novel magnetic 
materials to minimize the size of potential devices.  
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7.1  Introduction 
 

Novel ferromagnetic materials such as half-metallic ferromagnets and ferromagnetic 
semiconductors are proposed and examined for several spintronic devices. Several efforts are 
continuously made to synthesize thin films of half-metallic ferromagnets having higher curie 
temperature with 100% spin polarization. Many of these studies used La0.67Sr0.33MnO3 
(LSMO) because of its above properties[1-3]. Even though several studies on magnetic tunnel 
junctions made of LSMO has been seen in literature, very few of them were operating above 
room temperature[4]. It has been found that the magnetism at the interface and strain state of 
the film has significant role in determining the performance of the device made of LSMO[5]. 
As detailed analysis of direct measurement of strain state and magnetic anisotropy of LSMO 
thin films grown on different substrates are not yet being done, the effect of different strain 
state on structural and magnetic properties of epitaxial LSMO films are addressed in this 
thesis. To achieve this, we have grown LSMO films on different substrates namely, 
STO(001), NGO(100), NGO(010), NGO(110) and NGO(001).  

Future spintronic devices ultimately have to be fabricated at nanoscale lateral 
dimensions, but little is known about the magnetic properties of LSMO when structured into 
nanoscale dots and wires. One of the main goals of this thesis was to fabricate high quality 
LSMO thin films on single crystalline substrates and to generate a better understanding of its 
magnetic and structural behaviors at different temperature. The second aim was to pattern 
these thin films to nanoscale dots and wires and analyze the main issues such as the effect of 
lateral size on the curie temperature, and magnetization reversal behavior (domain structure, 
coercivity). It was important to compare the magnetic properties of these nanostructures with 
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thin films and analyze its behavior at the lateral nanoscale to examine the consequence or 
applicability of them in miniature spintronic devices. In this thesis we have studied the 
magnetic properties of nanodots/wires down to dimension of 100nm. Fabrication technique 
used here was laser interference lithography which is suitable for fabricating large arrays of 
identical dots or wires.  

 
7.2  La0.67Sr0.33MnO3 films on SrTiO3 substrates 
 

Epitaxial LSMO films were grown on STO(001) substrates by pulsed laser 
deposition (PLD) and its magnetic anisotropy measurements at different temperatures were 
carried out by both Vibrating sample magnetometer (VSM) and Torque magnetometry. They 
show a combination of two types of in-plane magnetic anisotropies, both uniaxial anisotropy 
and biaxial anisotropy. Detailed analysis showed that uniaxial anisotropy is induced by the 
vicinal steps on the film surface with magnetic easy axis lying along the step direction. Also, 
biaxial anisotropy is found to be crystalline in nature with easy and hard axes lying along 
[110] and [100] crystal direction respectively. Anisotropy studies with variation of 
temperature shows that biaxial anisotropy dominates at lower temperature and uniaxial step 
induced anisotropy become prominent at room temperature. More quantitative measurements 
were carried out with torque magnetometry on films of different thicknesses. From these 
measurements both uniaxial and biaxial anisotropy constants are extracted. The dependence 
of biaxial anisotropy constant (K1) on temperature for different films show a decrease in 
K1with temperature and it has no dependence on the film thickness. As uniaxial anisotropy 
constant (Ku) does not scale with volume of the film, it can be concluded that the step induced 
uniaxial anisotropy is mainly originated from the surface or interface of the film. The torque 
signal gets very small close to the background signal as the temperature reaches room 
temperature, large error bar can be seen in the measurement of anisotropy constants at higher 
temperatures.  

From the above studies, it is learned that the magnetic anisotropy axes of LSMO 
films can be tuned by selecting the vicinal steps in a desired direction on the STO substrate at 
room temperature. 

 
7.3 La0.67Sr0.33MO3 films on NdGaO3 substrates 
 
  LSMO films were grown on NdGaO3 (NGO) substrates of different orientations by 
PLD in order to analyze the dependence of strain state on magnetic anisotropy properties of 
the films. Structural analysis of these films showed that LSMO grows in two dimensional 
growth mode resulting in an epitaxial film replicating the step-terrace structure of the 
substrate up to the film surface. XRD measurements confirm that the films grow coherently 
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on NGO substrates of all orientations resulting in both LSMO and NGO having equal in-
plane lattice parameters with known strain state. 
 Magnetic anisotropy studies on LSMO films grown on NGO(100), (010), (110) and 
(001) oriented substrates reveal that all these films shows in-plane uniaxial crystalline 
anisotropy with easy and hard axes lying along the crystalline directions of the substrates, at 
all temperatures. The unequal in-plane compressive strain modifies the crystal lattice of the 
film, which thereby modifies the magnetic crystalline anisotropy so that the easy and hard 
axes lie along the in-plane crystal directions. For LSMO/NGO(100) films, the easy and hard 
axes lie along [010] and [001] directions of the substrate respectively. Similarly for 
LSMO/NGO(010) films the easy and hard axes lie along [100] and [001] directions 
respectively. For the case of LSMO/NGO(110) films, the easy and hard axes lie along [001] 
and [1-10] directions of the substrate and for LSMO/NGO(001) films, they lie along [100] 
and [010] directions of the substrate respectively. Compared to LSMO films on STO 
substrates, the surface steps have no influence on the magnetic anisotropy of the film on 
NGO substrates. From the hysteresis loops taken by vibrating sample magnetometer (VSM), 
it is seen that the remanence reaches almost zero value at the in-plane hard axis for the LSMO 
films on NGO. But for LSMO/STO shows decrease in remanence from easy to hard direction 
only up to 60-75% at room temperature and only 25% at 150K. That is, at hard direction the 
hysteresis loops shows a finite value of remanence. This means that the magneto-crystalline 
anisotropy in LSMO/NGO is much stronger than that of LSMO/STO films. Magnetization 
reversal mechanism of LSMO/NGO(100) were also studied using the angle dependent 
coercivity curves of these films. Both curling model and modified Kondorsky model were 
used to fit the experimental curves. It is realized that the magnetization reversal mechanism 
can be well explained by modified Kondorsky model for these LSMO films. 
 Strain, presence of defects, roughness, oxygen stoichiometry, and doping amount 
(La to Sr ratio) can affect the properties of LSMO films. From the results shown here in this 
thesis, it can be concluded that LSMO films grown on both STO and NGO substrates has 
high quality structural and magnetic properties. In magnetic tunnel junctions, consisting of 
two ferromagnetic conducting electrodes (say LSMO) separated by an insulating thin layer, 
the performance strikingly depends on the last conducting atomic layers in contact with the 
insulator. The influence of the LSMO/STO interface structure on the performance of devices 
has already been discussed in several publications[5, 6]. The behavior of a tunnel junction is 
highly dependent on the detailed electron state distribution on both sides of the insulating 
barrier layer. In our study, it is discovered that LSMO films grown on NGO(100) substrates 
have quite different surface terminations compared to the films grown on NGO(001), 
NGO(110) and STO(001) substrates. So, magnetic tunnel junctions made of LSMO 
conducting electrodes fabricated on NGO(100) substrate can give completely different 
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interface magnetism which might be favorable to get large magneto resistance at room 
temperature.  Analysis of this interface magnetism is also important for the development of 
devices with strongly electron correlated oxides. 
 
7.4 La0.67Sr0.33MO3 nanodots and wires 
 

Arrays of LSMO nanodots and wires were fabricated by Laser Interference 
Lithography (LIL) technique. The minimum dimension of nanodots and wires fabricated on 
STO substrates were 80nm (diameter) and 125nm (width) respectively. Nanowires fabricated 
on NGO(010) substrates were having width down to 146nm. Magnetic anisotropy 
measurements of the nanowires on STO substrates show the domination of magneto-static 
anisotropy with easy axis lying along the wire direction.  A small contribution from the 
biaxial magneto-crystalline anisotropy of LSMO also was found to be present in these 
nanowires. Torque measurements of these nanowires at different temperature show that both 
magneto static and magneto crystalline anisotropy constants decreases with temperature and 
reaches zero at its curie temperature. Magnetic force microscopy (MFM) measurements of 
the nanodots on STO substrates shows magnetic contrast more at the outer edges indicating 
that the flux closure occurs at the outer edges of the dots. MFM measurements done on 
nanowires were with and without applied in-plane magnetic field in the direction 
perpendicular to the wire axis. The results show that, with the applied magnetic field, these 
LSMO nanowires can be saturated in its in-plane hard direction (perpendicular to the wire 
direction). Interestingly, LSMO nanowires on NGO(110) and NGO(010) substrates show 
domination of magneto-crystalline anisotropy over magneto-static anisotropy. The magnetic 
easy axis of LSMO/NGO(110) lies along [001] direction which is 55º away from the wire 
direction. For LSMO/NGO(010), the easy axis lies along [100] crystal direction which is 
even 90º away from the wire direction (perpendicular to the wire direction). 

Conventional laser interference lithography technique has limitations to fabricate 
nanostructures of dimensions smaller than 100nm. For this purpose it needs modification of 
the current photoresist and lithography procedures. So, as an alternative, e-beam lithography 
can be also used because with this method, sub 100nm structures can be realized although it 
is time consuming. At present, the transport and magnetic properties are measured for LSMO 
based devices of large lateral dimensions and over a large range of temperatures[4, 5]. 
Magnetic studies on LSMO nanodots and wires on different substrates having different strain 
states at varied temperature would be useful for the development of next generation 
spintronic devices. In this thesis, we have studied the magnetic and structural properties of 
nanosized LSMO dots and wires. The properties such as curie temperature and magnetization 
values of these nanodots and wires are not found to be degraded with patterning and dry 
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etching. Interesting results concerning the magnetic anisotropy of these patterned nanowires 
are also discussed.  

 While a large number of research works exists on the patterning of metal films, only 
a few number of studies are found in complex oxide materials and they are with different 
other techniques such as e-beam lithography, optical lithography and AFM lithography[7-9]. 
To fabricate nanostructures of LSMO, the technique with laser interference lithography is 
highly desirable because of its simplicity, speed and ability to control the size, dimension and 
position of the nanostructures in large areas. Instead of dots and wires, it is possible to 
fabricate ellipses of different aspect ratios, with this technique and this way shape anisotropy 
(magneto-static anisotropy) can be incorporated in those nano-ellipses. It would be also 
useful to look for the magnetic interaction between the nanowires and dots when they are 
separated by very small distances.  
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This thesis describes the structural and magnetic properties of epitaxial 
La0.67Sr0.33MnO3 (LSMO) thin films and nanostructures on single crystalline substrates. As 
LSMO is a half-metallic ferromagnet with almost 100% spin polarization and high curie 
temperature (TC = 360 K), a detailed analysis of different properties of LSMO thin films and 
nanostructures is essential in realizing magnetic devices based on this material. For the direct 
measurement of strain state and magnetic anisotropy of this material, it is necessary to grow 
LSMO thin films on different substrates which have different lattice mismatch with the film.  
As future spintronic devices ultimately have to be fabricated at nanoscale lateral dimensions, 
it is also important to study the magnetic properties of nanostructures of LSMO.  

In the beginning of this thesis, the selection criteria for the model system of LSMO 
to prepare thin films and nanostructures are given. A brief survey of different fundamental 
properties of LSMO and pre-existing studies on magnetic behavior such as the magnetic 
anisotropy and domain structures of LSMO thin films grown on different substrates are given 
in chapter 2. Different experimental techniques and characterization methods which are used 
in this thesis for fabrication and investigation of these thin films and nanostructures are 
discussed in chapter 3. 

In order to study the effect of different strain state on structural and magnetic 
properties of epitaxial LSMO films, we have grown these films on different substrates 
namely, SrTiO3 (STO) of (001) orientation and NdGaO3 (NGO) of different orientations (eg. 
(100), (010), (110) and (001)). First, in chapter 4, we discuss epitaxial LSMO films which 
were grown on STO(001) substrates by pulsed laser deposition (PLD). Structural analysis of 
these films showed that LSMO grows in two dimensional growth mode resulting in an 
epitaxial film replicating the step-terrace structure of the substrate up to the film surface. Here 
LSMO experiences an in-plane tensile strain on STO substrate. The magnetic anisotropy 



 
Summary 

 134 

measurements of these films of different thicknesses at different temperatures were carried 
out by both Vibrating sample magnetometer (VSM) and Torque magnetometry. A 
combination of uniaxial anisotropy and biaxial anisotropy is observed in these films. Detailed 
analysis showed that vicinal steps on the film surface induce a uniaxial anisotropy with 
magnetic easy axis lying along the step direction. The biaxial anisotropy which is found to be 
crystalline in nature have easy and hard axes lying along [110] and [100] crystal directions 
respectively. When the temperature is decreased, biaxial anisotropy dominates over uniaxial 
step induced anisotropy.  At room temperature, uniaxial step induced anisotropy become 
prominent. More quantitative measurements carried out by torque magnetometry on films of 
different thicknesses shows that biaxial anisotropy constant (K1) decreases with temperature 
and it has no dependence on the film thickness. Also, uniaxial anisotropy constant (Ku) does 
not appear to scale with volume of the film, indicating that the step induced uniaxial 
anisotropy is mainly originated from the surface or interface of the film.  
 It is known that LSMO film experiences an un equal in-plane compressive strain on 
NGO substrates. In chapter 5, LSMO films grown on NGO substrates of different orientations 
by PLD are analyzed for the dependence of strain state on its magnetic anisotropy properties. 
The films grow coherently on NGO substrates of all orientations and in each case LSMO and 
NGO having equal in-plane lattice parameters with known strain state. LSMO films grown on 
NGO(100), (010), (110) and (001) oriented substrates reveal that all these films shows in-
plane uniaxial crystalline anisotropy with easy and hard axes lying along the crystalline 
directions of the substrates, at room temperature and low temperature (160K). The unequal 
in-plane compressive strain modifies the crystal lattice of the film, which thereby modifies 
the magnetic crystalline anisotropy so that the easy and hard axes lie along the in-plane 
crystal directions. Compared to LSMO films on STO substrates, the surface steps have no 
influence on the magnetic anisotropy of the film on NGO substrates. The magneto-crystalline 
anisotropy in LSMO/NGO is found to be much stronger than that of LSMO/STO films. 
Magnetization reversal mechanism of LSMO/NGO(100) were studied and compared to both 
curling model and modified Kondorsky model. It is realized that the magnetization reversal 
mechanism can be well explained by modified Kondorsky model for these LSMO films. 
 Arrays of LSMO nanodots and wires were fabricated by Laser Interference 
Lithography (LIL) technique and they are discussed in chapter 6. The minimum dimension of 
nanodots and wires fabricated on STO substrates were 80nm (diameter) and 125nm (width) 
respectively. Nanowires fabricated on NGO(010) substrates were having width down to 
146nm.  

Magnetic anisotropy measurements of the nanowires on STO substrates show the 
domination of magneto-static (shape) anisotropy with easy axis lying along the wire direction.  
A small contribution from the biaxial magneto-crystalline anisotropy of LSMO also was 
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found to be present in these nanowires. Double switching behavior is seen in hysteresis loops 
of nanowires fabricated with wire direction lying along the crystal hard direction [100] of 
LSMO. This is found to be because of the competition between two magnetic anisotropies 
present in these wires which are namely shape anisotropy and magneto crystalline anisotropy. 
Torque measurements of these nanowires at different temperature show that both magneto 
static and magneto crystalline anisotropy constants decreases with temperature. The LSMO 
dots and nanowires were also studied with Magnetic force microscopy. 

Interestingly, LSMO nanowires on NGO(010) and NGO(110) substrates show 
domination of magneto-crystalline anisotropy over magneto-static (shape) anisotropy. 
Compared to nanowires on STO substrates, the nanowires on NGO(110) and NGO(010) 
substrates have easy axis not along the wire direction, but along 55º  or even 90º 
(perpendicular) away from the wire direction respectively as defined by the strong crystal 
anisotropy induced by the NGO substrates. The properties such as curie temperature and 
magnetization values of these nanodots and wires are not found to be degraded with 
patterning and dry etching. For LSMO nanowires, it is possible to tune the magnetic 
anisotropy axes determined either by shape anisotropy or crystal anisotropy by selecting the 
appropriate substrates (either STO or NGO) on which the wires are fabricated. This is useful 
in the fabrication of spintronic devices and nanostructures based on LSMO. 
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Dit proefschrift beschrijft de structurele en magnetische eigenschappen van 

La0.67Sr0.33MnO3 (LSMO) dunne films en nanostructuren op kristallijne substraten. LSMO is 
een halfmetallische ferromagneet met een bijna 100% spinpolarisatie en een hoge Curie 
temperatuur(Tc=360K). Voor het realiseren van magnetische componenten in dit materiaal, 
zoals voor spintronica en sensoren, is kennis over de relatie tussen de structurele en 
magnetische eigenschappen essentieel. De experimentele studie die in dit proefschrift wordt 
beschreven heeft tot doel deze kennis te verwerven. Deze studie is vooral gefocusseerd op de 
magnetische anisotropie van dunne films LSMO in relatie tot de stress in de films. Een 
systematische verandering van stress is gerealiseerd door LSMO dunne film op substraten te 
groeien met verschillende roosterconstanten zodat passing van de roosters met de film 
verschillend is. Omdat veel spintronische componenten worden gefabriceerd op de 
nanoschaal is het belangrijk om de magnetische anisotropie te bestuderen van LSMO 
nanostructuren. Een belangrijke vraag is dan: wordt de anisotropie door de afmetingen van de 
nanostructuur bepaald, of wordt deze in belangrijke mate door de eigenschappen van de 
dunne film bepaald? 

In het begin van dit proefschrift zijn de selectiecriteria voor het model systeem van 
LSMO gegeven. Naast de fundamentele eigenschappen van LSMO worden literatuurstudies 
over magnetisch gedrag, zoals magnetisch anisotropie en domeinstructuren in LSMO films, 
beschreven in hoofdstuk 2. Verschillende experimentele technieken die gebruikt worden in 
dit proefschrift voor fabricage en analyse van de dunne films en nanostructuren worden 
beschreven in hoofdstuk 3. 

Om het effect van stress op de structurele en magnetische eigenschappen te 
bestuderen zijn de films op substraten met verschillende kristallijne oriëntaties gegroeid met 
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behulp van gepulste laser depositie (PLD). De substraten zijn: SrTiO3 (STO) met (001) 
oriëntatie en NdGaO3 (NGO) met verschillende oriëntaties, t.w. (100), (010), (110) en (001).  
In hoofdstuk 4 worden de eigenschappen van kristallijne LSMO films op STO(001) 
beschreven. Structurele analyse van deze films laat zien dat LSMO een twee dimensionale 
groeimode heeft dat resulteert in een epitaxiale film die de terrasstructuur van het STO 
substraat volgt. De LSMO film ondervindt een rekspanning op het STO oppervlak. De 
magnetische anisotropie-metingen van deze films met verschillende diktes bij verschillende 
temperaturen zijn uitgevoerd met behulp van een vibrerende sample magnetometer (VSM) en 
torque magnetometrie. Een combinatie van uniaxiale anisotropie en biaxiale anisotropie is in 
deze films waargenomen. Een detailleerde analyse bracht aan het licht dat de stappen op het 
oppervlak een uniaxiale anisotropie genereren met de voorkeursrichting parallel aan de 
staprichting. Biaxiale anisotropie wordt veroorzaakt door de kristalstructuur. De zachte en 
harde assen liggen respectievelijk langs het [110] en het [100] vlak. Als de temperatuur wordt 
verlaagd, domineert de biaxiale anisotropie over de uniaxiale stap-geïnduceerde anisotropie. 
Bij kamertemperatuur is de uniaxiale stap-anisotropie dominant. Gekwantificeerde metingen 
uitgevoerd met torque-magnetometrie aan films met verschillende diktes tonen aan dat de 
biaxiale anisotropie-constante (K1) afneemt met de temperatuur, onafhankelijk van de 
filmdikte. De uniaxiale anisotropie-constante (Ku) lijkt niet te schalen met de film dikte. Dit 
geeft aan dat de stap-geïnduceerde uniaxiale anisotropie-constante hoofdzakelijk door het 
oppervlak van de film of grensvlak met het substraat wordt gegenereerd. 

LSMO films ondervinden een anisotrope compressieve stress op NGO substraten. In 
hoofdstuk 5 worden de eigenschappen van LSMO films beschreven op NGO substraten met 
verschillende kristallijne oriëntaties.  Dit maakt het mogelijk om de afhankelijkheid van de 
stress op de magnetische anisotropie-eigenschappen te bestuderen. De films groeien 
epitaxiaal en coherent op NGO substraten met alle bestudeerde oriëntaties. LSMO films 
gegroeid op (100), (010), (110) en (001) georiënteerde NGO substraten hebben een uniaxiale 
anisotropie bij zowel kamertemperatuur als bij lage temperaturen gemeten tot 160 K. De 
ongelijke compressieve stress in het vlak beïnvloedt het kristalrooster van de film. Hierdoor 
wordt de magnetische kristallijne anisotropie veranderd, zodanig dat de harde en zachte 
magnetische assen langs de kristalassen liggen.  Vergeleken met LSMO films gegroeid op 
STO substraten hebben de oppervlaktestappen geen invloed op de magnetische anisotropie. 
De magnetokristalijne anisotropie van LSMO/NGO is veel groter dan LSMO/STO films. Het 
magnetisatie schakelmechanisme van LSMO/NGO(100) is onderzocht en vergeleken met het 
Curling model en het aangepaste Kondorsky model. Het magnetisatie schakelgedrag van deze 
LSMO films kan goed worden voorspeld aan de hand van het aangepaste Kondorsky model. 
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De eigenschappen van arrays van LSMO nanodots en nanodraden, gefabriceerd met laser 
interferentie lithografie, worden beschreven in hoofdstuk 6. De minimale afmetingen van de 
nanodots en nanodraden zijn respectievelijk 80 nm (diameter) en 125 nm (dwarsdoorsnede). 

Magnetische anisotropiemetingen van de nanodraden op STO substraten laten zien 
dat de magnetostatische vorm-anisotropie domineert met de voorkeursas liggend in de 
richting van de draad. Een kleine biaxiale anisotropie-bijdrage is ook gevonden in deze 
draden. Dubbel schakelgedrag is aanwezig in de hystereselus (M versus H) van de 
nanodraden gefabriceerd met de draadrichting langs de harde kristalas [100] van LSMO. Dit 
wordt veroorzaakt door de competitie tussen de vorm-anisotropie en de magneto-kristalijne 
anisotropie. Torque metingen aan deze nanodraden bij verschillende temperaturen laten zien 
dat zowel de magneto-kristallijne als de vorm-anisotropie-constanten afnemen bij afnemende 
temperatuur. The LSMO dots en draden zijn ook met behulp van magnetische 
krachtmicroscopie bestudeerd. Bij LSMO nanodraden op NGO(010) en NGO(110) substraten 
domineert de magneto-kristalijne anisotropie over de vorm-anisotropie. In vergelijking met 
nanodraden op STO substraten ligt de voorkeursrichting niet langs de draden. Dit wordt 
veroorzaakt doordat de uniaxiale kristallijne anisotropie de vorm-anisotropie domineert. De 
eigenschappen zoals Curie temperatuur en de waardes van de magnetisatie veranderen niet 
tengevolge van het patroneren en het droogetsen. Bij LSMO draden is het dus mogelijk om 
de magnetische anisotropie aan te passen. De assen worden door vorm-anisotropie of door 
kristal-anisotropie gedefinieerd afhankelijk van het gebruikte substraat (STO of NGO). Deze 
eigenschap kan worden gebruikt bij het fabriceren van spintronische sensoren en 
nanostructuren gebaseerd op LSMO. 
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