
 
Universitat Autònoma de Barcelona 

Campus de la UAB, E-08193 Bellaterra 
 

 
Institut de Ciència de Materials de Barcelona -CSIC 

Campus de la UAB, E-08193 Bellaterra 

 

(001) and (110) 
La2/3Ca1/3MnO3 

epitaxial 
ferromagnetic 

electrodes:       
a comparative 

study 
 

Elèctrodes 
epitaxials 

ferromagnètics 
(001) i (110) 

La2/3Ca1/3MnO3: 
un estudi 

comparatiu 

Ingrid Cañero Infante 
 
 

Programa de Doctorat en Ciència de Materials - Departament de Física 
Facultat de Ciències – Universitat Autònoma de Barcelona 
 
Directors:   Prof. Josep Fontcuberta i Griñó 

Dr. Florencio Sánchez Barrera  
Tutor:    Prof. Jordi Pascual Gainza 
 
Membres del jurat:  Prof. Agnès Barthélémy   (President) 
    Dr. Javier Rodríguez Viejo   (Secretari) 
    Dr. Etienne Snoeck   (Vocal) 
    Dr. Riccardo Bertacco   (Vocal) 
    Prof. Pedro A. Algarabel   (Vocal) 
    Dra. Francesca Peiró    (Suplent) 
    Dr. Gervasi Herranz    (Suplent) 
 

Memòria presentada per a l’obtenció de la titulació de Doctor 

Barcelona, Abril 2008 



 
Aquesta tesi s’ha dut a terme al Laboratori de Materials Magnètics i Òxids Funcionals 

de l’Institut de Ciència de Materials de Barcelona (ICMAB-CSIC) dins del programa de 

Formación del Profesorado Universitario (FPU) del Ministerio de Educación y Ciencia 

del govern espanyol. La recerca s’ha emmarcat dins dels projectes MAT2002-04551-

C03-01, NAN2004-9094-C03-01, MAT2005-05656-C04-01 i NANOSELECT 

CSD2007-00041. 



 
 
 
 
 
 
 
 

A mis padres 



 
 
 
 
 
 
 
 
 
 
 
 
 

“Eppur si muove” 
Galileo Galilei 

 



Abstract 

i 

Abstract 

Oxides can display a wide variety of electronic and magnetic properties. Among 

them, we can find insulators but also superconductors of high transition temperature. 

Some oxides are ferromagnets and some ferroelectrics, and even the coexistence of both 

ferromagnetism and ferroelectricity is found in a few of them (biferroics). These are 

noteworthy examples that account for the interest of the research community in these 

materials. Making use of these newly appearing oxides and of the techniques required to 

multilayer deposition and lithography, new devices have been designed and fabricated. 

Nevertheless, the functional properties of these devices, as well as those of the bare 

oxide films, appear to be highly sensitive to some effects of the epitaxial growth, which 

include crystal lattice distortions, electronic inhomogeneities or chemical redistribution. 

A deeper knowledge in this field is thus necessary to obtain fully functional oxide 

devices. 

Spintronics is the new electronics which exploits not only the charge but also the 

spin character of the carriers in these oxides. As an example, magnetic tunnel junctions 

(MTJs) are functional devices based on two ferromagnetic metallic electrodes separated 

by a thin insulating layer. The manganese perovskites R1-xAxMnO3, where R is a 

trivalent rare earth ion and A is a divalent alkaline earth, have been considered as 

electrodes in MTJs. The physics of these materials is based on the effect of the x doping 

with A2+ ions on the 3d levels of Mn ions, causing the appearance of (x) Mn4+ ions, with 

3 electrons in t2g(3)eg(0) configuration, coexisting with (1-x) Mn3+ Jahn-Teller ions, 

with 4 electrons into t2g(3)eg(1) configuration. Tuning the x doping in this structure, 

ferromagnetism and metallicity can be obtained due to the itinerancy of the eg electrons 

among Mn3+ and Mn4+ sites. For instance, in the La3+ manganites the metallicity and 
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ferromagnetism is found in the Sr2+ or Ca2+ substituted series at doping levels of x ~ 0.3, 

being the ferromagnetic to paramagnetic order transition temperature (Curie 

temperature: TC) of ~ 360 K and ~ 270 K, respectively. Using these manganite 

electrodes in MTJs, it is repetitively observed that the tunnel magnetoresistance (TMR) 

of these devices drops at lower temperature that the TC of bare manganite electrodes. 

Among the possible explanations to these depleted properties, it has been suggested the 

stabilization of the eg electron in the Mn3+ ion caused by the Jahn-Teller distortion, 

promoting a cationic redistribution localized at the interfaces. These studies also address 

an important role to the strain induced by the epitaxy, but the actual relevance of the 

chemical, electronic and strain effects remains undisclosed. 

Analyzing the problem on MTJs based on manganite electrodes, we notice that 

in all these devices only cubic (001) lattice orientation is used for the heteroepitaxial 

growth. Aiming to understand and solve the problem of MTJs functionality, we present 

in this work the study of alternative film growth orientation: (110). We were motivated 

by a previous analysis of the nature of (001) and (110) planes that suggested differences 

in their elastic properties and in the polarity of these planes that may influence in film 

properties. With this objective, we have grown La2/3Ca1/3MnO3 (LCMO) films onto 

SrTiO3 (STO) substrate, which is a cubic insulating perovskite, having two different 

orientations: (001) and (110), and we have compared the corresponding film properties. 

In this thesis, we prove the existence of different growth mechanisms in (001) 

films compared to those of (110) ones, which is a key for further heterostructural 

growth. We achieve a fine control of (001) surfaces and identify the growth mechanisms 

acting in (110) ones. We have measured film magnetic properties, and remarkably 

higher TC and saturation magnetization have been obtained for (110) than for (001) 

ones. Thus, taking care of the observed different structural deformation of (001) and 

(110) films, the hypothesis of different elastic response for (001) and (110) planes is 

proved and it has been correlated with the film magnetic properties (TC and magnetic 

anisotropy). We have found that the substrate-induced lattice strain can not fully explain 

the different properties of these (001) and (110) films, and thus we have investigated 

other possible origins that could cause these dissimilar results. Added to the known 

electronic phase separation occurring in (001) films, we also show the development of a 

cationic redistribution. In contrast, conclusive evidences of the electronic and chemical 

homogeneity and robust magnetism of (110) films are obtained. 
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For the future exploitation of these manganite electrodes, the understanding and 

control of the magnetic and transport properties are necessary. With this objective, we 

have identified the main driving force of the magnetic anisotropy of (001) and (110) 

films, finding it to be connected to the elastic properties of the (001) and (110) planes. 

We have also demonstrated the influence of the in-plane magnetic anisotropy into the 

transport phenomena of (001) and (110) films, which plays a relevant role in the 

uniaxial (110) ones. The in-plane magnetoresistance has been studied as a function of 

the angular position of the applied magnetic field (strong enough to saturate the 

magnetization), so-called anisotropic magnetoresistance (AMR). We have found that 

the AMR, measured for the (001) and (110) films within the (001) and (110) planes, 

depends on the crystallographic direction of current flow. We argue that, comparing 

(001) and (110) films, the AMR sign and amplitude change due to the orbital 

arrangement within these planes. 

With the objective of applying these (001) and (110) LCMO electrodes into 

MTJs, we have prepared bilayers with LCMO electrodes and nanometric STO layers on 

top. First, in order to optimize the complex process of performance of MTJs, we have 

used the conducting atomic force microscopy to test the quality of the insulating barriers 

which is a big step into the performance of fully functional MTJs. On the other hand, 

and wanting to investigate the newly created (001) and (110) STO layer/LCMO 

electrode interfaces, we have studied the effect of the STO layer on the magnetic 

properties and electronic phase separation occurring at the LCMO electrodes. The 

obtained experimental evidences signal the increase of electronic phase separation in 

(001) capped LCMO electrodes compared to uncapped (001) ones. Contrasting with 

these results, (110) capped and uncapped LCMO electrodes present a steady magnetic 

and electronic state. We analyze the possible mechanisms that can originate these 

effects, taking into consideration the different polarity appearing among insulating STO 

layers and LCMO electrodes depending on the interface orientation. 

This strategy based on the comparative study of (001) and (110) manganite films 

and bilayers allows us to dig into a wide variety of physical phenomena related to the 

film growth, the structural deformation, the magnetic and electronic properties, or the 

chemical segregations. The usefulness of this approach based on the change of film 

orientation has been proved, and it can be considered as a possible way to tune the 

properties of other oxide heterostructures. 
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1 Introduction 

In this chapter, we present basic concepts related to the materials studied in this 

thesis, half metallic ferromagnetic manganites; we will specially focus on their 

properties when grown in thin film form. We will introduce the existing theory of the 

dependence of their ferromagnetic transition temperature on lattice strain. We will 

describe afterwards the integration of these materials into magnetic tunnel junctions. 

The properties of these junctions will be analyzed, emphasizing in the decay of TMR 

that limits their use. Since junctions are fabricated with (001) oriented films, we discuss 

on the possible relevance of the crystal orientation on film properties in view of 

exploring the (110) oriented films as an alternative. 

1.1 The physics of ferromagnetic metallic manganites: from 

bulk to thin films 

Perovskite manganites of general formula R1-xAxMnO3 (Figure 1.1a), where R is 

a trivalent rare earth ion (La, Nd…) and A is a divalent alkaline earth (Ca, Sr, Ba), 

present very interesting properties. For the case of La manganites, the undoped parent 

LaMnO3 is an antiferromagnetic insulator [1] with Mn3+ ions in 3d4 electronic 

configuration. The crystal field induced by the oxygen ions in the perovskite structure 

splits the 3d levels into a low energy t2g triplet and a high energy eg doublet (see Figure 

1.1b). As the strength of the crystal field spitting is weaker than the Hund coupling (JH), 

three electrons occupy the t2g levels and one electron the eg level, and all they have 

parallel spin (S = 2). Besides, a more favorable energetic configuration is achieved by 

losing the degeneration of these eg levels occurring the so-called Jahn-Teller distortion. 
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This non-degeneration localizes the eg electrons into a filled sub-band and makes 

LaMnO3 to be an insulator. The cooperative Jahn-Teller effect leads then to a three-

dimensional orbital order, and due to superexchange magnetic interactions among the 

Mn3+ ions, A-type antiferromagnetism develops in this material [2]. 

 

R1-xAx

O
Mn

R1-xAx

O
Mn

JT Mn3+

Cubic symmetry
JT Mn3+

Octahedral symmetry

(a) (b)
R1-xAx

O
Mn

R1-xAx

O
Mn

JT Mn3+

Cubic symmetry
JT Mn3+

Octahedral symmetry

(a) (b)

 
Figure 1.1(a) Schematic view of the R1-xAxMnO3 perovskite pseudocubic unit cell. (b) 3d 
orbitals in Mn3+ (solid symbols) with different oxygen coordination (open symbols). Note that, 
caused by the cubic crystal field, a 10Dq energy splitting between t2g and eg levels (left) 
appears and in octahedral crystal field symmetry (right) the JT distortion breaks the 
degeneracy of these levels. 

 

Upon doping (x) with divalent alkaline ions (Ca, Sr…), La3+ ions are substituted 

by these Ca2+ (Sr2+) ions. This substitution changes the Mn ionic state and the number 

of eg electrons, appearing an amount of x-Mn4+ ions coexisting with (1-x)-Mn3+ ions 

and reducing the number of eg electrons. A metallic state occurs for x = 0.20 (0.15) with 

delocalized eg electrons with the spin parallelly aligned to that of the t2g electrons. 

Within these conditions, mediated by these delocalized eg electrons, ferromagnetic 

interactions are possible among the Mn ions through the double-exchange mechanism, 

as described latter. 

The phase diagram of these manganites is quite complex. For the Ca (Sr) 

substituted ones, optimal doping is achieved for x ≈ 0.33 with Curie temperature (TC) of 

 ≈ 270 K [3] (≈ 360 K [4]). As an example, the phase diagram of the La1-xCaxMnO3 

compounds is shown in Figure 1.2. Approaching TC, the resistivity (ρ) of these 

compounds drops notably, and in most of them it develops an electronic transition from 
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insulator (paramagnetic) to metal (ferromagnetic) state. The application of a magnetic 

field, which strengthens the spin coupling, also affects the value of ρ, making it to drop. 

Large values of negative magnetoresistance [(ρ(H) - ρ(0)/ ρ(0)] are obtained and the 

phenomenon is referred as colossal magnetoresistance effect, which is especially high at 

temperatures close to TC where the magnetic order of manganites is much sensitive. 

 
Figure 1.2. Phase diagram of La1-xCaxMnO3 compounds, from Ref. 3. The corresponding 
magnetic transition temperatures indicated are for the antiferromagnetic phases (AFM), the 
Néel temperature (TN), and for the ferromagnetic phases (FM), the Curie temperature (TC), 
both towards paramagnetic phases (PM). It is also shown the insulator to metal transition (ρC) 
where necessary. 

 

The ferromagnetism of manganites at the x ≈ 1/3 doping level [5] occurs by the 

called double-exchange mechanism. It is based in the coexistence of Mn3+ and Mn4+ 

ions with t2g(3)eg(1) and t2g(3)eg(0) electronic configurations, respectively. The energy 

of t2g electrons lies far from the conduction band, thus they do not contribute to the 

transport properties. However, it is relevant that all t2g electrons have parallel spin, thus 

defining a shell of S = 3/2. In the conduction band we find eg electrons, which are 

simultaneously shared by Mn and O sites. In this energy band extended throughout all 

the material, the simultaneous transfer of eg electrons from Mn3+ towards O2- and from 

O2- towards Mn4+ happens (Figure 1.3). This hopping of eg electrons creates 

degenerated couples of Mn3+/4+-O2--Mn4+/3+ and due to the strong coupling among eg 

electrons and t2g electrons, the spin orientation is preserved in all the Mn sites and 

ferromagnetism arises. Thus, in the ferromagnetic metallic phase (T < TC), it is expected 

a fully spin polarization of the conduction band, which make these materials so 

interesting to Spintronics. For instance, in La1-xCaxMnO3 theoretical predictions by 
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Pickett and Singh [6] indicate that only majority bands are occupied at the Fermi level 

at x = 1/3. 

O 2pMn 3d Mn 3d

t2g

eg

t2g

eg

1 e- 1 e-Mn3+ Mn4+O2-

O 2pMn 3d Mn 3d

t2g

eg

t2g

eg

1 e- 1 e-Mn3+ Mn4+O2-

 
Figure 1.3. Sketch of the double-exchange mechanism showing the hopping of eg electrons 
between Mn 3d and O 2p bands. 

 

Further study of the conductivity of these eg carriers highlights the relevance of 

the Mn-O-Mn bonding characteristics. The energy width of this eg band (bandwidth, W) 

is directly related to the overlapping of Mn-O orbitals, which is optimum for a 180 deg 

bond angle, and it is also influenced by the Mn-Mn distance. Experiments inducing 

structural distortions by the use of different trivalent and divalent ions in manganites [7] 

clearly show that as W decreases, the conductivity drops and the TC decreases. Indeed, 

double-exchange mechanism competes with the intrinsic tendency of isolated Mn3+ and 

Mn4+ ions to be antiferromagnetically coupled. Thus, by reducing the orbital 

overlapping, that is, the strength of the ferromagnetic double-exchange mechanism, the 

system evolves to antiferromagnetic order. 

To integrate these fully spin polarized materials into functional devices, epitaxial 

thin film and heterostructures of these materials are necessary. However, the properties 

of these thin films are usually found to be depressed compared to those of their bulk 

counterparts. Several studies in single manganite films [8][9][10] and heterostructures 

[11][12] show that, at reduced thickness, the conductivity, TC and saturation 

magnetization drop, and even in thinner films the ferromagnetism and conductivity can 

be suppressed (Figure 1.4). This phenomenon is commonly attributed to the existence of 

a dead layer, non-ferromagnetic and insulator one. The thickness of this dead layer is 

estimated around few nm and, for a given manganite layer, it depends on the substrate, 

which is a fact that signals the interface origin of this effect. A useful technique to study 

the existence of a dead layer and more exactly the electronic state of the Mn ions is 
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55Mn nuclear magnetic resonance (NMR). The capability to detect the electronic 

environment of Mn ions has allowed relating the reduced properties on these manganite 

films to the nucleation of regions with different magnetic and electronic states, which 

make the film magnetically and electronically inhomogeneous [8][13]. This electronic 

phase separation was already theoretically predicted by Dagotto et al. [14], concluding 

that manganites are very sensitive materials to disorder. Possible sources of this disorder 

are: the jump on the stacking sequence of the combined perovskite materials, the 

presence of oxygen vacancies in the manganite layers and the loss of coordination in the 

Mn-O-Mn bond happening at the interfaces. Combining surface and bulk sensitive 

techniques, the occurrence of the loss of magnetism at the surface or at the interface of 

manganite layers have been proved [15][16], as shown in Figure 1.5. Moreover, 

theoretical calculus on manganite and insulator heterostuctures predicts a similar result: 

within the manganite electrode and near the interface, regions presenting depleted 

ferromagnetic and metallic properties are expected [17]. 

(100) La2/3Ca1/3MnO3 films 

(i) (ii) (iii)

(100) La2/3Ca1/3MnO3 films 

(i) (ii) (iii)

 
Figure 1.4. [(i) and (ii)]: Different studies on the magnetic properties of La2/3Ca1/3MnO3 films 
as a function of film thickness and substrate: (a) TC (solid symbols) and metal to insulator 
transition TP (open symbols) [8]; (b) TC and saturation moment μB sat [10]. (iii): Resistivity of 
multilayers of [La0.7Sr0.3MnO3/SrTiO3] for thicknesses of the manganite layers as indicated in 
the figure under magnetic field of 0 T (straight line) and 5 T (dash line) [12]. 

 

These results signal the appearance of reduced ferromagnetism and conductivity 

and of electronic phase separation related to the interfaces. This localization of the eg 

electrons and the decrease in the double exchange mechanism have been suggested to 

arise from the distortion on the Mn-O-Mn bonds at the interface. However, the exact 

origin of these depressed properties and the strategies to control them remain still 

undisclosed. 
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(a) (b)(a) (b)

 
Figure 1.5. Temperature dependence of magnetization on: (a) La0.7Sr0.3MnO3 (001) films using 
three techniques with different sensisitivity to surface magnetism, here we refer the depth scale 
with the origin at the film surface: by SQUID, bulk sample magnetization (MB), by X-ray 
magnetic circular dichroism (MCD), intermediate depth magnetization of ∼ 5 nm (MIM), and 
by spin polarized electron spectroscopy (SPES), the surface boundary ∼ 0.5 nm (MSB) [15]; (b) 
La2/3Sr1/3MnO3/SrTiO3 (001) films and La2/3Sr1/3MnO3/LaMnO3/SrTiO3 heterostructures, 
showing only the intermediate depth magnetization (MIM) measured from the MCD peak 
height. Also the bulk LSMO single crystal magnetization is plotted [16]. 

 

1.2 Magnetic tunnel junctions based on manganites: (001) 

oriented electrodes 

Magnetic tunnel junctions are spintronics devices composed by two 

ferromagnetic conductors (electrodes) separated by a ultrathin insulating layer (barrier). 

Applying a low electrical potential to these electrodes, the electrons may tunnel through 

the barrier, being the effective tunneling current dependent on the relative magnetic 

configuration of the electrodes. From the orientation of the corresponding 

magnetizations, two different working configurations are defined: parallel (P) and 

antiparallel (AP). From these different functional regimes, an operating ratio for the 

MTJs can be defined, which is the so-called tunnel magnetoresistance (TMR) 

P

PAP

R
RR

TMR
−

=      [1.1] 

where RAP and RP account for the junction resistance in the different magnetic 

states. In Figure 1.6 (main panel) a sketch of the resistance as a function of the applied 

magnetic field in an ideal MTJs is plotted. The swept from high field (in absolute 

value), where both electrodes have magnetization pointing to the same direction, 

towards lower fields, where the magnetization vector rotates, defines a device with a 

binary behavior between P and AP configurations. 
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(2) (1)

(1)EF
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Figure 1.6. Main panel: Junction resistance versus magnetic applied field measurement on a 
MTJ with decoupled ferromagnetic electrodes. Two different states are expected for parallel 
(P) and antiparallel (AP) electrode magnetization. Insets: Sketch of the density-of-states near 
the Fermi level (EF) for two identical electrodes. (1) represents the P configuration and (2) the 
AP one. Note that in (1) [P configuration] the available electronic states in both electrodes are 
those of majority spin bands whereas for (2) [AP configuration] the tunneling may happen 
between majority and minority bands for each electrode, thus the current in AP configuration 
decreases leading to higher RAP. 

 

Following the Jullière model [18], in the tunneling process it is assumed that the 

spin of the electrons is preserved through the tunneling and that the tunnel conductivity 

between two ferromagnetic electrodes which are in P and AP states is proportional to 

the product of the corresponding density-of-states for majority and minority spin. Being 

n↑ the density-of-states of majority spin electrons and n↓ the density-of-states of 

minority spin electrons in a ferromagnetic electrode, the spin polarization (P) is thus 

described by: 

↓↑

↓↑

+

−
=

nn
nn

P       [1.2] 

According to eq. 1.2, TMR expression (eq. 1.1) can be then rewritten in terms of 

the polarization of the ferromagnetic electrodes (P1 and P2) as: 
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21

21

1
2

PP
PP

TMR
−

=      [1.3] 

Thus, within this model, TMR is proportional to the difference in density-of-

states of majority spin (n↑) and minority spin (n↓) bands for each electrode (labeled 1 

and 2): 

( )( )↓↑↓↑ −−∼ 2211 nnnnTMR     [1.4] 

However, this prediction cannot explain the experimental observation of the 

TMR dependence on barrier thickness, height and also in her nature. Accounting for the 

existence of other contributing effects, as impurities in the barrier or depolarizing 

effects at the electrode-barrier interfaces, other more complex models have been 

developed [19]. Still, Jullière’s simple model is useful for the evaluation of the 

polarization of ferromagnetic electrodes in MTJs at low temperature. 

The use of manganite materials and other half-metallic ferromagnetic conductors 

as electrodes in MTJs opens the possibility of obtaining optimal TMR response of such 

devices due to the expected fully spin-polarization of the electrons at the Fermi level. 

First MTJs were performed using La0.67Sr0.33MnO3 (LSMO) electrodes grown on (001) 

SrTiO3 (STO) substrates with a relatively thick insulating layer of STO of 5 nm as 

barrier [20]. Resistance curves versus applied magnetic field at different temperature are 

shown in Figure 1.7a. The low temperature TMR value of this LSMO/STO/LSMO 

trilayer device was 100 %, which considering identical LSMO electrodes leads to a spin 

polarization, through the use of eq. 1.3, of PLSMO = 58 %, which is quite lower than the 

ideal 100 % expected for a half-metallic ferromagnet. The development of 

photolithographic techniques and other lithographic process for the performance of 

MTJs have lead to the improvement of device and thus of the TMR response. MTJs 

using other substrates and barriers, as orthorhombic NdGaO3 (NGO), and other 

manganites, as La0.7Ca0.3MnO3 (LCMO), have lead to TMR ratios as high as ~ 86 % at 

low temperature, which using eq. 1.3 corresponds to a LCMO spin polarization of 

PLCMO = 55% (Figure 1.7b)[21]. The orientation of the NGO substrates and thus of these 

heterostructures was (110) one in orthorhombic notation, which means a (001) 

orientation in cubic notation. 
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(a) (b)(a) (b)

 
Figure 1.7. TMR curves of (a) a LSMO/STO/LSMO//STO(001) pillar at different temperatures 
[20] and (b) four LCMO/NGO/LCMO//NGO(110) junctions at 77 K [21]. 

 

However, a clear disadvantage of these MTJs appears when studying the 

temperature dependence of the TMR ratio. As shown in Figure 1.8, the TMR ratios of 

symmetric LSMO/STO/LSMO (a) [22] and LCMO/NGO/LCMO (b) [21] junctions 

vanish at temperatures lower than the corresponding Curie temperature of the 

electrodes. Several combinations of manganites and insulating materials into MTJs 

[20][21][22][23][24][25][26][27] has been tested. Within these experiments, the nature 

of the electrode-insulator interfaces have been changed in different ways: by choosing 

insulators of perovskite or rutile structure, by using perovskite insulators with different 

structural mismatch with the electrode, by varying the nominal charge of the insulator 

planes, etc. For instance, experiments with the rutile insulator TiO2, which presents an 

oxygen lattice much different from the perovskite one, compared to those performed 

with the perovskite insulator LaAlO3 indicate a preferential lowering of the TMR ratio 

in the TiO2-manganite system [25]. The direct measurement of the TMR ratio as a 

function of the interface nature together with the existing studies on surface and 

interface magnetization [15][16][17], claim that the interface phenomena dominate the 

depleted TMR ratio as a function of temperature. 
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(a) (b)(a) (b)

 
Figure 1.8. Temperature dependence of (a) the TMR ratio in LSMO/STO/LSMO//STO(001) 
junctions [21], being the TC of the LSMO electrodes of ~347 K and (b) junction resistance for 
AP and P configuration (lines) and corresponding TMR ratio (symbols) of 
LCMO/NGO/LCMO//NGO(110) junctions, being the TC of LCMO electrodes ~265 K [22]. 

 

Lastly reported values of TMR in manganite based MTJs are clearly higher 

(TMR ~ 1850 %) [28] than the equivalent preliminary results (TMR ~ 100 %) [20], and 

in some cases not only high values of TMR have been measured at low temperature but 

also at temperatures closer to the Curie temperature of the used electrodes (TMR around 

the TC of the LSMO electrodes ~ 300 K) [25]. In all these studies, only (001) oriented 

heterostructures (in the cubic notation) are used. MTJs exploiting other orientations are 

few, and it can be highlighted the work of Ruotolo et al. [29], who have integrated 

Ni80Fe20/LSMO//STO(110) bilayers into MTJs. They have achieved to measure a value 

of TMR of ~ 1.2 % at low temperature which may be that low because of the use of the 

manganite dead layer as the spacer between the two ferromagnetic Ni80Fe20 and LSMO 

electrodes. 

1.3 Elastic and electronic characteristics of (001) and (110) 

interfaces 

The growth of thin film heterostructure based on perovskite materials, such as 

the La-manganites, implies the necessary choice of appropriate substrates that are 

structurally and chemically compatible. Commonly used substrates of manganite films 

are insulating perovskites as LaAlO3, NdGaO3 or SrTiO3, which due to the low lattice 

mismatch with the manganite films (from virtually 0 % to 2.3 %, depending on the 

manganite and substrate) allow the performance of complex epitaxial heterostructures 

[30]. Nevertheless, tuning the lattice mismatch is not the only approach to induce a 

different unit cell deformation. A priori, the elastic properties of different planes of 
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growth can be used to tune the unit cell deformation with the same nominal lattice 

mismatch. On the other hand, the chemical and electronic characteristics of a given 

plane, either in the manganites or in the insulating perovskites, is expected to influence 

the properties of the manganite layer at least at the near interface. 

(001) (cubic notation) substrates have been extensively exploited and fewer 

attention has been driven to other orientation. However, as already mentioned, the 

substrate and interface orientation is a most relevant factor as they may alter manganite 

magnetic properties through the induced unit cell deformation of the growing layers 

(elastic and plastic deformation) or electronic and chemical effects through the 

interface. In the following, some of the more relevant elastic and electronic 

considerations arising from the use of (001) and (110) substrates and interfaces are 

described. 

1.3.1 Elastic properties 

An analysis of the elastic properties of (001) and (110) epitaxial films grown on 

this substrate may commence studying those of the bare substrates. With this purpose, 

we take as the starting point the cubic perovskite SrTiO3 (STO) (cubic parameter 

aSTO = 3.905 Å). The investigation of the atomic arrangement along the main in-plane 

crystal directions in (001) and (110) planes clearly signals relevant differences (Figure 

1.9): concerning the 3d metal (Ti) the same Ti-O-Ti sequence is observed along the 

[100] and [010] directions in the (001) plane whereas in the (110) plane along the [001] 

direction is Ti-O-Ti and along [1-10] direction is Ti-Ti. Thus, the different atomic 

sequences and bonding among Sr, Ti and O atoms within (001) and (110) planes can 

influence the elastic properties of these planes. In a general approach to the evaluation 

of the elastic properties of a given cubic crystal, it is necessary to acknowledge the 

elastic stiffness constants cij of the crystal. Here, cij account for elastic stiffness matrix 

elements defined following the Voigt notation: diagonal elements are then c11 and c44 

and off-diagonal ones c12 [31]. Taking these cij values and appropriate elastic 

expressions [32] we can evaluate the Young moduli Yhkl along the crystal directions 

present in the (001) and (110) planes. Along a given [hkl] direction, from the Yhkl values 

we can obtain the elastic effects of an applied strain εhkl on the crystal by quantifying 

the crystal mechanical stress σhkl as σhkl = Yhkl εhkl. Therefore, for the elastic study of 

(001) and (110) planes it is necessary to obtain the Young moduli along [100] and [110] 

directions (Y100 and Y110) which are actually contained in these planes. 
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The Young modulus expressions for [100] and [110] directions are [32]: 
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Figure 1.9. Projections of SrTiO3 cubic crystal on (a) (001) and (b) (110) planes. 
Crystallographic directions are indicated for each orientation (top) and each atom is identified 
by their atomic symbol. Bottom: Sketches of (a) TiO2 and (b) SrTiO planes. 

 

Turning to the STO crystal, Bell and Rupprecht [33] reported cij values of 

c11 = 317 GPa, c12 = 102 GPa and c44 = 123 GPa. Using these c11, c12 and c44 into 

eqs. 1.5 and 1.6, the Young moduli of STO are calculated to be Y100 = 361 GPa and 

Y110 = 385 GPa. Focusing the investigation onto the (001) and (110) STO planes 

(Figure 1.9), for the (001) plane we observe that for two orthogonal directions, for 

instance [100] and [010] directions, equal Young modulus is expected, with 

Y100 = Y010 = 361 GPa and Y110 = Y1-10 = 385 GPa, and thus the plane presents four-fold 

stress symmetry. Quite different is the case of the (110) plane, where the orthogonal 
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[001] and [1-10] directions define a two-fold stress symmetry, with higher Young 

modulus along [110] direction, Y110 = 385 GPa, than along [001] direction, 

Y001 = 361 GPa. To have a clear experimental evidence of the different mechanical 

behavior of STO crystal planes, in Figure 1.10 there are shown atomic force microscopy 

(AFM) images of (001) and (110) STO surfaces after nanoindentations with a conical 

tip were performed. A comparison of the shape of the surface imprints highlights the 

isotropic deformation of (001) plane (circular imprint in Figure 1.10a) and an 

anisotropic deformation occurring on the (110) plane (elliptical imprint Figure 1.10b), 

with preferential deformation along [001] direction. 

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

 
Figure 1.10. AFM images of nanoindentations performed in SrTiO3 single crystals using a 
conical tip, corresponding to (a) (001) and (b) (110) substrates [34]. 

 

After an analysis of the (001) and (110) STO elastic properties, we should 

consider the case of epitaxial manganite thin films grown on them. The similarity of the 

crystal structure of the La-manganites to STO and the low mismatch between their 

lattice parameters suggest that the elastic properties of manganite films are likely to be 

similar to those of the STO substrates. The manganite unit cell is characterized by its 

lattice parameters, which can be experimentally measured. To evaluate and map the 

elastic deformation of the film unit cell, we can calculate the epitaxial strain values εhkl 

for a given [hkl] direction (being h, k, l the Miller indices) as: 

bulk
hkl

bulk
hkl

film
hkl

hkl d
dd −

=ε      [1.7] 

where dfilm
hkl and dbulk

hkl are the film and bulk interplanar distances along the 

[hkl] direction. To determine the mechanical stress of the manganite unit cell, it is 

necessary to use the strain values εhkl, the elastic stiffness constants cij and to calculate 

for a given [hkl] direction the epitaxial stress  σhkl as: 

hklhklhkl Y εσ =       [1.8] 
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The different crystallographic directions contained within the (001) and (110) 

planes are expected to influence the manganite film mechanical stress, and the film 

functional properties may be consequently affected. 

1.3.2 Electronic properties 

In the ABO3 perovskites, the formal terminating planes along [001] direction are 

AO and BO2 and along [110] direction are ABO and O2. Assuming that there are no 

electronic and structure reconstructions, the relative charge of these planes depend on 

their chemical composition (A, B, O). Considering SrTiO3 (STO) as the preferable 

material to be substrate and insulating layer in La-manganite (La1-xAxMnO3) 

heterostructures, in STO the A site is occupied by Sr and the B site by Ti. For the La-

manganites, A perovskite site is occupied by both La and the doping alkaline earth (A), 

whereas the B site is filled by Mn atoms. 

SrO

TiO2

SrO

TiO2

(La1-xAx)O

MnO2

(La1-xAx)O

MnO2

SrTiO

O2

SrTiO

O2

(La1-xAx)MnO

O2

(La1-xAx)MnO

O2(1-x)+

(1-x)+

(1-x)-

(1-x)-

P

4-

4-

4+

4+

4-

4-

4+

4+

P

0

0

0

0

(a) (b)
[001] [110][001] [110]

SrO

TiO2

SrO

TiO2

(La1-xAx)O

MnO2

(La1-xAx)O

MnO2

SrTiO

O2

SrTiO

O2

(La1-xAx)MnO

O2

(La1-xAx)MnO

O2(1-x)+

(1-x)+

(1-x)-

(1-x)-

P

4-

4-

4+

4+

4-

4-

4+

4+

P

0

0

0

0

(a) (b)
[001] [110]

SrO

TiO2

SrO

TiO2

(La1-xAx)O

MnO2

(La1-xAx)O

MnO2

SrTiO

O2

SrTiO

O2

(La1-xAx)MnO

O2

(La1-xAx)MnO

O2(1-x)+

(1-x)+

(1-x)-

(1-x)-

P

4-

4-

4+

4+

4-

4-

4+

4+

P

0

0

0

0

(a) (b)
[001] [110][001] [110][001] [110]

 
Figure 1.11. Schematic view of SrTiO3 and La1-xAxMnO3 layers depending on the plane 
orientation: (a) (001) and (b) (110). Assuming an ionic picture, the corresponding electric 
polarization (P) and charge are shown for each case. 

 

In a simple ionic image, heterostructures based on La-manganites and STO 

grown with (001) and (110) orientation present an electronic distribution as seen in 

Figure 1.11. Focusing firstly on the (001) planes (Figure 1.11a), (001) STO planes are 

charge neutral due to the charge balance at the SrO [Sr2+O2-] and TiO2 [Ti4+O2-
2] planes. 

On the other hand, (001) La-manganite film planes present a net electronic charge of (1-
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x)+ for the (La1-xAx)O [(La3+
1-xA2+

x)O2-] planes and (1-x)- for the MnO2 [Mn3+
1-

xMn4+
xO2-

2] planes. Thus, in (001) heteostructures, neutrally charged (001) STO planes 

are put in contact to (001) La-manganite charged ones. In contrast, the case of (110) 

planes is much different (Figure 1.11b) and is characterized by presenting STO and La-

manganite polar planes. In concrete, within (110) STO planes a net 4- electronic charge 

is found in O2 [O2-
2] and a 4+ charge is located at the SrTiO [Sr2+Ti4+O2-] planes. For 

the (110) La-manganites, similarly to the (110) STO case, O2 [O2-
2] planes with 4- 

electronic charge coexist with 4+ charged (La1-xAx)MnO [(La3+
1-xA2+

x)Mn3+
1-xMn4+

xO2-] 

planes, independently of the amount of x doping. Therefore, the charge of the (110) 

planes oscillates among 4+ and 4- in a similar way in both (110) STO and (110) La-

manganite layers. 

The striking conclusions of this simple analysis of the electronic properties of 

(001) and (110) La-manganite and STO layers highlight the disruption of the net charge 

distribution between (001) La-manganite and STO layers and the continuity of the 

oscillating charge distribution between (110) ones. In fact, the polarity nature of (001) 

and (110) STO surfaces have been reported to be weakly polar for the (001) STO 

surfaces and polar for the (110) STO surfaces [35]. Within the framework of these 

reports and from the simple ionic evaluation, relevant electronic differences arise 

between (001) and (110) STO and La-manganite layers that are expected to influence 

the properties of the (001) and (110) La-manganite films and STO-La-manganite 

interfaces. 
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1.4 Outline of the thesis 

This thesis is focused in the development of half-metallic ferromagnetic (110) 

La2/3Ca1/3MnO3 (LCMO) electrodes and their integration into functional magnetic 

tunnel junctions. The parallel study of the more used (001) LCMO electrodes allows 

directing the research into three main fields: 

(a) Comparative study of the growth mechanisms of LCMO films onto 

SrTiO3 (STO) substrates with (001) and (110) orientation. The precise knowledge of the 

film unit cell parameters and of the Mn electronic state and chemical distribution of the 

cations help to understand the effect of the orientation in the crystal deformation and on 

the appearance of electronic and chemical inhomogeneities in (001) films. 

(b) Comparative study of the magnetic properties of (110) and (001) LCMO 

half-metallic ferromagnetic electrodes. It turns out that the robustness of ferromagnetic 

properties of (110) LCMO films is extended to a wide range of film thickness, letting us 

argue about the origin of the depressed properties of (001) LCMO films. We connect 

the structural, electronic and magnetic properties of these films and we discuss the 

possible origins of the observed charge distribution on the basis of different polarization 

and elastic properties of (001) and (110) planes. Furthermore, the elastic properties are 

found to be the driving force of the magnetic anisotropy of both (001) and (110) LCMO 

films through the magnetoelastic energy. 

(c) The development of magnetic tunnel junctions based on (001) and (110) 

LCMO electrodes using STO barriers. After the STO/LCMO//STO bilayer growth, 

fundamental and practical studies on these heterostructures are performed. The 

investigation of the phenomena located at the functional top STO/LCMO interfaces 

signals the electronic sensitivity of (001) interfaces, whereas slight changes are seen in 

(110) interfaces. We link this topic to the previous study on single LCMO films, 

achieving a deeper understanding of the physical origin of these interfacial effects. The 

STO/LCMO//STO bilayers are finally integrated into magnetic tunnel junctions, thus 

we test the insulating character of our STO barrier and create useful devices obtaining 

preliminary positive results on the tunneling using STO/LCMO//STO(110) 

heterostructures. 
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Chapter 2. A general description of the physical phenomena as well as the 

experimental system related to the thin film deposition, characterization tools and 

lithographic procedures are presented. 

Chapter 3. The growth mechanisms of LCMO films of different thickness on 

STO (001) and (110) are identified, from analysis of topographic images obtained by 

atomic force microscopy (AFM). Discussion on the strategies to control the film 

morphology is presented. 

Chapter 4. The structural characterization of LCMO films was performed 

mainly by X-ray diffraction methods, being of especial relevance the use of reciprocal 

space maps. These experiments show not only the epitaxy of these ones on STO (001) 

and (110), but also an interesting different strain state between (001) and (110). For 

(110) films, it is found an anisotropic in-plane strain. High resolution transmission 

microscopy (HRTEM) images confirm the good quality of films and interfaces and the 

absence of major lattice defects. Manganese valence states of both kinds of films are 

investigated by nuclear magnetic resonance (NMR). Other techniques, X-photoelectron 

spectroscopy (XPS), electron energy loss spectroscopy (EELS) and X-ray absorption 

spectroscopy, have been also used to study the electronic state and cation distribution in 

these films. 

Chapter 5. Magnetic properties of LCMO films were studied mainly by SQUID 

magnetometry. The magnetic properties were found to be very sensitive to substrate 

orientation. Particularly, it will be presented the dependence of the Curie temperature on 

the film strain from a wide range of film thickness, and the dependence will be analyzed 

using magnetoelastic theory. High in-plane uniaxial magnetic anisotropy is found in 

(110) films, with a clear dependence on the film strain. In the (001) case, a similar 

influence of the magnetoelastic energy on the magnetic anisotropy confirms that the 

mechanical stress dominates the magnetic anisotropy of LCMO films independently of 

their orientation. Magnetotransport measurements were performed on (001) and (110) 

films using a PPMS system, some of these fims being lithographed allowing the 

measurement of longitudinal and transverse resistance. Higher transition temperatures 

and lower resistivities are measured for (110) films compared to (001) ones, and in the 

lithographed films the anisotropic magnetoresistance and planar Hall effect are observed 
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to show the effects of a different spin scattering depending on the in-plane current 

direction and on the plane orientation. 

Chapter 6. The growth and characterization of bilayers of STO thin barriers on 

LCMO (001) and (110) electrodes are presented. Bilayer crystal quality, magnetic and 

electronic properties and the top STO/LCMO interfaces were carefully studied by 

means of SQUID, XPS, NMR and HRTEM-EELS. We observed the influence of the 

growth orientation on the magnetic and electronic properties, and found important 

conclusions for the fundamental understanding of the (001) and (110) interface 

phenomena. Further test of the functionality of bilayers was done by Conducting AFM 

(CAFM), and from these measurements we evaluated the barrier height energy involved 

in these heterostructures. Magnetic tunnel junctions based on (110) LCMO electrodes 

were performed and first results on the transport measurements of these devices are 

shown. 

Appendix I. Results on magnetotransport measurements carried on (110) 

oriented films of La0.95Ag0.05MnO3 signals the occurrence of similar effects on 

anisotropic magnetoresistance to those observed as measured in LCMO(110) films. 

Appendix II. Results on La2/3Sr1/3MnO3 (LSMO) films grown by pulsed laser 

deposition (PLD) onto STO (001) and (110) substrates. Studying the effect of the 

oxygen pressure in the PLD chamber during the LSMO deposition, we have studied the 

surface morphology by AFM and the structure and magnetic properties. We analyze the 

influence of both the plane of growth and the deposition oxygen pressure on the 

magnetic properties within the framework of the results obtained from LCMO (001) and 

(110) films. 
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2 Experimental techniques 

2.1 Growth of thin films and heterostructures 

2.1.1 RF sputtering  

LCMO films and STO/LCMO bilayers were grown by RF magnetron sputtering 

at the Institut de Ciència de Materials de Barcelona (ICMAB). 

This deposition technique is based in the bombardment of a target with ions 

from a plasma. A sintered stoichiometric target of La2/3Ca1/3MnO3 (or SrTiO3) chemical 

composition was used. The expelled particles are generated in a plasma with a typical 

value of rf power of 15 W and deposited onto the substrate, which is faced to the target 

few centimeters away (6 cm). The substrate, (001) or (110) STO single crystals (or both 

simultaneously), were silver-pasted to a Ni plate and heated by a commercial 

thermocoax heater. Substrate temperature is controlled by a thermocouple connected to 

Ni plate. 

Ar is the gas used for creating the plasma (a picture scheme is shown in Figure 

2.1a. For LCMO (or STO) deposition a mixture of Ar and O was used in order to 

provide oxygen to the growing film. The pressure was set to be 0.44 mbar. Rotatory and 

turbomolecular (of variable speed) pumps were used to create the vacuum and to fix the 

growth pressure. 

Before each deposition process, targets are pre-sputtered during 20 min to clean 

their surface and to stabilize the plasma conditions. The heater with the sample holder is 

situated away from the sputtering gun during this pre-sputtering to prevent deposition in 

this stage. Plasma ionization occurs by the application of RF radiation of frequency 
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13.56 MHz. After a transient time, under a negative voltage applied to the target respect 

to the substrate, Ar+ ions are accelerated against the target. To enhance the sputtering 

rate by increasing the Ar gas ionization, ring-like magnets (magnetrons) generate a 

magnetic field between the center and the edge of the target.  
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Figure 2.1. (a) Picture scheme of the sputtering set-up and process. (b) Photography of the 
actual rf magnetron sputtering deposition set-up. 

 

Additional details about the experimental deposition set-up can be found in the 

thesis of M. Bibes [1]. Actual image of the sputtering set-up can be seen in Figure 2.1b. 

The deposition process is fully automated, and the computer control allows the 

setting, modification, monitorization, and recording of the processing parameters. A 

base pressure in the range of 10−7 mbar is set in the chamber. Fluxmeters of Ar and O 

allow the control of gas flow, and one electro-valve permits a massive entry of oxygen 

during the in-situ annealing of the samples. Substrates are heated up to the deposition 

temperature, 750-800ºC, although most samples were deposited at 800ºC. Combining 

the speed of the turbomolecular pump and Ar and O flux rates, the pressure at film 

deposition was set to 0.44 mbar with an incoming proportion of 80 % Ar and 20 % O. 

The deposition time for each deposition is set from previous calibrated growth rate 

(through thickness measurement by X-ray reflectometry measurements) in order to 

obtain the desired film thickness. In most cases, after film deposition, the samples are 

in-situ annealed under a 466 mbar oxygen pressure during 60 min at 800ºC to ensure the 

stoichiometric oxygen contents. 
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2.1.2 Pulsed laser deposition (PLD) 

La2/3Sr1/3MnO3 films were grown by pulsed laser deposition (PLD) using the 

equipment of the group of Prof. M. Varela at the Dept. Física Aplicada i Òptica of the 

Universitat de Barcelona. The PLD system uses a KrF excimer laser that emits light 

pulses of 34 ns duration at the wavelength of λ = 248 nm. The optical alignments of the 

beam is performed using a HeNe laser (λ = 632.8 nm), mounted in the rear of the 

excimer laser. The laser pulse frequency can be varied up to 50 Hz, being the range of 

typical frequencies 1 to 10 Hz. The laser beam is directed onto the target inside the 

deposition chamber at a 45 deg angle. A scheme of the PLD system is shown in Figure 

2.2. 

 
Figure 2.2. Schematic top view of the PLD system at the Dept. Física Aplicada i Òptica of the 
Universitat de Barcelona. 

 

The PLD technique is based on the interaction between laser and matter, which 

results in the formation of a plasma made of the atomic species from the target. First, 

the laser pulse enters the vacuum chamber through a window and impinges the target, 

which is mounted into a holder that can be rotated by a motor to allow the laser erosion 

of the target to be uniform. The target holder allows placing up to four targets. The 

energy fluence of the pulse depends on the pulse energy and the position of the optical 

lens, being typically in the 2-4 J/m2 range. The laser pulse irradiates a small area of the 

target (a few mm2), during the time length of the pulse (34 ns). This time is much 

shorter than the time between pulses (0.1-1 s). Optical absorption of most of materials is 

very high at a wavelength of 248 nm, and thus the energy is absorbed in the very top 
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layer of the target. Moreover, since the pulse length is very short, the thermal diffusion 

length is also low. Although the ablation mechanisms can be very complex and they 

depend on the material, the most important issue is that all the laser energy is confined 

in a very small volume during a very short time. It produces a very high pressure plasma 

with the same composition that the ablated volume. The plasma expands fast from an 

initial volume much shorter in the normal direction, and in consequence the velocity of 

expansion is much higher in this direction. Since the plasma is very directional, the 

substrate is placed exactly perpendicularly to the target, at only few centimetres 

(typically ∼5 cm) from the target. The substrate is heated to a temperature between 650 

and 750ºC, and a flow of O2 gas is introduced during the deposition, varied to obtain a 

chamber pressure of 0.1 and 0.4 mbar, in order to avoid loss of oxygen in the film. After 

the deposition, the oxygen pressure is increased progressively during the cooling down, 

and at 530 ºC a pressure of 1.013 bar of oxygen is introduced. At some fixed deposition 

conditions, film thickness is controlled by the number of laser pulses and an accurate 

measurement of film thickness is afterwards obtained by X-ray reflectometry. 

2.2 Surface characterization 

2.2.1 Atomic Force Microscopy (AFM) 

The topographic AFM images were obtained by a PicoSPM® (Molecular 

Imaging) microscope at the ICMAB working in dynamic mode by M.-J. Polo and Dr. 

A. Pérez del Pino. 

AFM is one of the scanning probe microscopes which operates by measuring 

interaction forces between a tip and the sample surface. In dynamic mode, the tip 

alternatively contacts the surface, following the resonant frequency of the tip located the 

end of a cantilever. As raster-scan drags the tip over the sample, using a laser source and 

photoelectrons, it is measured the vertical deflection of the cantilever, which indicates 

the local sample height. During tapping mode operation, the cantilever oscillation 

amplitude is maintained constant by a feedback loop.  

Images were analyzed using the software packages WSxM 3.0 Develop 9.3, 

from Nanotec Electronica S.L. [2] and also Mountains® Technology v4.1 from Digital 

Surf [3]. 



Experimental techniques 

29 

2.2.2 Conducting-AFM 

Conducting AFM (C-AFM) uses the same device as ordinary AFM but using 

conducting tips. C-AFM operates in contact mode and it records at each point the 

electrical current (or resistance) through the sample when a voltage is applied between it 

and the tip. The surface morphology is simultaneously recorded. 

C-AFM measurements were carried out in a modified Digital Instruments 

Nanoscope III Multimode AFM [4] (Figure 2.3) at the CNRS-Thales (Palaiseau, Paris). 

The modifications allowed obtaining resistance maps in the wide range of 100 to 1012 Ω 

under a bias voltage ranging from 0.1 to 10 V, which was applied to the tip, and 

grounding the sample. The accuracy of the measurement is of around 5 %  

The conducting tips were Si3N4 ones, with spring constant of 40 N/m coated by 

Boron-doped polycrystalline diamond. The macroscopic tip radius is about 100 nm, but 

roughness in the coating due to diamond crystallites induce a nanoroughness which 

leads to a local radius of less than 10 nm. 

 
Figure 2.3. Schematic diagram showing the Conducting-AFM set-up (CNRS-Thales). 

 

2.2.3 X-Photoelectron Spectroscopy (XPS) 

XPS technique (also known as electron spectroscopy for chemical analysis 

ESCA) is based in the photoelectric effect: the surface of a material is irradiated by a X-

ray beam and the system collects the escaping electrons. It is measured both the amount 

of electrons as their kinetic energy (KE), and thus not only the chemical elements on a 

surface are detected, but also the amount of each one. 
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The physical process for the photoelectron emission energy analysis takes into 

account that for a given photon energy (E ν), it has been inverted in extracting an 

electron from its binding site (binding energy: BE), in sending it to the vacuum (work 

function: Φ) and finally in keeping the electron in movement (kinetic energy: KE).  

Φν −−= KEEBE      [2.1] 

Eq. 2.1 summarizes the process previously explained. E ν is fixed by the 

radiation source, KE is the measured magnitude and Φ is a known referenced value for 

the given material. The collected electrons will provide information about the 

characteristic BE that accomplish the energy expression: 

Φν −< EBE       [2.2] 

The BE represents the strength of the interaction of the electrons at different 

atomic (core) levels with the nuclear charge. In Figure 2.4a it is shown an scheme of the 

XPS measurement within other techniques, and in Figure 2.4b a simple view of the 

electron energy configuration and the possible effects caused by X-ray photon 

incidence. 

 
Figure 2.4. (a) Scheme of processes after irradiation of a sample by an X-ray beam of energy 
hν. (b) Energy diagram of a photoelectronic emission process involving the energy of the 
incident photons (hν), the core levels of the atom and the valence and conduction (EC) bands. 
The work-function φ of the atom is also indicated. 

 

The dependency of the BE on the atomic number n and on the orbital and spin 

moment is characteristic of a given atom and thus it provides information about the 

composition of the inspected surface as well as on the electronic state. In an ideal 

approximation, the BE of a photoemitted electron which leaves an atom of N electrons 

is equal to difference between the atomic final state (with (N-1) electrons) and the initial 

state (with N electrons), following Koopmans’ approximation. Nevertheless, the 
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experimental BE value differs from this approximation and different effects should be 

taken into account when interpreting the XPS spectra. We comment here some of the 

effects to consider: 

1. Surface charging: good insulators cannot dissipate the positive charge 

generated by the created holes, and an excess of positive charge in the material is 

translated into an energy shift towards higher in the evaluated BE. This effect can be 

prevented using appropriate metallic contacts on the insulator to dissipate the charge or 

using an electron beam (neutralizer). 

2. Initial and final states: the orbital and spin moments (also n atomic 

number) of the initial and final states determines the appearance of single peaks, 

doublets, triplets, etc. corresponding to the interaction allowed transitions. For instance, 

in Figure 2.5 some XPS spectra from Mn, Co and Bi compounds are shown. 

 
Figure 2.5. Experimental X-ray photoemission spectra obtained for MnCl2 (a) and CoCl2 (b) 
compounds extracted from Ref. [5], and for Bi2O3 compound (c), after Ref. [6] 

 

Inspecting the examples of Figure 2.5, the Mn and Co [(a) and (b)] 2p core 

levels are characterized by two possible spin states: high spin 3/2 and low spin 1/2, as 

indicated in the figures, separated by the spin-orbit splitting energy (~ 15-20 eV, 

depending of the atom). For the case of Bi (c), inspection of the 4f core level indicates 

the presence of the spin-orbit splitting into 7/2 and 5/2 spin states with an energy 

separation of ~ 6 eV. On the other hand, the spectra can give information of the valence 

of these atoms. In Mn2p and Co2p spectra [(a) and (b)], the low intensity peaks 

appearing at higher BE are a signature of multiple final states which happens in Mn2+ 

[3d5] and Co2+ [3d7] ions. The multiplicity of states is caused by the existence of 3d 
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shells with 5 or more electrons, which allow the occurrence of final states with excited 

ions and thus the measured BE can be different from that of the ground state. However, 

in the case of Bi (c), only two peaks from the two final spin states are observed due to 

the fact that Bi3+ [4f145d106s2] ions present close shells and recombination into different 

final states as in the Mn2+ and Co2+ case is not possible. 

X-ray photoelectron emission spectra were recorded with two different 

equipments at room temperature. An ESCALAB 210 spectrometer fitted with a 

hemispherical energy analyzer working at a constant pass-energy of 30 eV is the system 

situated at the Instituto de Ciencia de Materiales de Sevilla. The experiments were 

performed and analyzed by Dr. J. P. Espinós and they were focused on the chemical 

compositional analysis of single LCMO film surfaces. The base pressure of the analysis 

chamber was about 10-10 mbar. Unmonochromatized AlKα radiation (1486.6 eV) was 

used as excitation source. Survey spectra and the following core levels were recorded: 

La 3d5/2, Ca 2p, Mn 2p, O 1s and C1s. Binding energy calibration of the spectra was 

done by referencing the recorded peaks to the Au4f7/2 core level of a very thin layer 

(0.1 monolayers) of gold deposited onto the samples. Intensity ratios for the different 

photoelectron emission signals have been calculated by estimating the area of the elastic 

photoelectron emission peaks and by referring the obtained values to their relative 

sensitivity factors [7]. Sputtering with Ar+ ions (2 keV, 60º grazing incidence, 3.5 

minutes) onto the sample was used to remove surface contamination. 

The second equipment is a PHI 5500 Multitechnique System (Physical 

Electronics) located at the Serveis Cientificotècnics of the Universitat de Barcelona. It 

has been used for the study of STO capped LCMO electrodes, that is, in STO/LCMO 

bilayers. The system has a monochromatic X-ray source (Al-Kα) placed perpendicular 

to the hemispherical analyzer axis. The analyzer pass energy was 23.5 eV and the base 

pressure of the analysis chamber was 7 10-9 mbar. Survey spectra and the following core 

levels were recorded: La 3d, Ca 2p, Mn 2p, Mn 3s, Ar 2p and C 1s at 45 deg grazing 

incidence. Binding energy calibration was done by referencing the recorded peaks to the 

La3d5/2 at 834.9 eV. Ar+ ion etching at 4 keV (6 seconds) was used to remove surface 

contamination on bilayers. Multipak v6.0 (Physical Electronics) package was used for 

the spectrum fitting. 

For both equipments, working at a constant pass-energy for the analyzer of 

30 eV (ESCALAB) and 23.5 eV (Multitechnique System), the detectors are set to fixed 

energy resolutions that depending on the characteristics of the samples can be of 
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≤ 0.5 eV. The pass-energy influences in the energy resolution, with higher resolution for 

lower pass-energy, although it has to be taken into account that the amount collected 

photoelectrons diminishes as the pass-energy decreases. 

2.2.4 X-ray Absorption Spectroscopy (XAS) 

XAS is based on the interaction of the oscillating electromagnetic field of X-ray 

radiation with the electrons bound in an atom. Either the radiation will be scattered by 

these electrons or absorbed and excite the electrons, depending on the energy of the 

radiation and of the available core levels. From all the possible measurements resulting 

of X-ray interaction presented in Figure 2.4a, XAS allows obtaining information about 

the fine structure of the ions of a solid by indirectly measuring the effect of the absorbed 

radiation on the atoms. For the XAS experiments, different working modes are possible, 

as the fluorescence mode, where the fluorescent photons are inspected, and the total 

electron yield mode (TEY), where the sample is connected to the ground and the 

induced photoelectron current on the sample surface is monitored. In a synchrotron 

facility, and using a series of lenses and monochromator, highly monochromatic X-ray 

beam provides a range of photon energies from 100 eV to 100 keV. 

In XAS experiments, and working near the absorption energy edge of a given 

core level of an atom of the sample, a slight variation of the photon energy will cause a 

high increase in the absorption of the X-ray beam. At this edge, the interaction of a 

photon and an electron in a core level gives rise to an excited electron that consequently 

abandons its core state. The excited electron is then so-called photoelectron, and it 

finally evolves to a state in the continuum, that is, to an unoccupied state above the 

Fermi level. In this single particle view, the transition probability σ of a given electron 

in an initial core state |ψi> to relax into a final state |ψf> is given by the Golden Rule: 

( )∑ −+ΨΨ= fiif EEhνδσ
2

Ap    [2.3] 

where A and p are the electromagnetic vector potential and the momentum 

operator acting on the electron, respectively, and Ei the initial state energy and Ef 

corresponds to the final state energy, which can run over all the available states. The 

angular part (orbital momentum l) of the created matrix elements gives rise to the dipole 

selection rule, which allows only transitions where Δl = ± 1. Therefore, the final state of 

the photoelectron is determined by both the available states |ψf> and the dipole selection 

rule applied to the |ψi> and |ψf> states. 
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The X-ray absorption spectroscopy (XAS) experiments were performed and 

analyzed by Dr. M. Abbate at the SGM beam line in the LNLS (located at Campinhas, 

Brazil). The base pressure in the experimental chamber was in the low 10-9 mbar range. 

The mean-probing-depth of the total-electron-yield (TEY) method is about 20–50 Å [8]. 

The energy resolution of the spherical grating monochromator was approximately 0.5–

0.6 eV. For the measurement carried out in LCMO films, the energy scale was 

calibrated using the peak positions in the parent LaMnO3 compound. The spectra were 

normalized to the maximum after a constant background subtraction. 

2.3 Structural characterization 

2.3.1 X-ray Reflectometry (XRR) 

XRR measurements on LCMO and STO thin films were carried out in the 

Rigaku Rotaflex RU-200B diffractometer, located at the ICMAB. 
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Figure 2.6. XRR spectrum of a thin LCMO film showing the oscillations of the interference 
pattern. In the inset, minimum positions was linearly fitted to minima order to calculate film 
thickness following eq. 2.4. 
 

With this technique, it is possible to calculate from an acquired X-ray spectrum 

(Figure 2.6) the thickness of a thin film. XRR method involves monitoring the intensity 

of the x-ray beam reflected by a sample at grazing angles. Monochromatic X-ray beam 

irradiates a sample at a low angle ω = θ and the reflected intensity at an angle 2θ is 

recorded. Thus, operating mode on the diffractometer is coupled ω-2θ mode. Working 
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on thin films, XRR takes advantage of two relevant physical principles: the dependency 

of surface reflection on the different electron densities of the materials and the optical 

interference between the incident beam at the top and at the bottom of the thin film. The 

first effect determines the minimum angle at which radiation X-rays can be reflected 

(the so-called critical angle θc), while the second is observed from the oscillation caused 

by the difference light path of reflected top and bottom beams. The collected data is 

affected by another effect, as it is the surface and interface roughness. The scattering on 

rough surfaces causes a loss of the collected X-ray radiation within an exponential rate. 

The general expression to describe measured XRR spectra is: 

( ) ( )
2
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⎛+=

d
nCn

λθθ     [2.4] 

where θn is the angle at which the interference of order n appears, λ is the X-ray 

emission energy and d accounts for the film thickness. In this interference profile, 

distinguishable minima and maxima develop and they can be used as reference values 

for a numerical evaluation of the thickness d of the film. Extracting the minima (or 

maxima) from the experimental XRR spectrum, which can be referred as θn values, and 

computing the corresponding sin2(θn), from eq. 2.4 a linear dependence between sin2(θn) 

and the order n of the interference is expected. As an example, in Figure 2.6 the XRR 

spectrum of a 17 nm sample show the interference pattern and in the inset a plot for the 

minima of the sin2(θn) vs n values present the expected linear dependence. The linear fit 

of these values will provide information about the critical angle (θc) from the ordinate 

[sin2(θc)] and about the film thickness d from the slope [(λ/2d)2]. 

2.3.2 X-ray Diffraction (XRD) 

X-ray diffraction measurements were performed using four different 

diffractomers: on a four-circle MRD Philips diffractometer located at the Serveis 

Científico-Tècnics of the Universitat de Barcelona; on another four-circle one, a Bruker 

D8-General Area Detector Diffraction System (GADDS); on two different two circle 

diffractometers: Rigaku Rotaflex RU-200B and Siemens D-5000 located at the ICMAB. 

These diffractometers work with Cu X-ray sources, with an emission spectrum 

characterized by two main lines: kα1 = 1.5406 Å and kα2 = 1.5444 Å, with relative 

intensity 2:1. Appropriate Ni-filters are used to eliminate the lower length emission 

lines (kβ). 
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For X-ray measurements, depending on the kind of diffractometer, one can vary 

different angles of the sample and so one can get different information. A schematical 

view and the nomenclature of the angles can be seen in Figure 2.7a, corresponding to: 

ω Angle between the direction of the incoming beam and sample plane. It 

can be modified by a rotation of the goniometer around an axis normal to the plane of 

incidence. 

2θ Angle between the incoming light direction and the inspected diffraction 

direction. It is modified by the displacement of the detector. 

ϕ Angle defining the rotation around an axis normal to the sample plane. 

χ Angle of the tilt obtained by rotating around a horizontal axis within the 

goniometer plane and contained within the plane of incidence. 

 
Figure 2.7. (a) Schematic view of the different angles and their relationship to sample surface 
for XRD measurements. (b) Sketch of an ideal cubic unit cell of parameter a indicating the 
position of the [103] plane and its relationship to the crystal axes. 
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We can use two possible diffraction conditions depending on the coupling of the 

angular setting. If ω = θ and χ = 0, we work in a symmetric configuration, that is, the 

inspected reflections are symmetric with respect the surface normal. The diffraction 

planes that can be explored are parallel to the film surface and for a given (hkl) plane, 

the diffraction condition or Bragg law is directly applicable: 

λθ =sinhkld2     [2.5] 

where dhkl are the (hkl) interplanar distance and λ is the wavelength of the 

incoming radiation. 

On the other hand, asymmetric reflections are defined as those obtained when 

the explored planes are not parallel to the surface, and thus other angular configurations 

are necessary. Two typical methods are used: 

1. Decoupling ω angle from θ angle, and thus the diffracting planes are not 

parallel to the film surface, but still the diffraction vector is in the diffraction plane. 

2 Tilting the sample through a rotation of the ϕ and χ and keeping ω = θ. 

Asymmetric reflections provide information about all the unit cell parameters, as 

from the in-plane components of the explored planes we can investigate the in-plane 

unit cell parameter. A general description of the used X-ray techniques will be done 

here, and much detail will be presented when analyzing experimental results: 

θ-2θ scans: Detector (2θ) and the rotation of the goniometer (ω) are coupled, 

that is, for symmetric reflections it is accomplished ω = θ. Film texture and out-of-plane 

lattice parameters can be evaluated from these scans. They have been performed mainly 

in the Rigaku and Siemens system. 

ω-scans: Keeping the detector fixed, it is changed ω in order to evaluate the 

misorientation of the out-of-plane axis around a symmetric reflection. 

ϕ-scans (pole figures): Performed for asymmetric reflections, the rotation of ϕ 

at fixed ω and θ angles allow the observation of substrate and film reflections 

containing in-plane components. Combining the ϕ-scans at different values of χ allows 

obtaining two dimensional maps including the explored reflections and their symmetry 

(pole figures). Therefore, the in-plane film texture can be deduced. Bruker setup was 

used for the ϕ-scans and pole figures. 

Reciprocal space maps (RSMs): Performing a series of ω-2θ scans at fixed ϕ 

and χ around particular asymmetric reflections, we can get through a complete area of 
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the reciprocal space. Thus, it is possible to obtain a map of the reciprocal space. The 

measurements were carried out in the MRD Philips and also in the Bruker setup. 

The methodology of a RSM is based on breaking with the coupling of ω and θ 

and fixing new angular conditions, in concrete the expected relationship between ω and 

θ values will provide the χ-value of the explored planes: 

ωθχ −=      [2.5] 

being χ ≠ 0 as it is an asymmetric reflection. Then, from the value of χ, ω is 

calculated through eq. 2.5 in order to experimentally work at χ = 0 and decouple ω from 

2θ.  

Given a pseudocubic lattice with real space vectors u, v, and w, the reciprocal 

space lattice vectors u*, v*and w*are related to the real ones by:  

w//w;v//v;u//u *** =     [2.6] 

w
w;

v
v;

u
u *** 111

===    [2.7] 

Depending on the experimental condition, we can easily evaluate the u*, v*and 

w* from the given ω, 2θ, ϕ and χ angles. Finding with eq. 2.5 the value of χ for given 

pair of ω and θ, we can change the value of ω in order to work χ = 0 and that eq. 2.5 

still remains true. At these conditions, we can obtain a two-dimensional map of the 

reciprocal soace, built using the wave vectors q// and q⊥ which correspond to: 

( ) ( )ωθθ
λ

−= sinsin2
//q     [2.8] 

( ) ( )ωθθ
λ

−=⊥ cossin2q     [2.9] 

where λ is the wavelength of the incident X-ray beam and q// and q⊥ are the 

equivalent reciprocal space distances on the equivalent real space distances. The wave 

vectors q// and q⊥ are measured respective to the sample surface, and to obtain the unit 

cell parameters it is necessary to know the relationship of the reciprocal and real space 

lattices. As an example, in Figure 2.7b it is shown the [103] plane in a cubic unit cell of 

parameter a in a (001)-oriented crystal. In the real space, this plane is determined by its 

intersection with the crystal axes [100], [010] and [001] indicated from its Miller 

indices [hkl]. The intersections are at x = a/h = a/1 and z = a/l = a/3 as seen in Figure 

2.7b. Then, studying this [103] reflection in the reciprocal space, from the angular 

position of the peak we obtain the wave vectors q// and q⊥ which correspond to the [100] 
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and [001] direction (q100 and q001, respectively). From this ideal case, the experimental 

parameters are thus calculated using the Miller indices of the peak: aexp = h/q100 = 1/q100 

and cexp = l/q001 = 1/q001, where aexp and cexp denote the in-plane and out-of-plane 

experimental parameters of the crystal. 

Absolute values of unit cell parameters for films with any orientation can be 

extracted from the position of the peaks. More information on these calculations will be 

provided within the experimental results. 

2.3.3 Transmission Electron Microscopy (TEM) 

Electron microscope allows, as in the case of their optical counterparts, 

obtaining images of the explored material but at a nanometric scale. The physical 

concept uses the wave-like character of electrons. Electrons are generated by 

thermoionic discharge in a cathode, or by field emission; and afterwards they are 

accelerated by an electric field, typically in the 100-300 kV range, achieving equivalent 

electronic wavelengths of λ ~ 10-12 m. Using different operating modes in these 

microscopes is possible to get into the crystal structure of the studied materials. In 

Figure 2.8, schemes on two operating modes are presented. The diffraction mode 

(Figure 2.8a) allows observing the diffraction pattern of the studied material, and thus 

information about the unit-cell can be deduced. In imaging mode (Figure 2.8b), a 

preliminary image of the sample is formed in the back image plane of the objective lens. 

Through further magnification and using intermediated and projector lenses, the final 

imgae is formed in the screen. To introduce contrast in the image, an aperture is placed 

in the back focal plane of the objective lens. Depending on the orientation of the sample 

and the diameter of the aperture, we can work in different operation modes as high 

resolution, two-beam bright field or dark field imaging, among others. To switch from 

image mode to diffraction mode, the strength of the intermediate lens is changed in 

order to focus the back focal plane of the objective lens instead of the back image plane 

of the objective lens. 

In STEM mode the electron beam is focused on the surface to form a sub-

nanometer incident probe and the resulting images are produced by the scanning of the 

probe on the studied region. 

The HRTEM experiments were performed and analyzed by S. Estradé, Dr. J. 

Arbiol and Dr. F. Peiró. TEM samples were prepared in cross section (XT) geometry 

both by conventional method, in which the thin foil specimens were mechanically 
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polished down to ~ 30 μm  and then were further thinned by ion milling at 5 kV and 

7 deg down to achieve electro-transparency, and by focused ion beam (FIB). 

The used microscopes were a Jeol J2010F FEG (Serveis Científico-Tècnics of 

the Universitat de Barcelona) operating at an electron accelerating voltage of 200 kV 

and a VG 501 cold FEG dedicated STEM (LPS Orsay, France) operating at 100 kV. 

 
Figure 2.8. Schematic views of TEM operating modes: (a) diffraction mode (b) imaging mode. 

 

2.3.4 Electron energy loss spectroscopy (EELS) 

EELS measurements were carried out and analyzed by S. Estradé, Dr. J. Arbiol 

and Dr. F. Peiró using the Jeol 2010F (S)TEM with a Gatan GIF detector, which energy 

resolution is about 0.8 eV, and also the VG 501 dedicated STEM of the LPS at Orsay, 

France, working at 100 kV with a final spot size of 0.5 nm and an energy resolution of 

0.3 eV 

TEM specimens prepared in XT geometry were subjected to chemical analysis 

by focusing the e-beam spot into different regions of the sample and analyzing the 

transmitted electrons. In short, the physical principle of the EELS technique is based on 

the inelastic scattering of the incident electrons by the electrons in the sample. In this 

process, the incident electron loses a given amount of energy, which can be 

characteristic of an atomic transition, or some solid-state effect. In a typical EELS 

spectrum, the main contribution to the collected electrons is due to those that have not 
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undergone any inelastic scattering, forming the so-called Zero Loss Peak. Information 

about the sample properties is obtained from the collected scattered electrons and the 

final analysis using an electron spectrometer allows interpreting the nature of the atoms 

found in the sample and their ionization state. 

2.3.5 55Mn Nuclear Magnetic Resonance (NMR) 

NMR spectra were acquired and analyzed by Dr. M. Wojcik at the Institute of 

Physics, Polish Academy of Sciences, Warszawa, Poland. 

The physical principle used in this technique explodes the intrinsic magnetic 

moment of a given nucleus [9]. Arising from the magnetic moment of the protons and 

neutrons of the nucleus, the nuclear magnetic moment is measured in nuclear 

magnetons MN: 

p
N m

eM
2

0 hμ
=      [2.10] 

From the spin angular momentum I, measured in units of ħ, the gyromagnetic 

constant g appears naturally as the ratio of the nuclear magnetic moment of the nucleus 

M and the spin angular momentum I, as: 

h/
/

I
MMg N=      [2.11] 

Upon the application of an external magnetic field (H0), the nuclear moment M 

aligns towards the direction of H0 appearing a Zeeman splitting of the nuclear levels 

given by: 

0HIgME zN=Δ     [2.12] 

where Iz is the component of I along the H0 direction (z-axis). This gap separates 

into two populations, parallel and anti-parallel nuclear moment relative to H0, the 

energy levels on the explored nuclei. Exploding this intrinsic property of the nuclei, in 

this technique a static and an alternating magnetic field (in the rf range) are combined to 

control the alignment of the nuclear spins. The spin-echo NMR experiment is based in 

the application of a series of rf pulses perpendicular to the static field H0. This rf field 

can cause the resonance of nuclear spins, which absorb energy and rotate in a plane 

perpendicular to H0 but that finally precess along H0 axis. In ferromagnetic materials, 

due to the large internal field caused by the magnetization, it exists a coupling of the 

electronic and nuclear spins through the hyperfine interactions. The strength of this 

hyperfine field Hhf depends on the electronic spin S and on the hyperfine tensor (A). the 
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NMR signal is thus sensitive to the bare electronic spin S and also to the mobility of the 

electronic charge around the nuclei, providing information of the magnetic and 

electronic state of the atoms. 

NMR signals without the application of the static field H0 can be obtained in 

ferromagnetic materials. Working at H0 = 0, the resonant frequency  ω depends only on 

the internal magnetic field H and on the nuclear magnetic moment through: 

HMg N

h
=ω      [2.13] 

The spin echo NMR signals were collected by means of a broadband phase-

sensitive spin-echo spectrometer. The experiments were performed at 4.2 K, in zero 

external magnetic field and several values of the excitation rf field in order to optimize 

the signal intensity at each frequency. The 55Mn NMR spectra of single LCMO films 

and STO/LCMO bilayers were obtained in the frequency range of 300-450 MHz by 

plotting every 1 MHz, with optimized spin echo signal intensity being corrected with 

frequency dependent enhancement factor η and ω2 dependent sensitivity, as described 

in detail in Ref. [10]. 

2.4 Functional characterization 

2.4.1 SQUID magnetometry 

Magnetometry measurements were carried out on a Superconducting Quantum 

Interference Device (SQUID) of Quantum design (MMPS system) located at the 

ICMAB). 

Measurements were carried out with magnetic field applied in-plane or out-of-

plane. In all cases, samples were introduced at low temperature from the disordered 

paramagnetic state. Magnetic hysteresis loops were measured applying starting with 

high positive field (typically 30-50 kOe) and lowering the intensity in wide steps 

(5 kOe) towards low positive field. Between 1 kOe and -1 kOe the field step is 

decreased and the measurement is recorded in no overshoot mode to not overcome the 

target field during the measurement and stabilizes the field. The intensity of the negative 

field is then increased in a similar way as in the high field regime on the positive part of 

the loop. After saturating the sample at high negative field, the procedure undertaken is 

similar to that explained from the high positive fields. After the magnetic hysteresis 

loop is performed and high positive field is stable (30-50 kOe), a static 5 kOe magnetic 
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field, high enough to obtain magnetic signal for the small and thin used samples, was set 

for the magnetization dependence on temperature. For LCMO samples, temperature 

scans of 10 K to 300 K were performed, at a warming rate of 2 K/min. 

The contribution of diamagnetic STO substrate was subtracted by 

experimentally measuring in the hysteresis loops the high field slope. From sample size 

and thickness, absolute value of magnetization was calculated. 

2.4.2 Ferromagnetic resonance (FMR) 

FMR spectra were acquired and analyzed by A. Brandlmaier and Dr. S. T. B. 

Goennenwein at the Walther-Meißner-Institut (Bayerische Akademie der 

Wissenschaften) at Garching (Germany). 

FMR technique basically exploits the magnetic moment of the electrons in atoms 

of a sample. Like in NMR measurements, the existing magnetic moment precesses 

around the direction of a static magnetic field, and upon the application of an alternating 

(rf) field perpendicular to the static one the material absorbs energy when the frequency 

of the rf field is equal to that of the precession. 

In Figure 2.9a the experimental FMR setup is shown. The ferromagnetic sample 

is placed under a strong magnetic field, and the rf transverse field is generated by a 

microwave source. The use of a resonant cavity enhances the signal to noise ratio of the 

FMR measurement. First, the effect of the static magnetic field (H0) is to align the spin 

vectors (S) into a single orientation along the direction of H0, changing the energy levels 

of the electrons due to the Zeeman splitting into: 

0HSgE zBμΔ =     [2.14] 

where g is the gyromagnetic constant, μB is the Bohr magneton and Sz is the 

component of the total spin vector S along the direction of H0. The strength of the static 

magnetic field is changed gradually modifying the energy levels of the electronic states. 

Meanwhile, the sample also is subjected to the rf field from the microwave radiation. 

When the energy difference between two excited states is equal to the energy of the 

incident microwave photons, the microwave radiation will be resonantly absorbed by 

the ferromagnetic material. 

In a macroscopic view, the FMR resonance happens when the precession 

frequency of the magnetic moment vector and that of the rf field are the same (Figure 

2.9b). The effective magnetic field Heff acting on the electronic spins depends not only 
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on the external field H0 but also in the internal magnetic created by the sample magnetic 

anisotropy. Thus, the precession of the electrons and their relaxation process is 

influenced by the magnetic anisotropy. FMR measurements are performed tuning the 

intensity and direction of the static field H0 and analyzing the dynamics of M through 

the Landau-Lifschitz-Gilbert equation: 

tMt S ∂
∂

×+×−=
∂

∂ MMHMM
eff

αγ    [2.15] 

where α is the damping constant (α > 0), MS is the saturation magnetization and 

γ is the gyromagnetic ratio. The magnetic anisotropy of the material is monitored by the 

effective field Heff as long as Heff is related to the energy E of the system through: 

M
H

ffe ∂
∂

−=
E      [2.16] 

E includes the different magnetic energy terms, as the magnetostatic, Zeeman 

and magnetic anisotropy energies. Thus, finding the resonance field Hr that equals the 

effective field Heff we can obtain information about the magnetic anisotropy of the 

samples. 

 
Figure 2.9. (a) Schematic view of the low temperature FMR setup. (b) Precessional motion of 
magnetization M around the effective magnetic field Heff. 

 

For the series of experiments in (001) and (110) LCMO films, two different 

angular configurations has been used, depending on the applied magnetic field position 

and sample rotation. In the out-of-plane configuration the magnetic field is rotated 

within a plane perpendicular to the sample surface and in the in-plane configuration it is 
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rotated within the sample plane. The FMR spectra were measured in an X-band 

(9.3 GHz) electron spin resonance setup, being applied a static magnetic field H 

generated by an electromagnet and using an alternating magnetic field working at a 

frequency of 100 kHz with an amplitude of ΔH = 32 Oe. A liquid-He flow cryostat 

allows controlling the sample temperature in the range of 4.2 K to 300 K and 90 spectra 

are recorded per plane. 

2.4.3 Magnetotransport (PPMS) 

Magnetotransport measurements were performed at the ICMAB by means of a 

PPMS (Physical Properties Measurements System, Quantum Design). This system 

allows reaching temperatures down to 1.8 K. A superconductive coil allows to reach 

magnetic fields up to 90 kOe. The resistance is measured by injecting current within a 

range of 5 nA-5 mA, and the experimental resolution is about 10−8 V. 

The resistivity and rotator sample holders are shown in Ch5, explained in more 

detail there together with the methodological process followed for measuring bare and 

lithographed films. 

2.5 Fabrication of defined pads by optical lithography 

Micrometric pads and contacts on LCMO films are defined by using optical 

lithography, and from the design and application of special masks, it was possible to 

control the direction of the applied current and measured voltage. The experiments were 

carried out at the clean room facilities of the Universitat Autònoma de Barcelona with 

the aid of Dr. M. Benítez and R. Palencia. 

Optical lithography is based on the interaction of ultraviolet (UV) light and 

photosensitive materials, referred as photoresists. Two types of photoresists exist: those 

with photoactive components that can be removed using a developer (positive) and 

those with photoactive components that stay on the sample (negative). The experiments 

presented here were performed using a positive photoresist (Shipley Microposit 1813) 

and the corresponding developer. 

As a first step of the procedure, sample surface is dried in a convection oven at 

120 ºC for 20 min. Working with (5x5) mm2 samples, by spin-coating, 2-3 drops of 

photoresists is homogeneously deposited on the sample surface at optimal spinner 

conditions. The photoresist is then soft baked at 95 ºC for 30 min. A mask for the 

photolithography was created by printing at high-resolution the design on a transparent 



Experimental techniques 

46 

photolitho, as shown in Figure 2.10a. The photolitho is (4x4) mm2 to be scaled to the 

sample size [(5x5) mm2]. The sample covered by the photoresist is attached to the 

sample holder of a Karl Süss MA750 aligner that allows positioning the mask to the 

sample edges. This system works with a Hg lamp operating in the mid UV wavelengths 

(~ 310 nm). The sample holder and photolitho are under a primary vacuum to the 

distance between photolitho and photoresist and enhance the resolution of the 

lithographic process. 

 
Figure 2.10. (a) Schematic view of the mask used for the optical photolithography compared to 
the size of the sample. The arrow marks the transversal area inspected in (b). (b) Main steps 
followed in the lithography process: (i) UV exposure of the photoresist through the photolitho; 
(ii) exposed regions in the photoresist coexist with non-exposed ones; (iii) chemical attack of 
the film; (iv) chemical attack of the resist; (v) final sample with defined pattern. 

 

The next steps of the photolithographic procedure are sketched in Figure 2.10b. 

The UV exposure (typically for 6-10 sec) through the photolitho (i) is masked by the 

shadow areas defined in Figure 2.10a, and after the exposure (ii) regions with exposed 

photoresist are identified. Dipping the sample in the developer (typically 60 sec), the 

exposed photoresist leaves the sample surface. At this step, the contrast between regions 

with and without photoresist should be enough to allow the inspection of the defined 

pattern by an optical microscope in order to correct if necessary some of the parameters 

of the lithography process. A final treatment of the remaining photoresist includes a 

hard bake at 105 ºC for 30 min. Dipping the sample on a bath of 2:1 sulphuric acid (96 
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% H2SO4) and hydrogen peroxide (30 % H2O2) the film is attacked (iii). The 

combination of these acids breaks the oxygen bonds on the oxide and destroys the 

complex oxide structure. In order to control the attack of the sample, the 2:1 solution is 

diluted into distilled water in a 1:10 proportion. Before dipping the lithographed sample, 

a film of controlled thickness is dipped in the solution to evaluate the reaction velocity. 

The reactivity of this diluted solution in LCMO films is approximately 0.56 nm/min. 

The dipping time is thus fixed according to the film thickness, and the attack is stopped 

by dipping the sample into a distilled water bath. The remaining photoresist is removed 

using an organic solvent, typically acetone (CH3COCH3) (iv). The final pattern on the 

LCMO film (v) follows the photolitho mask shown in Figure 2.10a. 

2.6 Fabrication of magnetic tunnel junctions (MTJs) 

2.6.1 MTJs by e-beam lithography 

E-beam lithography is based on the interaction of an electron beam with an 

electron-sensitive material. For this kind of lithography, it is very useful the scanning 

electron microscope (SEM) when equipped with a lithographic tool (consisting of a 

specific control software and computer requirements) to perform well defined scans 

with the e-beam. In short, the lithographic process starts with the electrons being 

emitted from the electron source of the SEM, expelled towards the sample surface 

following the electron lenses through a vacuum column. The electron beam can be 

focalised and controlled to define a pattern using the lithographic tools, being shuttered 

when necessary. The electron-sensitive materials are organic polymers (resists) that 

after electron exposure change their molecular structure. Some of them break into 

smaller molecules, which are called positive resists, and some others react creating more 

complex molecules, which are called negative resists. Thus, after the exposure, the 

electron-exposed and the non-exposed parts of the resist are formed by different 

molecules. Exploiting the different solubility of these molecules in organic solvents, 

they can be selectively removed from the surface. A thermal treatment allows strongly 

reducing or even stopping the electron sensitivity of the resist. 

The e-beam lithography experiments were performed by M. Rubio as part of his 

PhD thesis under the supervision of Prof. E. Bertrán from the FEMAN group at the 

Universitat de Barcelona. A JEOL JSM-840 equipped with a RAITH Elphy Plus tool 

located at the Serveis Científico-tècnics of the Universitat de Barcelona was used for 
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performing e-beam lithography on STO/LCMO bilayers. The electron source is a W 

filament and the magnification is 10x to 300 000x. Acceleration voltage range is 200 V 

to 40 kV and electron beam current can vary between 10-12 and 10-5 A. The optimum 

vacuum to operate is 10-6 mbar. The used resists were polymethylmethacrylate 

(PMMA) and the combination of PMMA and the copolymer [methacrylic acid, 

P(MMA-MAA)] [11]. Due to the lower density of PMMA and the presence of 

methacrylic acid in the copolymer, a copolymer layer is more sensitive than the PMMA 

to electrons. Therefore, being fixed the e-beam exposure conditions, a copolymer layer 

is much effectively attacked than a PMMA layer. Exploiting the different electron 

sensitivity of PMMA and copolymer, layers of PMMA and copolymer can be stacked in 

bilayer structures, as shown in Figure 2.11a and b. By spin-coating, homogeneous 

PMMA and copolymer layers are deposited onto the sample, being each layer baked 

treated at optimal conditions (typically 170 ºC for the PMMA and 140 ºC for the 

copolymer in a convection oven for 30 min). After the e-beam exposure and final 

development of the resist, the gate (hole) structure is defined depending on the stacking 

order of the layers: copolymer/PMMA/sample stacking defines a T-gate (Figure 2.11a) 

and PMMA/copolymer/sample defines an inverted T-gate (Figure 2.11b). Tuning the e-

beam parameters (acceleration voltage, e-beam current, nominal dose factor) and the 

stacking of resist layers, different holes can be defined. An example of a hole obtained 

in an inverted T-gate is shown in Figure 2.11c, showing that from the total resist layer 

thickness (280 nm), the defined holes are open down to the underneath sample (hole 

depth ~ 280 nm). 

 
Figure 2.11. [(a) and (b)] Sketch of the stacking of PMMA and copolymer layer and final 
pattern obtained after e-beam exposure, being open the contact to the sample through (a) a T-
gate or (b) an inverted T-gate. (c) Topography image obtained from using a profilemeter on an 
inverted T-gate obtained (80 nm PMMA/200 nm copolymer) at a voltage 20 kV, current of 
46 pA and nominal dose factor of 25x. The width of the hole is φ ~ 500 nm and the depth 
~ 280 nm 
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After the optimal conditions for the e-beam lithography are found, the definition 

of inverted T-gates with resist layers of PMMA(80 nm)/copolymer(200 nm) onto 

STO/LCMO//STO samples is performed. Circular holes on the resist of diameter 

φ ~ 400 nm diameter are obtained for 20 kV of acceleration voltage, 46 pA of electron 

beam current with a dose factor of 20x, being the x-dose x = 150 μC/cm2. Previously to 

the definition of top electrodes, a soft oxygen plasma attack is performed inside a 

sputtering chamber during 30 sec at a dc power of 10 W through a W mask leaving one 

half of the sample exposed to the plasma and the other half protected. The top electrodes 

are arranged into a (4x4) matrix, being deposited through a metallic mask allowing the 

matching of the matrix of holes and electrodes to fit (Figure 2.12). The nominal dose 

factor for the holes was previously changed from column to column to create holes of 

different sizes. Besides, one column on top electrodes is directly deposited onto the 

resists in order to have a reference of the conductivity of the resists. 

 
Figure 2.12. Sketch of the matrix defining top electrodes (left) and their corresponding 
nomenclature (right). Sizes are in mm. Left column electrodes are performed directly onto the 
resist without litographied hole (eij). (hij) indicate an electrode with an underneath hole. The 
rectangular area marked on the left sketch indicates the area on the samples that was attacked 
with the soft oxygen plasma. The e-beam doses for each array of motifs are also indicated as 
well as the nominal diameter (φ) of 20x dose holes. 

 

Co top electrodes were deposited using either dc sputtering or evaporation at the 

Dept. Física Aplicada i Òptica of the Universitat de Barcelona by M. Rubio. Co 
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thickness was controlled by measuring the height step of the Co layer deposited onto a 

masked STO single crystal surface. Typical thickness was 6-30 nm. The deposition was 

made using a metallic mask that defines a (4x4) matrix of (0.5x0.5) mm2 and (1x1) mm2 

electrodes as seen in Figure 2.12. 

2.6.2 MTJs by nanoindentation 

The basic principle of this procedure exploits the Conducting AFM (C-AFM) 

technique and its possibility to measure in real time the conduction (resistance) through 

between the conductive tip and a given sample. It is necessary to previously measure the 

resistance value of the sample surface. Then, when the C-AFM tip proceeds to indent 

the insulating resist, the monitoring of the resistance allows stopping the indentation 

process when the tip measures the reference value of sample surface. We used epitaxial 

bilayers of thin STO barriers deposited on LCMO electrodes, and magnetic tunnel 

junctions were created by defining nanometric holes with the C-AFM tip and afterwards 

depositing top ferromagnetic electrodes. The nanolithography tasks were developed at 

the Unité Mixte de Physique CNRS-Thales under the supervision of Dr. K. 

Bouzehouane and Dr. S. Fusil. The procedure can be described as the following: 

1. Characterization of the surface resistance by C-AFM. This step allows 

knowing the base resistance (RS) of the sample surface at some fixed conditions 

(polarization voltage, tip force). 

2. Deposition by spin coating of the first resist on the sample surface, 

followed by a thermal treatment to optimize resist hardness. Afterwards, a second 

photosensitive resist is deposited on top of the previous one. Using an appropriate mask, 

a classical photolithographic process is carried out to remove the second resist only in 

some small areas. The design of the mask allows allocating these small areas easily with 

an optic microscope (Figure 2.13a). 

3. Nanolithography using the C-AFM setup. As described in detail in 

Ref.[4], appropriately positioning the conductive tip to touch one of the motifs, the tip 

approaches the sample surface covered by the resist(s). Once the surface is touched, the 

piezoelectric deflection starts to evolve from its zero reference value of non-contact 

towards higher values as the tip penetrates the resist. A schematic view of the tip-

sample state is shown in Figure 2.13b. Simultaneously to the tip penetration on the 

resist, the tip-sample resistance is monitored. The base resistance of the free sample 

surface RS is known from previous C-AFM measurements on bare surface samples. To 
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ensure the success of the nanoindentation process, the resistance at which the tip returns 

is fixed in a range close to that of the bare sample surface: [log (RS) –

 0.5]  ≤ RS ≤ [log (RS) + 0.5]. Thus, different nanoholes are defined depending on the 

resistance set point but also on the resist inhomogeneous coverage. In Figure 2.14, two 

sets of deflection and resistance curves recorded during two nanoindentation processes 

in the same sample are shown. Following the resistance curve, it is clear that a great 

change of resistance happens when the thin resist is finally penetrated and the tip 

touches the sample surface (arrows). 
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Figure 2.13. (a) Photograph of a (10x10) mm2 crystal after the classical UV photolitographic 
process has been performed on the photoresist. Arrows are used to orient the matrix of 
lithographed nanoholes. (b) Schematic view of the C-AFM tip nanoindenting the thin resist on 
the sample. (c) Schematic view of the final magnetic tunnel junction after the deposition of top 
Au/CoO/Co electrode. 

 

4. Using a dc sputering setup, the deposition of the top ferromagnetic 

electrode (Co) by dc sputtering is performed. After a complete layer of 15 nm is grown, 

a short oxidation allows obtaining a 3.5 nm top CoO antiferromagnetic layer. Finally, a 

thick Au electrode (100 nm) is deposited for electric contacting. 

5. To define the final top electrodes, selective ion beam etching (IBE) is 

performed onto the Au/CoO/Co/STO/LCMO sample. An IBE setup equipped with a 

secondary ion mass spectrometer (SIMS) allows monitoring the Au and Co signal when 

the etching of the surface is performed. Previously to proceed to the IBE, 

polymethylmethacrylate (PMMA) is deposited on top of the Au/CoO/Co area with 

nanoholes are underneath. Thermally treating the PMMA, this resist becomes 
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insensitive to the ion beam and protects the Au/CoO/Co from the ion beam. Therefore, 

the continuous Au/CoO/Co electrodes are selectively attacked by the IBE and top 

separated top electrodes are defined. The IBE is used at 300 V and during 6 to 9 min. 

Au and Co signals are followed by the SIMS and the attack is stopped when the Co 

signal disappears. A sketch of the final device is shown in Figure 2.13c. 
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Figure 2.14. Change of the tip-sample resistance (symbols, left axis) and of the cantilever 
deflexion (lines, right axis) as a function of the displacement of the piezoelectric crystal during 
the indentation process. From the highly insulating resist (1010 Ω) a great change of resistance 
in the tip-sample occurs when the free sample surface is touched (105 Ω, marked by arrows). 
For the same base resistance logRS = 5, both nanoindentations used the same resistance 
setpoint to return (log R = 4.5). 
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3 Growth mechanisms in 

LCMO films 

Understanding the phenomena of crystal growth from a vapor phase is a key 

issue in surface science, as well as, from a technological point of view, it is also 

necessary to control the defects in thin films and heterostructures. Research of crystal 

growth from a vapor phase has been mainly focused in systems involving 

semiconducting or metallic materials. The growth mechanisms of oxides, and of 

transition metal oxides in particular, has received less attention because their novelty, 

complexity, and preparation difficulties. Nevertheless, the epitaxial growth of a 

complex oxide needs to be understood to optimize and even tune the functional 

properties through the film nanostructure, and to develop self-organized low-

dimensional oxide structures for future devices [1]. 

In the case of CMR manganites, epitaxial films with well controlled surface 

morphology are essential for most promising applications. For example, magnetic 

tunnel junctions with manganite electrodes that allow large tunnelling 

magnetoresistance require very smooth surfaces. However, the growth phenomena of 

manganite epitaxies is far to be completely comprehended. Atomically smooth surfaces 

of manganites thin films have been observed [2][3][4][5], even in films 100 nm thick 

[3][4][6], but also rough surfaces are common in high quality epitaxial manganite films 

[7][8][9][10]. Although systematic studies of roughening are not available, it appears 

that there is a progressive surface roughening as the film thickness increases [10][11] 

and it has been recently claimed [12] that film roughness is mainly controlled by 
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substrate induced strains. Therefore, the investigation, knowledge and control of the 

epitaxy of manganites (and of oxides in general) have become emerging fields that 

require much more research. 

In this work, detailed investigation of the surface roughening process of LCMO 

films deposited by rf magnetron sputtering on SrTiO3(001) substrates has been carried 

out. It is finally demonstrated that roughness develops above a critical thickness. We 

have identified the rough structures and the growth mechanisms that originate them. 

These structures are multilayered mounds caused by the kinetic growth instability 

associated to an anisotropic adatom current flow due to the energy barriers formed at 

step-edges of two dimensional (2D) islands. There will be shown that mound formation 

can be controlled by adjusting substrate miscut angle and growth temperature, and we 

propose also a possible series of additional strategies to control the growth mechanisms 

and the morphology. We also present a characterization of the growth of LCMO on 

STO (110). Although the study was not so complete as in the case of the (001) films, we 

have clearly identified the growth trend, quite different from the (001) case. We have 

observed the development of film faceted three dimensional (3D) islands. The 3D 

islands are favored thermodynamically and its existence leads to rougher (110) surfaces 

compared to the (001) ones, which depict 2D islands. A description of the topography 

of these (110) surfaces and a discussion on the strategies to reduce roughness or prevent 

crystal formation are presented. 

Detailed information on structural properties of the films will be presented in 

Ch4. We want to mention that the films are epitaxial, with cube-on-cube epitaxial 

relationship with the substrate (for both cases, films on (001) and on (110) substrates). 

LCMO (001) ones grow coherently with the substrate, whereas LCMO(110) films 

undergo progressive relaxation, which is found to be anisotropic. 

3.1 Growth mechanisms and morphology of (001) LCMO 

films 

Several (001)LCMO films with thicknesses in the range of 23 to 80 nm were 

grown on STO (001) substrates at different growth conditions and on substrates with 

different miscut angles. The films were deposited at fixed chamber conditions and 

following the same deposition procedure as described in Ch2, changing only in some of 
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the experiments the substrate temperature during deposition. The list of samples is 

included in Table 3.1. 

 

Table 3.1. List of (001)LCMO samples used for the morphology study together with the 
information about the substrate miscut angle, film thickness and deposition temperature (Td). 
The AFM images from samples marked * and ** were granted by Dr. U. Luders and Dr. L. 
Abad, respectively. 

 

Sample Substrate 
Miscut angle 

(deg) 

Film 

thickness 

(nm) 

Td 

(C) 

LCMO-01* STO(001) 0.15 23 800 

LCMO-05** STO(001) 0.15 27 800 

LCMO-04* STO(001) 0.15 48 800 

LCMO-03* STO(001) 0.15 62 800 

020603** STO(001) 0.15 80 800 

150704C STO(001) 0.5 80 800 

241103C STO(001) 0.05 30 750 

201103C STO(001) 0.05 30 800 

191103C STO(001) 0.05 30 825 

 
 

We have first studied the evolution of the surface morphology of films as 

thickness increases at fixed substrate miscut angle and deposition temperature. In Figure 

3.1 the surface morphology of films deposited at substrate temperature of 800 ºC on 

0.15 deg miscut STO (001) substrates, with thicknesses ranging 23 to 62 nm, is shown. 

For thinner films, t = 23 nm and 27 nm, (Figure 3.1a and b) there are holes and 2D 

islands, but the underneath structure of terraces and steps of the substrate is evidenced. 

However, terraces cannot be resolved in the t = 48 nm film (Figure 3.1c), as the surface 

is mainly covered by irregularly shaped 2D islands, some of them showing other ones 

nucleated on their surface. 

A thicker film, t = 62 nm, (Figure 3.1d) does not show 2D structures, but 3D 

grain-like units. Therefore, whereas we have not detected any degradation of the 

crystalline quality upon increasing film thickness, the surface evolves from flat to 

rough. Interestingly, the topography of the thinnest films (Figure 3.1a, b, and c) 

demonstrates that the grain-like rough surface in Figure 3.1d does not form from a 3D 

nucleation, but from a 2D nucleation. Grain-like morphology is widely found in 

manganite epitaxy [8][9][10], thus it is highly interesting the study of its formation. 
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Figure 3.1. AFM topographic images (5x5) μm2 of films grown on 0.15 deg miscut (001) STO. 
The thickness of the films is, correspondingly, (a) t = 23 nm, (b) t = 27 nm, (c) t = 48 nm, and 
(d) t = 62 nm. 

 

High-resolution AFM images shown in Figure 3.2 of films of 23 to 80 nm 

thickness were analyzed in order to get insight on the roughening process. 
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Figure 3.2. AFM topographic images (2x2) μm2 of films grown on 0.15 deg miscut (001) STO. 
Film thickness is (a) t = 23 nm, (b) t = 27 nm, (c) t = 48 nm, (d) t = 62 nm, and (e) t = 80 nm. 
Height profiles at the right correspond to the marked lines on the each image. With circles, 2D 
islands are marked either if: (a) and (b) they have nucleated at the steps on upper terraces; (c), 
(d) and (e) the nucleation occurred at the edge of holes or at the edge of lower islands. 
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The morphology of terraces and steps in films thinner than 30 nm is shown in 

detail (Figure 3.2a and b). Height profiles indicate that most of the steps are 1, 1 and ½, 

or 2 unit cells (u.c.) high, and the miscut angle of the substrate is determined to be 

around 0.15 deg. In the t = 23 nm film (Figure 3.2a), the presence of 2D holes on the 

terraces signals an incomplete layer coalescence. Then, layer-by-layer is the main 

growth mechanism, although certainly a part of the adatoms can also stick to the steps 

during growth. There are some 2D islands that have nucleated at the steps, on the upper 

terrace part. Two of these islands are encircled in the Figure 3.2a; one is a very small 

one (top circle), whereas the other (bottom left part of the image) is a large 2D island. 

On the other hand, in the t = 27 nm film (Figure 3.2b) there are less holes and more 

islands. Two islands are encircled in Figure 3.2b; one located at a step between terraces 

and other that has nucleated at the edge of a hole. It can be also appreciated that both 

holes and 2D islands affect –and they are also affected by- the steps between the 

terraces. It is observed that practically all the holes are in contact with the steps. 

Moreover, the nucleation of 2D islands can be influenced by the step profile. An 

example located at the left bottom of the image is marked by an arrow. It points out that 

growth does not proceed exclusively by layer-by-layer but also by step flow. On the 

other hand, it is to be noted that the presence of large 2D islands can destabilize the 

morphology of terraces and steps. As an example, we have marked (see the arrow close 

to the center of Figure 3.2b) an island that is close to merge to the step. After merging, 

meandering of the step will increase, and the upper terrace will be much wider and 

narrow. 

With further growth, the terrace and steps morphology was no longer observed, 

as evidenced the 48 nm thick films (Figure 3.2c). This scan shows that the morphology 

of this film is dominated by large 2D islands. In the right panel, the height profile 

depicts a quite different shape compared to those corresponding to the vicinal surfaces 

found in the thinnest films, where the morphology of terraces and steps was still 

noticeable. The height profiles along the islands nucleated on top of larger ones reveal 

that all islands are 2D, and that they are ½ to 2 u.c. high, most of them exactly 1 u.c. 

Considering the whole area in Figure 3.2c, height variations are within only 3 u.c. 

range. The upper layer corresponds to the lastly formed islands, and their spatial 

location suggests their possible origin. Some of them (as the one marked by an arrow) 

have nucleated at the middle of the lower island, but most of them have done it at the 

edges (as the encircled ones). The probability of nucleation of a stable island depends 
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on the adatom supersaturation, so the inhomogeneous island distribution is likely to be a 

result of an inhomogeneous adatom density. This is outstanding; and it implies that 

during the growth the adatom supersaturation was higher close to the edges of the 2D 

islands than in their center part, that is, far from the edges. However, as the arrival of 

atoms from the gas phase to the film surface is homogeneous, the inhomogeneous 

adatom density has to be caused by a constraint in the adatoms flow. The physical 

origin is a barrier of energy (Erlich-Schwoebel barrier-ES) [13][14][15] that hinders 

adatoms to jump from an upper to a lower terrace, since the jump involves a transitory 

state of lower coordination (Figure 3.3). The effect has been widely identified in metal 

and semiconductor epitaxies. The ES barrier causes the loss of the straightness of the 

steps (step meandering) and also multilayered islands (mounds) when the film follows a 

step flow or a layer-by-layer growth mode, respectively [13][14][15][16][17][18]. Here, 

it is demonstrated that this kinetic instability has a critical destabilizing effect in the 

epitaxy of oxides. 

 
Figure 3.3. Squematic view of film growth in the presence of an Erlich-Schwoebel barrier. In 
this case, adatoms avoid low coordination states, as those of passing from the edges of 2D 
islands or substrate terraces to a lower layer or substrate terrace (marked by arrows). 

 

Indeed, the kinetic restriction is the cause of the roughening evolution with 

thickness that have produced the 3D grain-like units in the nominally 62 nm film, as 

showed in Figure 3.2d. The profile displayed at the right panel covers height variations 

of 5 u.c., whereas a maximum height variation of 6 u.c. was found in other profiles. The 

nucleation of the majority of top layers occurs at the island edges (two examples are 

encircled), although others (marked with arrows) are in the middle part. Increasing the 

thickness of the film to 80 nm, as seen in Figure 3.2e, the peak-valley distances 

increase. From the extracted profile of this image, height variations are even 8 u.c., and 

still we can find the presence of upper 2D islands nucleated at the edges or in the middle 

part of the lower terraces (marked by circles and arrows, respectively). The topographic 

images in Figure 3.2d and e show that these units are multilayered islands being the 

upper ones of smaller area than those underneath. In Figure 3.4, the derivative image of 
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the topography demonstrates that the grain units are multilayered islands (wedding cake 

like), as it illustrates the sketch in Figure 3.4c. 

 

 
Figure 3.4. (a) Detail of the topographic image of 80 nm film shown in Figure 3.2e. (b) 
Corresponding derivative of image shown at (a), reflecting the formation of multilayered 
islands with the shape of wedding cake. (c) 3D sketch of the morphology of the multilayered 
islands. 

 

 
Figure 3.5. (a) Fast Fourier transform of the topographic image shown in Figure 3.2e. (b) 
Intensity profile along the marked line in (a). The line is a guide to the eye. 

 

As mounds increase in height, their lateral size increases too, as a comparison of 

Figure 3.2d and e evidences. On the other hand, films seem to self-organize during 

growth, as it is deduced from the uniform separation of mounds and from the slight 

indication of spatial order in thickest film (Figure 3.2e). To investigate the self-

organization, we have calculated the fast Fourier transform (FFT) of this later AFM 

topographic image and the resulted function is plotted in Figure 3.5a. Together with the 

FFT image, we include in Figure 3.5b a quantification study on this FFT by extracting 

an intensity profile along the horizontal direction. The average mound separation can be 
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properly calculated from peak positions. The determined average separation is around 

225 nm, and therefore the mound density is close to 2·109 mounds/cm2. 

To analyze quantitatively the topography, height histograms from each image in 

Figure 3.1 have been extracted and finally plotted in Figure 3.6a. The distributions 

represent the number of events of height within an interval as a function of height, and 

they have been normalized to allow the comparison of different samples. The 

normalization is performed by dividing by the maximum number of events in the 

studied distribution and shifting the origin of height (z = 0) to center all the histograms. 

 
Figure 3.6. (a) Normalized histograms of height corresponding to the scans shown in Figure 
3.2 (more details in the text). Symbols: circles (t = 23 nm), squares (t = 27 nm), down triangles 
(t = 48 nm), diamonds (t = 62 nm), and up triangles (t = 80 nm). (b) Root-mean-square surface 
roughness as a function of the film thickness. 
 

Relevant comments on these histograms have to be addressed to the different 

growth as film thickness increases. Thinnest films showed morphology of terrace and 

steps (Figure 3.2a and b), and their histograms are almost coincident (in Figure 3.6a, 

they correspond to circles and squares). The t = 48 nm film (Figure 3.2c) presented a 

morphology far from that of terraces and steps, although the surface was still almost 2D 

(height variations were in a 3 u.c. range). According to this morphology, the histogram 
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in Figure 3.6a broads only slightly (down triangles). However, the histograms of the 

two thicker films show distinct shapes and are much broader since the multilayered 

mounds involve a larger range of height variations. The set of histograms certainly 

evidences the roughening process as the initially flat 2D surfaces turn progressively into 

rough 3D ones. As a natural consequence of this process, the root-mean-square (rms) 

surface roughness increases (Figure 3.6b) as the film undergoes the morphology 

transformation. 

As it has been pointed out, multilayered mounds are believed to form in layer-

by-layer growth conditions when an Erlich-Schwoebel barrier reduces the probability of 

the adatoms on a 2D island to jump to the lower terrace [14][15][16]. Therefore, the 

formation and characteristics of the 2D islands are determinant to the growth and 

evolution of mounds. The morphology progression just described has evidenced that at 

early stages growth proceeds not only by layer-by-layer but also by step flow 

mechanism. It should be possible then to tune the relative importance of both 

mechanisms by using substrates of varied miscut angle, since it determines the terrace 

width. To verify it, deposition of new films at the same growth conditions but on 

substrates of much reduced miscut angle (0.05 deg instead of 0.15 deg) was done. In 

Figure 3.7a, the surface morphology of a t = 30 nm film grown on the almost singular 

(0.05 deg miscut angle) substrate, has a clear grain-like appearance. The analysis of 

higher resolution images and height profiles confirms that islands are multilayered 

mounds, as it can be seen in Figure 3.7b in a (1x1) μm2 topographic image where solid 

lines denote the equiheight contours with Δz = 1 u.c. It is outstanding that such high 

roughening has occurred at a low thickness (t = 30 nm), since mound formation in films 

on the 0.15 deg miscut substrates requires a thickness above t = 50 nm. The impact of 

the substrate vicinality on surface roughening is well illustrated in the normalized 

histograms plotted in Figure 3.7c. The narrow histogram (down triangles) corresponds 

to the t = 48 nm film on the 0.15 deg miscut substrate (topography in Figure 3.2c), 

whereas the broad histogram corresponds to the image displayed in Figure 3.7b 

(t = 30 nm film on 0.05 deg miscut substrate). Clearly, the almost singular surface of the 

0.05 deg miscut substrate favors an earlier formation of large 2D islands that turn fast 

into multilayered mounds. 
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Figure 3.7. (a) AFM topographic image (5x5) μm2 of a t = 30 nm film grown on 0.05 deg 
miscut STO (001). (b) Detailed (1x1) μm2 of the image in (a), with superposed equiheight lines 
(height difference = 1 u.c.). (c) Normalized histograms of height corresponding to this 
t = 30 nm film (squares) and to the t = 48 nm film on 0.15 deg miscut STO (down triangles, 
topographic image in Figure 3.2a). 

 

Opposed to the almost singular substrates, and in order to suppress mound 

formation, we can increase the vicinality of the substrates used in the film growth. The 

width of terraces can be thus reduced by the higher angular miscut angle, and the 

adatom flow is though to be highly sensitive to the reduction of nucleation sites. The 

impact of higher substrate vicinality on the morphology is evaluated by comparing the 

morphology of the t = 80 nm film deposited on 0.5 deg vicinal substrate (Figure 3.8a) 

with that one of the simultaneously grown film in Figure 3.2e. In the film grown on the 

more vicinal substrate there are no mounds but a corrugated surface with trenches 

oriented along a single direction. This morphology contrasts with the grain-like surface 

developed in the film grown on 0.15 deg miscut substrate of Figure 3.2e. Most of the 

trenches seen in Figure 3.8a do not extent more than one micron, and in their 

perpendicular direction they are in average around 240 nm apart, which is close to five 

times the terrace width of the 0.5 deg miscut substrate. With the aid of the image shown 

in Figure 3.8b and with the corresponding 3D view (Figure 3.8c), a deeper study on this 

corrugated morphology can be done. It is observed that there are terraces of different 

width, being some of them of ~ 50 nm width but also existing some much more wide. 

The trenches (arrow labeled 1) are at the border of the wide terraces with ascending 

narrow ones. There are other trenches, having a shorter length, running perpendicular to 

the steps (arrow 2). These short trenches separate the terraces that show a very 

prominent in-phase meandering (the steps at both sides of the trench). In fact, steps can 

develop two morphological instabilities, step bunching and step meandering, as it has 

reported to occur in the epitaxy of semiconductors and metals [19][20]. The presence of 

an ES barrier hinders the kinetic formation of step bunching, but strongly favors step 
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meandering [21]. The ES barrier that originates mounds on non-intentionally miscut 

substrates, also provokes the meandering instability on vicinal surfaces. Besides, the 

meandering of steps reduces the uniformity in the step separation, and terraces are much 

wider in some regions than in others. Where wider terraces are found, trenches and also 

2D nucleation is possible, as the presence of some incipient mounds (arrow 3) 

demonstrates. Nevertheless, the surface is quite smooth, with rms roughness around 

0.4 nm. In Figure 3.8d, the height histogram of this film is compared to that of the film 

of equal thickness grown on the 0.15 deg miscut substrate (Figure 3.2e). Comparing the 

corresponding FWHM of the histograms of the 0.5 deg film (triangles) and 0.15 deg one 

(squares), we obtain a value of 0.78 nm (equivalent to 2 u.c.) for the first one while and 

for the second one 1.6 nm, which indicate the higher roughness associated to the low 

miscut angle. This remarkable difference illustrates the impact of the substrate vicinality 

on the surface roughness on these films. 

 
Figure 3.8. (a) Topographic AFM image (5x5) μm2 of a t = 80 nm film grown on a ∼ 0.5 deg 
miscut STO (001) substrate; (b) Image from a (1x1) μm2 scan size of (a). (c) 3D view of the 
image in (b). (d) Normalized histograms of height corresponding to this film (narrow 
histogram, triangles) and to the t = 80 nm film (wider histogram, squares) on the 0.15 deg 
miscut substrate. 
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The deposition temperature is other relevant processing parameter. It fixes 

adatoms diffusivity and their capability to overcome any energy barrier during their 

diffusion. Aiming to investigate the influence of the growth temperature, a set of films 

of the same thickness t = 30 nm were grown on 0.05 deg miscut substrates at varied 

temperatures. In Figure 3.9 AFM topographic images of films grown at 750, 800 and 

825ºC are shown. First, we comment that we observe a lower number of mounds while 

increasing the growth temperature, although slight variation in height is measured, as it 

is seen in the extracted profiles shown in the right panels. It has to be noted that these 

films were grown on the almost singular substrates (0.05  deg miscut), meaning that 

large 2D islands are believed to form at the earlier stages. Thus, from this growth 

temperature study, the diffusion of adatoms on a surface is enhanced at high 

temperature, which results in the observed lower island density.  

 
Figure 3.9. (1x1) μm2 AFM topographic images of t = 30nm LCMO films grown on 0.05 deg 
miscut STO (001) as a function of the substrate temperature: (a) 750ºC, (b) 800ºC, and 
(c) 825ºC. The height profiles at the right of each image were taken along marked lines on the 
correspondent image on the left. 
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All the previous work proves that both the growth temperature and the film 

thickness offer a certain degree of control on the mound separation. A statistical 

quantification of the mound separation that allows comparing it in different samples 

have been performed by means of the calculated autocorrelation functions of the 

topographic images. The 2D height-height correlation function is defined as [22]: 

( ) ( ) ( )00 rrrr += hhC     [3.1] 

where r is a shift from the center of the image, < ... > means an average over all 

possible positions defined by r0, and h(r0) is the height at the position r0 relative to the 

mean height. Radial profiles of C(r)’s from some of films are plotted in Figure 3.10. 
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Figure 3.10. Autocorrelation along a radial direction for (a) t = 62 nm and 80 nm films grown 
at 800ºC on 0.15 deg miscut substrates, and (b) t = 30 nm films grown at 750, 800 and 825ºC 
on 0.05 deg miscut substrates. Arrows mark the position of the first maximum in each curve. 
Inset: rms plotted against average mound separation for all films in (a) and (b). 

 

The C(r) profiles of two films of different thickness, t = 62 nm and t = 80 nm, 

grown on the 0.15 deg miscut substrates are compared in Figure 3.10a, whereas in 

Figure 3.10b the profiles corresponding to t = 30 nm films grown on the 0.05 deg 

miscut substrate at various temperatures are plotted. A first comment on these profiles 

has to be addressed to the observed oscillations of the intensity in all the profiles. The 

oscillations, absent in self-affine surfaces [23], is here a signature of the well-defined 

mound separation length characteristic of each sample surface. The average mound 
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separation and thus its lateral size can be properly determined from the position of the 

first maximum of the experimental C(r) curve [24], calculated by means of eq. 3.1. The 

positions of the maxima for the different curves in Figure 3.10 ranging from 110 to 

220 nm are denoted by arrows. It is clear that the increase of either the film thickness 

(Figure 3.10a) or the growth temperature (Figure 3.10b) implies the formation of larger 

mounds. At this point, it is interesting to compare the rise on the lateral dimension and 

the rms roughness, being the last number a way to quantify the height dimension. The 

rms values of these five films -being grown on two different miscut substrates, at 

different temperatures, and having different thicknesses- are all plotted in the inset of 

Figure 3.10a against the mound separation, which was previously determined from the 

maxima indicated by arrows on the corresponding C(r)’s function shown in Figure 

3.10a and b. All samples except one fall on a straight line, though the linearity 

dependence is understood as arising from the increase in lateral size of mounds 

accompanied by an increase of the mound height (and in the measured rms). Thus, it 

implies that when the mounds increase in size (base area) more 2D layers are grown at 

their surface rather than obtaining wider terraces. 

 

To sum up, it has been demonstrated that substrate miscut and growth 

temperature have an impact on the mound morphology. Firstly, the vicinality of the 

substrates can allow tuning the critical thickness for mound formation, but even to 

prevent them to be formed. If the miscut angle is high enough, terraces can be narrower 

than the adatom diffusion length and then growth could proceed exclusively by step 

flow mechanism. Secondly, the control of growth temperature makes possible not only 

to tune the density of 2D islands, but it also favors step flow mechanism since it 

determines the adatom diffusion length. Moreover, as mounds form due to the ES 

barrier, its efficiency should decrease at a high enough temperature, since adatom 

energy could be enough to overcome the barrier. Thirdly, although the influence of the 

growth rate has not been investigated in the present work, it has to be remarked that this 

is an important processing parameter as it determines the size of the critical 2D nucleus. 

Then, both growth supersaturation and temperature are determinant factors to allow step 

flow mechanism, also determining the density of 2D islands in the case of layer-by-

layer mode. Finally, multilayered mounds can be avoided in layer-by-layer mode if the 

2D islands are below a critical size [25][26], because the probability that an adatom 

deposited on a 2D island jump to the lower terrace is likely to increase with the number 
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of attempts, which should be higher if the island is smaller. Then, in order to suppress 

the roughening process previously described, the alternative solution to step flow is 

based in achieving the film growth by layer-by-layer, that is, by obtaining high super-

saturation and/or working at low temperature in order to reduce the 2D island size. 

To end, a comment of the expected differences in film morphology if the 

common technique of pulsed laser deposition (PLD) was been used is in order. Whereas 

films deposited by rf magnetron sputtering grow at a constant rate, in PLD there is a 

higher instantaneous rate with each laser pulse. Then, 2D islands can be smaller and 

thus the PLD technique could favor the suppression of the roughening process. 

3.2 Growth mechanisms and morphology of LCMO (110) 

films 

The general surface morphology of (110) films of different thickness grown at 

800ºC is presented in Figure 3.11. The films were grown at different rate from 0.18 to 

0.43 nm/min, as indicated in Table 3.2. 

 

Table 3.2. List of (110)LCMO samples used for the morphology study together with the 
information about film thickness, growth rate and rms roughness. 

 

Sample Substrate 

Film 

thickness 

(nm) 

Growth rate 

(nm/min) 

Rms 

(nm) 

050704B STO(110) 19 0.18 2.7 

230204B STO(110) 63 0.37 3.1 

210604B2 STO(110) 80 0.26 3.7 

200204B STO(110) 85 0.43 3.0 

050406B STO(110) 150 0.28 5.8 

 
 

In Figure 3.11a, the topography corresponds to the thinnest film of 19 nm and it 

signals the presence of some 3D structures over the film. The objects have an elongated 

base, as it can be clearly observed in the zoom displayed at the right. Some of the 

structures are taller than the rest, and they appear as bright spots in the image. 

Interestingly, it is also observed that some objects are associated two-by-two by means 

of other objects positioned perpendicularly, and then defining a singular H-shaped base. 

The elongated objects are oriented along a single direction, which was found to be the 

[001] by means of X-ray diffraction measurements. 
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Figure 3.11. Topographic (5x5) μm2 images of (110) films of different thickness: (a) 19 nm, 
(b) 63 nm, (c) 80 nm, (d) 85 nm and (e) 150 nm. The rate at which each film is grown is 
indicated. On the right part of each image, corresponding z-scale (in nm) and a (1x1) μm2 
zoom of them are shown. Roughness values are extracted from (1x1) μm2 images. 
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The morphology of films with thickness in the t = 62-80 nm range and deposited 

at rates in the 0.26-0.43 nm/min range is shown in Figure 3.11b-d. The singular H-

shaped base crystallites are not observed in these films, but they show similar 

rectangular crystallites elongated too along the [001] in-plane crystallographic direction. 

The morphology of the thickest film (t = 150 nm) is shown in Figure 3.11e. It is 

remarkable the 3D objects maintain a high guided order, with the elongated side parallel 

to the [001] direction. Although the morphology is very similar to that of the thinnest 

film shown in Figure 3.11a, the object height is much higher, and the film rms is 5.8nm, 

whereas in the case of the film 19 nm thick the rms is 2.7 nm, a much lower value. 
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Figure 3.12. Root-mean-square (rms) surface roughness as a function of (a) film thickness or 
(b) thickness/rate. 

 

A roughness analysis of all the (1x1) μm2 AFM images of Figure 3.11 is 

presented in Figure 3.12. As previously noted, 3D growth happens in the (110) film, and 

it leads to a roughness increase with thickness (Figure 3.12a). However, for t = 63 nm 

film and especially for t = 85 nm film the expected tendency seems to be broken. The 

roughness of these films is lower than the expected according the trend suggested by the 

other films. It has to be noted that the two films were grown at the highest deposition 

rates: at 0.37 nm/min the t = 63 nm film and at 0.43 nm/min the t = 85 nm film. Then, 

the results indicate that roughness increases with thickness and decreases with growth 

rate. Or, alternatively, that roughness increases with both the thickness and the 

reciprocal of the growth rate. A plot of the rms roughness vs thickness/(growth rate) is 
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in Figure 3.12b. It is observed that the rms increases roughly linearly with 

thickness/(growth rate), confirming the mentioned dependences. 

The faceted shape of the 3D objects strongly suggests that they do not form 

kinetically but thermodynamically. Different thermodynamically driving forces can 

provoke the formation of crystallites in the epitaxial growth of a film. One is the relief 

of elastic energy that occurs close to the edges of the islands. The paradigmatic example 

is the formation of SiGe quantum dots [27]. But this does not seem to be what occurs in 

our case, since the LCMO (110) crystals do not show abrupt changes with thickness, as 

it occurs in the case of SiGe dots, mainly when dislocations start to form on the dots 

[28]. Other driven force is caused by the presence of dislocations that promote the 3D 

object to nucleate and to grow, since dislocated objects have a lower energy [29]. But 

(110) films show a progressive lattice relaxation (described in Ch4) and it should have 

an impact in the island density, which is not observed. Other case corresponds to the 

mechanism known as Volmer-Weber [30]. It occurs when the surface energy of the 

substrate is lower than the sum of the surface energy of the film and the interface 

energy, thus making the wetting of the substrate surface unfavorable. Even if the 

substrate surface is wet by the film, islands can develop with additional coverage if the 

surface energy of the film is highly anisotropic, making favorable a large area of low 

energy planes than a smaller area of high energy planes. This occurs commonly in some 

metals, and then clusters are formed instead of flat films [31]. In oxides, the anisotropy 

uses to be much more reduced, except in some cases as for spinels [32]. The fact that 

these objects present the same shape in all films clearly indicates that the anisotropy in 

the surface energy of LCMO plays a relevant role. However, the results do not allow 

distinguishing if islands nucleate on the bare substrate or on a wetting layer. 

 

In summary, LCMO (110) films are observed to tend to become rough by 

developing facetted crystals, possibly influenced by the anisotropy of the surface 

energy. However, it does not mean that flat LCMO (110) surfaces could not be 

obtained. On the one hand, steps are preferential sites for adatom accommodation, thus 

if adatom diffusion length is higher than the terrace width, which depends on the 

substrate miscut angle, and it allows step flow growth mode, flat metastable surfaces are 

likely to form. On the other hand, it is important to remark that in 3D islands there is 

always an additional positive contribution to the energy due to the presence of edges 

and corners where the atoms coordination is lower. It implies that very small islands 
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will be not stable. Thus, growth at high super-saturation and/or low substrate 

temperature could lead to metastable flat films. Indeed, the observation that roughness 

decreases with growth rate (Figure 3.11 and Figure 3.12) supports this hypothesis. 
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4 Thin LCMO films: structure 

and composition 

The source of structural data presented here is mainly X-ray diffraction (XRD) 

measurements. Complementary high-resolution transmission electron microscopy 

(HRTEM) images, nuclear magnetic resonance (NMR) spectra, electron energy loss 

spectroscopy (EELS) measurements, X-ray photoelectron spectroscopy (XPS) and X-

ray absorption spectroscopy (XAS) measurements are presented. 

We present detailed XRD measurements of LCMO films with a range of 

thickness of 8 nm to 150 nm grown on (001) and (110) STO. The films present a cube-

on-cube epitaxial relationship with the substrate and from reciprocal space maps 

(RSMs) we have determined unit cell parameters and evaluated the unit cell volume. 

Cross section HRTEM images have provided an overlook of the microstructure 

and have shown the absence of remarkable defects in the observed regions. Using EELS 

experiments, we have analyzed the distribution of Ca and La ions through the films, as 

well as the electronic state of Mn ions. Besides to EELS, NMR experiments on a series 

of films of different thickness have allowed investigating in detail the ionic state of Mn 

atoms (Mn3+/4+ mixed states, and Mn3+ and Mn4+ localized states). The cationic 

differences between (001) and (110) films exposed surface has been studied by (XPS), 

signaling a significant superficial segregation of Ca in the (001) films. XAS 

experiments revealed the presence of Mn3+/4+ state and no traces of spurious Mn2+, Mn3+ 

or Mn4+ phases are found on the film surface. 
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4.1 Epitaxy of LCMO films: Structural properties 

The orthorhombic LCMO can be also approximately described by a cubic cell. 

The lattice parameter of the pseudocubic LCMO is 3.863 Å, very close to the lattice 

parameter of STO substrates (cubic, 3.905 Å). The lattice mismatch is then small, 

f = (aSTO - aLCMO) / aLCMO = + 1.1 %, thus epitaxial growth with cube-on-cube epitaxial 

relationships is expected. Since the unit cell of the LCMO film is smaller than that of 

the substrate (aLCMO < aSTO), films will suffer a tensile epitaxial stress, and then before 

lattice relaxation, in-plane parameters will be tensily strained. 

We present in this section the studies focused on the crystalline characteristics of 

LCMO films grown on (001) and (110) substrates: 

1. Using θ-2θ scans, the texture and the out-of-plane unit cell parameter are 

determined. 

2. With ω-scans (rocking curves) the spread of out-of-plane axis. 

3. Pole figures and ϕ-scans are used to deduce film epitaxial relationships. 

4. Both in-plane and out-of-plane unit cell parameters, and thus the unit cell 

volume, are obtained with reciprocal space maps (RSMs) in samples of different 

thickness. 

The results shown in this section are extracted from the samples listed in Table 

4.1, where we include also the corresponding thickness and substrate. 

 

Table 4.1. List of LCMO samples used for this section. 
 

Sample Substrate Sample Substrate Thickness 
(nm) 

280504A STO(001) 280504B STO(110) 8 
070704A STO(001) 070704B STO(110) 14 

180304AA STO(001) 180304BB STO(110) 17 
240204A STO(001) 240204B STO(110) 43 
230204A STO(001) 230204B STO(110) 63 
290504A STO(001) 290504B STO(110) 80 
200204A STO(001) 200204B STO(110) 85 
270504A STO(001) 270504B STO(110) 93 
090704A STO(001) 090704B STO(110) 110 
050406A STO(001) 050406B STO(110) 150 

  

4.1.1 θ-2θ scans: LCMO texture and out-of-plane unit cell parameter 

The first study of the crystal structure of LCMO films was performed by 

investigating symmetrical reflections. In Figure 4.1, representative θ-2θ scans of a pair 

of (001) and (110) samples are shown. All the peaks correspond to diffraction from the 
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STO substrate and La0.67Ca0.33MnO3 film. For all the possible (hkl) diffraction peaks, 

where h, k, l correspond to the Miller indices, the appearance of only (00l) peaks for 

films grown on (001) STO substrate ensures the alignment of STO and LCMO c-axis, 

and thus the (001) texture is confirmed in these films. For that grown on (110) STO 

substrates, (110) texture occurs, as it is seen from the observed (hk0) peaks, with h = k. 

Thus, the films are fully textured and there are no impurity crystalline phases within 

experimental resolution. It has to be noted that film peaks occur at higher angles than 

those expected for the bulk material, indicating smaller out-of-plane lattice distances 

(d001 and d110, respectively) than those of the bulk. This results from the tensile strain 

imposed by the substrate on the basal plane of LCMO. 
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Figure 4.1. θ-2θ scans (step = 0.02 deg) of simultaneously grown LCMO film on (a) 
STO (001) and (b) STO (110) substrates). Films thickness is 85 nm. The scans show for (001) 
and (110) substrates the corresponding film texture, with (00l) peaks for (001) films and 
(hk0) peaks with h = k for (110) ones. No parasite phases are found. Substrate peaks are 
marked by asterisks (*). 
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The out-of-plane parameter of (001) and (110) films was calculated from θ-2θ 

scans. The high angle reflections, which present a wider angular separation of the 

substrate and film reflections, were used. The zooms of the θ-2θ scans are shown in 

Figure 4.2, being in the range of 100 deg-120 deg for the (001) films and 110 deg-

130 deg for the (110) ones, which include the substrate and film (004) peaks for 

(001) samples and (330) peaks for (110) ones. It is expected that the thicker the film, the 

higher the tendency of the unit cell parameters to approach its bulk values. Under the 

tensile strain induced by the STO substrate on the LCMO unit cell, the out-of-plane 

parameter is compresed. For the (001) films with thickness from 8 nm to 150 nm only a 

minor variation in the position of the (004) peak towards lower angles is appreciated 

(see the arrow in Figure 4.2a). 
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Figure 4.2. θ-2θ scans from samples ranging 14 nm to 150 nm thickness: (a) (001) films, and 
(b) (110) films. For both series of spectra, STO (004) and STO (330) peak positions were 
corrected correspondingly. As references for (001) and (110) film spectra, the dash lines 
indicate the position of bulk (004) LCMO and (330) LCMO bulk peaks, respectively. 

 

For the case of (110) films (Figure 4.2b), the shift of the (330) peak towards 

lower 2θ values with increasing thickness is more relevant (see the arrow). The 
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progressive relaxation of out-of-plane parameter of (110) films is then deduced from 

this shift. 

For the calculation of the out-of-plane parameter from the θ-2θ  scans, each θ-2θ  

curve was first shifted as much as necessary to achieve the STO reference angle 

(θ004 = 104.17 deg, θ330 = 113.60 deg). After the correction, the calculation of the lattice 

parameter was done as explained by means of the case of the 43 nm films (Figure 4.3). 

The out-of-plane parameter can be extracted from a single peak or can be determined 

more accurately by a method which consists in approximately defining film peak 

position or either by fitting to appropriate pseudo-Voigt curves. In case of using the 

approximate method, from the experimental data, the mean value (2θhkl) at which the 

film peak maximum appears is determined and with the average wavelength of the Cu 

emission spectrum [λ(Kα av) = 1.54187 Å], applying Bragg diffraction law: 

λθ =hklhkld sin2      [4.1] 

where dhkl is the out-of-plane interplanar distance with pseudocubic lattice 

parameter d, being dhkl = d/ √(h2+k2+l2). 

In Figure 4.3, the film reflections are marked with arrows. Peak positions and 

interplanar distances for the (001) film (Figure 4.3a) are 2θ004 = 108.38 deg and thus 

d001 = 3.803 Å, while for the (110) film (Figure 4.3b) 2θ330 = 116.97  deg and thus 

√2d110 = 3.837 Å. 

For the second method, the process is slightly more complicated due to the fits to 

pseudo-Voigt functions, each of one with a general expression of: 
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where y0 is the offset, A is the amplitude, μ means the relative importance of 

Gaussian and Lorentz components (0 ≤ μ ≤ 1, being μ = 0 pure Gaussian and μ = 1 pure 

Lorentz), ω is the function width, and xc corresponds to the centre of the curve. Two are 

the main wavelengths of the Cu emission spectrum: λ(Kα1) = 1.5406 Å and 

λ(Kα2) = 1.5444 Å. It means that considering both the substrate and film reflections, 

four pseudo-Voigt functions are needed. Besides, the angular relation of each pair of 

reflections will be determined by Bragg diffraction law (eq. 4.1) applied to Cu emission 

wavelengths λ(Kα1) and λ(Kα2). Thus, the angular relation will be 

sinθ1 / sinθ2 = λ(Kα1) / λ(Kα2) between corresponding substrate and film pair of peaks. 
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The results are shown in the lower panel of Figure 4.3. The final out-of-plane 

parameters calculated from the Kα1 peaks are d001 = 3.803(5) Å and √2d110 = 3.836(6) Å. 
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Figure 4.3. Zoomed θ-2θ scans of (a) (004) reflection (close symbols) and (b) (330) one (open 
symbols) obtained from 43 nm films. The arrows mark the mean angular positions of 
corresponding LCMO (330) peaks. Numbered curves 1 and 2 (lines) correspond to λ(Kα1) and 
λ(Kα2) pseudo-Voigt fits to the STO reflection, respectively. Similarly, numbered curves 3 and 
4 (lines) are pseudo-Voigt fits to the LCMO reflection. The total fitting curve (sum of pseudo-
Voigt contributions from STO and LCMO) is indicated in by T. Fitting parameter values are 
shown in lower panel; the units of xc and ω are deg. 

 

The agreement of the results of both methods in these couple of 43 nm films and 

in other samples of different thickness (not shown) allowed us to extensively use the 
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approximate method as a less time-consuming and adequate procedure to extract the 

out-of-plane parameters. 

Finally, from θ-2θ scans of Figure 4.2, and using the approximate method, the 

calculated out-of-plane parameters are shown in Table 4.2, with the quotient c / aLCMO. 

All the samples with the same  thickness are placed side by side, although there were 

slight variations on thickness measured from XRR (see Ch2). A clear conclusion is 

achieved after the comparison of (001) and (110) data in Table 4.2: the out-of-plane 

parameter is more compressed in (001) films, compared to that of (110) films of the 

same thickness. 

 

Table 4.2. Out-of-plane pseudocubic parameter calculated from θ-2θ scans and their 
corresponding percentage of pseudocubic aLCMO that each one represents 

 
(001) (110) 

Thickness 

(nm) 
d001 

(Å) 

d001/aLCMO 

(%) 

 √2d110 

(Å) 

√2d110/aLCMO 

(%) 

14 3.810 98.63 3.829 99.12 

17 3.809 98.60 3.824 98.99 

43 3.803 98.45 3.837 99.33 

63 3.805 98.50 3.840 99.39 

80 3.806 98.53 3.844 99.51 

85 3.806 98.52 3.845 99.52 

93 3.807 98.55 3.844 99.52 

110 3.809 98.60 3.842 99.46 

150 3.812 98.68 3.856 99.82 

 
 

4.1.2 ω-scans: out-of-plane axis dispersion  

Another study of the film crystal structure was focused on quantifying the 

texture by measuring the dispersion from the growth direction. With ω-scans (rocking 

curves) taken from symmetric reflections, it is obtained the spread of film out-of-plane 

crystal axis, being the rocking curve corresponding to the substrate measured to account 

for the instrumental width. For (001) films, the (002) reflection was selected and for 

(110) films the (220) one. Some examples of these rocking curves are presented in 

Figure 4.4. Normalized experimental data from films of 17 to 85 nm thickness are 

shown together with the corresponding pseudo-Voigt fitting curves. Full width at half 

maximum (FWHM) allows quantifying the misorientation of out-of-plane crystal axis 

of the films. 
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Figure 4.4. Rocking curves from ly 17 nm, 43 nm, 63 nm and 85 nm thick (a) (001) films 
(closed symbols) and (b) (110) ones (open symbols). The corresponding reflections are (002) 
for (001) films and (220) for (110) films. Lines are pseudo-Voigt fits to the raw data. 

 

Table 4.3. Experimental FWHM obtained from LCMO rocking curves of Figure 4.4 and 
corresponding STO substrates. 

 
Thickness 

(nm) 

FWHMSTO(002) 

(deg) 

FWHMLCMO(002) 

(deg) 

FWHMSTO(220) 

(deg) 

FWHMLCMO(220) 

(deg) 

17 0.143 0.159 0.210 0.193 

43 0.126 0.142 0.156 0.227 

63 0.119 0.141 0.131 0.208 

85 0.142 0.198 0.164 0.277 

 
 

An inspection of Table 4.3 with values of FWHM from both the films (curves in 

Figure 4.4) and substrates (not shown) allows quantifying the crystal quality 

(concerning texture) of the film. The reference substrate peak has FWHM range of 0.12 

deg to 0.16 deg due to instrumental limitations. From the curves depicted in Figure 4.4 

and values shown in Table 4.3 it is derived that (110) films present a larger spread of 

the out-of-plane crystal axis. Besides, it exists in both kind of films a thickness 
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dependence of this c-axis spread. The increase in FWHM recalls the fact that at higher 

thickness the film lattice progressively suffers a slight misorientation. 

4.1.3 Pole figures and ϕ-scans: epitaxy 

It is also of major importance to determine the in-plane orientation of the films 

in order to verify if they have grown epitaxially and if they present the expected cube-

on-cube epitaxial relationship with the substrate. Asymmetric reflections (poles) 

provide information about the in-plane parameters. The criterion to select the 

appropriate reflection is based on using those poles involving a simple analysis. With 

this purpose, the used poles correspond to planes with in-plane component parallel to 

one of the main crystallographic directions. For each orientation, and working in 

pseudocubic notation, we describe the crystal lattice using three orthogonal real space 

vectors, two of them contained in the growth plane, referred as u = (ux, uy, uz) and 

v = (vx, vy, vz), and one vector perpendicular to it, referred as w = (wx, wy, wz). For the 

(001) films, the used in-plane directions are [100] and [010] and the out-of-plane one 

[001], whereas for the (110) films, the in-plane directions are [-110] and [001] and the 

the out-of-plane one [110]. Once the base of vectors is established, for a given (hkl) 

plane, characterized by the real space direction [hkl], where h, k, l are the Miller indices, 

we deduce the linear combination of the vectors from the real space base which leads to 

the [hkl] direction, as follows: 

[ ] [ ] [ ] [ ]zyxzyxzyx wwwcvvvbuuuahkl ++=     [4.3] 

being a, b and c scalars. In Figure 4.5 we present a scheme of the plane 

arrangement for the (001) (a) and (110) (b) unit cell as well as some examples of the 

crystal planes inspected. 

Starting with the (001) case, the (202) plane provides a pole with pure in-plane 

component as shown in Figure 4.5a. Equivalent poles to (202) correspond to the (022), 

(-202) and (0-22) planes. In Table 4.4 we summarize the construction of these planes 

from the used base of vectors. As a reference, the angular position of these poles is 

calculated using the unit cell parameter of the STO. The (202) family of planes provides 

a total of four poles separated in ϕ by 90 deg. Thus, fixing the angles ω, 2θ, and χ and 

scanning on ϕ, a total of four poles can be recorded for the (202) and equivalent planes 

for (001) films. Continuing with the selected planes for the (110) case, the (-130) plane 

has pure in-plane component along [-110] direction as shown in Figure 4.5b, similarly 
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to the equivalent (3-10) plane. In Table 4.4 the construction of these planes from the 

used base of vectors is included. Fixing all the angles and scanning ϕ, we expect to find 

a pole figure with two contributions appearing paralelly to the in-plane [-110] direction, 

thus separated in ϕ by 180 deg. 

 
Figure 4.5. Schematic view of a pseudocubic (a) (001)-oriented and (b) (110)-oriented unit 
cell. For the (001) case, the planes indicated are the (202), (022), (-202) and (0-22) ones and 
for the (110) case, the (-130) and (3-10) ones. The in-plane and out-of-plane vectors for each 
case are also shown.  

 

Table 4.4. Explored poles from the (hkl) planes from the (001) and (110) samples. The 
construction based on the linear combination of the corresponding vectors in-plane u and v 
vectors and out-of-plane w vector and using the scalars a, b and c. More details, in the text. 2θ 
values are calculated using the unit cell parameter of the STO substrate. 

 

(001) h k l a ux uy uz b vx vy vz c wx wy wz 
2θ 

(deg) 

χ 

(deg) 

ϕ 

(deg) 
 2 0 2 2 1 0 0 0 0 1 0 2 0 0 1 67.83 45.00 0 

 0 2 2 0 1 0 0 2 0 1 0 2 0 0 1 67.83 45.00 90 

 -2 0 2 -2 1 0 0 0 0 1 0 2 0 0 1 67.83 45.00 180 

 0 -2 2 0 1 0 0 -2 0 1 0 2 0 0 1 67.83 45.00 270 

 

(110) h k l a ux uy uz b vx vy vz c wx wy wz 
2θ 

(deg) 

χ 

(deg) 

ϕ 

(deg) 
 -1 3 0 2 -1 1 0 0 0 0 1 1 1 1 0 77.19 63.43 0 

 3 -1 0 -2 -1 1 0 0 0 0 1 1 1 1 0 77.19 63.43 180 

 0 3 1 1.5 -1 1 0 1 0 0 1 1.5 1 1 0 77.19 47.87 25.24 

 3 0 1 -1.5 -1 1 0 1 0 0 1 1.5 1 1 0 77.19 47.87 154.76 

 3 0 -1 -1.5 -1 1 0 -1 0 0 1 1.5 1 1 0 77.19 47.87 205.24 

 0 3 -1 1.5 -1 1 0 -1 0 0 1 1.5 1 1 0 77.19 47.87 334.76 

 
 

We used Bruker diffractometer to perform the pole figures measurement. The 

system includes a bidimensional detector (GADDS), which allows recording at different 
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2θ and χ in a range of ± 15 deg for fixed ω. For obtaining pole figures of the substrate 

and the film, we need only to scan ϕ. The starting angular conditions, which correspond 

to the angular settings of the center of the detector, were for the (001) samples 

ω = 34.05 deg and 2θ = 68.01 deg (related to the (220) family of planes) and 

χ = 45 deg, and for the (110) samples ω = 38.5 deg and 2θ = 77 deg (related to the (-

130) planes) and χ = 55 deg. 

Examples of pole figures of (001) and (110) films of 110 nm thickness are 

shown in Figure 4.6 and Figure 4.7, respectively. For the (001) case, in Figure 4.6 both 

a simulation of the pole figure (a) and the experimental data (b) are presented. 

Exploring the 30 deg ≤ χ ≤ 60 deg and at 2θ = 68.9 deg, we observe in Figure 4.6b the 

(202), (022), (-202) and (0-22) poles of the LCMO film appearing at χ = 45 deg and 

separated by Δϕ = 90 deg, in agreement with the simulated pole figure of Figure 4.6a. 

The pole figure of the STO substrate is obtained for 2θ = 67.9 deg and present (202) and 

equivalent poles at the same ϕ values. 

Turning to the (110) case, in Figure 4.7 we plot the simulated (a) and 

experimental data (b) the poles appearing in the 40 deg ≤ χ ≤ 70 deg range. At 

2θ = 78.2 deg, we observe the reflections of the two families of poles of the film: one 

family corresponds to the poles appearing at χ = 63.6 deg (two poles) and another 

family appear at χ = 47.7 deg (four poles) (Table 4.4). At χ = 63.6 deg, the (-130) and 

(3-10) poles present only [-110] in-plane component, which is very useful to determine 

the orientation of the sample with respect to the sample edges. The poles at 

χ = 47.7 deg, appear at ϕ = 25 deg from the [-110] direction (positive and negative 

side), which agrees with the predicted values (Table 4.4), and correspond to (031) and 

equivalent planes. For the STO substrate, the corresponding pole figure was measured 

at 2θ = 77.2 deg and presents the same features as those of the film with two families of 

poles presented at the same ϕ values than those of the film. 
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Figure 4.6. (a) Simulated pole figure of a (001) oriented film and (b) experimental pole figure 
obtained at ω = 34.05 deg and 2θ = 68.9 deg. The in-plane directions are [100] and [010], 
being ϕ referred to [100] direction. The range of χ for both simulated and experimental data is 
30-60 deg. In (b), χ and ϕ are referred as in (a) and for each pole the ϕ value is indicated. 
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Figure 4.7. (a) Simulated pole figure of a (110) oriented film and (b) experimental pole figure 
obtained at ω = 38.5 deg and 2θ = 78.2 deg. The in-plane directions are [100] and [010], being 
ϕ referred to [100] direction. The range of χ for both simulated and experimental data is 40-
70 deg. In (b), χ and ϕ are referred as in (a) and for each pole the ϕ value is indicated. 
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We recall that since the Bruker diffractometer is provided with a two-

dimensional detector, we can obtain in a simultaneous measurement a range of ± 15 deg 

in 2θ and χ at a give ϕ value. Thus, a ϕ-scan can be extracted from the recorded pole 

figures if we can separate into the substrate and film peaks in the total pole figure 

measurement. With these scans, we can determine the epitaxial relationship of the in-

plane parameters of film and substrate. First, we show examples of the angular 

separation in 2θ of substrate and film peaks in Figure 4.8a. For the (001) sample, we 

present the data around the (202) peak and for the (110) sample, the (-130) one. Using 

the acquired pole figure, we integrate for a given width of χ (Δχ ~ 5 deg) the total 

recorded intensity as a function of 2θ for each ϕ value in a total range of Δϕ = 3 deg 

around the film peak. In Figure 4.8a, the data corresponding to (001) and (110) samples 

allows separating the high intensity peak of the STO substrate from the low intensity 

peak of the LCMO film, although it is much clear in the (001) case. We note that in 

both cases the LCMO peak intensity is affected by the tail of the STO substrate, being 

more relevant in the data obtained from the (110) sample. As the peaks from the 

substrate and film have been identified, we can define the integration regions in χ 

working at the corresponding optimum values of 2θ (indicated by dashed lines in Figure 

4.8a). The resulting ϕ-scans are shown in Figure 4.8b and c.  

The ϕ-scan in Figure 4.8a, corresponding to the (001) film, was extracted from 

the pole figure recorded at ω = 34.05 deg, 2θ = 68.9 deg and χ = 43.9 deg with (202) 

and equivalent poles. The ϕ-scan of the (001) STO substrate corresponds to 

ω = 34.05 deg, 2θ = 67.9 deg and χ = 44.6 deg and to the same poles. The ϕ-scans of 

the (110) film and the (110) STO substrate are shown in Figure 4.8c. For the film, the 

angular settings were ω = 38.5 deg, 2θ = 78.2 deg and χ = 63.1 deg, thus focused only 

in the (-130) and (3-10) planes. The same reflections from the STO substrate were also 

observed at ω = 38.5 deg, 2θ = 77.2 deg and χ = 63.9 deg and similar ϕ values. The ϕ-

scans indicate single crystal in-plane orientation for both (001) and (110) films with 

LCMO(001)[100]//STO(001)[100] and LCMO(110)[1-10]//STO(110)[1-10] epitaxial 

relationships, respectively. 
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Figure 4.8. (a) Integrated intensity for Δϕ = 3 deg as a function of 2θ for the (202) reflection of 
the (001) sample (left) and for the (-130) reflection of the (110) sample (right), showing the 
substrate [asterisks (*)] and the film peaks. [(b) and (c)] ϕ-scans extracted from complete pole 
figures (b) of the (001) film and (c) of the (110) one. From the analysis of peak position, 
sample crystal axes can be deduced and identified with respect to the sample borders. The χ 
value is written on the graph. In the insets, schemes of the sample shape showing the 
crystallographic axes. 

 

4.1.4 Reciprocal space maps: unit cell parameters 

In order to accurately obtain the in-plane unit cell parameters, reciprocal space 

maps (RSMs) were performed. With the RSMs, both out-of-plane and in-plane lattice 

strain can be studied. We have previously observed that the out-of-plane parameters 
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(obtained from θ-2θ scans, results in Table 4.2) increase (and thus relax) when 

increasing thickness (t) for t > 20 nm. This fact signals a thickness dependence of the 

lattice parameters. Then, RSMs are necessary to study in detail the complete unit cell. 

The experiments were performed using a four circle MRD Philips diffractometer 

provided of a point detector. 

The first decision to take concerns the proper reflections to map, which depends 

on the angular separation of film and substrate peaks and intensity of the asymmetric 

reflection. Similarly to the analysis performed for the pole figures, from the in-plane 

and out-of-plane directions of the (001) and (110) samples we built the asymmetric 

reflections planes explored by RSMs. A series of 3 reflections were used in this work: 

one for (001) samples and two for (110) ones. In the analysis and discussion of RSMs, 

we describe the crystallographic directions using the pseudocubic notation: 

(i) (001) samples: in-plane vectors u = (100) and v = (010), out-of-plane vector 

w = (001) 

(ii) (110) samples: in-plane vectors u = (1-10) and v = (001), out-of-plane vector 

w = (110) 

We note that for the RSMs measurements we used for the (110) films the in-

plane direction u = (1-10) instead of the equivalent one (-110) used for the pole figures. 

The reflections were selected in order to simplify the analysis allowing extracting one of 

the in-plane components with no mixing of the other in-plane component. The chosen 

reflections are: the (103) reflection for the (001) samples, and the (130) and (222) 

reflections for the (110) samples,. The construction of the used reflections as a function 

of the vectors for (001) and (110) samples is included in Table 4.5. We note that the 

explored asymmetric reflections were measured fixing χ = 0 and using a value of ω 

calculated from ω =θ - χ. The final ω values are included in Table 4.5. Working at these 

conditions, the reciprocal space is described using only two angular variables ω and θ, 

that can be translated into orthogonal wave vectors: an in-plane (or parallel) component 

q//, and an out-of-plane (perpendicular) components, q⊥. The expressions to calculate q// 

and q⊥ from the values of ω and θ are described in Ch2 and recalled here: 

( ) ( )ωθθ
λ

−= sinsin2
//q     [4.3] 

( ) ( )ωθθ
λ

−=⊥ cossin2q     [4.4] 

where λ corresponds to the wavelength of the incident X-ray beam. 
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Table 4.5. Explored reflections corresponding to the (hkl) planes from the (001) and (110) 
samples. The construction is based on the linear combination of the in-plane u and v vectors 
and out-of-plane w vector, using the scalars a, b and c. More details, in the text. ω and 2θ 
values are calculated using the unit cell parameter of the STO substrate. 

 
 

h k l a ux uy uz b vx vy vz c wx wy wz 
ω 

(deg) 

2θ 

(deg) 

χ 

(deg) 

ϕ 

(deg) 

(001) 1 0 3 1 1 0 0 0 0 1 0 3 0 0 1 20.16 77.19 18.43 0 

(110) 1 3 0 -1 1 -1 0 0 0 0 1 2 1 1 0 12.03 77.19 26.57 180 

 2 2 2 0 1 -1 0 2 0 0 1 2 1 1 0 7.84 86.21 35.26 90 

 
 

The procedure to obtain the unit cell parameters starts by determining the 

angular ω and 2θ values of the film and substrate reflections in the RSM of the (hkl) 

reflection. Using eqs. 4.3 and 4.4, we calculate the in-plane and out-of-plane wave 

vectors qhkl
// and qhkl

⊥ which correspond to the studied reflection. We recall that to 

simplify the analysis, we have chosen reflections with pure in-plane u or v components. 

To pass from the reciprocal space lattice (qhkl
// and qhkl

⊥ values) to the real space ones, 

we need to convert the qhkl
// and qhkl

⊥ values to the real space and apply the 

corresponding scalars that relates the studied (hkl) reflection to the real space vectors u, 

v, and w. Following Table 4.5, for the (001) samples we have studied the (103) 

reflection, which correspond to the in-plane d100 distance and to the out-of-plane d001 

one; using the a and c values for this reflection (Table 4.5), the final interplanar 

distances are calculated as follows: 

010103100 d
q

ad ==
//

     [4.5] 

103001
⊥

=
q

cd       [4.6] 

For the (110) samples, the asymmetric reflections explored are (130) and (222). 

We extract the interplanar distances d1-10, d001 and d110 similarly to the (001) case but 

applying the corresponding a, b and c scalars (Table 4.5): 

130101
//q
a

d =−       [4.7] 

222001
//q
bd =       [4.8] 

222110130110
⊥⊥

==
q

cd
q

cd ;     [4.9] 
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Some RSMs from (103) reflection of the series of (001) films are plotted in 

Figure 4.9. Even for thinner films (Figure 4.9a), both the substrate and film peaks can 

be clearly identified. As it corresponds to smaller unit cell parameters, LCMO peak in 

the RSMs is found at higher q001 values than that of the substrate. In-plane unit cell 

parameters of all (001) films are completely clamped to those of the substrate, seen 

from the coincident value of q100 for both film and substrate peaks. The d100 (d010) and 

d001 parameters are calculated using eqs. 4.5 and 4.6, respectively, and the resulting 

values are included in Table 4.6. The obtained d001 are similar to those previously 

showed in Table 4.2 calculated from θ-2θ scans. Thus, (001) films are fully strained 

with a slight variation of out-of-plane parameter which leads to a variation of unit cell 

volume, as it will be commented later on. 

A selection of RSMs for (110) films is presented in Figure 4.10. In this case, as 

previously stated, two different reflections are needed, (130) and (222). As it happened 

for (001) films (Figure 4.9), substrate peak appears at lower q1-10, q001 and q110 values. 

In the series of RSMs shown in Figure 4.10, it is remarkable that for thinner films 

(8 nm, Figure 4.10a and b) the in-plane parameters are almost the same as those of the 

STO. An increase in thickness triggers the progressive relaxation of both in-plane 

parameters towards lower values, closer to bulk ones, although along [1-10] direction 

the process becomes quicker. Thus, from a general inspection of the RSMs from (130) 

and (222) reflections signals that a relaxation process takes place in (110) films as the 

in-plane q1-10 and q001 film wave vectors tend to higher values than those of the 

substrate. Moreover, the relaxation rate followed of q1-10 and q001 is different. Thus, an 

anisotropic relaxation process is detected in (110) films as the film thickness increases. 

Using the values of the in-plane q1-10 and q001 and out-of-plane q110 wave vectors and 

using eqs. 4.7-4.9, we evaluated the in-plane d1-10 and d001 and out-of-plane d110 

distances. The results are included in Table 4.6. The d110 values have been compared to 

those previously obtained by θ-2θ scans (Table 4.2) and they are found to be completely 

coherent. 
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Figure 4.9. RSMs from STO (103) and LCMO (103) reflection from LCMO (001) films of  
thickness (a) 8 nm, (b) 17 nm, (c) 43 nm, and (d) 80 nm. Each line is a guide for the eye, 
signaling the vertical alignment of STO and LCMO peaks. 
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Figure 4.10. RSMs from STO (130) and LCMO (130) reflections (left column) and STO (222) 
and LCMO (222) ones(right column) from LCMO(110) films corresponding to film thickness 
of 8 nm [(a) and (b)], 17 nm [(c) and (d)], 43 nm [(e) and (f)], and 80 nm [(g) and (h)]. The 
lines are guides for the eye. Note the evolution of qx from thinner to thicker films to higher 
values, a sign of relaxation of the in-plane parameter. 
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The summary of all the calculated in-plane and out-of-plane interplanar 

distances for (001) and (110) films with thickness in the 8 to 150 nm range are collected 

in Table 4.6 and plotted as a function of film thickness in Figure 4.11a. Focusing first in 

(001) films data (solid symbols), virtually no relaxation occurs for the in-plane 

interplanar distance d100 (solid triangles), which remains clamped to the substrate. The 

out-of-plane d001 distance (solid rhombi) displays a non-monotonic behavior: it 

contracts for films up to a critical thickness tc ≈ 20 nm and expands slightly for the 

t > 40 nm films, remaining well below the bulk value (indicated by the dashed line) 

even for t ≈ 150 nm. The persistence of a strained state in LCMO (and other 

manganites) epitaxial thin films has been already reported [1][2]. 

 

Table 4.6. Unit cell parameters and volume per Mn ion of (001) and (110) films of thickness 
between 8 and 150 nm. 

 
(001) (110) 

Thickness 

(nm) 
d100 = d010 

(Å) 

d001 

(Å) 

V001/Mn 

(Å3) 

 √2d1-10 

(Å) 

d001 

(Å) 

√2d110 

(Å) 

V110/Mn 

(Å3) 

8 3.905 3.818 58.23 3.897 3.901 3.839 58.35 

14 3.905 3.815 58.18 3.897 3.902 3.827 58.19 

17 3.905 3.809 58.10 3.891 3.901 3.830 58.13 

43 3.905 3.806 58.05 3.877 3.896 3.832 57.88 

63 3.905 3.806 58.05 3.880 3.891 3.838 57.93 

80 3.905 3.805 58.04 3.877 3.888 3.843 57.93 

85 3.905 3.807 58.07 3.876 3.887 3.844 57.90 

93 3.905 3.808 58.08 3.876 3.886 3.846 57.92 

110 3.905 3.808 58.09 3.877 3.884 3.844 57.88 

150 3.903 3.810 58.05 3.860 3.866 3.858 57.58 

  
Still in Figure 4.11a, (110) films (open symbols) present a gradual structural 

relaxation for both in-plane directions [001] and [1-10] as well as the out-of-plane one 

[110]. For the in-plane directions, the relaxation process occurs at different rates, being 

[1-10] faster than [001]. Even when comparing with (001) films, the in-plane distances 

d001 and d1-10 relax much faster than the in-plane distance d100 in (001) films. At thicker 

films (150 nm thick) the relaxation is almost complete. About anisotropy in strain 

relaxation for oxide films grown on STO(110), only a few references [3] report on it. 

Concerning the out-of-plane distance, d110, it displays a non-monotonic behavior similar 

to the one observed in (001) films: it contracts up to a critical thickness of tc ≈ 20 nm 

and it expands for further increase of thickness, approaching the bulk values for thickest 

film t = 150 nm. 
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Figure 4.11. Thickness dependence of (a) interplanar distances and (b) unit cell volume for the 
(001) and (110) films. The dashed lines indicate the pseudocubic (a) unit cell parameter and 
(b) unit cell volume of bulk LCMO. To make interplanar distances comparable, for (001) films 
we plot d100 and d001 and for (110) films √2d1-10, d001 and √2d110. 

 

Therefore, the response of (001) and (110) films to the identical lattice mismatch 

imposed by the substrate is qualitative and quantitatively different; however, a common 

trend is identified, namely the evidence of a critical thickness tc that separates the well-

defined regions in the thickness dependence of the out-of-plane interplanar distance. 

The data corresponding to the low thickness films (t < tc) cannot be explained with 

arguments related to an elastic or a plastic deformation of the unit cell with thickness. In 

order to emphasize the existence of two different regions, linear extrapolation of the 

out-of-plane cell parameter has been performed as a function of thickness from t > tc 

towards t → 0. Dashed areas in Figure 4.11a indicate a range of thicknesses where out-

of-plane cell parameters are substantially larger from what could be expected from the 

monotonic variation observed above tc. 
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Unit cell volume values of (001) (close symbols) and (110) (open symbols) films 

with thickness are also included in Table 4.6 and depicted in Figure 4.11b. Important 

remarks should be addressed from the analysis of these data: 

(i) The unit cell volume of the (001) and (110) films (V001 and V110 respectively) 

are substantially larger than the bulk value VLCMO (indicated by a dashed line in Figure 

4.11b): V001, V110 ≥ VLCMO 

(ii) Upon increasing thickness, V001 changes slightly, remaining above the bulk 

value even for the thickest film: V001 ≈ constant 

(iii) The gradual reduction of the unit cell volume is clearly pronounced for the 

(110) films: for t > 30 nm, V110 < V001 and at t ≈ 150 nm, V110 reaches the bulk value.  

Remembering that it is widely assumed that the strain effects cause the film unit 

cell volume to be conserved, experimental data in Figure 4.11b clearly do not support 

this assumption. Moreover, these data also reveal that for films with thickness below tc, 

the unit cell volume displays a rapid expansion which is more pronounced than what 

could be expected from a simple linear extrapolation towards t → 0. Dashed areas in 

Figure 4.11b illustrate the anomalous unit cell volume regions for (001) and (110) films, 

mimicking the corresponding regions in the out-of-plane interplanar distance evolution 

shown in Figure 4.11a. 

 

In summary, the analysis of XRD measurements performed on epitaxial LCMO 

films grown on (001) and (110) STO substrates reveal the occurrence of (001) and 

(110) texture and of cube-on-cube epitaxy in both families of films. The accurate study 

of unit cell parameters in these films signals a different strain state in (001) and 

(110) films, which evolves dissimilarly with thickness, being in the case of (110) films 

associated to a faster and anisotropic unit cell relaxation. 

4.2 Epitaxy of LCMO films: microstructure by HRTEM 

For an accurate structural study of the substrate-film interface, cross section 

transmission electron microscopy (XTEM) images have been studied. This work was 

performed by S. Estradé, from the Universitat de Barcelona, and it is included in her 

PhD thesis. More details on sample preparation are described in Ch2. The samples used 

for this study are included in Table 4.7. 
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Table 4.7. List of samples for HRTEM experiments. 
 

Sample Substrate Sample Substrate Thickness 
(nm) 

050329A STO(001) 050329B STO(110) 8 

  
Low magnification XTEM images from (001) and (110) films of t = 8 nm are 

presented in Figure 4.12. The images do not show the presence of defects. Other authors 

have reported in thick La0.7Ca0.3MnO3 films grown either under tensile strain, on 

(001) STO, or under compressive strain, on (001) LaAlO3, the development of 

secondary phases [4]. Besides, Lebedev et al.[5] found in La0.7Ca0.3MnO3 films on (001) 

STO not only columnar defects but also islands of LCMO in the free surface of thinner 

films: Their conclusion is that these islands should be a mechanism of relieve of elastic 

energy in the system. Our actual TEM images of thin LCMO fully strained films 

(Figure 4.12 and Figure 4.13) signal the absence of islands or columnar defects. 

 
Figure 4.12. Low magnification TEM images from 8 nm films with (a) (001) and (b) (110) 
orientation. The corresponding growth direction is indicated by arrows. 

 

In order to investigate film microstructure and film-substrate interface, high 

resolution XTEM images are taken and shown in Figure 4.13. With the purpose of 

evaluating the crystallographic features in these films, the corresponding fast Fourier 

transforms (FFTs) (Figure 4.13i and ii for (001) sample and Figure 4.13v and vi for 

(110) sample) of these images have been performed in both substrate and film areas. 

Besides, to enlighten the quality of the interface region, detailed zooms around this area 
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have been selected and carefully studied (Figure 4.13iii and iv for (001) sample and 

Figure 4.13vii and viii for (110) sample). 

 
Figure 4.13. High resolution XTEM images of STO/LCMO interfaces: (a) (001) interface 
along the [100] zone axis and (b) (110) interface along the [001] zone axis. The FFTs 
calculated from LCMO and STO areas are shown for the (001) sample in (i) and (ii) and for 
the (110) sample in (v) and (vi), respectively. Zooms of the (001) and (110) interfaces [(iii) 
and (vii), respectively] are studied by filtering in the corresponding FFTs (not shown) for the 
in-plane directions and reconstructing the images [(iv) and (viii), respectively]. 

 

About the crystallographic orientation of LCMO film grown on STO (001), the 

epitaxial relationship is deduced from electron diffraction patterns (not shown) and 

FFTs (Figure 4.13i and ii) calculated from the high resolution XTEM image (Figure 

4.13a), being LCMO(001)[100]//STO(001)[100]. This result agrees with the XRD 

measurements presented in this chapter. On the other hand, in the examined area of the 

XTEM image, it is confirmed the abruptness of the film-substrate interface, with no 
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misfit dislocations. Besides, the lattice parameters extracted from the FFTs are similar 

to those extracted from XRD data, confirming the coherent growth of the (001) LCMO 

film on (001) STO substrate. An equivalent analysis of the XTEM images of LCMO 

film grown on STO (110) has been performed. The epitaxial relationship deduced from 

calculations on FFTs spots (Figure 4.13v and vi) on these XTEM images (Figure 4.13b) 

performed along the [001] zone axis is LCMO(110)[001]//STO(110)[001]. The lattice 

parameters extracted from the FFTs agree with those of XRD within the experimental 

error. 

The comparison of (001) and (110) film XTEM images in Figure 4.13 does not 

reveal relevant differences except for a greater roughness at the (110) interface. In fact, 

rougher (110) interfaces can be expected on the basis of the polar nature of the (110) 

STO surface and its inherent tendency to reconstruction [6]. No misfit dislocations have 

been observed in the considered region, as expected since (110) films of this thickness 

(8 nm) were found to be fully strained by XRD measurements.  

The sharp contrast across the interface suggests, in both cases, the absence of 

interdiffusion. In bottom panels in Figure 4.13 show clear images of the different atomic 

arrangement along the [100] zone axis in the (001) interface (Figure 4.13a) and along 

the [001] zone axis in the (110) interface (Figure 4.13b). Zoomed interface regions 

extracted from the images shown in Figure 4.13a and b are presented in Figure 4.13iii 

and vii, respectively. To study the possible existence of dislocations, we performed 

FFTs (not shown) of these zooms and filtered for the corresponding in-plane direction. 

Therefore, for the (001) interface (Figure 4.13a), the filtering is done for the [010] 

direction and for the (110) interface (Figure 4.13b) the filtering is done for the [1-10] 

direction. The reconstructed images are shown in Figure 4.13iv and viii, respectively. 

The high fringe parallelism of both filtered images signals: (1) the good matching of in-

plane parameters for both (001) and (110) films with respect the STO substrate, and (2) 

the absence of misfit dislocations, at least at this thickness. This analysis reinforces the 

already achieved conclusions from direct observation of low magnification and high 

resolution XTEM images. 

 

To sum up, cross section HRTEM images and their analysis have confirmed the 

complete epitaxial growth of LCMO films onto (001) and (110) STO, showing as 

relevant features the slightly rougher interface in the (110) case. 
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4.3 Epitaxy of LCMO films: electronic and chemical phase 

separation by NMR, EELS, XPS and XAS 

Four complementary characterization techniques have been used to investigate 

the ionic state and the chemical composition of the films: 

1. A study of the mixed valence Mn3+/4+ state and the appearance of the 

localized Mnm+ states, by Nuclear Magnetic Resonance (NMR) measurements carried 

out in a series of samples of different thickness. 

2. The distribution of La and Ca cations in the films as well as the Mn 

electronic state is investigated by electron energy loss spectroscopy (EELS). 

3. The ratios of the different cations in the surface by X-Photoelectron 

Spectroscopy (XPS). 

4. The ionic environment of Mn and O in the film surface by X-ray 

Absorption Spectroscopy (XAS). 

As previously explained in Ch1, the conductive double-exchange 

ferromagnetism in La2/3Ca1/3MnO3 films arises from the quick migration of holes and 

electrons in the neighborhood of Mn3+-Mn4+ ions mediated by the presence of O2-. Any 

change in the ionic environment caused by a chemical or an electronic phase separation 

would probably change the functional properties of the films. More relevantly, if these 

segregations are located at the film surface, they would strongly affect the top interface 

properties, being a critical factor if the single layers are used in oxide heterostructures 

[7]. 

The objectives of present studies were on the one hand to precisely determine in 

(001) and (110) LCMO films the ionic states of Mn ions in the whole film by NMR 

measurements. Moreover, EELS experiments carried in cross section samples allows 

measuring the cationic distribution through the film as well as the electronic state of the 

Mn ions. The investigation of the film surface was performed using two surface-

sensitive techniques: XPS and XAS. With XPS and XAS we have explored the Mn 

ionic states, and also the XPS measurements served to obtain information about the 

surface chemical composition. 
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4.3.1 55Mn NMR experimental results: electronic phase separation 

The 55Mn NMR experiments were carried out and analyzed by Dr. M. Wojcik at 

the Institute of Physics, Polish Academy of Sciences (Warszawa). The inspected series 

of samples were (001) and (110) films of different thickness, listed in Table 4.8. 

 

Table 4.8. List of samples included in this section. 
 

Sample Substrate Sample Substrate 
Nominal 
thickness 

(nm) 
050929A4 STO(001) 180304BB STO(110) 17 
070110A1 STO(001) 070109B1 STO(110) 39 
240204A STO(001) 240204B STO(110) 43 

  050406BB STO(110) 60 
200204A STO(001) 200204B STO(110) 85 

  
Two sets of the collected NMR spectra corresponding to (001) and (110) films 

85, 43 and 17 nm thick are shown in Figure 4.14a, b and c, respectively. The inspection 

of these NMR spectra signals the appearance of a dominant line (around 375-380 MHz) 

related to the mixed valence Mn3+/4+ state. This resonant line corresponds to the 55Mn 

hyperfine field averaged due to double-exchange driven fast motion of electron-holes 

over manganese sites Mn4+-Mn3+. Consequently, the frequency of this line is 

determined by the ratio of Mn3+ to Mn4+ and varies proportionally with charge carrier 

density in the conducting band [8]. In Figure 4.14, the solid vertical lines indicate the 

value of the resonant frequency  ν(Mn3+/4+) for each film. A noticeable shift of 

 ν(Mn3+/4+) towards higher values is observed when increasing film thickness. 

Moreover, the value of the  ν(Mn3+/4+) depends on the film orientation: it is larger for 

(110) films than for (001) ones at each thickness, being for instance for the 85 nm films 

ν(Mn3+/4+)001 = 376 MHz and ν(Mn3+/4+)110 = 380 MHz. Similar trend agrees with the 

results presented in Ref. [2], where an increase of ν(Mn3+/4+) happens when film 

thickness increases simultaneously to the increase of the Curie temperature (TC) of the 

films. The relationship between the value of the resonant frequency of Mn3+/4+ line and 

the TC is of main interest since it connects compositional and functional properties. In 

present work, from the higher values of ν(Mn3+/4+)110 compared to ν(Mn3+/4+)001 ones, 

more robust ferromagnetic interactions, represented by higher TC, is expected for the 

(110) films than for the (001) ones of the same thickness. 
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Figure 4.14. 55Mn NMR spectra of the (001) (solid symbols) and (110) (open symbols) films of 
thickness (a) 85 nm, (b) 43 nm and (c) 17 nm, measured at T = 4.2 K and at zero magnetic 
field. Vertical solid lines indicate the resonant frequency deduced from each spectra and 
dashed line corresponds to the resonant frequency of the 85 nm (110) film. 

 

On the other hand, the inspection of the spectra of (001) films shown in Figure 

4.14 (close symbols) reveals the occurrence of other Mn resonances. These resonances 

are more clearly observed in the low intensity zooms depicted in Figure 4.15 (close 

symbols). A broad peak of reduced intensity appears at lower frequency (around 

315 MHz) and features a high value of NMR enhancement factor characteristic for 

ferromagnetic phase. Lower resonant frequency indicate lower magnetic moment, 

which can eventually be related to a change from Mn3+/4+ ions to Mn4+. The presence of 

hole-trapped (localized) ferromagnetic Mn4+ state has been previously attributed to be at 

the origin of this feature [2]. Moreover, in the present experiment, a clear, albeit tiny, 

asymmetry is observed on the high frequency side of the Mn3+/4+ line revealing the 

presence of additional Mn state giving rise to the NMR Mn3+ state producing a NMR 

signal in this frequency range. The frequency of this resonance (∼ 400-420 MHz) 
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corresponds to a Mn3+ state [8] and thus it identifies the presence of localized 

ferromagnetic Mn3+ ions in the (001) film. A sizable amount of localized Mn4+ and 

Mn3+ ions in (001) films detected by 55Mn NMR evidences the presence of 

ferromagnetic insulating phase with localized charges and consequently it can be 

considered as a signature of electronic phase separation taking place in these films [2]. 

Charge localization implies weakening of the double exchange coupling, and thus a 

reduction of the TC is foreseen for (001) films. Remarkably, the NMR spectrum of the 

(110) films does not show these localized Mn3+ or Mn4+ states, and thus the phase 

separation can be considered to be absent or, at least, much less abundant; accordingly, 

the TC (and magnetization) should approach ideal, bulk-like values, which is a fact that 

will be shown in Ch5. 
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Figure 4.15. Zooms of the 55Mn NMR spectra of the presented spectra of Figure 4.14. Vertical 
lines in the low frequency region indicate the resonant frequency of Mn4+ ions and solid 
vertical lines around ν=380MHz correspond to the resonant frequency for each film. The 
vertical dashed line corresponds to the resonant frequency of the 85 nm (110) film. The 
Lorentzian-Gaussian fits to the experimental data Mn4+ and Mn3+4+ peaks are also shown 
(lines). 
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Under the appropriate measurement conditions, the total area under the NMR 

spectra is determined by the fraction of magnetic ions in the sample [9]. The integrated 

area under the spectra for (001) and (110) samples of various thicknesses have been 

measured and these values are collected in Table 4.9 and plotted in Figure 4.16a as a 

function of film thickness. 

 

Table 4.9. Total intensity of the NMR spectra [I(total)] extracted from the NMR spectra 
obtained on the (001) and (110) samples, together with the intensities of the Mn4+ [I(Mn4+)] 
peak measured on the (001) samples. The calculated ratios [Ratio(Mn4+)] of the Mn4+ and 
total intensities of the NMR spectra of (001) samples are also included. 

 
(001) (110) Nominal 

thickness 

(nm) 

I(total) 

(arb. units) 

I(Mn4+) 

(arb. units) 

Ratio(Mn4+) 

(%) 

I(total) 

(arb. Units) 

17 81.00 2.97 3.66 98.44 

39 235.00 10.10 4.30 287.70 

43 235.13 9.07 3.86 323.44 

60     384.38 

85 472.97 14.50 3.07 581.72 
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Figure 4.16. Thickness dependence (a) of the total integrated intensity of the NMR spectra for 
(001) (solid symbols) and (110) (open symbols) films and (b) of the Mn4+ intensity of (001) 
films, measured at T = 4.2 K. 
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There is a gradual increase of the NMR intensity at T = 4.2 K as a function of 

thickness for both series of samples, which was expected from the larger amount of 

ferromagnetic material. However, there is a striking difference: the NMR intensity is 

always larger for the (110) samples than for the (001) ones. This observation clearly 

indicates that the ferromagnetic fraction in the (110) samples is always larger than that 

of the (001) ones. Remarkably, the missing intensity can be related to Mnm+ ions either 

antiferromagnetically coupled or paramagnetic, characterized by a very low NMR 

enhancement. Thus, these Mn ions contribute with a negligible intensity to the NMR 

spectrum of strong ferromagnetic signals. Extrapolating to zero thickness the 

experimental NMR intensity, it can be evaluated the thickness of the non-ferromagnetic 

layer (tc), being for (001) films tc
001 = 5.5 nm, whereas for (110) ones it is virtually zero, 

tc
110 = 0 nm. The thickness dependence of the Mn4+ intensity for the NMR spectra of the 

(001) films is presented in Figure 4.16b. We note that the Mn4+ intensity increases with 

film thickness, and calculating the intensity ratio Ratio(Mn4+) = I(Mn4+)/I(Total) for 

each (001) film (Table 4.9), we obtain ratios that moderately depend on film thickness. 

The more remarkable feature of this thickness dependence of the Mn4+ ratio arises from 

the observation that thicker (001) film (85 nm) presents a lower Ratio(Mn4+) than those 

the 17-43 nm films, which can be interpreted as a signature of a limited amount of Mn4+ 

ions formation. In fact, upon the increase of film thickness, the number of Mn4+ ions 

may increase up to a limited value, and once the maximal amount of Mn ions is 

surpassed (at a critical thickness), the formation of Mn4+ is less promoted, or it may be 

even suppressed. The results presented here on Mn4+ signal are comparable to those 

reported by Bibes et al. [2] in LCMO(001) films. 

The observation of a ferromagnetic charge-localized signal in the NMR spectra 

of La1-xCaxMnO3 manganites has been viewed [10] as a signature of the presence of 

ferromagnetic insulating regions with A-type orbital ordering. In Ch5 we will discuss in 

detail these results in the framework of the strain-induced reinforcement of orbital 

ordering happening in (001) films. 

 

To sum up, the comparative of (001) and (110) films leads to concluding that 

stronger ferromagnetism is expected in (110) films, with higher TC and possible absence 

of a dead magnetic layer, which has been clearly found in (001) ones. 
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4.3.2 EELS experimental results: chemical distribution and electronic 

phase separation 

EELS experiments were carried out on 85 nm films of (001) and 

(110) orientation (see Table 4.10) by S. Estradé, from the University of Barcelona, and 

the data and their analysis is included in her PhD thesis. Samples were prepared in cross 

section geometry, and the used VG STEM microscope allows performing probe 

displacements in a step down to 0.2 nm. 

 
Table 4.10. List of samples for EELS experiments. 

 

Sample Substrate Sample Substrate 
Nominal 
thickness 

(nm) 
200204A STO(001) 200204B STO(110) 85 

  
The Ca L3,2 (~ 345-355 eV), O K (~ 525-550 eV), Mn L3,2 (~ 630-660 eV) and 

La M5,4 (~ 830-860 eV) EELS core edges have been inspected at room temperature, 

recording the spectra throughout the sample along a direction perpendicular to the 

interface from the substrate to the free film surface following the paths shown in Figure 

4.17a and Figure 4.17b. Two examples of the O K and Mn L3,2 spectra recorded at the 

central area of the (001) and (110) LCMO films are shown in Figure 4.17c and d. In 

these spectra, the energy lost by incident electrons is transferred to core-level electrons 

that jump to unoccupied energy states in the conduction band above the Fermi level. 

EELS core edges are very narrow in energy, thus providing a first order approximation 

of the density of states immediately above the Fermi level, i.e. the density of empty 

states in the conduction band. 

Using the recorded Ca L3,2 and La M5,4  spectra, the distribution of Ca and La 

cations through the films has been studied. Normalizing to 1 the quotient between the 

total intensity of Ca L3,2 edge to that of La M5,4 edge at the interface for each film (the 

nominal Ca/La ratio is ½), the Ca/La normalized ratios extracted from (001) and (110) 

films are shown in Figure 4.18. An analysis of these results highlights that upon 

increasing the distance from the substrate-film interface, Ca/La ratio in the (001) films 

increases whereas in the (110) film the ratio remains constant. Thus, no cation migration 

is observed in (110) films. Using EELS, the Ca segregation towards the top interface of 

(001)-oriented La2/3Ca1/3MnO3/SrTiO3/La2/3Ca1/3MnO3 heterostructures has been 

previously reported [7][11]. 
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Figure 4.17. [(a) and (b)] Low magnification XTEM images of 85 nm films with (a) (001) and 
(b) (110) orientation. The arrows indicate the followed path for the focalization of EELS 
probe. [(c) and (d)] EELS espectra of the OK and Mn-L3,2 edges from the center area of the 
films shown in (a) and (b), corresponding (c) to the (001) film and (d) to the (110) one. 
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Figure 4.18. Normalized Ca/La quantification obtained along the line displayed in (a) and (b) 
for (001) and (110) films, respectively. 

 

Turning to Mn L3,2 edges, Mn oxidation state can be determined from either the 

ratio between the L3 and L2 peaks or from the Mn L3 onset energy. Using the home-

made Matlab routine “ManganitaS” described in Ref. [12], the L3/L2 ratios and the Mn 
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L3 onset energies of (001) and (110) films have been calculated. The results are plotted 

in Figure 4.19. The L3/L2 ratio and Mn L3 energy references for the different oxidation 

states of Mn are obtained from Ref. [13]. An analysis of (001) and (110) results signals 

that, accordingly to the Ca migration to the (001) surface observed in Figure 4.18, Mn 

oxidation state varies through the (001) film (Figure 4.19a and b), being most preferably 

Mn3+ near the substrate interface up to ~ 15 nm from it and Mn4+ close to the free 

surface. On the other hand, Mn oxidation state in the (110) film (Figure 4.19c and d) is 

constant with a mixed valence value related to the 2/3Mn3+-1/3Mn4+ stoichiometric 

population. 
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Figure 4.19. [(a) and (c)] Mn L3/ Mn L2 relative intensity and [(b) and (d)] Mn L3 peak onset 
extracted from Mn 2p edges acquired in 85 nm films with [(a) and (b)] (001) and [(c) and (d)] 
(110) orientation. L3/L2 ratio and Mn L3 energy references depending on the Mn oxidation 
states (4+, 3+ and 2+) are extracted from Ref. [13]. Top panel: schematic views of the sense of 
the EELS measurements. 
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In summary, conclusive evidences of anomalous cation distribution and 

inhomogeneous Mn oxidation state is found through (001) film whereas (110) film is 

chemically homogeneous, with Mn3.3+ oxidation state. The link of both chemical and 

electronic effects signals that (110) film represent the ideal La2/3Ca1/3MnO3 film 

whereas the (001) one presents inhomogeneous distribution of cations as well as 

different Mn electronic phases. 

4.3.3 XPS and XAS experimental results: chemical segregation 

XPS experimental results 

X-ray photoelectron spectra were obtained from (001) and (110) samples of 17 

and 50 nm thickness, listed in Table 4.11, at room temperature. The X-ray photoelectron 

spectra shown in this section were recorded by Dr. J.-P. Espinós at the Instituto de 

Ciencia de Materiales de Sevilla using an ESCALAB 210 spectrometer as described in 

Ch2. 

 

Table 4.11. List of samples used for XPS experiments. 
 

Sample Substrate Sample Substrate 
Nominal 
thickness 

(nm) 
050329A STO(001) 180304BB STO(110) 17 
050304A STO(001) 050304B STO(110) 17 
060704A STO(001) 060404B STO(110) 50 

 
 

A first comment has to be addressed to the probing depth of these experiments, 

(typically ~ 2 nm), which will determine the surface sensitivity. Therefore, it allows the 

investigation of possible surface segregation; in any case, it needs to be taken into 

account that surface contamination can mask the actual measured composition. 

Nevertheless, the surface contamination signal, mainly carbon (C 1s core), does not 

overlap with film peaks, and the measured chemical composition is truly not-affected by 

this contamination. 

XPS measurements have been performed in as-grown couples of (001) and 

(110) films as well as in the very same samples after a soft Ar+ sputtering of their 

surface. With these simple experiments, the composition of the bare surface of these 

films is known besides their bulk composition. It has to be noted that the sputtering 

process can make amorphous some of the exposed film, and, more remarkable, it can 
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preferentially etch some of the atoms. These effects are not forgotten on the analysis as 

they can modify the actual composition of the sputtered films. 

To overview the composition of the bare surface of films, wide range energy 

spectra have been recorded from all samples, and we present in Figure 4.20 as an 

example the corresponding spectra for the 50 nm (001) and (110) films. The expected 

core levels (La 3d5/2, Mn 2p, Ca 2p and O 1s) are identified, as indicated on the figure. 

A significant C 1s core level, appearing at a binding energy of ~ 286 eV, is a signature 

of the detection of some carbon contamination, which is partly linked to the O 1s core 

spectrum. 
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Figure 4.20. XPS spectra from as-grown 50 nm LCMO surfaces. Spectra were recorded at 
room temperature using a non-monochromatic AlKα source. Core energies that afterwards are 
explored in detailed are marked on the graph. (110) spectrum has been shifted upwards to 
avoid the overlapping with the (001) spectrum. 

 

Detailed spectra at the energy range of some core levels were obtained at an 

energy step for each scan of 0.1 eV. In Figure 4.21 the spectra recorded from the C 1s 

core level for the as-grown surface (squares) of the 17 nm films are shown. As already 

observed in the general spectra of 50 nm films (Figure 4.20), carbon contamination is 
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present in the surface of as-grown films. In order to diminish this surface contamination, 

we etched the surface with an Ar+ beam (ions accelerated at 2 kV, incidence angle of 

60 deg, and attack of 3.5 min). We include in Figure 4.21 the resulting spectra after this 

treatment was performed (triangles). A relevant reduction of the carbon contamination 

is observed from the reduced intensity of the C 1s core level comparing the etched 

(triangles) and as-grown (squares) specra. We notice the existence of a low intensity 

peak appearing at ~ 288.5 eV in the as-grown spectra (squares), which can be linked to 

the existence of carbonates in the surface. In the Ar+ etched surface spectra, this peak 

still exists, although much weaker. In general, the Ar+ etching allows reducing 

importantly the overall carbon contamination, including the carbonates. 
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Figure 4.21. C 1s X-ray photoelectron emission spectra for 17 nm (001) and (110) films for the 
sample surface: (1) in the as-grown, and (2) after Ar+ etching at 2 kV during 3.5 min (60 deg 
incidence). Close symbols correspond to (001) films and open symbols to (110) films. 
Normalization was performed using the La 3d5/2 line. 

 

Turning to the study of the core level of other ions, in Figure 4.22 we present the 

La 3d5/2 (a), Mn 2p (b) and Ca 2p (c) spectra obtained from the 17 nm (001) and (110) 

films. We include the data recorded on the as-grown surfaces (squares) and after the Ar+ 

etching (triangles), being the (001) film data the close symbols and the (110) film data 

the open symbols.  
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Figure 4.22. (a) La 3d5/2, (b) Mn 2p and (c) Ca 2p X-ray photoelectron emission spectra for 
17 nm (001) and (110) films: (1) as-grown surface, and (2) after Ar+ etching at 2 kV during 
3.5 min (60 deg incidence). Close symbols correspond to (001) films and open symbols to 
(110) films. Normalization was performed using the La 3d5/2 line. 
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We start the analysis with the La 3d5/2 (a) spectra. For the (001) and (110) 

samples, the data from the La 3d5/2 spectra (Figure 4.22a) are almost coincident, and 

since we expect low changes in the electronic environment of the La3+ ions, we used the 

energy position of the La 3d5/2 peak as an internal energy reference in all the spectra. 

Therefore, in the analysis of Mn 2p and Ca 2p spectra, we consider La 3d5/2 as the 

energy and intensity reference for all surfaces. Within these considerations, the Mn 2p 

spectra (Figure 4.22b) of the as-grown surfaces indicate that the (001) and (110) 

surfaces are slightly different, observing higher signal for the (001) surface than for the 

(110) one. Upon Ar+ etching, the Mn 2p signal of the (001) surface decreases, 

approaching the corresponding signal of the (110) surface. In fact, the similarity of the 

Mn 2p signals of the (110) as-grown and etched surfaces discards the possibility of a 

preferential attack of the Ar+ ions. Turning to the inspection of Ca 2p core level (Figure 

4.22c), the intensity of the spectra from the (001) film is in all cases larger than that of 

the spectra from the (110) film. Thus, the Ca content (measured respect to the La one) is 

larger in the (001) surfaces than in the (110) ones. The Ar+ etching produces a decrease 

in the Ca 2p intensity from both (001) and (110) surfaces, thus a preferential attack of 

the Ca ions cannot be excluded. Within this scope, a relative Ca enrichment of the (001) 

surface is expected when compared to the (110) one. Similar results were found in the 

50 nm films (Figure 4.20) and in another pair of 17 nm films. 

An evaluation of the composition ratios [Ca]/[La], [Mn]/[La], [Mn]/[Ca], and 

[Mn]/([Ca]+[La]) has been performed in order to get a quantitative estimation of the 

surface composition, in addition to determine the possible occurrence of a surface 

chemical segregation. The evaluation method takes into account the relative sensitivity 

factors and the area of the photoemission peaks. The evaluated ratios, as well as the 

nominal ones, are summarized in Table 4.12. 

Exploring the data in Table 4.12, when comparing ratios of (001) and 

(110) surfaces after the Ar+ etching, both samples present a similar composition, 

matching reasonably well with the nominal values. In contrast, the surface composition 

of all as-grown samples differs from the nominal value. The most remarkable departure 

is observed in the (001) surface. The Ca content at the roughly first 2 nm of the film, as 

previously noted from direct observation of XPS spectra of Figure 4.22c, is found to 

exceed in a ~ 70 % the stoichiometric value (Table 4.12). In contrast, in the 

(110) surface, the Ca excess is only of ~ 30 %. In fact, the complex XPS quantification 

allows a reliable comparison between each pair of samples, although these results 
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partially lose their accuracy when studied independently. Indeed, since the layer 

removed by the Ar+ etching is thinner than the probing depth, the observed differences 

account to a very superficial layer, and they are in magnitude higher than that 

quantified. 

 

Table 4.12. Composition ratios (La, Ca, Mn) calculated from XPS measurements from the as-
grown and Ar+ etched surfaces of 17 nm (001) and (110) LCMO films. 

 
 [Ca]/[La] [Mn]/[La] [Mn]/[Ca] [Mn]/([La]+[Ca]) 

Nominal 0.50 1.50 3.00 1.00 

(001) as-grown 0.85 1.66 1.95 0.90 

(001) etched 0.50 1.57 3.11 1.04 

(110) as-grown 0.65 1.53 2.34 0.93 

(110) etched 0.47 1.55 3.31 1.06 

 
 

In the case of LCMO (001) and similar (001) manganite films grown on SrTiO3 

substrates, some previous studies exist on the topic of phase segregation. The results 

presented here are in agreement with reported works of Simon et al. [7], Choi et al. 

[14], Bertacco et al. [15], and Maurice et al. [1]. In the case of Simon [7], the 

characterization by secondary ion mass spectrometry and energy electron loss 

spectroscopy (EELS) of strained LCMO films on STO (001) substrates claimed for a 

non-stoichiometric chemical composition and a Ca segregation at the surface. Evidence 

of Ca segregation in LCMO (001) epitaxial was also found from XPS measurements 

[14]. Similarly, Bertacco et al. [15] found the presence of a Sr rich layer in strained 

(001) La2/3Sr1/3MnO3 thin films by means of XPS measurements. This observation of 

Sr rich layer at the surface of strained La2/3Sr1/3MnO3 by EELS had been also 

documented by Maurice et al. [1]. The experimental data presented here agrees in 

signaling Ca enrichment at the surface of the (001) films, but more remarkably, this Ca 

segregation is seen to be less pronounced in (110) surfaces. 

XAS experimental results 

Using X-ray absorption spectroscopy the chemical and electronic state of the 

atoms at the surface of the films can be investigated. As it happened with XPS 

measurements, a different energy range of the absorbed X-ray source beam has been 

established to allow the accurate study of Mn 2p and O 1s edges, and thus the ionic 
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environment of these ions in the film surface. The samples were as-grown 9 nm (001) 

and (110) films (see Table 4.13), being studied by room temperature XAS. 

 

Table 4.13. List of samples measured by XAS. 
 

Sample Substrate Sample Substrate 
Nominal 
thickness 

(nm) 
050929A1 STO(001) 050929B1 STO(110) 9 

  
First, in Figure 4.23, the Mn 2p spectra of (001) (a) and (110) (b) 9 nm films are 

plotted. The XAS measurements correspond to transitions from the Mn 2p level to 

unoccupied Mn 3d states.  
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Figure 4.23. Mn 2p X-ray absorption spectra of 9 nm LCMO films of (a) (110) and (b) (001) 
orientation. (c) Atomic multiplet calculation shown for comparison. 
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The splitting into 2p3/2 and 2p1/2 components (peaks in Figure 4.23) is due to the 

spin-orbit interaction. The Mn 2p XAS spectra are dominated by atomic multiplet and 

crystal field effects. The shape of the multiplet is directly related to the Mn 3d 

occupancy and the ground state symmetry. The spectra can be calculated [16] by the 

projection of the atomic multiplet in octahedral symmetry (the actual arrangement of O 

neighbors surrounding Mn sites is an octahedron), as it is described in Ref. [17][18]. 

The resulting simulated spectrum is plotted in Figure 4.23c. The Mn 2p XAS spectra of 

La2/3Ca1/3MnO3 can be calculated by appropriate combination (2/3:1/3) of the 

2p63dn → 2p53dn+1 transitions in LaMnO3 and CaMnO3. The ground state of the Mn3+ 

ion was t2g(3)eg(1) (5E) with a crystal field of 10 Dq = 2.4 eV. The ground state of the 

Mn4+ ion was t2g(3) (4A2) with a crystal field of 10 Dq = 2.1 eV. The Mn 2p calculated 

spectrum agrees reasonably well with the experimental spectra taking into account the 

neglect of lower symmetry effects. This result shows that the Mn 3d – O 2p bonding is 

not affected by the substrate orientation. Indeed, it suggests that the MnO6 octahedron is 

preserved as a series of building blocks in the films, at least within the limits of 

detection of XAS technique. It has to be stressed that the experimental XAS spectra of 

these films are similar to those of the related La0.6(0.8)Sr0.4(0.2)MnO3 compound [18]. The 

shape of the multiplet is completely different when Mn2+ ions are present (see for 

example the Mn2+ in LCMO films in Ref. [20]), thus it can be ruled out their absence in 

these films. The different shape of Mn3+/4+ and Mn2+ spectra can be observed inspecting 

Figure 4.24, where the experimental XAS spectra of La1-xSrxMnO4 samples (being x the 

doping level) (a) [18] clearly differ from the calculated spectra for Mn2+ ions (b) [19]. 

 
Figure 4.24. (a) Mn 2p XAS spectra obtained from La1-xSrxMnO3 samples  with different Sr 
content (x), from Ref. [18]. (b) Calcultated XAS spectra of Mn2+ ions, after Ref. [19]. 
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Figure 4.25 shows the O 1s XAS spectra of the same films studied previously. 

The spectra correspond to transitions from the O 1s level to unoccupied O 2p states. 
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Figure 4.25. O 1s X-ray absorption spectra of 9 nm LCMO films with (a) (110) (b) and (001) 
orientation. (c) Atomic multiplet calculation shown for comparison. 

 

The experimental oxygen spectra reflect, through hybridization, the different 

metal states in the conduction band. In particular, the structure at the threshold 

corresponds to O 2p character mixed with Mn 3d states. In Figure 4.25, the structure 

around 530–535 eV corresponds to the Mn 3d band region, the features about 540 eV 

are related to the Ca 3d / La 5d states, whereas the higher energy bumps can be 

attributed to the empty Mn 4sp bands. The overall shape of the spectra is similar to the 

O 1s XAS spectrum of the similar La0.6(0.8)Sr0.4(0.2)MnO3 compound [18]. As in the case 

of Mn 2p absorption, the XAS spectra can be calculated (Figure 4.25c) using the O 2p 

partial density of unoccupied states [21] and the mixing of LaMnO3 and CaMnO4 

contributions in a (2/3: 1/3) fraction. Remarkably, the O 1s spectra show differences in 

the Ca 3d - La 5d region, noticed at energies ~ 540 eV (Figure 4.25). This is probably 
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related to the different Ca-La termination in the (110) and (001) films, although 

differences in the Ca-La bonding at the LCMO/STO interface cannot be ruled out either. 

 

Summarizing all this section on the study of the chemical and electronic phase 

separation on (001) and (110) LCMO films, NMR and EELS experiments have 

provided clear evidences of the occurrence of phase separation as well as a cationic 

redistribution in (001) films. Indeed, due to the absence of electronic phase separation 

measured by NMR experiments in (110) films, they are expected to present rougher 

ferromagnetism than (001) films. In agreement with NMR results, EELS experiments 

show that in (001) films Mn ions tend to have a reduced oxidized state near the 

substrate interface and a cationic redistribution with Ca segregation towards the surface. 

On the other hand, homogeneous electronic and cationic environment is measured in 

(110) films. Besides, from XPS and XAS surface measurements, compositional and 

ionic differences are observed in (001) and (110) films simultaneously grown. With 

these techniques, it has been seen that both (001) and (110) films and their surfaces are 

compositionally different. The fact that no sign of anomalous Mn2+ was found ensures 

that Mn-ionic state is not reduced after air exposure, although large surface composition 

change is found to be related to a Ca enrichment in (001) films. 
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5 Magnetic properties and 

magnetotransport 

In this chapter, the magnetic properties of LCMO films measured by SQUID 

magnetometry will be firstly presented. It will be shown that magnetization saturation 

(MS) and Curie temperature (TC) of LCMO films grown on (001) and (110) STO 

substrates are profoundly sensitive to substrate orientation. An analysis of the possible 

sources of this dissimilar response has been carried out. In particular, the possible 

correlation of film strain state and TC using the magnetoelastic model [1] has been 

investigated. We signal that within this model the high depression of magnetic 

properties occurring in most strained films, (001) LCMO ones in this case, cannot be 

explained, and other sources of magnetic depression should be found. Knowing the well 

established tendency of manganite films to present dead layers and electronic phase 

separation, we use the compositional analysis of these (001) and (110) films (Ch4) and 

the mechanical and electronic characteristics of (001) and (110) planes (Ch1) to present 

a scenario that may explain the observed effects on the magnetic and electronic 

properties depending on the plane of growth. 

Substrate selection not only modifies the MS and TC of the films but also the 

magnetic anisotropy. More precisely, magnetic anisotropy is changed within the film 

plane. We studied the magnetic anisotropy of (001) and (110) LCMO films, firstly 

evaluating it by magnetometry. Our results indicate that the in-plane magnetic 

anisotropy is in both cases stress-controlled. In a more general approach, we present 
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clear evidences of the strong relevancy of the intrinsic elastic properties of the 

manganite films to define the in-plane magnetic anisotropy of manganite films. 

To end the chapter, we show the magnetotransport measurements carried out in 

(001) and (110) LCMO films. We signal the existence of a metal to insulator transition 

appearing at temperatures close to the TC of the films. We worked also with 

lithographed LCMO electrodes, with paths and contacts that allowed the measurement 

of the longitudinal and transverse voltage generated by the injected current. With these 

lithographed samples, the injected current direction was controlled by the track and thus 

it has been possible to tune the relative position of the applied magnetic field and the 

current by rotating the sample in the external field. The angular dependence of the 

longitudinal resistance [anisotropic magnetoresistance (AMR)] and of the transverse 

resistance [planar Hall effect (PHE)] were investigated. The AMR amplitude was 

observed to be highly sensitive to the plane of growth and to the current direction. We 

argue that these results may be induced by the different scattering events happening in 

the (001) and (110) planes. The PHE experiments clearly indicated the magnetic 

anisotropy of the films influences the shape of the PHE curves, and in the case of (110) 

films it was possible to model the in-plane uniaxial magnetic anisotropy 

5.1 Magnetometry 

The magnetic properties of LCMO were studied by SQUID magnetometry. 

Relevant characteristics of the ferromagnetic transition and hysteresis loops at low 

temperature on (001) and (110) samples are carefully studied. We have observed that 

(001) films present depressed magnetic properties compared to those of (110) ones. 

Taking into account the existing theoretical approach to correlate the Curie temperature 

of manganite films to the elastic deformation of the unit cell, we have evaluated the 

possible relevance of the strain into the TC of our films. From this analysis, we conclude 

that the applicability of this model is limited to the less strained films, (110) films in this 

case, and additional effects need to be considered to explain the high TC reduction in the 

case of more strained films, which are the (001) ones. 

Furthermore, from hysteresis loops measured with field applied along different 

direction, we have evaluated film magnetic anisotropy. For the in-plane anisotropy, both 

(001) and (110) films present a stress dependent magnetic anisotropy, being the easy 

axes defined by the more stressed direction. The symmetry of this magnetic anisotropy 

is quite different for (001) and (110) films: we observe a biaxial system for (001) films, 
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with easy [110] directions, and a uniaxial system for (110) films, with easy [001] 

directions. As expected for substrate-induced tensile strain and reduced dimensionality, 

out-of-plane direction is proved to be in both series of samples the hardest axis. The 

conclusions obtained from magnetometry measurements were confirmed by further 

ferromagnetic resonance (FMR) experiments carried in a pair of these (001) and (110) 

films. 

The process to distinguish the different contributions to magnetic energy and 

how to extract the values of the magnetic anisotropy constants is shown. This detailed 

analysis demonstrates that the elastic properties of (001) and (110) films direct their 

magnetic anisotropy. 

This section will be then structured in the following way: 

1. Presentation of general results on the magnetic properties in (001) and 

(110) films of a wide range of thickness. 

2. Analysis of the film Curie temperature on the framework of a 

magnetoelastic model that correlates the experimentally measured strain and TC. 

Completing the analysis with chemical and electronic studies shown in Ch4, we present 

a scenario which allow understanding the observed magnetic and electronic properties 

(001) and (110) film. 

3. Study of the magnetic anisotropy. 

The LCMO samples used in this section and the corresponding thickness are 

listed in Table 5.1. 

 

Table 5.1. List of LCMO samples used for this section. 
 

Sample Substrate Sample Substrate Thickness 
(nm) 

070704A STO(001) 070704B STO(110) 14 
180304AA STO(001) 180304BB STO(110) 17 
050929A3 STO(001) 050929B4 STO(110) 17 
240204A STO(001) 240204B STO(110) 43 
230204A STO(001) 230204B STO(110) 63 
290504A STO(001) 290504B STO(110) 80 
200204A STO(001) 200204B STO(110) 85 
270504A STO(001) 270504B STO(110) 93 
090704A STO(001) 090704B STO(110) 110 
050406A STO(001) 050406B STO(110) 150 

  

5.1.1 Experimental results 

Magnetization dependence on temperature of (001) and (110) samples of 

different thickness (t) was studied applying the magnetic field of 5 kOe in the sample 
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plane. The magnetization dependence on the applied magnetic field, also with the 

magnetic field applied in the sample plane, was measured at 10 K. 

First, the temperature dependence of the magnetization of each film of the series 

of simultaneously grown (001) and (110) films is presented in Figure 5.1. With these 

curves we can explore the film ferromagnetic transition. Some examples, corresponding 

to films of thickness t = 17 (squares), 43 (circles), 85 (up triangles), 110 (down 

triangles) and 150 nm (rhombi) are plotted in Figure 5.1, corresponding to (a) (001) 

films and to (b) (110) films.  
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Figure 5.1. Magnetization vs temperature measured at 5 kOe of (a) (001) and (b) (110) films of 
thicknesses 43 nm (triangles) and 85 nm (circles). Field was applied in plane along the [100] 
direction for the (001) films and along [001] one for the (110) films. [(b) and (d)] 
Magnetization vs magnetic field loops measured at 10 K for the (001) and (110) 17, 43 and 85 
nm films of [(a) and (c)], respectively. 

 

An inspection of Figure 5.1a immediately reveals that the magnetization of the 

(001) films displays a decrease of the magnetization and a lowering of the temperature 

onset of ferromagnetic behavior (TC) as t decreases. This trend has been reported earlier 

for (001) films of LCMO [2][3] and other R1-xAxMnO3 manganites [4][5] grown on 

different substrates. The same trend is displayed by (110)LCMO films (Figure 5.1c). 

However, there are relevant differences: for the (110) films compared to the (001) ones, 
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the decay of TC when reducing thickness is much less pronounced and the 

ferromagnetic transition occurs at higher temperature and the paramagnetic to 

ferromagnetic transition is sharper. These observations indicate that (110) films present 

improved magnetic properties. The deduction of the TC from these measurements is 

done by taking the value of temperature at which a linear fit of the highly slope curve 

intersects M = 0. The extracted TC values are included in Table 5.2, and for instance for 

the films with t = 43 nm, TC
001 = 176 K for the (001) film and TC

110 = 252 K for the 

(110) one. To monitor the different features of the ferromagnetic transition, in Figure 

5.2a we present a series of derivatives of the magnetization dependence of temperature 

curves, weighted by the TC of each film. 

0 50 100 150 200 250 300

-5

-4

-3

-2

-1

0

(110)
17, 43, 80, 150 nm

(b)

 

 

T C
dM

no
rm

/ d
T

T (K)

(a)

(001)
17, 43, 80, 150 nm

0 20 40 60 80 100 120 140 160

160

200

240 (110) 

(001) 

 

 

T m
in
 (K

)

Thickness (nm)

 
Figure 5.2. (a) Derivatives of the normalized magnetization (Mnorm) for a series of films of 
t = 17 (squares), 43 (circles), 80 (stars), and 150 nm (rhombi) as a function of temperature, 
calculated from magnetization dependence on temperature curves; the derivatives are weighted 
by the correspondent film TC [TCdMnorm/dT]. Solid symbols correspond to (001) films and 
open symbols to (110) ones. (b) Thickness dependence of the minimum of TCdMnorm/dT curves 
(Tmin) shown in (a). 
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The existence of a minimum in the curves depicted in Figure 5.2a is the 

signature of the ferromagnetic transition (negative slope in magnetization s temperature 

curves), and the abruptness of the transition can be characterized by the width of these 

derivatives curves. For a given thickness, the minimum position of the curves of (001) 

films differs from that of (110) ones, occurring at higher temperatures for the (110) 

films than for the (001) ones (approximately separated by ΔT ~ 80 K). In Figure 5.2b 

we plot the position of the minimum of the temperature dependence of the derivative 

curves (Tmin) as a function of film thickness. In all cases, (110) films present higher Tmin 

values than (001) ones. Besides, from the curves shown in Figure 5.2a, the wider 

derivatives curves for the (001) films signal that the magnetic transition is progressive 

in these films; however, the (110) films present much narrower derivative peaks 

indicating abrupt magnetic transition. 

 
Table 5.2. Experimental results on MS obtained from 10 K hysteresis loops and TC from 
magnetization vs temperature measured at 5 kOe (in both cases, magnetic fiel is applied in-
plane) for the series of thickness explored. Percentages from the MS and TC maximum values 
for each sample are also shown. 

 
(001) (110) 

Thickness 

(nm) 
MS 

(emu/cm3) 

MS/MS max 

(%) 

TC 

(K) 

TC/TC max 

(%) 

MS 

(emu/cm3) 

MS/MS max 

(%) 

TC 

(K) 

TC/TC max 

(%) 

14     375 63.45 248 90.18 

17 428 72.42 180 65.45 466 78.85 244 88.73 

43 477 80.71 176 64.00 544 92.05 252 91.64 

61 516 87.31 187 68.00 550 93.06 263 95.64 

80 560 94.75 210 76.36 588 99.49 266 96.73 

85 570 96.45 213 77.45 589 99.66 266 96.73 

93 570 96.45 218 79.27 591 100.00 267 97.09 

110 591 100.00 221 80.36 591 100.00 268 97.45 

150 580 98.14 230 83.64 591 100.00 275 100.00 

  
The low-temperature film magnetization as a function of magnetic field have 

been investigated, and we plot the experimental data from t = 17 nm (squares), 43 nm 

(circles), and 85 nm (up triangles) films of (001) and (110) orientation in Figure 5.1b 

and d, respectively. Lower saturation magnetization (MS) values are observed for the 

(001) films compared to those for the (110) films from the analysis of the magnetic 

hysteresis loops shown in Figure 5.1b and d at high field (typically at 20 kOe). Being 

the La2/3Ca1/3MnO3 bulk value 591 emu/cm3
,  we signal the closer to bulk MS values of 
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(110) films compared to those of (001) films, being for instance the MS values for the 

t = 43 nm films MS
110 = 544 emu/cm3 and MS

001 = 477 emu/cm3. 

20 40 60 80 100 120 140 160

350

400

450

500

550

600

(b)

(001)

(001)

(110)

 

M
S (e

m
u/

cm
3 )

Thickness (nm)

(110)

(a)180

200

220

240

260

280

 

 

 

T C
 (K

)

 
Figure 5.3. (a) Curie temperature and (b) saturation magnetization values of films from 17 nm 
to 150 nm thick. These values have been calculated from curves obtained in similar 
experimental conditions as those of curves shown in Figure 5.1. 

 

The differences in TC and MS were a priori unexpected since both films were 

grown simultaneously on substrates having the same lattice mismatch with LCMO. 

However, as it has been shown in Ch4, (001) and (110) films are in different strain 

states. This point will be discussed later. In Table 5.2 we present a summary of all the 

collected values of TC and MS of (001) and (110) films, as well as the ratio from the 
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corresponding maximum measured values of MS and TC, which corresponds to those of 

the 150 nm (110) film. 

We recall that the bulk values of La2/3Ca1/3MnO3 are TC ∼ 270 K and 

MS = 591 emu/cm3. The observed trend signals that (110) film magnetic properties are 

better than those of (001) ones for the whole range of explored thickness. A clear image 

of this behavior is given in Figure 5.3, where the TC and MS dependence on thickness 

for films with both orientations are shown. It has to be noted that MS values are 

influenced by a non-avoidable experimental error, as they depend on the thickness and 

area of each film. On the contrary, TC is determined more accurately since the same 

experimental conditions are set for the magnetization vs temperature measurements and 

similar procedure have been used to determine the TC. Remarkable differences of the TC 

values are observed for instance comparing the t = 43 and 63 nm (001) and (110) films 

(up to 28 %). 

 

In summary, the magnetic properties of LCMO films, and in concrete the 

saturation magnetization (MS) and Curie temperature (TC) are explored in (001) and 

(110) films from a wide range of thickness. Closer to bulk values are obtained in (110) 

samples, whereas depressed MS and TC as well as a gradual ferromagnetic transition is 

observed in (001) samples. 

 

5.1.2 Magnetoelastic model applied to LCMO films 

Now we recall the structural characterization of the films (presented in Ch4) to 

analyze the observed depletion of the (001) film properties compared to those of (110) 

ones. First, we summarize in short the reported scenarios as the causes of the depletion 

of magnetic properties of (001) films compared to those of the bulk.  

The commonly found depression of TC values in thin films [2][6][7] has been 

proposed by Millis [1] to be a consequence of the epitaxial strain of the lattice. 

Although some recent works [8] suggest that elastic strain could not be the only 

explanation, the model of Millis is still commonly accepted as a general rule. 

Early suggested by Millis et al. [1], film strain induced by the epitaxial growth 

has two distinguishable consequences: 

1. Similarly to what has been experimentally observed in bulk materials 

[9][10], a uniform compression (dilatation) of the manganite unit cell 
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would lead to a broadening (narrowing) of the conduction band, a 

reinforcement (weakening) of the Mn3+-Mn4+ electron transfer and a 

weakening (reinforcement) of the electron-phonon coupling thus leading 

to an increase (decrease) of TC. 

2. A biaxial distortion strengths the Jahn-Teller distortion and produces a 

subsequent increase of the splitting of the eg electron bands, eventually 

reinforcing a tendency to charge localization. 

As a consequence of these facts, the dependence of TC on substrate-induced strain can 

be written as [1]: 

))(()( 2

2
110 biBCC TT βεαεεε −−==    [5.1] 

where εB is the bulk strain and εbi is the biaxial strain.  

The expressions of εB and εbi as a function of the strain values for two 

orthogonal in-plane directions, ε11 and ε22, and for out-of-plane direction, ε33, are: 
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where the strain values εij (i = j, 1 ≤ i ≤ 3) are calculated using the 

experimentally determined interplanar distances (Ch4: Figure 4.11 and Table 4.6) and 

the corresponding bulk value along the studied [hkl] directions, and the expression 

εij = (dfilm
hkl - dbulk

hkl) / dbulk
hkl being [ij] ≡ [hkl]. In eq. 5.1, α = (1/TC) dTC/dεB is related 

to the unit-cell volume variations under strain (ΔV/V = 3 εB) and β accounts for the 

Jahn-Teller energy splitting. 

It follows from the eq. 5.1 that whereas the biaxial distortion always leads to a 

reduction of TC, this is not the case for the bulk contribution, which can be either 

positive or negative depending on the sign of ΔV/V under strain. Experimentally it has 

been found that in almost all the cases the TC of films grown on single crystalline 

substrates is lower than its corresponding bulk value, irrespectively on the sign of the 

in-plain strain. 

Assuming an elastic unit-cell deformation, the out-of-plane strain (ε33) is related 

to the in-plane strain (ε11, ε22) by the elastic constants of the lattice, and differs from 
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them depending on the particular orientation of the substrate. For a cubic substrate and a 

(001) plane, ε33 = ν /(1-ν) (ε11 + ε22) where ν is the Poisson ratio given by 

ν = c11 / (c11 + c12) being c11 and c12 the appropriate elastic constants [11]. When 

ν = 1/2, the unit cell volume is preserved under strain, otherwise it changes. 

In Ch4 (Figure 4.11) two different tendencies of the unit-cell volume of (001) 

and (110) films were shown. Recalling these data, most relevant observations are: 

(a) Both (001) and (110) films present higher volume value than that of bulk 

LCMO unit cell. 

(b) For t > 20 nm, (001) LCMO films are more strained than the (110) 

LCMO ones, being the corresponding (001) unit cell volume larger than that of (110) 

films: Vuc
001 > Vuc

110. Thus, unit cell volume is not preserved, and it also changes under 

strain, thus we can discard the possibility that a constant Poisson ratio is applicable for 

the LCMO films. 

Before presenting the dependencies of εbi on thickness, we need to comment on 

the measured anisotropic in-plane relaxation of interplanar distances in (110) films 

which contrast with the almost non-relaxed (001) films. In fact, (110) lattice relaxes 

faster along the [1-10] direction than along the [001] direction, and although the lattice 

mismatch (f) is identical for (001) and (110) planes of LCMO and STO, in-plane strains 

ε11 and ε22 are different since they are not only determined by the mismatch but also by 

the anisotropic elastic constants. The different atomic sequence along [001] and [1-10] 

directions anticipates different Young moduli (Y001 ≠ Y1-10) and thus structural 

relaxation must be in-plane anisotropic. In next section we will present the influence of 

these different elastic properties on the magnetic anisotropy of (001) and (110) films. 

Now, turning to the investigation of how the strain influences the TC of (001) 

and (110) films, we need to complement the already shown magnetic properties of films 

of 14 to 150 nm thickness, presented in Table 5.2 and Figure 5.3, with the strain values 

obtained from the structural characterization. The summary of the bulk strain (εB) and 

biaxial strain components [εbi(in) and εbi(out)] calculated using eq. 5.2 and eq. 5.3 is 

presented in Table 5.3. We plot the in-plane ε11 and ε22 and out-of-plane ε33 strain 

coefficients of (001) and (110) films, evaluated as the difference between interplanar 

distances for film and corresponding values for bulk samples. Table 5.3 shows the 

thickness dependences of the bulk (εB) and biaxial strains (εbi), calculated using eq. 5.2 

and eq. 5.3. To clearly observe the evolution of strain values with film thickness, we 
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plot together in Figure 5.4 the strain parameters ε11, ε22 and ε33 and the bulk (εB) and 

biaxial strains (εbi). 

 

Table 5.3. Calculated strain coefficients for (001) and (110) films used for the magnetoelastic 
model fit. They correspond to: bulk strain εB, in-plane biaxial strain [εbi(in)], out-of-plane 
biaxial strain [εbi(out)] and total biaxial strain εbi

2. 
 

(001) (110) 
Thickness 

(nm) 
εB 
(%) 

εbi(in) 
(%) 

εbi(out) 
(%) 

εB 
(%) 

εbi(in) 
(%) 

εbi(out) 
(%) 

14 0.393 0 -1.176 0.396 -0.076 -0.942 

17 0.344 0 -1.250 0.360 -0.123 -0.849 

43 0.317 0 -1.290 0.216 -0.238 -0.702 

63 0.317 0 -1.290 0.244 -0.139 -0.618 

80 0.312 0 -1.298 0.241 -0.136 -0.511 

85 0.328 0 -1.274 0.227 -0.142 -0.487 

90 0.333 0 -1.266 0.236 -0.129 -0.454 

110 0.339 0 -1.258 0.213 -0.086 -0.477 

150 0.315 0 -1.216 0.037 -0.081 -0.067 

 
 

To observe the influence of unit cell strain on TC, we recall eq. 5.1. In this 

expression, there is a term related to unit cell compression (dilatation) given by αεB(t). 

For a film under a (thickness dependent) bulk strain εB(t), the resulting stress is 

σΒ ≈ KεB(t), K being the bulk modulus elasticity [K = (1/3) (c11 + 2c12)]. Elastic 

constants of La0.67Ca0.33MnO3 were experimentally determined by So et al. [12], being 

c11 = 350 GPa and c44 = 150 GPa. Using as reference the SrTiO3 perovskite [13], it has 

been calculated the experimental ratio (c12/c11)STO = 0.322 and thus, applying this ratio 

to LCMO film elastic constants, c12 is c12 = (c12/c11)STO c11 = 113 GPa. These elastic 

constants lead to K = 192 GPa, and the resulting bulk stress on thinner films, εB ≈ 0.4 % 

(Table 5.3, ,Figure 5.4), amounts σΒ ≈ 1 GPa. The change of the unit cell volume 

associated to this compression should produce a change of TC comparable to what has 

been measured in experiments under hydrostatic pressure in LCMO crystals. From 

experiments performed on polycrystalline LCMO samples, dTC/dP ≈ 0.9 K/kbar [10]. 

Thus, substituting the dTC/dP and K value, we obtain 

 α = (1/TC) dTC/dεB = K (1/TC) dTC/dP ≈ 6.4. From experimental data in Figure 5.4b, 

the maximal εB occurring in the thinner films (εB = 0.4 %) will induce a reduction of 

only |ΔTC| ≈ 3 %. This low decrease on TC cannot be the only cause for the 
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experimentally measured TC reduction of up to a 35 %, already shown in Table 5.2. 

Thus, bulk strain is not enough to account for the observed thickness dependence of TC. 
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Figure 5.4. (a) Evaluated strains ε11, ε22 and ε33 as a function of thickness for the (001) and 
(110) films. They correspond for (001) (solid symbols) to crystallographic directions in (001) 
films are ε11 = ε100 = ε010 (up triangles) and ε33 = ε001 (rhombi) and in (110) films are ε11 = ε001 
(up triangles), ε22 = ε1-10 (down triangles) and ε33 = ε110 (rhombi).(b) For (001) (solid symbols) 
and (110) films (open symbols) they are displayed the bulk strain εB (squares) and in-plane 
(circles) and out-of plane biaxial strain (rhombi) as a function of film thickness. 

 

The biaxial strain effect on TC(t) is presented in Figure 5.5, where TC(150nm) is 

the Curie temperature of the 150 nm film and ε2
bi accounts for the total biaxial strain 

evaluated using eq. 5.3 for each film. Data appear concentrated around two strain 

regions, reflecting the fact that (110) films (circles) are under a much smaller biaxial 

strain than (001) ones (squares). Inspection of data in Figure 5.5 signals that for (110) 

films TC(t) / TC(150nm) is roughly linear on ε2
bi as predicted by eq. 5.1, thus suggesting 

that for (110) films elastic strain effects could be at the origin of the suppression of TC 

of (110) strained films. However, the data for most strained (001) films dramatically 
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differ from the linear behavior. In fact, data in Figure 5.5 indicate that the TC of (001) 

films changes without a significant variation of biaxial strain. In order to illustrate that 

the biaxial strain dependence of TC(t) / TC(150nm) is not greatly affected by the 

presence of the bulk strain contribution, in Figure 5.5 we include the experimental data 

once the bulk strain contribution is corrected (TC(t) / TC(150nm) + αεB) (open symbols). 

 
Figure 5.5. Dependence of the Curie temperature TC(t) / TC(150nm) (closed symbols) on the 
square of the biaxial strain (ε2

bi). Open symbols correspond to the TC(t) / TC(150 nm) after 
correction of the bulk strain contribution [TC(t) / TC(150 nm) + α·εB(t)]. 

 

From this analysis of the TC of (001) and (110) films within the magnetoelastic 

model, we conclude that the strong dependence of TC on thickness observed in the 

thinner (t < 85 nm) (001) films is not dominated by the elastic strain deformation of the 

manganite lattice. However, one can notice that the linear dependence of the 

TC(t) / TC(150nm) on ε2
bi for (110) films can be extrapolated to higher strain region 

(solid line in Figure 5.5). The extrapolated curve overlaps with experimental data for the 

less strained (001) films. A linear fit analysis of these data allows calculating β, which 

accounts for the JT splitting. In these extrapolation, the resulting value is β = 2.3·103 

(with a 5% error). This result is coherent with reported β values for different manganite 

films [8], being all of the same order of magnitude that the one presented here (∼1·103). 

 

In summary, the observed two strain regime in the TC(ε2
bi) indicates that two 

different mechanisms control the TC value: 
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(1) The elastic strain-induced deformation of the lattice and subsequent 

reduction of the hopping probability between 3d-eg orbitals, as predicted by the model 

of Millis et al. [1], dominate the TC(t) dependence of the films with biaxial strain of 

ε2
bi < 1.6 10-2. 

(2) A non-elastic mechanism, related to the occurrence of other effects, is 

more relevant for more strained films, typically the (001) ones. 

To build a macroscopic framework that may account for the experimental 

evidences of depressed TC and MS in (001) films compared to those of (110) films, we 

have analyzed our NMR, EELS and XPS results presented in Ch4 and we have 

considered the electronic and chemical information of these films that they revealed. 

Discussion on the electronic and chemical effects in LCMO films grown on (001) 

and (110) STO substrates 

Further keys to understand the role of the different orientation on the electronic 

and magnetic properties of (001) and (110) films are based on the experimental 

evidences found by NMR, EELS and XPS. We recall that not only the TC of (001) films 

suffer a much relevant decrease that cannot be understood within the magnetoelastic 

model, but also the overall magnetization of these films, and more precisely MS is found 

to be highly depressed (Figure 5.3, Table 5.2). 

Our experimental results on the electronic and chemical effects on (001) and 

(110) films can be summarized as follows: 

(a) Electronic phase separation has been clearly found to happen in the more 

strained (001) films, as extracted from NMR experiments: 

(1) Localized Mn4+(Mn3+) state is a clear indication of the presence of 

phase separated ferromagnetic insulator regions on (001) films. 

(2) A smaller fraction of ferromagnetic Mnm+ ions is found in (001) films 

compared to that in (110) films. 

(b) XPS experiments have revealed a relative surface enrichment by divalent 

alkaline Ca2+ in (001) films respect to (110) ones. 

(c) From EELS experiments, in (001) films is found that the electronic state 

of Mn is not homogeneous through the film, finding Mn3+ ions next to the film-substrate 

interface and Mn4+ ions next to the surface, whereas homogeneous mixed valent Mn3+/4+ 

state is found all through (110) films. 
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To understand the possible origins of the observed phase separation and their 

relation to strain, we separate our discussion into two different scenarios: (1) The 

coexistence of phases with orbital order, and subsequent electronic charge localization, 

with phases with orbital disorder. (2) Chemical segregation. 

(1) Coexistence of orbital ordered and disordered phases: About the 

relationship between strain and orbital ordering in manganite thin films, it has been 

reported that biaxial strain can trigger different orbital ordering such as 

antiferromagnetic A-type or antiferromagnetic C-type depending on the sign (tensile or 

compressive) of the strain [14]. In Figure 5.6a we show schematic views of these orbital 

ordered states [A-type in (ii) and C-type in (iii)] compared to that of the ferromagnetic 

state [F-type, (i)]. For the A-type magnetic order, the basal planes are ferromagnetic, 

and for the C-type one, the ferromagnertism is kept along the c-axis. 

 
Figure 5.6. (a) Calculated charge density distribution, indicating the magnetic orderings 
depending on the unit cell deformation, being a and c the in-plane and out-of-plane parameters, 
respectively: (i) ferromagnetic F-type (c/a = 1), (ii) antiferromagnetic A-type (c/a < 1), with 
ferromagnetism within the planes, (iii) antiferromagnetic C-type (c/a > 1), with 
ferromagnetism within the c-axis. (b) Phase diagram of La1-xSrxMnO3 showing the magnetic 
ordering as a function of the Sr doping x and of the unit cell c/a ratio. [(a) and (b)] are 
extracted from Ref. [15]. 

 

From Z. Fang et al. [15], tensile in-plane strain on a (001) film stabilizes the x2-

y2 orbital levels while the subsequent out-of-plane compression pushes up the z2 orbital 

level, thus favoring electron occupancy of the x2-y2 orbitals and eventually leading to A-

type orbital ordering. 
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To sketch the scenario under discussion, in Figure 5.7 the relevant orbitals for 

(001) and (110) films are shown, as well as the expected energy splitting of the eg 

orbitals under the tensile biaxial strain developed in the LCMO/STO system. 

Within this scenario, we can see in Figure 5.7a the relevant energy splitting 

happening in (001) orbitals under biaxial strain, as proposed by Fang et al. [15], with 

electron occupancy of the x2-y2 levels. 

 
Figure 5.7. Sketch of the orbital arrangement (top panel) and energy levels (bottom panel) of eg 
orbitals in tensile strained (001) (a) and (110) films (b). Mn-O bonds in the (001) case are 
elonganted along [100] and [010] directions and within the (001) plane, whereas in the (110) 
case Mn-O bonds along [1-10] direction are not contained in the (110) plane. For simplicity, at 
each Mn site it is shown only one of the eg orbitals and oxygen sites have been represented by 
crosses. 

 

The effect of the biaxial strain in the (110) film orbitals (Figure 5.7b) is much 

different. The (110) in-plane z2 orbital level becomes stabilized by the tensile epitaxial 

strain. On the other hand, the x2-y2 orbitals are influenced by both the unit cell 

deformation within the (110) plane and along the out-of-plane direction since in the 

plane the orbitals are elongated along the [100] and [010] directions. We consider that 

under this strain map, which is of different sign being positive in-plane and negative 

out-of-plane, the x2-y2 orbitals should be not significantly lifted in energy. Therefore, 

the energy splitting between z2 and x2-y2 orbitals in this case should be much smaller 
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than that occurring in the (001) films and thus the driving force towards 

antiferromagnetic orbital ordering should be reduced in (110) films. Consequently, the 

degenerated metallic and ferromagnetic orbital (F-type) ordering in (110) films should 

be more robust than in (001) films. This agrees with magnetization measurements and 

NMR and EELS experiments (Ch4). More explicitly, Fang et al. [15] showed that the 

tetragonal distortion of the La1-xSrxMnO3 lattice determines the magnetic ordering at a 

given x-doping. In Figure 5.6b we present the phase diagram of this manganite. For the 

x ~ 0.3 doping, the unit cell tetragonality, measured as the c/a ratio being c the 

parameter along the z2 orbital and a the parameter within the basal plane (see scheme in 

Figure 5.6a) determines the occurrence of ferromagnetic or A-type magnetic orders. 

To study the effect of the tetragonal deformation from the ideal ferromagnetic 

cubic environment, we include in Figure 5.8 the tetragonality τ (inset) and the variation 

of the tetragonality Δτ = |1-τ| of the (001) (close symbols) and (110) (open symbols) 

LCMO unit cell as a function of thickness. We have calculated τ from structural data  

(Ch4, Figure 4.11) and using: 
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Eq. 5.4 was used for the (001) films and eq. 5.5 for the (110) ones. The film 

tetragonality values τ001 and τ110 shown in the inset of Figure 5.8 differ from the 

expected ideal cubic F-type environment τ = 1 (dashed line). The deviation of τ001 and 

τ110 from the ideal FM value (Δτ = |1-τ|) is plotted against the film thickness in the main 

panel of Figure 5.8. Since for the (001) films larger values of Δτ are observed compared 

to those of (110) films, we suggest that the driving force towards the A-type ordering is 

stronger in the (001) films than in (110) ones. 

The coexistence of A-type and F-type phases, stronger in the (001) films, 

implies that the (001) ones cannot be longer viewed as homogeneous but rather as a 

composite of A and F nanoclusters. The broader ferromagnetic transition observed for 

(001) films compared to that of (110) ones (Figure 5.1a and c) may illustrate this phase 

separation phenomenon. 

So far, phase separation has been described and attributed to strain acting on the 

film. However, recently Brey [16] has shown that even in the absence of strain, at the 
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interface between an optimally doped (001) epitaxial manganite thin film and an 

insulator (for example, SrTiO3), there is a charge depletion that weakens the 

ferromagnetic double exchange coupling and thus the interface layers are unstable 

against antiferromagnetic correlations. 
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Figure 5.8. Main panel: Variation of the tetragonality (τ) of (001) (solid symbols) and (110) 
(open symbols) unit cell of LCMO films as a function of film thickness. Inset: Tetragonality of 
the same films. Dashed lines refer to the corresponding values for the undistorted unit cell. 

 

As shown in Ch1, terminating planes in (001) STO can be TiO2 and SrO, both 

being electrically neutral. In contrast, the (R1-xAx)O and (MnO2) layers of the upper 

growing manganite R1-xAxMnO3 are charged: +(1-x) and –(1-x), respectively. Therefore, 

it is clear that due to the build-in potential at interfaces, charge redistribution within the 

manganite layer may occur, modifying their properties. In contrast, (110) STO free 

surfaces (SrTiO and O2), are not neutral but charged: +4 and -4, respectively. However, 

in this case epitaxial stacking of a R1-xAxMnO3 oxide on the (110) STO substrate would 

not lead to any polarity difference as the growing layers (R1-xAxMnO and O2) are also 

polar (+4 and -4) for any doping level. Thus, even in the absence of strain effects, one 

could also foresee that (110)LCMO films are less prone to display charge separation 

effects. 
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Therefore, both strain and electrostatic effects reinforce antiferromagnetic orbital 

ordering, reducing the total ferromagnetic response, and thus the discrimination between 

both effects is ambiguous. However, electrostatic effects are expected to be confined 

within few unit cells close to the interface [16] rather than ~ 5 -10 nm deep as indicated 

by the NMR and EELS data (Ch4). We thus suggest that the electronic phase separation 

in (001) films is not confined to the film/substrate interface and other sources different 

from electrostatic effects needs to be called. 

(2) Chemical segregations: XPS experiments signal a relative surface 

enrichment by divalent alkaline Ca2+ in (001) films respect to (110) ones. Moreover, 

EELS measurements confirm the existence of Ca2+ segregation to the (001) surface, 

followed by the change in Mn electronic state, which does not occur in (110) films. As 

previously mentioned, some reports on Ca2+ substituted manganites [17][18] have 

shown that phase segregation can occur through the interchange of Ca2+ and La3+ sites, 

being found to cause a Ca2+-enrichment of LCMO surfaces [17]. The decrease of Ca-

contents in the bulk of (La1-xCax)MnO3 film and/or eventually at the film/substrate 

interface leads to an expansion of the unit cell due to the larger ionic radius of La3+ 

(≈ 1.16 Å) compared to that of Ca2+ (≈ 1.12 Å). Therefore, we could expect that the 

elastic energy required to accommodate lattice mismatch (tensile in the present case) 

can be reduced by compositional changes. In the present case, enrichment of the La/Ca 

ratio deep into the film is foreseen. This process would lead to Ca2+ enrichment at the 

film surface in agreement with our XPS measurements. A similar process would also be 

operative in La1-xSrxMnO3 thin films on STO substrates, which are also under tensile 

strain. In fact, as reported by Maurice et al. [7] and Bertacco et al. [18], the surface of 

La2/3Sr1/3MnO3 films on (001)STO were found to be Sr-rich. Simon et al. [17] reported 

a systematic EELS study of the interfaces in epitaxial films of La2/3Ca1/3MnO3 and 

La2/3Ba1/3MnO3 on (001) STO substrates, finding that the film-substrate interface is 

alkaline depleted in the case of films which are under tensile strain. 

One could thus speculate that a driving force for chemical phase separation is the 

reduction of the elastic energy imposed by the heteroepitaxial growth. As, in average, 

the films have the appropriate hole doping (x = 1/3) for optimal ferromagnetic 

properties, the strain-induced compositional changes can only produce a depression of 

them, eventually creating non-ferromagnetic regions. 

Before concluding, it is worth to comment on the remarkable observation that 

the unit cell parameters of thinner (001) and (110) films (Ch4: Figure 4.11) 
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anomalously increase when film thickness reduces below t ~ 20 nm. In low thickness 

LCMO films, de Andrés et al. [19] reported different crystal symmetry. Y. L. Qin et al. 

[20] also showed that thinner LCMO films on STO had a tetragonal symmetry instead 

of the orthorhombic observed in thicker ones. Our HRTEM images do not allow us to 

confirm that the same change of symmetry occurs in our thinner films, although the fact 

that a similar expansion of the unit cell was observed by de Andrés et al. [19] suggests 

that this symmetry change can be the cause. However, as the thinner (001) and (110) 

films present very different strain effects and TC’s, the change of symmetry can not be 

directly related to the magnetic properties of the ferromagnetic phase. We do not 

exclude that other defects can also promote the chemical or electronic inhomogeneities. 

Indeed, it has been previously shown that some other more trivial effects, such as the 

atomic quality of the surfaces of the underlying well-matching substrates (Sr2AlTaO6)1-

x(LaAlO3)x for (001) LCMO grown onto them, has a significant roll onto the strength of 

the substrate-induced phase separation [18]. However, the systematic variations of all 

structural and magnetic properties with thickness reported here in the LCMO/STO 

system indicate that those effects are not relevant in the present case. 

 

To conclude this discussion on the applicability of magnetoelastic model to 

(001) and (110) films grown on STO substrates we observe that systematically higher 

TC and MS of (110) films compared to those of (001) ones turned out to be caused by 

the different elastic constants. Thus, (110) films relax earlier than (001) ones and (110) 

films display a progressively reduced biaxial strain. The analysis of the dependence of 

the TC on the biaxial strain has revealed that the elastic deformation of the manganite 

lattice can describe the response of the less strained films –(110) ones- whereas other 

effects should be invoked to account for the properties of the most strained films–(001) 

ones. The existence of phase separation, likely triggered by orbital ordering, may 

account for both the lowering of TC and the higher concentration of non-ferromagnetic 

and non-metallic regions in the (001) films than in (110) ones. Our discussion on the 

possible sources of the depressed properties signals that both strain and charge depletion 

effects associated to polarity discontinuities at interfaces may reinforce 

antiferromagnetic orbital ordering. In the cases under study, different tetragonal 

deformations of the Mn octahedra are found for the (001) and (110) film unit cells. We 

suggest that the strain effects related to the tetragonal distortion of (001) and (110) unit 

cells determine film properties. Thus, for the less distorted (110) films, film properties, 
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and in particular the TC’s, can be understood in the framework of an elastic deformation 

of the unit cell. On the other hand, the more distorted (001) films cannot be described 

within the same model. Other effects, as chemical segregation, namely Ca-enrichment 

of the free surface of most strained films, are claimed to be possible mechanism of 

releasing elastic energy at the cost of depressing their magnetic properties. In any event, 

it is clear that (110) films and (110) interfaces of manganite epitaxial films are 

magnetically more robust. 

5.1.3 Magnetic anisotropy 

The magnetic anisotropy of manganite thin films has been widely studied by 

different groups for the identification of hard or easy axis magnetization and for its 

influence in domain wall arrangement, conductivity and optical properties [21][22]. The 

research, mainly in Ca and Sr-doped manganite films, has been focused in 

understanding the magnetic anisotropy of (001)-oriented films [25][26][27][28][29]. 

Special interest has been addressed to the role of substrate-induced strain on the 

magnetic anisotropy, and some of the cited articles compare films grown on different 

substrates. Nevertheless, there has not been achieved a conclusive answer to which the 

dominating source is. 

To understand the phenomena underlying magnetic anisotropy of thin films, it is 

necessary to recall its sources. In fact, magnetic anisotropy is determined by the balance 

of intrinsic magnetocrystalline anisotropy, and magnetoelastic and magnetostatic 

energies. The former is usually considered to be less relevant than the later, as in 

manganites the orbital momentum of 3d Mn ions is quenched by the crystal field. In 

thin films, the substrate-induced lattice distortions and shape effects are thus most 

commonly directing the magnetic anisotropy. Manganite films are commonly grown on 

(001)-oriented cubic substrates that induce a tetragonal distortion of the unit cell 

depending on the lattice mismatch between the manganite and the substrate. The 

deformation of the unit cell causes a change of the Mn-Mn distances, and consequently 

the ferromagnetic properties of the material may change, including the magnetic 

anisotropy. Manganite films grown under tensile strain depict easy magnetic (001) 

plane and those grown under compressive strain, easy magnetic [001] axis [23]. In 

manganites, the magnetization lays preferentially along the elongated dimensions, 

signaled by the measured positive magnetostriction λ of these materials. 
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Magnetic anisotropy of LCMO films grown on (001) SrTiO3 (STO) substrates, 

being tensile strained (nominal mismatch of ~ 1 %), has been studied by different 

groups [24][25], finding somehow contradictory results. Whereas for Nath et al. [24] 

the in-plane magnetization of (001) LCMO films has its easy axis along the [110] 

directions, O’Donnell et al. [25] conclude that the films are biaxial with the easy axis 

along [100] axes. Although both groups attributed the magnetic anisotropy to the 

substrate-induced strain, they do not agree on the easy axes identification. Reports on 

magnetic anisotropy of La2/3Sr1/3MnO3 (LSMO) films grown on (001) STO substrates 

face similar difficulties [26][27]. Whereas Berndt et al. [26] find in-plane [100] easy 

axes and relate them to be strain-induced, Steenbeck and Hiergeist [27] signal that the 

[110] easy axes arise from intrinsic magnetocrystalline anisotropy. We notice that for 

LSMO films on STO the lattice mismatch is much lower (~ 0.3 %) and thus the strain of 

LSMO epitaxial films is much lower than that of LCMO ones. Furthermore, in these 

works, strain values (ε) are most commonly evaluated from the measurement of the out-

of-plane unit cell parameter and supposing that in-plane parameters can be deduced 

using a fixed Poisson ratio. Concerning the elastic constants of the film unit cell, Young 

moduli of the manganite unit cell are obtained ad hoc from measurements carried on 

single crystals [30] or from other perovskites [31]. 

Aiming to disclose the source of low-temperature magnetic anisotropy in 

manganite films, we address this issue by first determining the thickness-dependent 

strain effects on our LCMO films simultaneously grown on (110) and (001) STO 

substrates. The magnetic anisotropy of a series of films of thicknesses between 17 and 

85 nm has been studied, mainly by means of magnetic hysteresis loops, measured in a 

SQUID magnetometer, with the magnetic field applied either in-plane or out-of-plane. 

Also, ferromagnetic resonance technique (FMR) has been used to confirm the observed 

magnetic anisotropy. The detailed structural characterization (Ch4) allows us 

determining the unit cell parameters of (110) and (001) films of different thickness. 

Starting with (110) films, we prove that the magnetoelastic anisotropy arising from the 

different stress along the two in-plane orthogonal directions [001] and [1-10], which is 

driven by the different substrate-induced strain, dominates (110) film magnetic 

anisotropy. Learning from (110) film analysis the relevance of magnetoelastic effects, 

we apply the same methodology to the study of the magnetic anisotropy of (001) films. 

Substrate symmetry dictates a biaxial in-plain response, but remarkably enough, the 

easy axis is [110]. We suggest that these results spread out from the already observed 
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differences on the relative weight of substrate-induced strain anisotropy and intrinsic 

elastic properties (Young moduli) in (110) and (001) and films. Whereas the former 

dominates the in-plane magnetic anisotropy in (110) LCMO films, the later determines 

that of (001) LCMO ones. 

(110) films: thickness dependent magnetoelastic energy 

We will start studying the strain state of (110) films as a function of thickness. 

The strain values were calculated from the structural parameters (Ch4, Figure 4.11 and 

Table 4.6) as previously described in this chapter. The dependence of these strain values 

as a function of film thickness is shown in Figure 5.4a. As we work here only with 

(110) films, we will directly refer to the [hkl] direction associated to the inspected 

directions (in-plane ε001 and ε1-10 strains and out-of-plane ε110). 

A summary of the in-plane strain values along the two orthogonal directions 

[001] and [1-10] is found in Table 5.4. 

 

Table 5.4. Strain values (εhkl) of (110) films and corresponding magnetization saturation values 
(MS) measured at 10 K. 

 
Thickness 

(nm) 

ε001 

(%) 

ε1-10 

(%) 

ε110 

(%) 

MS 

(emu/cm3) 

17 0.971 0.726 -0.849 466 

43 0.843 0.367 -0.797 544 

80 0.640 0.367 -0.517 588 

85 0.615 0.332 -0.499 589 

 
 

An inspection of the ε001 and ε1-10 values in Table 5.4 indicates that for any given 

thickness (t) the strain in the (110) plane is anisotropic since ε001 ≠ ε1-10. Moreover, 

when looking at the thickness dependency of these strain values, we observe an 

evolution from higher to lower values, which is a signature of unit cell relaxation when 

increasing film thickness. Interestingly enough, when comparing strain values from 

films of different thickness (for instance, t1 =17 nm and t2 = 43 nm) it turns out that the 

relative change of strain is different along [001] and [1-10] directions [(ε001(t1)-

ε001(t2))/ε001(t1) = 12 % whereas (ε1-10(t1)-ε1-10(t2))/ε1-10(t1) = 45 %]. On the other hand, 

the out-of-plane lattice parameter is compressed for all samples and thus the sign of 

[110] strain ε110 is negative (Table 5.4). 
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From the data shown in Figure 5.9, a clear image of the magnetic anisotropy of 

the (110) films can be obtained. 
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Figure 5.9. Normalized magnetization vs magnetic field loops measured at 10 K for (a) the 43 
nm (110) film and (b) the 85 nm (110) films. Applied magnetic directions are in-plane [001] 
(squares) and [1-10] (circles) ones and out-of-plane [110] (triangles) one. 

 

In Figure 5.9, the magnetic hysteresis loops of 43 nm (a) and 85 nm (b) thick  

films measured with the magnetic field applied parallel to in-plane [001] and [1-10] and 

along the out-of-plane [110] directions are included. High fields are necessary to 

saturate the films along the out-of-plane [110] direction, being this direction is a hard 

magnetic axis. Along the out-of-plane direction, the magnetic anisotropy is determined 

by the contraction of the unit cell parameter (ε110 < 0) that leads to a hard axis, and film 

shape effects [caused by the shorter out-of-plane dimension (film thickness)] are added 

to make this direction magnetically harder. As a result, the magnetization vector lies 

within in the (110) plane and the (110) plane is the easy magnetic plane. With the 

applied magnetic field along the in-plane [001] and [1-10] directions, for both films a 

square loop is recorded when magnetic field is applied parallel to [001] direction 

(squares) and a linear magnetization dependence on field when field is applied parallel 

to [1-10] direction (circles). These observations signal a uniaxial hard magnetic axis 

along [1-10] direction and an easy magnetic one along [001] direction. Indeed, the 
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comparison of magnetization loops of films of different thicknesses (Figure 5.9, 

t = 43 and 85 nm), we note that the hardness of the hard axis loops and the coercitivity 

of the easy axis loops are reduced values when increasing thickness. 

To confirm the magnetic anisotropy observed by magnetometry, we performed 

ferromagnetic resonance (FMR) experiments on the 43 nm (110) film. These 

experiments were performed and analyzed by A. Brandlmaier and Dr. S. T. B. 

Goennenwein at the Walther-Meißner-Institut. In the FMR setup, we apply a static field 

that we can vary in position. We refer the in-plane θ and Θ angles to the [1-10] 

direction, where θ indicates the applied magnetic field position and Θ the magnetization 

vector position. The out-of-plane angles φ and Φ indicate the position of the applied 

magnetic field and magnetization vector, respectively, and they are referred to the [110] 

direction. A sketch of the angular relationship to the crystal axes is shown in Figure 

5.10. 
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[1-10]

[001]

[110]

[1-10]

[001]

 
Figure 5.10. Sketch of the angular arrangement in the FMR experiment in the (110) film. 

 

In Figure 5.11a and c we present the FMR spectra obtained for two different 

field-sample configurations: rotating the field out of the sample plane (θ is fixed and we 

vary φ, so–called out-of-plane configuration) or rotating the field within the sample 

plane (φ = 90 deg and we vary θ, so-called in-plane configuration). The FMR absorption 

along each direction appears as a peak-dip structure. The series of spectra have been 

shifted arbitrarily for clarity. We focus first in the analysis of FMR spectra obtained in 

the out-of-plane angular configuration (Figure 5.11a). For the range of applied magnetic 

field in this experiment (up to 10 kOe), the peak dip structures are only obtained when 

the magnetic field is applied parallel to the sample plane. In this case, the in-plane 

resonance has been measured along the in-plane [1-10] direction, and it is possible to 

apply the necessary field to achieve the resonance, so-called resonance field Hres. The 

flat spectra obtained for applied magnetic field parallel to the out-of-plane [110] 

direction signal that [110] direction is a hard magnetic axis. A clear image of the (110) 
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out-of-plane magnetic anisotropy is seen in Figure 5.11a, where the resonant field is 

plotted vs theθ angle. Along the [110] out-of-plane direction, it is not possible to 

achieve the necessary Hres to saturate the sample within the range of possible applied 

magnetic field. 
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Figure 5.11. FMR measurements on 43 nm (110) film. Angular reference θ=0 is placed 
parallel to [1-10] direction. [(a) and (c)]: FMR spectra recorded with applied magnetic field 
varying (a) from in-plane [1-10] direction towards out-of-plane [110] direction and (c) in-plane 
of the sample, from [1-10] direction towards [001] one and back. [(b) and (d)]: Resonance field 
Hres for the different applied magnetic field orientation, being (b) for out-of-plane 
configuration and (d) for the in-plane configuration. 
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Now turning to the in-plane configuration, we notice that the FMR spectra 

shown in Figure 5.11c present peak-dip structures at different in-plane positions. 

Referred the in-plane angular position to the [1-10] direction, we observe an evolution 

of the resonances while changing the applied magnetic field from being parallel to [1-

10] direction towards [001] one. As also shown in Figure 5.11d, the necessary Hres 

along [1-10] direction, is much higher than along [001] direction. From the dependence 

of Hres on the applied direction we deduce that a hard magnetic axis is found along [1-

10] direction. 

In order to extract the relevant magnetic parameters from the FMR data, the 

angular dependence of the resonant field Hres has been calculated by using the 

expression of the free energy (Ftot) of the system: 
[110]

effu,
10]-[1

u FFFFF cubZeeman +++= 110110110     [5.6] 

[ ])(sinsin)(sinc1 ΦΘΘ 22 242
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effu, effuKF =      [5.9] 

Magnetostastic energy (F110
Zeeman) is a constant value added to the total free 

energy. F110
cub accounts for the magnetocristallyne anisotropy energy term and F[1-10]

me 

refers to the magnetoelastic energy, taking as angular origin the in-plane [1-10] 

direction. The uniaxial out-of-plane anisotropy F[110]
u,eff includes the contribution from 

the shape effect and a possible magnetoelastic source applicable to the [110] direction. 

As both anisotropy present the same angular dependence, we can reduce them to one 

expression, obtaining a constant K[110]
u,eff that unifies both contributions. 

In the analysis of FMR data, the fitting procedure is based in the minimization of 

the free energy (F110) for the given angles and for each configuration. The parameters  

that can be fitted are the magnetic anisotropy constants: K110
c1 (magnetocrystalline), 

Kme
u (magnetoelastic) and K110

u,eff (effective uniaxial out-of-plane). The minimization 

of F110 is subjected to equilibrium conditions for the saturated magnetization vector, 

described by: 

0
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The simulation curves of Figure 5.11b and d (solid lines) have been calculated 

from eqs. 5.6-5.9 and 5.10, and using experimental value of saturation magnetization 

MS = 544 emu/cm3. Best simulations are those included in Figure 5.11b and d and the 
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correspond fitting values of magnetic anisotropy constants are: for the 

magnetocrystalline one Kc1 = - 6.53·105 erg/cm3, for the magnetoelastic one 

Kme
u = 8.81·105 erg/cm3 and for the effective uniaxial out-of-plane one 

K110
u,eff = 2.45·106 erg/cm3. 
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Figure 5.12. For the 43 nm (110) film, simulation of the total free energy F110 within the 
sample plane and in the absence of external magnetic field. The parameters used have been 
those extracted from simulations in Figure 5.11. Easy axis corresponds to [001] direction and 
hard axis to [1-10] direction. 

 

Using the values extracted from the best simulations, we study in detail the 

magnetic anisotropy of within the (110) plane. We have simulated the angular 

dependence of F110 in the absence of magnetic field. The resulting curves are plotted in 

Figure 5.12. As already obtained from hysteresis loops ones (Figure 5.9), higher F110 

occurs for magnetization parallel to the [1-10] direction, which indicates that this 

direction is a hard magnetic axis, and lower F110 values are found to happen for 

magnetization parallel to [001] direction, being an easy magnetic axis. Thus, uniaxial 

in-plane magnetic anisotropy in (110) films is confirmed. 

In order to disclose the sources of the observed in-plane magnetic anisotropy we 

have extracted the magnetic anisotropy energies (Ehyst
hkl) from the measured hysteresis 

loops and compared them to the expected magnetoelastic energies (Eme
hkl) for these 

films. To obtain Ehyst
hkl  we have calculated the work along the [hkl] direction done by 

the magnetic field (Hhkl) when the magnetization vector M changes from its saturation 

(MS) to its remnant value (Mrem): 
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with Hmax as the maximum field applied in the measurement. The resulting 

values are summarized in Table 5.4 and shown in Figure 5.13. As expected from the 

hardness of [1-10] loops, for a given thickness, the magnetic energy Ehyst
1-10 is larger 

than Ehyst
001. The in-plane uniaxial magnetic anisotropy of these films, characterized by 

a uniaxial magnetic anisotropy constant (Khyst
u), is then calculated using the energy 

difference from the obtained values along these directions: Ku = Ehyst
1-10 - Ehyst

001. The 

progressive decrease of Khkl
u upon increasing thickness signals that the lattice relaxation 

accompanies the magnetic anisotropy. 

The evaluation of magnetoelastic energy Eme
hkl has been performed using [32b]: 

001001001 2
3 σλ−=meE      [5.12] 

101111101101101 4
3

4
3

−−−− −−= σλσλmeE    [5.13] 

where λ001 and λ1-10 account for the magnetostriction along [001] and [1-10] 

directions, respectively. As shown by eqs. 5.12 and 5.13, the Eme
hkl contributions 

depend on the epitaxial stress σ, defined in a general form by the Young modulus Y of 

the material and the strain ε: σ = Y·ε. Along the different in-plane [hkl] directions, both 

the Young modulus and the strain ε may change, and thus we consequently evaluate the 

stress σhkl as: σhkl = Yhkl·εhkl, being [hkl] in the (110) films the in-plane [001] and [1-10]. 

In the case under study (LCMO/STO system) the in-plane strain is positive (ε > 0) for 

both in-plane directions, and thus the stress is also a positive magnitude (σ > 0). All the 

products of σ and ε are positive, and following eqs. 5.12 and 5.13 the final 

magnetoelastic energy sign will be determined by the magnetostriction λ. As λ is 

positive for manganites [23][33], the lower magnetoelastic energy (being Eme
hkl < 0, it 

means the higher absolute value of Eme
hkl) is expected to be found when magnetization 

is parallel to lengthened directions. For the evaluation of Eme
hkl, we use the 

magnetostriction value from thin LCMO films [33] (λ001 = 5.5·10-5), and we assume λ1-

10 = λ001 = λ111. The stress σhkl is evaluated using the strain values εhkl from Table 5.4 

and the corresponding Young moduli (Yhkl) which have been calculated using 

expressions from Ref. [34] and with the experimental values of Ref. [35], as explained 
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in detail in this chapter. Final values of Young moduli are Y001 = 396 GPa and Y1-

10 = 414 GPa The resulting Eme
hkl values are shown in Table 5.5 and in Figure 5.13. 
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Figure 5.13. Experimental Ehyst values (solid symbols) along [1-10] (circles) or [001] 
(triangles) directions and calculated Eme values (open symbols) for [1-10] (circles) and [001] 
(triangles) directions as a function of film thickness. 

 

Inspecting Figure 5.13, we notice that the pure experimental energies Ehyst
hkl and 

the evaluated magnetoelastic energies Eme
hkl are thickness dependence, as expected as 

the saturation magnetization MS, the shape of the hysteresis loops and the strain values 

depend on the film thickness. The magnitude of the uniaxial in-plane magnetoelastic 

anisotropy has been determined by calculating its corresponding constant (Kme
u) from 

Kme
u = Eme

1-10 – Eme
001 for each film. Comparing the Kme

u values, for instance the 

corresponding values for the 43 nm and 85 nm films are Kme
u(43 nm) > Kme

u(85 nm), 

being for the 43 nm film Kme
u(43 nm) = 10.35·105 erg/cm3. Comparing the dependence 

of Khyst
u and Kme

u on film thickness (Table 5.5) we observe a similar evolution of both 

anisotropy constants. We note that all Khyst
u and Kme

u values are of the same order of 

magnitude (~ 106 erg/cm3) and they are much stronger for the more strained thinner 

films. Although the anisotropy constant values obtained from the FMR measurements 

are not strictly comparable to those extracted from the hysteresis loops, we observe that 

the magnetoelastic constant is of the same order (~ 106 erg/cm3). These two sets 

experiments, magnetometry and FMR experiments, are characterized by working in 
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different time scales, with the former working with a quasi-static magnetization vector 

compared to the latter, which works a very short time scale. Thus, we suggest that due 

to this different methodological approach, the absolute value Kme
u cannot be directly 

compared between both methods. 

 

Table 5.5. For (110) films of different thickness, evaluated in-plane magnetoelastic energies 
(Eme

hkl), magnetoelastic energy constant (Kme
u), measured in-plane magnetic anisotropy 

energies (Ehyst
hkl) and uniaxial magnetic anisotropy constant (Khyst

u) are also shown. 
 

Thickness 

(nm) 

Eme
001 

(105 erg/cm3) 

Eme
1-10 

(105 erg/cm3) 

Kme
u 

(105 erg/cm3) 

Ehyst
001 

(105 erg/cm3) 

Ehyst
1-10 

(105 erg/cm3) 

Khyst
u 

(105 erg/cm3) 

17 -31.72 -24.78 6.93 3.03 13.14 10.11 

43 -27.55 -12.55 15.00 0.53 10.88 10.35 

80 -20.91 -12.55 8.36 0.01 9.10 9.09 

85 -20.08 -11.33 8.75 1.57 8.23 6.65 

 
 

Up to this point, only magnetoelastic effects have been analyzed and no 

comment has been directed to the possible contribution of magnetocrystalline energy. 

We remark two important general points: (i) we notice that the magnetocrystalline 

anisotropy is independent of film thickness, (ii) magnetoelastic energy, linked to strain 

state of these films, depends on film thickness. Observing the evolution of the magnetic 

anisotropy on thickness (Figure 5.13), we conclude that the magnetoelastic energy 

dominates the magnetic anisotropy of (110) LCMO films. 

(001) films: constant magnetoelastic energy 

Using the structural characterization of the series of (001) films studied in this 

section (unit cell parameters shown in Figure 4.11 in Ch4), we present a summary of the 

film strain values εhkl (being [hkl] the crystallographic direction) in Table 5.6. In the 

(001) case, the in-plane unit cell parameters of the films and the substrate completely 

match, and no evolution as a function of thickness is observed (see Figure 5.4). 

Moreover, the strain along [100] and [110] in-plane directions is equal (ε100 = ε110), 

meaning that the biaxial tensile strain drives the unit cell to be isotropically deformed in 

the (001) plane. The out-of-plane lattice parameter is compressed for all samples, and 

thus the sign of strain along [001] direction is negative (ε001 < 0) as it happens with the 

corresponding out-of-plane strain value of (110) films (Table 5.4). 
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Table 5.6. Strain values (εhkl) of (001) films and corresponding magnetization saturation values 
(MS) measured at 10 K.  

 
Thickness 

(nm) 

ε100=ε010 

(%) 

ε001 

(%) 

MS 

(emu/cm3) 

17 1.099 -1.399 428 

43 1.099 -1.480 477 

80 1.099 -1.496 560 

85 1.099 -1.447 570 

 
 

Magnetic hysteresis loops of 43 and 85 nm (001) films are plotted in Figure 

5.14. Magnetic field was applied along in-plane [100] and [110] directions and along 

out-of-plane [001] one. Out-of-plane hysteresis loops (triangles) present a clear linear 

dependence on the applied field and thus [001] direction can be considered as a 

magnetic hard axis. As in the case of (110) films, shape effect and the fact that along the 

out-of-plane direction ε110 < 0 affect the magnetic anisotropy of (001) films, making the 

magnetization vector to rest within the (001) plane. The existence of a hard [001] axis 

signals the appearance of a uniaxial out-of-plane anisotropy with easy (001) plane. 
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Figure 5.14. Normalized magnetization vs magnetic field loops measured at 10 K for (a) the 43 
nm (001) film (b) and 85 nm (001) films. Applied magnetic directions are in-plane [110] 
(squares) and [100] (circles) ones and out-of-plane [100] (triangles) one. Inset: Sketch of the 
crystallographic directions with respect to film plane. 
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Focusing in the (001) in-plane hysteresis loops in Figure 5.14, we observe that 

the shape of loops along [110] (squares) and [100] (circles) directions is different. The 

remnant magnetization (Mrem) is larger along [110] than along [100] one. Furthermore, 

looking at the high field values, along [100] direction the saturation is achieved at a 

higher field than for [110] direction. To clarify the angular separation of the easy axes 

and thus determine the symmetry of the in-plane anisotropy, magnetization vs field 

curves have been measured with the applied field parallel to different directions. In 

Figure 5.15, the normalized curves for two 17 nm (001) films show easy [110] (up 

triangles) and [1-10] (squares) axes and hard [100] (circles) and [010] (down triangles), 

being the remnant magnetization along hard axis a 25 % lower than along the easy axes 

lower. Thus, four-fold magnetic anisotropy in the (001) plane is deduced, and also these 

experiments confirm that the observed magnetic anisotropy is intrinsic to the film rather 

than due to substrate-induced morphologic effects, as reported by Mattews et al. [36]. 

We conclude that in (001) films, [100] directions are clearly hard axes whereas those 

parallel to [110] directions are easy axes. 
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Figure 5.15. Normalized magnetization vs magnetic field loops measured at 10 K from two 
17 nm (001) films (a) 050929A4 and (b) 050929A3. Magnetic field was applied in-plane of the 
samples and parallel to different directions separated by 45 deg: [1-10] (squares), [100] 
(circles), [110] (up triangles) and [010] (down triangles). 

 

The magnetic anisotropy of (001) films has also been investigated by FMR 

experiments. A sketch of the angular relationship to the crystal axes in the (001) film is 

shown in Figure 5.16. shows the recorded FMR spectra of the 43 nm (001) sample. Out-
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of-plane angles φ and Φ are referred to [001] direction, indicating the position of the 

applied magnetic field and magnetization vector, respectively. 
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Figure 5.16. Sketch of the angular arrangement for the FMR measurement in the (001) film. 

 

For clarity, the FMR spectra obtained for different applied field positions are 

arbitrarily shifted along the y-axis. In Figure 5.17 we include the data from the out-of-

plane (a and b) and in-plane (c and d) configurations. Inspecting first the out-of-plane 

angular configuration spectra (Figure 5.17a), similarly to the (110) case, the range of 

applied magnetic field is not enough to saturate the sample when field is parallel to the 

out-of-plane direction, in this case [001] one. The only peak-dip structure, with a 

measurable value of resonance field Hres, observed appears when magnetic field is 

applied parallel to the plane, which under the used experimental conditions is the [010] 

direction. In Figure 5.17b, the dependence of Hres on the out-of-plane angle signals the 

divergence occurring near the [001] direction, which signals that [001] direction is a 

hard magnetic axis in the (001) sample. 

Studying the in-plane configuration spectra (Figure 5.17c), we observe relevant 

differences with respect to the previously analyzed (110) ones (Figure 5.11c). In the 

(001) case, necessary Hres are lower than those of the (110) case. Moreover, the peak-

dip structures present two main values of Hres, being the Hres value higher along [010] 

direction than along [110] direction. Figure 5.17d summarizes the dependence of Hres on 

the applied direction obtained from these FMR experiments. 

To simulate the FMR data the total free energy F001 expressions are used but 

being adapted for the (001) plane and the corresponding expressions are: 
[001]

effu,
[010]

u
001001001 FFFFF cubZeeman +++=     [5.14] 

[ ])2(sinsin)2(sin 242
c14

1010 ΦΘ+Θ= KF
cub

   [5.15] 

ΦΘ= 22me
u

]010[ sinsinKFu      [5.16] 

ΦΘ= 22]001[
,

[001]
effu, cossineffuKF      [5.17] 
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Figure 5.17. FMR measurements on 43 nm (001) film. Angular reference θ=0 is placed 
parallel to [010] direction. [(a) and (c)]: FMR spectra recorded with applied magnetic field 
varying (a) from in-plane [010] direction towards out-of-plane [001] direction and (c) in-plane 
of the sample, from [010] direction towards [110] one. [(b) and (d)]: Resonance field Hres for 
the different applied magnetic field orientation, being (b) for out-of-plane configuration and 
(d) for the in-plane configuration. 

 

The simulation minimizes F001 following the equilibrium conditions of eq. 5.8. 

The terms in eqs. 5.14-5,17 have similar meanings than those on eqs. 5.6-5.9. The final 

simulation curves for both the out-of-plane and in-plane configuration are shown 

together with the acquired data in Figure 5.17b and d (solid lines). For these 

simulations, as the saturation magnetization value was MS = 477 emu/cm3. On the 
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fittings, cubic magnetocrystalline anisotropy expression (eq. 5.15) was used together 

with the uniaxial magnetoelastic term along the [010] direction (eq. 5.16). The chosen 

of [010] direction as a reference direction for the in-plane anisotropy was completely 

arbitrary. The final anisotropy constants deduced from best simulations indicates a 

negative biaxial constant K001
c1 = - 0.88·105 erg/cm3 and the out-of-plane uniaxial 

anisotropy dominated by an effective constant of K001
u,eff = 4.58·106 erg/cm3. 

To illustrate the (001) in-plane magnetic anisotropy, we plot the angular 

dependence of F001 in the absence of applied magnetic field in Figure 5.18. We observe 

four-fold magnetic anisotropy, with easy axis along [110] direction and hard axis along 

[100] direction, in agreement with hysteresis loops measurements (Figure 5.14). 
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Figure 5.18. For the 43 nm (001) film, simulation of the total free energy F001 within the 
sample plane and in the absence of external magnetic field. The parameters used have been 
those extracted from simulations in Figure 5.17. Easy axes correspond to [110] and similar 
directions and hard axes to [100] and similar directions. 

 

The deduction of in-plane magnetic anisotropy constants from hysteresis loops 

of (001) films has been performed using the same procedure described above used for 

(110) films. The experimental magnetic anisotropy energies are extracted from 

hysteresis loops with magnetic field applied along [110] and [100] directions, so-called 

Ehyst
110 and Ehyst

100. The corresponding values are included in Table 5.7. For any given 

thickness, the magnetic anisotropy energy along the easy [110] axis is lower than along 

hard [100] axis. Within the (001) plane, the separation between these directions is 

45 deg and to evaluate the magnetic anisotropy constant of these samples we used the 

expression for biaxial magnetic anisotropy related to [100] direction [32a]: 
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K001
1 = 4(Ehyst

110 - Ehyst
100). Except for the thinner 17 nm sample, the resulting K001

1 

values are approximately constant and of the order of 105 erg/cm3, and comparing two 

different thickness results, the relative difference between K001
1 constants is much 

weaker than for the (110) case. 

For the evaluation of the magnetoelastic energy Eme
hkl, since equivalent 

crystallographic directions are found within (001) and (110) planes, we have used eqs. 

5.10 and 5.11 but substituting (110) in-plane directions for the corresponding (001) in-

plane ones: [100] replacing [001] and [110] replacing [1-10]. Similar changes have been 

performed for magnetostriction (λ100 for λ001) and Young moduli (Y100 for Y001 and Y110 

for Y1-10) notation. Studying the strain values of the (001) plane, we notice that tensile 

strain (ε > 0) is developed along [110] and [100] directions (Table 5.6). However, the 

intrinsic elastic properties along these directions are different: Y100 = 396 GPa and 

Y110 = 414 GPa (Y110 > Y100). The corresponding stress is for any given thickness 

higher along [110] than along [100] direction: σ110 > σ100. Therefore, we conclude that 

the stress is dominated by this subtle difference in Young moduli, as virtually equal 

strain happens along [110] and [100] directions. The magnetoelastic effects therefore, 

favors the magnetization towards the [110] axis. The anisotropy constant expression is 

in analogy to (110) case Kme
u = Eme

110 – Eme
100, and the corresponding values are shown 

in Table 5.7. 

 

Table 5.7. For (001) films of different thickness, evaluated in-plane magnetoelastic energies 
(Eme

hkl), magnetoelastic energy constant (Kme
1), measured in-plane magnetic anisotropy 

energies (Ehyst
hkl) and uniaxial magnetic anisotropy constant (Khyst

1) are also shown. 
 
Thickness 

(nm) 

Eme
100 

(105 erg/cm3) 

Eme
110 

(105 erg/cm3) 

Kme
1 

(105 erg/cm3) 

Ehyst
100 

(105 erg/cm3) 

Ehyst
110 

(105 erg/cm3) 

Khyst
1 

(105 erg/cm3) 

17 -35.90 -37.53 -1.63 0.84 0.51 -1.34 

43 -35.90 -37.53 -1.63 3.43 2.32 -4.44 

80 -35.90 -37.53 -1.63 3.63 2.55 -4.32 

85 -35.90 -37.53 -1.63 2.19 1.07 -4.48 

 
 

Analyzing the results on (001) films, interestingly enough Khyst
u values follow 

the low thickness-dependency resembled by the out-of-plane strain ε001 (Table 5.6). 

Inspecting the absolute values of Khyst
1 and Kme

1, similar magnetic anisotropy constants 

are evaluated using the hsyteresis loops or the magnetoelastic considerations. For 

instance, for the 43 nm film, these constants are Khyst
1(43 nm) = -4.44·105 erg/cm3 and 
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Kme
1(43 nm) = -1.63·105 erg/cm3. More importantly, we find clear evidences on the 

magnetic anisotropy origin of (001) films, with easy [110] axis and hard [100] axis. The 

FMR experiments and simulations signal the same trend observed in the hysteresis 

loops. The in-plane biaxial anisotropy constant deduced from FMR experiments is 

considerably lower than that obtained from hysteresis loops measurements, but both are 

of the same order of magnitude (~ -105 erg/cm3), but as in the case of the (110) film we 

ascribe this effect to the different detention method. 

Discussion on the origin of in-plane magnetic anisotropy in the LCMO/STO system 

We have demonstrate the strong influence of the elastic deformation of the unit 

cell on the magnetic anisotropy of LCMO films grown on STO substrates of either 

(110) or (001) orientation. In short, for (110) films the more intense magnetoelastic 

energy along [001] direction induces an in-plane uniaxial anisotropy with hard [1-10] 

axis and easy [001] one, whereas for (001) films the stronger higher Young modulus 

along [110] axes promotes them to be easy magnetic axes. 

Exploring the possible relevance of magnetocrystalline anisotropy, single crystal 

references of La-manganites, highlight the low value [37] or even the absence [38] of 

magnetocrystalline anisotropy. Perekalina et al.[37] studied the magnetic properties of 

orthorhombic La1-xSrxMnO3 single crystals with rhombohedral distortion (with 

symmetry along [001] axis) and found a magnetic easy axis along [001] direction and 

magnetic isotropy within the [001] plane. For Searle and Wang [38], La1-xPbxMnO3 

single crystals did not show any magnetic anisotropy. 

Turning to the studies focused on (001) manganite films, the most claimed cause 

of the in-plane magnetic anisotropy is the substrate-induced strain [24][25][26]. On the 

other hand, Steenbeck and Hiergiest [27] argued that its main source is the 

magnetocrystalline anisotropy. Analyzing our results on LCMO films grown on (110) 

and (001) STO substrates, the direct correlation between elastic properties and in-plane 

magnetic anisotropy for the (110) case helps to understand the magnetic anisotropy 

sources in (001) films. Magnetoelastic contributions to magnetic anisotropy of (110) 

films indicate that the unit cell deformation is the main cause of the appearing easy and 

hard axes. Thus, it is clear that single crystals do not develop any magnetic anisotropy 

when growth under no external force which may induce anisotropy [38], or maybe only 

a low one because of crystal distortions [37]. Interestingly, any unit cell deformation 

(magnetoelastic effects) as the one caused by the thin film epitaxial growth will 
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compete with the intrinsic magnetic isotropy of these manganites. We observe that the 

four-fold symmetry obtained for (001) LCMO and LSMO films grown on STO 

substrates [24][27] show easy [110] magnetic axis, with anisotropy constant slightly 

dependent on film thickness. The common characteristic of these films is that they 

present a unit cell deformation, not only of the in-plane lattice parameters but also of the 

out-of-plane one. Our experimental measurement of the in-plane magnetic anisotropy of 

(001) films agree with [24][27] in finding easy magnetic [110] axis. Also, from the 

strain values shown in Table 5.6, a slight dependency on film thickness of the calculated 

anisotropy constant Khyst
1 needs to be related with unit cell deformation. Although in-

plane lattice parameters are those of the cubic substrate (tetragonal unit cell), we detect 

a change in the out-of-plane lattice parameter of 17 nm film. Similar effects can be 

observed comparing ε001 and evaluated Khyst
1 for all thicknesses. As any change on the 

unit cell can alter magnetic anisotropy, we conclude that the biaxial magnetic anisotropy 

of (001) films is caused by the epitaxial strain (εhkl) linked to the intrinsic manganite 

elastic properties (Yhkl), being the intensity of this anisotropy related to the unit cell 

deformation. 

To illustrate the thickness dependency of the resulting magnetic anisotropy 

constants for our (110) and (001) LCMO films, we plot in Figure 5.19a the values of 

Khyst
u from (110) films and those of Khyst

1 from (001) ones. We notice that (001) film 

values (close symbols) follow an almost thickness-independent curve if we do not 

include the thinner 17 nm sample, whereas (110) ones (open symbols) clearly evolves 

towards lower values with increasing thickness. Simulations of the corresponding 

magnetic anisotropy are shown in Figure 5.19b for (110) films and Figure 5.19c for 

(001) ones. Normalizing to the higher anisotropy constant of 43 nm (110) film (Table 

5.4), we can clearly see in Figure 5.19b the two-fold in-plane magnetic anisotropy 

measured for (110) films and in Figure 5.19c the four-fold one observed in (001) films. 

A reduction on the y-scale on Figure 5.19c by three times compared to Figure 5.19b 

allows observing the small thickness dependence of the magnetic anisotropy of (001) 

films. It is remarkable that Figure 5.19 includes only experimental data and their 

corresponding simulated curves, and the evolution of the magnetic anisotropy constants 

and their simulations recall their elastic origin, as they are a simple image of the in-

plane stress distribution. 
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Figure 5.19. (a) Magnetic anisotropy constants evaluated from magnetic hysteresis loops of 
(110) and (001) films as a function of film thickness. For (110) films, K = Khyst

u (uniaxial 
magnetic anisotropy) and for (001) films K = Khyst

1 (biaxial magnetic anisotropy). (b) Polar 
plot of simulated Khyst

u  as a function of the angular position of the magnetization for (110) 
samples. (c) Polar plot of simulated Khyst

1  as a function of the angular position of the 
magnetization for (001) samples. Y-scale of (c) is 1/3 of y-scale of (b). 

 

 

To summarize this topic, we have studied the magnetic anisotropy origin of 

manganite films using LCMO films grown on (110) and (001) STO substrates. The easy 

plane magnetic anisotropy is observed in both (110) and (001) case. Focusing in the in-

plane magnetic anisotropy of these films, we have observed that the different structural 

properties of in-plane [001] and [1-10] directions within the (110) plane drives the 

manganite unit cell to deform anisotropically, and the most stressed [001] direction 

becomes easy magnetic axis and [1-10] one turns to be a hard magnetic axis. The 

progressive relaxation of the lattice parameters of (110) films upon increasing thickness 

ensures the elastic origin of (110) film uniaxial magnetic anisotropy. For the (001) case, 

in-plane biaxial magnetic anisotropy with easy [110] axis is related to the higher stress 

along [110] direction. Moreover, biaxial magnetic anisotropy of (001) films follows the 

much smaller thickness dependence unit cell deformation of (001) films. Our parallel 

analysis on the structural and magnetic properties of (110) and (001) LCMO films have 
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been useful to prove that elastic deformation of film unit cell dominates the in-plane 

magnetic anisotropy of manganite thin films. 

5.2 Magnetotransport 

The transport properties of thin manganite films are known to be highly 

influenced by the ferromagnetic order in the films. Some of these transport phenomena 

and their main features are: 

1. The appearance of the insulator to metal transition at a temperature close 

to that of the paramagnetic to ferromagnetic transition. The strong coupling to the lattice 

of the conducting eg electrons, which are also at the origin of the double-exchange 

ferromagnetism, is at the origin of this effect. 

2. Higher values of resistivity are measured in films presenting 

electronically separated phases due to either the larger scattering of the carriers in an 

inhomogeneous material or the more insulating character of some of these regions. 

Other interesting transport phenomenon of manganite films arises from the fact 

that upon changing the angular position of the magnetic field with respect to the 

injected current, the longitudinal and the transverse resistance can depend on the 

crystallographic direction of the current injection. The magnetotransport responses are 

thus influenced by the magnetic anisotropy of the films. 

Motivated by the different magnetic properties of (001) and (110) LCMO films, 

we have investigated the effect of the orientation and also of the film thickness in the 

transition temperature from insulator to metal (TIM) and in the resistivity values of these 

films. We have studied the angular dependence of the magnetoresistance at a given 

applied magnetic field in these films, focusing in the dependence on the plane of growth 

and of the direction of the injected current. Different transport effects will be presented, 

including for the longitudinal or transverse voltage measurement on the LCMO 

lithographed films. For (110) LCMO films, an appropriate modelling of the 

magnetization vector rotation has been developed and applied by Dr. David Hrabovský, 

being finally used to unambiguously determine the in-plane magnetic anisotropy of the 

films, and also to extract the uniaxial anisotropy constant. 

We have organized the section as follows: 

1. Considerations on the methodology and lithography. 

2. Resistivity and metal to insulator transition in (001) and (110) films of 

different thickness. Resistivity of lithographed samples. 
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3 Introduction to the transport effects: anisotropic magnetoresistance 

(AMR) and planar Hall effect (PHE). 

4. Experimental AMR results: Sign and magnitude of AMR as a function of 

film orientation and of the direction of current injection. 

5. Experimental PHE results: Influence of the magnetic anisotropy on the 

transverse resistance. For (110) films, appearance of a switching effect. The (110) data 

is fitted following a magnetotransport model that accounts for the magnetic anisotropy 

of the film. 

We include in Table 5.8 the list of the LCMO films used in this section, their 

thickness and, for the lithographed samples, the width and length of the tracks. 

 

Table 5.8. List of LCMO samples used for magnetotransport measurements. For the 
lithographed samples, the track width is indicated and the length of the track was 1.5 mm in all 
cases. 

 

Lithography Track width 
(μm) Sample Substrate Sample Substrate 

Nominal 
thickness 

(nm) 
 240204A STO(001) 240204B STO(110) 43 No  200204A STO(001) 200204B STO(110) 85 

22   160904B STO(110) 17 
65 130904A STO(001) 130904B STO(110) 20 Yes 
75   050406B STO(110) 150 

  

5.2.1 Methodology and lithography 

The magnetotransport properties of LCMO films were studied using a 

commercial system (PPMS) by 4-wire measuring. We used two types of sample holder, 

schematized in Figure 5.20. A normal resistivity holder (Figure 5.20a) was used for the 

resistivity measurements, being possible to apply the magnetic field out-of-plane of the 

samples. The angular dependence of the resistivity was measured with rotator holder 

depicted in Figure 5.20b. A plastic cube pasted to the holder served to fix the sample 

perpendicular to the holder plane, and thus allowing the rotation of the magnetic field 

within the sample plane. Both holders include two or three channels for the application 

of current and measurement of voltage, as depicted in Figure 5.20. For the resistivity 

measurements the contacts were equally distributed along the longer dimension of the 

film. For the angular measurements, it was necessary to pattern the films. We will show 

later the lithographically defined pattern. A step motor allows rotating the sample 360 

deg from a given reference origin. During rotation measurement, the temperature was 
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stable and the resistance values are typically recorded at steps of 3 deg, pausing at each 

angular position. In all cases, the injected current intensity was tuned to optimize the 

range of measured voltage depending of the sample resistance. 

 
Figure 5.20. Sketch of the top view of sample holders of the PPMS: (a) common resistivity 
holder, with 3 channels for 4-wire measuring, and (b) rotator holder with 2 channels for 4-wire 
measuring. In (a), contacts are done with graphite paste onto the sample surface and connected 
as indicated. In (b), sample is mounted onto a fixed cube of plastic to place the sample 
perpendicular to the plane of the rotator holder. 

 

In order to investigate on longitudinal and transverse resistivities along different 

in-plane directions, (001) and (110) LCMO films were lithographed using the mask 

shown in Figure 5.21a. The defined mask provides two different orthogonal paths for 

the current to flow. For two in-plane orthogonal directions [A] and [B], the proper 

alignment of one track to either [A] or [B] axes lets the injected current to flow through 

one of these crystallographic axes. This pad configuration is very useful for exploring 

the in-plane [001] and [1-10] directions in (110) samples, whereas for (001) samples 

[100] and [010] equivalent directions can be studied but also the [110] direction situated 

at 45 deg from the vertical and horizontal pads. We used the longer diagonal pads to 

evaluate the longitudinal resistance (AMR) by properly contacting onto them. For the 

vertical track in Figure 5.21a, longitudinal measurements are performed with the current 

flowing from 1 and 2 spots and with voltage contacts onto 3 and 4 spots. In the case of 

measuring transverse resistance, the voltage contacts are 5 and 6. Similar configuration 

can be performed along horizontal line. Samples were patterned using photolithography. 

A sample mounted in the sample holder is shown in Figure 5.21b, with electric contacts 

prepared for transverse voltage measurements. After lithography process, typical track 
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width was found to be 70 μm, with a length of 1.5  mm. Using the PPMS, transport 

experiments were performed at a low frequency (10 Hz) AC current and at a controlled 

temperature (from 5 K to 300 K) and applied magnetic field (up to 90 kOe). Typical 

value of applied current for longitudinal measurements was 20 μA and for transverse 

ones 0.1 μA. The magnetic field is applied in-plane and sample can be rotated in a 360 

deg range in forward and backwards sweeps (3 deg/step). 

 
Figure 5.21. (a) Design of the photolithographic mask used for patterning. For this case, tracks 
are 70-80 μm wide. Samples have been patterned with the crystallographic axes parallel to the 
tracks as signalled by the arrows. Contacts for [A] bridge are: applied current I+(1) →I-(2); 
longitudinal measurement (AMR) V+(3) →V-(4); transverse measurement (PHE) V+(5) →V-

(6). Sample is grounded by a contact placed on 2. For [B] bridge the contacts can be similarly 
connected. (b) Photograph of a lithographed (110) 20 nm film onto the sample holder and 
connected to perform PHE experiments. 

 

Resistivity measurements on (001) and (110) films (43 and 85 nm thick) with 

applied field out-of-plane of the sample were done using the holder shown in Figure 

5.20a. The shape of the films is rectangular (2.5x5) mm2, allowing to define 

macroscopic contacts on their surface. 

AMR and PHE experiments were developed in lithographed films of different 

thickness and orientation, changing the width of the lithographed track. We have 

measured a couple of 20 nm (001) and (110) films with tracks of 70 μm width, and 

others (110) films of 18 nm thickness with narrow 20 μm wide tracks and of 150 nm 

thickness with 75 μm wide tracks. 
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5.2.2 Resistivity and insulator to metal transition in (001) and (110) 

films 

Resistivity values have been calculated using the measured resistance and 

knowing the corresponding values of the current section (A) and length (l). Samples are 

rectangular shaped, and we assumed that parallel current lines develop along the long 

dimension (l), and taking the suitable expression: 

xxxx R
l
A

=ρ      [5.18] 

being Rxx the measured longitudinal resistance. 

Zero field resistivity dependence on temperature of 43 and 85 nm (001) and 

(110) films is shown in Figure 5.22. The current injection were aligned to the [100] 

direction for the (001) films and along the [001] direction for the (110) films. We 

recorded the resistance from 300 K down to 5 K and from 5 K up to 300 K. Zero field 

resistivity maximum in experimental curves provides information about the transition 

from insulator-to-metal (IM), a phenomenum occurring in manganite thin films at a 

temperature close to the magnetic ordering one (TC) [2][51]. From these ρ(T) curves, 

two main features are noticed:  

(a) The temperature of the maxima of the curves from (001) films is lower at all 

thicknesses compared to that of (110) films, and these values are also thickness 

dependent, with lower values for the 43 nm films than for the 85 nm ones. 

(b) The resistivity of these samples at any temperature is always higher for the 

(001) films than for the (110) ones, and also depends on the thickness of the films, 

being higher for 43 nm films than for 85 nm ones. 

For these samples, we can compare the TIM values with the TC ones, obtained 

from magnetometry measurements (shown in Figure 5.3). The TIM and TC values are 

summarizes in Table 5.9. These values are clearly close one to the other for any given 

film. In all cases, TIM is slightly lower than the corresponding TC one, which is ascribed 

to the fact that the magnetization curves are recorded under magnetic field (5 kOe) and 

thus the ferromagnetic transition is shifted towards higher temperature. Interestingly, for 

both thicknesses we observe not only a higher temperature transition for the (110) films 

[T110
IM > T001

IM] but also the shape of the transition depends on the orientation of the 

films. In Figure 5.22, a wider IM-transition is observed for the (001) films, which 

possibly hints the existence of separated electronic phases through the film (also found 
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by NMR experiments, analyzed in Ch4), enhanced in the thinner 43 nm film. Moreover, 

the thermal hysteresis of the ρ(T) curves in Figure 5.22 may be related to these 

electronic inhomogeneities much pronounced in this thin 43 nm film. 
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Figure 5.22. Zero field resistivity vs temperature of (001) and (110) films of 43 and 85 nm 
thickness. The sense of the temperature loops is also indicated, current was injected along 
[100] direction in (001) samples and along [001] direction for (110) samples. Inset: Resistivity 
values as a function of film thickness from the (001) (close symbols) and (110) (open symbols) 
samples extracted from the resistivity curves, at 5 K. 

 

The resistivity values, especially those at low temperature, are an indication of 

the electronic homogeneity of the films. Analyzing the curves in Figure 5.22, we notice 

that lower ρ values correspond to the (110) films at any temperature. The corresponding 

ρ values are included in Table 5.9. From the thickness dependence of these values (inset 

of Figure 5.22), with higher ρ for thinner films, more evidences are found of the 

electronic inhomogeneities of (001) films contrasting with the electronically 

homogeneous (110) films. 
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Table 5.9. Resistivity (ρ) at 5 K of 43 and 85 nm (001) and (110) films, extacted from zero 
field ρ(T) curves. The metal to insulator [T(IM)] and ferromagnetic transition (TC) 
temperatures are also included. 

 
(001) (110) 

Thickness 

(nm) 
ρ (5K) 

(mΩcm) 

T(IM) 

(K) 

TC  

(K) 

ρ (5K) 

(mΩcm) 

T(IM)  

(K) 

TC  

(K) 

43 5.19 150 176 0.67 245 252 

85 0.66 206 213 0.21 264 266 
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Figure 5.23. Zero field resistivity of 20 nm lithographed films, for J applied along 
[110] direction in the (001) one (solid symbols) and for J applied along [1-10] direction in a 
the (110) one (open symbols). 

 

For the lithographed films, the main difference with the non-lithographed ones is 

that the current path is confined to the track dimensions. We show as an example the 

zero field ρ(T) curves of the 20 nm (001) and (110) lithographed films, with the injected 

current along the [110] and [1-10] directions for the (001) and (110) films, respectively. 

A similar analysis of the curves has been done in order to evaluate the quality of the 

samples after the lithographic process. The MI transition is observed for the (001) film 

at T001
IM[110] ∼ 165 K and for the (110) film for T110

IM[1-10] ∼ 220 K, being sharper 

for the (110) film than for the (001) one. The resistivity of the (001) film is higher than 
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that of the (110) one, as happened for each pair of 43 and 85 nm films of (001) and 

(110) orientation. 

5.2.3 Introduction to anisotropic magnetoresistance (AMR) and 

planar Hall effect (PHE) in manganite films 

In ferromagnetic materials, it is an experimental observation that for a given 

current flow direction J, the measured longitudinal resistivity ρxx depends on the relative 

orientation of their magnetizatization M with respect to the applied magnetic field H. 

This effect is the so-called anisotropic magnetoresistance (AMR) and it has been found 

to have a direct origin on the spin-orbit coupling and spin anisotropy [39].The 

amplitude of AMR effect is more commonly defined as: 

⊥

⊥
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−
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Δ

ρρ

ρρ
ρ
ρ
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3
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//

//

av

xx      [5.19] 

where ρ// is the measured resistivity when M is parallel to J and ρ⊥ corresponds 

to that one measured when M is perpendicular to J.  

In ferromagnetic metals, as the 3d-metal alloys, the magnitude of AMR depends 

on the magnetization of the sample, decreasing its magnitude as the magnetization drops 

[40][41]. In most cases, as in Ni-Fe or Ni-Co alloys, it is measured that ρ// > ρ⊥, and 

thus AMR > 0 [40][41]. Although the dependence of AMR on magnetization is not 

simple, the spin order of these 3d-metals has been correlated to the observed changes in 

the resistivity. Microscopically, the scattering in these ferromagnetic metals depends on 

the spin-orientation and population of the 3d-bands. As the scattering events depends on 

the magnetic order of the material, any anisotropy on the spin (magnetization) can be 

associated also to the transport phenomena, and in particular to measurements of the 

resistance rotating the magnetization vector. 

Concerning manganites, typical values of AMR are within few percent at low 

temperature, gradually increasing when approaching the Curie temperature (TC) 

[42][43][44][45][46]. The AMR sign in manganites contrasts to the corresponding one 

found in conventional metallic ferromagnets: whereas in manganite films, typically with 

injected current along the [100] direction within the (001) plane, ρ// < ρ⊥ and AMR < 0 

[42][43][44][45]. 

In addition to the AMR effect, the spin-orbit coupling also produces what is 

called the planar Hall effect (PHE), that is the appearance of a transverse voltage ρxy
 in 
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response to a longitudinal current flow even in the absence of an applied magnetic field 

[47]. It occurs when M and J are neither parallel nor perpendicular, but forming an 

angle ϕ. We describe the AMR and PHE in terms of in-plane components only. 

Assuming that the current flow is J = Jxî in the x-y plane, it can be shown that an 

electric field appears with longitudinal and transverse components given by [41]: 

( ) ϕρρρ 2
// cosxxxx JJE ⊥⊥ −+=     [5.20] 

( ) ϕϕρρ cossin// xxy JE ⊥−=     [5.21] 

respectively, allowing to determine ρxx(ϕ) (AMR) and ρxy(ϕ) (PHE). Besides, 

the application of an external magnetic field modifies the magnetic domain structure 

and the orientation of M, and thus it should produce distinguishable changes on the 

transverse voltage as well as on the longitudinal one. A clear image of electric field 

components is presented in Figure 5.24. 
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Figure 5.24. Evaluated electric field components associated to anisotropic magnetoresistance 
Exx(AMR) and planar Hall effect Exy(PHE). As an example, numerical values are 
ρ// = 3 mΩcm and ρ⊥ = 2 mΩcm. ρav corresponds to the averaged value of resistivities 
(ρav = (ρ// +  ρ⊥)/2). 

 

From eqs. 5.17 and 5.18 and using the simulations of Exx and Exy displayed in 

Figure 5.24, we notice two facts: 
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1. While the parity of Exx(AMR) (even) and Exy(PHE) (odd) functions is 

opposed, the amplitude of the oscillating component is the same. 

2. A perpendicular to the current component ρ⊥Jx causes the Exx(AMR) 

electric field component to rise its oscillation towards higher mean values, whereas the 

Exy(PHE) component oscillates around zero. 

From this comparative analysis of AMR and PHE, a higher sensitivity to 

resistivity changes is expected for transverse voltage measurement. Indeed, planar Hall 

effect has been used to investigate the magnetic domain structure in some ferromagnets 

to obtain the magnetic anisotropy [48]. In the particular case of manganites, PHE 

measurements have been reported for La0.67Ca0.33MnO3 [49] and La0.84Sr0.16MnO3 [50] 

thin films grown on the (001) plane of cubic substrates, although no attempts to derive 

magnetic anisotropy related parameters have been reported. 

5.2.4 Experimental results of AMR and PHE in (001) and (110) films 

The investigation turns to study of the influence of the relative position of 

magnetization and the current flow on magnetotransport properties (AMR, PHE). From 

the results shown in Figure 5.23, we decided to work at temperatures below the 

transition but sufficiently closer to it to obtain large AMR and PHE amplitudes. We 

chose 140 K and 180 K for the (001) and (110) films. To perform these 

magnetotransport measurements, we externally control the relative position of the 

applied magnetic field H and the current flow. The sketch in Figure 5.25a presents the 

current flows J and the relative orientation of the magnetization M (ϕ) and magnetic 

field H (θ). 

 
Figure 5.25. (a) Sketch of the defined angles with respect to the applied magnetic field H and 
sample magnetization M. The in-plane angles θ (for H) and ϕ (for M) are defined as the angles 
between H or M with respect to the current flow J. [(b) and (c)] Polar plots of the in-plane 
magnetic anisotropy energy as obtained from magnetometry measurements in 17 nm (b) 
(001) and (c) (110) film. In (c) we have superimposed to the energy plot a sketch of the 
magnetization switching around the [1-10] magnetic hard axis. 
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AMR in (001) films. Dependence of the AMR amplitude on the current direction 

In Figure 5.26 we present the angular dependence of the longitudinal resistance 

(AMR) of the 20 nm (001) film for the current injected along the [hkl] direction. The 

AMR amplitude has been evaluated as Γhkl=(Rxx(θ)-Rxx(θ = 0)/Rxx(θ = 0), where θ is the 

angle between the applied magnetic field and the current as depicted in Figure 5.25. The 

current was injected either along the [100] direction (a) or along the [110] direction (b). 

In this high field measurements (10 kOe to 20 kOe of applied magnetic field), the 

sample magnetization is saturated, as it is deduced from the magnetization loops (not 

shown here) obtained at this temperature (140-180 K). 
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Figure 5.26. AMR amplitude at 10 kOe (circles), 15 kOe (up triangles) and at 20 kOe (down 
triangles) of the 20 nm (001) film with the current injected along (a) [100] and (b) [110] 
directions. Measurements in (a) were performed at 180 K and those in (b) at 140 K. 

 

Inspecting the angular dependence of the AMR data for current along [100] 

(Figure 5.26a) and [110] (Figure 5.26b) directions, we observe that for both cases the 

Γhkl value is higher when the magnetic field is perpendicular than when it is parallel to 

the current flow direction [Rxx(θ = 90 deg) > Rxx(θ = 0 deg)]. Following eq. 17, the 
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amplitude of the AMR [AMR ~ Rxx(θ = 0 deg) - Rxx(θ = 90 deg)] is negative within the 

(001) plane, as previously seen in Ref. [42][43][44][45]. The angular dependence of 

AMR follows the expected cos2(θ) function, with an amplitude that is notably higher for 

the current injected along the [110] direction than along the [100]: Γ110 > Γ100
. 

Moreover, we notice that the amplitude and the shape are slightly sensitive to the 

intensity of the applied magnetic field, being much relevant for the case of current along 

the [110] direction. For the current along [110] direction, we observe a deviation from 

the cos2(θ) shape when the applied magnetic field is perpendicular to the track length at 

90 and 270 deg (in Figure 5.26b). We attribute the slight field dependence and the 

unexpected shape of the AMR data, especially of those from the [110] direction, to the 

the shape of lithographic tracks of the film: as shown in Figure 5.21, the [110] tracks are 

wider and do not have a constant width which may induce some magnetic domain 

distribution that influences in the rotation of the overall magnetization. 

Upon decreasing the magnetic field, the longitudinal resistance of the film 

increases and the angular dependence measurement becomes more noisy. As shown in 

Figure 5.27a (and b) for 0.70 kOe of applied field , an oscillation of ~10 kΩ (~20 kΩ) is 

measured around a background resistance value of ~3.07 MΩ (~325 kΩ). We recall that 

the tracks along [100] and [110] directions have different width and the contacts were 

situated at longer distances for the [100] direction that for the [110] one, thus affecting 

the background resistance value. Under different magnetic field and at these 

temperatures (close to the TIM of the sample, TIM = 165 K), the longitudinal resistance 

strongly depends on the field, as deduced comparing the background resistance of high 

field 20 kOe measurements, with a background value for the [100] direction ([110] 

diection) of ~1.53 MΩ (~550 kΩ) and the low field 700 Oe ones ~3.07 MΩ (~325 kΩ). 

We signal that even at this low 700 Oe applied field, the main features identified in the 

high field curves (Figure 5.26) with AMR following the cos2(θ) shape with an AMR of 

negative sign are still observed. We note that the deviation from the cos2(θ) in the [110] 

case (Figure 5.27b) is a reproducible effect, probably related to the magnetic anisotropy 

induced by the track shape, more visible at this low field. 



Magnetic properties and magnetotransport 

177 

-90 0 90 180 270 360
0.315

0.320

0.325

0.330

0.335

R
11

0
xx

 (M
Ω

)

θ (deg)

3.060

3.065

3.070

3.075

(b)

R
10

0
xx

 (M
Ω

)

(a)

0.7 kOe

 
Figure 5.27. AMR amplitude of the 20 nm (001) film with an applied magnetic field of 
0.7 kOe, with the current injected along (a) the [100] and (b) the [110] directions. Close and 
open symbols indicate the forwards and backwards measurements, respectively. In (a), a 
cos2(θ) fitting is included (line). Measurements were performed at 180 K. 

 

AMR in (110) films. Dependence of the amplitude of the AMR on current direction 

and temperature 

High field AMR curves recorded on the 18 nm (110) film (with narrow tracks) at 

180 K are shown in Figure 5.28. At this interval of magnetic fields (10 to 20 kOe) film 

magnetization is saturated and rotates coherently with the field. Angular dependence of 

the AMR has been calculated as for the (001) case, using: Γhkl=(Rxx(θ) -

 Rxx(θ = 0)/Rxx(θ = 0). In this case, the two in-plane directions are [001] (Figure 5.28a) 

and [1-10] (Figure 5.28b). Studying the evolution of the AMR data starting from the 

situation where current and magnetization are parallel [Rxx(θ = 0)], we notice that 

whereas Γ001 evolves towards larger values for θ > 0, Γ1-10 decreases for θ > 0, as 

indicated by the arrows in Figure 5.28. Comparing the parallel and perpendicular 

configurations for each current direction, it is remarkable that whereas higher 
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perpendicular resistance is obtained for the [001] case, lower perpendicular resistance is 

observed for the [1-10] case. Therefore, for the [001] direction, AMR001 < 0, and for the 

[1-10] direction, AMR1-10 > 0. On the other hand, the AMR data follows the cos2(θ) 

dependence and the AMR amplitude is not relevantly affected by the change in the 

intensity of the magnetic field. However, the absolute value of the AMR amplitude is 

seen to depend on the injected current direction, and at this temperature the comparison 

of the AMR for each direction is |Γ001| > Γ1-10. Similar results have been obtained from 

the measurement of 20 nm (110) film, being the AMR sign different (AMR001 < 0 and 

AMR1-10 > 0) and its absolute values present the same dependence on the current 

direction (|Γ001| > Γ1-10). 
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Figure 5.28. AMR amplitude at 10 kOe (circles), 15 kOe (up triangles) and at 20 kOe (down 
triangles) of the 18 nm (110) film (narrow tracks) with the current injected along (a) the [001] 
and (b) the [1-10] directions. Measurements in were performed at 180 K. 

 

Aiming to understand the change of sign of the AMR amplitude and its thermal 

evolution, we have also studied a thick 150 nm (110) film. In order to investigate the 

thermal dependence of the AMR, we have performed resistivty vs temperature 

experiments cooling the sample with the applied magnetic field parallel to the [001] 
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direction (perpendicular to the [1-10] one) or parallel to the [1-10] one (perpendicular to 

the [001] one). As an example, in the main panel Figure 5.29 the zero field and 20 kOe 

field cooling curves for the current along [1-10] direction are shown. In the inset of 

Figure 5.29 a zoom of the 245 to 280 K temperature range with the resistivity curves of 

both [001] and [1-10] tracks in the parallel (thick lines) and perpendicular (thin lines) 

configurations are shown. For current injected along the [001] direction, we find a 

perpendicular resistivity higher than the parallel ρ⊥ > ρ// and thus AMR < 0 and for 

current along the [1-10] direction, the results is the opposite in sign ρ⊥ < ρ// and thus 

AMR > 0. These results in are in agreement with those obtained from AMR curves of 

the 18-20 nm (110) films. 
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Figure 5.29. Resistivity vs temperature of the 150 nm (110) film at zero field and with applied 
magnetic field of 20 kOe for the injected current along [1-10] direction. In the inset, a zoom on 
the ρ(T) curves measured at 20 kOe for injected current along [1-10] and [001] direction and 
with the magnetic field applied parallel (thick lines) or perpendicular (thin lines) to the current 
flow. 

 

We can further evaluate the AMR from these 20 kOe curves, computing the 

normalized difference between parallel and perpendicular states as AMR = (ρ//-ρ⊥) / ρav, 

with ρav = (ρ//-ρ⊥)/2, as a function of the temperature for the current injected along [001] 

and [1-10] directions. The obtained AMR dependences are plotted in Figure 5.30. 
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Remarkably, the positive and negative AMR sign for [1-10] and [001] current injection, 

respectively, is extended to all the temperature range. Coming from the low temperature 

data, with low absolute values of AMR of |AMR| < 1 % at T = 200 K, the |AMR| value 

increases for both current directions achieving a maximum close to 250 K for the [001] 

direction and to 265 K for the [1-10] direction. This high increase in the |AMR| up to 

|AMR001| ~ 2.5 % and |AMR1-10| ~ 3.5 % occurs at a temperature very close to the 

ferromagnetic transition of this film. 
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Figure 5.30. AMR as a function of the temperature for the 150 nm (110) film. Values extracted 
from the correponding ρ(T) curves recorded at 20 kOe (inset of Figure 5.29). 

 

Therefore, we have confirmed that the sign of the AMR depends on the current 

directions. 

Aiming to explore the AMR at low field, in Figure 5.31 we plot the longitudinal 

resistance measured at 180 K of the 18 nm (110) film (narrow tracks) at 0.7 kOe and 

1.0 kOe. As expected, the angular dependence of the AMR is no longer cos2(θ): the data 

around 0 deg for the [001] direction (Figure 5.31a) and around 90 deg for the [1-10] 

direction (Figure 5.31b) are flat, having the minimum of resistance a wider area around 

them. On the other hand, around 90 deg for the [001] direction (Figure 5.31a) and 

around 0 deg for the [1-10] direction (Figure 5.31b) the data present a peaky shape, and 

comparing forwards (close symbols) and backwards (open symbols) data, the maximum 

of resistance is shifted towards higher and lower angles, respectively. Interestingly, 
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from magnetometry measurements we have identified the hard and easy magnetization 

axis in the (110) films, and in these AMR curves the minima appear for both injected 

current directions when the magnetization vector should be at along the [001] direction 

(θ = 0 in Figure 5.31a and θ = 90 deg in Figure 5.31b), which is in fact the easy 

magnetization direction. The peaky resistance data are recorded around the hard [1-10] 

axis magnetization, and comparing the 1 kOe (triangles) and 0.7 kOe (circles) data in 

Figure 5.31, we notice that upon decreasing the magnetic field the angular shift 

becomes broader. Nevertheless, lowering the magnetic field directly increases the 

longitudinal resistance, and the oscillation becomes more difficult to observe (Figure 

5.31). 
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Figure 5.31. AMR curves measured on the 18 nm (110) film (narrow tracks) for the injected 
current along (a) the [001] and (b) the [1-10] direction, recorded with applied field of 0.07 kOe 
and 0.10 kOe, as indicated. Forwards and backwards data correspond to close and open 
symbols, respectively.  

 

Summary of AMR results on (001) and (110) films 

We have measured the AMR value of (001) and (110) films for injected current 

along different crystallographic directions and working at high and low magnetic fied. 

The AMR amplitude has been observed to depend on the current direction in the 
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(001) film, with |Γ110| > |Γ100| but to keep the sign for both directions: AMR100(001), 

AMR110(001) < 0. For (110) films, the AMR is negative or positive depending on the 

current direction, being AMR001(110) < 0 and AMR1-10(110) > 0, and the amplitude is 

dependent on the current direction: |Γ1-10| < |Γ001| and reveals that in (110) films the 

[001] direction is a magnetic easy axis. We have explored the AMR in temperature, and 

the results confirm these previous conclusions and also they signal the development of a 

maximum of |AMR| close to the ferromagnetic transition. Besides, the angular 

dependence of the AMR data, especially remarkable at low field in the (110) films, 

indicate the influence of the magnetic anisotropy of the films in the magnetotransport 

data. 

PHE in (001) films. 

PHE measurements have been performed for the injected current along [100] 

and [010 directions. Due to the mask design (Figure 5.21) it has not been possible to 

measure the PHE of [110] direction.  

The PHE of the 20 nm (001) film has been measured at low and high field, at 

180 K. In Figure 5.32 the normalized PHE curves at 20 kOe (a) and 0.4 (down 

triangles), 0.7 (up triangles) and 1 kOe (circles) are shown. Comparing PHE 

measurements to the AMR ones (Figure 5.27), we note in the PHE ones the absence of a 

background contribution to the oscillation. As it is seen in Figure 5.32, the sin(θ)cos(θ) 

shape predicted for the angular dependence of the PHE (eq. 5.21) is observed at all 

fields. The amplitude of the PHE is also indicating the corresponding AMR sign. The 

PHE data decreases around θ = 0 when θ > 0, and thus the AMR is expected to be 

negative, as it has been proved in above [in Figure 5.26, AMR100(001) ~ -Γ100(001) and 

AMR110(001) ~ -Γ110(001)]. The forwards (close symbols) and backwards (open 

symbols) data almost coincide, and only a low deviation of the experimental curves 

compared to the reference sin(θ)cos(θ) is observed in the θ = 45 deg (and equivalent) 

angular position in the low field data (Figure 5.32b). Comparing the data (symbols) 

around θ = 45 deg and the fit to the PHE sin(θ)cos(θ) dependence (line), we observe 

that the experimental values present a distribution in θ at these angles. Around 

θ = 90 deg, the experimental values also deviate from the expected curve, but in this 

case the data changes in θ more abruptly. Interestingly, from magnetomerty we have 

identified the easy axis magnetization to be located along the [110] direction, which 
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corresponds to the angular position θ = 45 deg. We ascribe to the biaxial magnetic 

anisotropy of the (001) film the slight observed deviations from the sin(θ)cos(θ) 

dependence. 
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Figure 5.32. Normalized PHE curves from the 20 nm (001) film at (a) 20 kOe and (b) at 1 kOe 
(circles), 0.7 kOe (up triangles) and 0.4 kOe (down triangles). Close and open symbols 
correspond to forwards and backwards data. 

 

PHE in (110) films. Evaluation of in-plane magnetic anisotropy. 

The PHE experiments on the 20 nm (110) film obtained at 180 K and applying 

high fields (10 o 20 kOe) are shown in Figure 5.33. At this high field, the magnetization 

is expected to rotate with the field coherently. Comparing in this figure the expected 

sin(θ)cos(θ) function (lines) of the PHE and the experimental data, the sin(θ)cos(θ) 

shape is clearly conserved at all fields and for both injected current along (a) [001] and 

(b) [1-10] directions. The amplitude of the PHE, negative for the [001] case and positive 

for the [1-10] case, agrees with the data found from the AMR measurements previously 

analyzed. Nevertheless, a slight deviation from the sin(θ)cos(θ) function is observed, 
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causing a shift of the maxima-minima position although conserving the overall width of 

the data around these points. 
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Figure 5.33. Normalized PHE data (symbols) from the 20 nm (110) film with the injected 
current along (a) the [001] and (b) the [1-10] directions, being the applied fields 10 kOe 
(circles), 15 kOe (up triangles) and 20 kOe (down triangles). In (a) and (b), lines correspond to 
sin(θ)cos(θ) fittings for the experimental data. Experimental data correspond to backwards 
loop. 

 

Recalling that within the (110) plane a uniaxial magnetic anisotropy exist, we 

turn now to investigate the low field dependence, similarly to what we have done with 

the AMR measurements. In Figure 5.34 we plot the normalized PHE curves measured 

on the 20 nm (110) film at 180 K at an applied field of 0.6 (symbols) and 0.7 kOe 

(lines). We observe that the shape of the PHE has undergone major changes and largely 

deviates deviation from the sin(θ)cos(θ) dependence. The figure recalls the existence of 

a minimum for the injected current along the [001] direction around θ = 0 and sharp 

steps of the resistance at θ = 90 deg. These positions correspond to the hard [1-10] axis, 

and the sign of the PHE amplitude agrees with AMR results and negative AMR is 

deduced for [001] direction and positive AMR for [1-10] one. Upon lowering the 

magnetic field, there is a promotion of this switching effect causing greater angular 
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shifts, as seen in Figure 5.34 from the increase in the angular positions of the forwards 

and backwards minima-maxima for 0.6 kOe. 
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Figure 5.34. Normalized planar Hall effect from the 20 nm (110) film at 180 K and at applied 
fields of 0.7 kOe (lines) and 0.6 kOe (symbols) for injected current parallel (a) to [001] and (b) 
to [1-10]. Forwards data correspond to triangles and backwards data to circles. All sweeps 
present reproducible switching effects. 

 

The switching effects observed in the 18-20 nm (110) thin films have been also 

studied in a thicker 150 nm one. In Figure 5.35 the normalized PHE curves measured 

from the 150 nm (110) film at 140 K and 180 K at an applied magnetic field of 0.7 kOe 

present an altered sin(θ)cos(θ) shape overlapped by the switching effects happening for 

the current along [001] direction at θ = 90 deg and θ = 180 deg. We notice that the 

switching effect in Figure 5.35 presents a different curvature than that observed in 

thinner films (Figure 5.34). This curvature change arises from the expected decrease of 

the magnetic anisotropy in the thick (110) film (see this previous section on (110) film 

magnetic anisotropy as a function of thickness, Figure 5.19), which is more relaxed than 

the ~ 20 nm ones, (Ch4, Figure 4.11). The increase of switching sharpness at 140 K 
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temperature compared to that of 180 K can be understood within the framework of the 

thermal dependence of the magnetic anisotropy, which becomes stronger at lower 

temperatures. 
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Figure 5.35. Normalized PHE of 150 nm (110) film for injected current along (a) [001] and (b) 
[1-10] directions at an applied field of 0.7 kOe and at different temperatures: 140 K (circles) 
and 180 K (triangles). Forwards and backwards data correspond to close and open symbols, 
respectively. 

 

Summary on PHE results in (001) and (110) films 

The PHE experiments on (001) and (110) films allows obtaining the sign of the 

AMR for the current injected along different directions, but it is especially sensitive to 

the magnetic anisotropy of the film. We have identified the in-plane magnetic 

anisotropy of (001) and (110) films, being the former a biaxial system with easy (110) 

axes and the latter a uniaxial system with [001] easy and [1-10] hard axes. The 

switching effect in (110) films is observed to be stable in field and temperature, and it is 

a persistent phenomenon even in relaxed films. 
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Model: combination of AMR and PHE experiments to obtain the magnetic 

anisotropy of (110) films. 

With the aim of understanding the magnetic anisotropy of (110) films from the 

magnetotransport measurements, and combining both AMR and PHE experiments, we 

have developed a model to fit the magnetotransport data and evaluate the magnetic 

anisotropy. This model has been created and developed by Dr. D. Hrabovský and 

applied to the 20 nm (110) film data acquired at 180 K at low and high field for current 

along [001] direction. 

The used AMR and PHE measurements are depicted in Figure 5.36 (a and b, 

respectively). Solid lines connect simulated data points and they would be later 

explained. A quick inspection of the shape of the AMR and PHE curves signals the 

agreement of the experimental data and eqs. 5.17 and 5.18. No hysteresis is observed 

suggesting that the applied m agnetic field overcomes any anisotropy and saturates the 

sample. However, a closer inspection reveals that the AMR (Figure 5.36a) that the 

maxima are sharper than it would be expected for a pure cos2(θ) dependence. The 

discrepancy is even more visible in the PHE data (Figure 5.36b), where the minima are 

shifted from the 45 deg and 225 deg position as it would be expected for sin(θ)cos(θ). 

Both effects have the same origin: although the applied magnetic field (20 kOe) is high 

enough to saturate the sample magnetization along the hard axis (situated along the in-

plane [1-10] direction as shown within this chapter in the previous section on magnetic 

anisotropy) it is not strong enough to keep the magnetization exactly in the direction of 

magnetic field at any θ value, and thus the angles referred to the magnetic field θ and to 

magnetization vector ϕ differ slightly. 

If the magnetic field is further reduced, the discrepancies between the behavior 

predicted by eqs. 5.17 and 5.18 and the experimental data should be more apparent. 

With this objective, we explored the effect of a low applied field. In Figure 5.37 AMR 

and PHE data measured at 700 Oe are shown. The inspection of the AMR(θ) data 

(Figure 5.37a) close to the origin (θ ≈ 0 deg) reveals a shape similar to cos2(ϕ) as 

observed at higher field (Figure 5.36a). When the applied magnetic field approaches 

being perpendicular to the current (θ ≈ 90 deg), the AMR value is somewhat smaller 

than what would be expected from the pure cos2(ϕ) behavior, thus implying that ϕ < θ , 

that is, that the magnetization vector lies behind the magnetic field, reaching its 

maximum at θ ≈ 115 deg; and afterwards it decays rapidly. An observable sharp jump in 
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PHE curve (Figure 5.37b) occurring at the same angular position (θ ≈ 115 deg) is 

another signature of this switch on magnetization. 
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Figure 5.36. Anisotropic magnetoresistance (a) and planar Hall effect (b) as a function of θ at 
T = 180 K and H = 20 kOe for injected current parallel to [001] direction. Symbols (triangles 
for forwards and circles for backwards measurements) are experimental data; lines are 
simulated curves as described in text. 

 

Taking into account that PHE is an odd function of magnetization direction (as 

already shown in Figure 5.24, with a 180 deg period oscillating around zero), the sharp 

jump is interpreted with the aid of Figure 5.25c. A switching of the magnetization M 

appears from ϕ < 90 deg -in Figure 5.25c it corresponds to M at the position defined by 

(*)- to the symmetrical position at ϕ > 90 deg -in Figure 5.25c, it corresponds to M at 

the position defied by (**). This means that the magnetization rotates coherently until 

magnetic field is not enough to overcome magnetic anisotropy and then, suddenly, it 

reverses its direction into a new energy minimum. The polar plot of the uniaxial 

magnetic anisotropy energy within the (110) plane is intrinsic to (110) films, as shown 

from the magnetic anisotropy studies previously analyzed. Minima of magnetic 
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anisotropy energy appear along the [001] direction, parallel to J001. These data confirm 

that the hard magnetic axis is at 90 deg from the [001] direction, that is along the [1-10] 

axis. 

0 90 180 270 360

-6

-3

0

3

6

R
00

1
xy

 (Ω
)

θ (deg)

37.5

38.0

38.5

  J // [001]

  PHE

  AMR

(b)

 
R

00
1

xx
 (k

Ω
)

(a)

 
Figure 5.37. Anisotropic magnetoresistance (a) and planar Hall effect (b) as a function of θ at 
T = 180 K and H = 700 Oe for injected current parallel to [001] direction. Symbols (triangles 
for forward and circles for backwards measurements) are experimental data, lines are 
simulated data as described in text. 

 

In order to analyze quantitatively the data and to confirm the above picture, a 

numerical calculation of the angular dependence of AMR and PHE given by eqs. 5.17 

and 5.18 are performed. For this purpose, it is necessary to determine the angular 

position of the magnetization (ϕ) at any position of the applied magnetic field (θ). To 

find the ϕ(θ) function, the calculation consists in minimizing the total magnetic energy 

of the system for a given in-plane magnetic field direction. A modified version of the 

classical expression for Stoner-Wohlfarth total magnetic energy [52] has been used, 

writing the total energy in the following expression: 

( ) ( ) ( )1
2 cossincos −−++−= nnSCuS MHKHME ϕϕϕϕθ   [5.22] 
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The first term is the Zeeman magnetic energy and it depends on the relative 

positions of magnetization and magnetic field; the second term represents the uniaxial 

magnetic anisotropy with Ku constant; and the third one is a hysteretic term that 

introduces the dependence of the energy on the previous magnetization position. The 

minimization of eq. 5.20 allows obtaining the ϕ(θ) expression for a given set of MS, HC, 

H and Ku values, and with the subsequent use of eqs. 5.17 and 5.18 we can determine 

AMR(θ) and PHE(θ). Calculations are repeated for various Ku and HC values until 

agreement with experimental data is obtained. 

Initial parameters for simulation have been extracted from magnetometry 

measurements at 180 K: MS = 300 emu/cm3, Ku∼ 0.25 106 erg/cm3 and HC = 200 Oe, 

The calculated loops are displayed as solid and dashed lines in Figure 5.36 and Figure 

5.37. The values of uniaxial anisotropy and coercive field have been slightly tuned in 

order to obtain best fit of a total of four loops (two forwards and two backwards). The 

corresponding final values are: Ku = 0.3·106erg/cm
3
 and HC = 250 Oe, which do not 

differ appreciably from the values extracted from the analysis of SQUID measurements. 

Moreover, it can be appreciated in Figure 5.36 and Figure 5.37 that the agreement 

between the experimental and calculated data is excellent. This implies that AMR and 

PHE experimental data is accurately described by the model. Besides, it can be 

concluded that the system exhibits a pure uniaxial magnetic anisotropy with hard axis 

along [1-10] direction and easy axis along [001] direction. 

5.2.5 Conclusions on AMR in (001) and (110) films 

As proposed by Smit [53] and later by Van Elst [54], the spin-orbit interaction 

(HSO) is at the origin of the AMR. The expression of HSO as a function of the atomic 

spin (S) and orbital (L) momentum operators is: 

( )⎥⎦
⎤

⎢⎣
⎡ ++= +−−+ SLSLSLH ZZSO 2

1λ     [5.23] 

where λ is the spin-orbit coupling constant and the magnetization is assumed to 

be parallel to z-direction. Acting on the d bands of the 3d metals, HSO promotes that part 

of the d majority spin band d↑ (or d minority spin band d↓) band mixes with the d↓ (or 

d↑) band influenced by the L+S- (or L+S-) operator. The magnetization vector provides a 

preferential axis for HSO through the polarization term LzSz, the d states are not mixed 

isotropically. The theory of this effect was further developed by Berger [55], Jaoul et al. 
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[56] and Campbell and Fert [39] and the scenario includes the application of the two-

current model, which assumes that two conduction channels exist, one channel with the 

electrons of the majority (↑) spin band and another channel with the electrons of the 

minority (↓) spin band. The resistivity (ρ) in the ferromagnetic state is determined from 

the resistivity of this majority (ρ↑) and minority (ρ↓) spin bands and from the resistivity 

caused by the spin-flip scattering (ρ↑↓) [39]: 

( )
↓↑↓↑

↓↑↓↑↓↑

++

++
=

ρρρ
ρρρρρ

ρ
4

    [5.24] 

The definition of the AMR is: 

avρ
ρρ

ρ
ρΔ ⊥−

= //     [5.25] 

where ρ// and ρ⊥ account for the resistivity measured with the magnetization 

parallel or perpendicular to the current flow direction, respectively, and ρav for the  

appropriate average of parallel and perpendicular resistivities. Using Δρ↑ and Δρ↓ as the 

changes in the resistivity of the majority and minority spin bands between the 

longitudinal and transverse configuration, we can derive from eqs. 5.24                             

the AMR expression as: 
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From the analysis of Malozemoff [57] applied to the AMR of Ni alloys, the 

changes in the resistivity Δρ↑ and Δρ↓ can be expressed as a function of the resistivities 

of each channel as: 

↓↓↑↑↑↑↑ +=Δ ργργρ      [5.27] 

↑↓↑↓↓↓↓ +=Δ ργργρ      [5.28] 

being γ↑↑, γ↓↓ and γ↑↓ constant values related to the spin-orbit coupling. 

Referring to Ni alloys with unoccupied d↑ band, that is, with no virtual bound states at 

the spin ↑ Fermi surface, Δρ↑ and Δρ↓ can be rewritten in terms only of the resistivity of 

the occupied d↓ band as ρ↓ >> ρ↑. In these conditions, as shown in Refs. [56][57], eqs. 

5.27 and 5.28 lead to Δρ↑ = γρ↓ and Δρ↓ = -γρ↓, and neglecting the spin-flit term ρ↑↓ in 

eq. 5.24, AMR is thus given by: 

( )1−= αγ
ρ
ρΔ      [5.29] 
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where γ is a constant related to the spin-orbit coupling constant λ and to the 

exchange energy splitting Hex in the form of γ = (λ/Hex)2and α is the ratio of majority 

and minority spin resistivities α = ρ↓/ρ↑. 

We note that this model is developed for 3d metals alloys, as NiFe, and the 

conducting carriers are electrons from the s-band. The scattering events are ideally 

generated through the interaction of an electron with a characteristic s-wavefunction and 

an potential generated by the impurities [57]. The case of manganites presents some 

relevant differences: the conducting electrons come from the 3d-band of Mn, 

characterized by their corresponding 3d-wavefunction, and the scattering events cannot 

be described within an isotropic potential approach since the interacting orbitals are not 

isotopic (3d-orbitals). 

As a first approach to the understanding of the AMR effect in manganites, we 

have applied the model developed by Malozemoff [57], which was developed for 3d-

metals with the current injected along the [100] direction. For manganites, fully spin 

polarization of the conduction band can be observed at low temperature by 

spectroscopic measurement [58]. First, we consider the model at low temperature 

(ferromagnetic phase), where the energy separation between the majority and minority 

spin bands (exchange energy splitting Hex) are experimentally measured and in 

La0.7Ca0.3MnO3 films is Hex = 3.3 eV [59]. Due to the symmetry of the potential 

generated by the oxygen octahedron, between the t2g and eg orbitals an energy splitting 

develops, so-called crystal field splitting (ΔCF), being measured for La2/3Ca1/3MnO3 

films as ΔCF = 1.92 eV. Besides, in the manganites the Jahn-Teller distortion becomes 

relevant at temperatures close to the ferromagnetic transition temperature (TC). The 

energy splitting caused by the Jahn-Teller affects all the 3d-band, but more relevantly 

promotes the stabilization of the eg conduction electrons as the eg levels are splitted by 

ΔJT = 0.5 eV [60]. For the application of this model, the spin-orbit constant  λ is also 

necessary; for the Mn3+ ions,  λ = 0.05 eV [61]. A scheme of the involved energy on the 

Mn3+ ions is shown in Figure 5.38. 

Working in the ferromagnetic phase, sizeable fully spin polarization of the 

conduction bands occurs, and conducting electrons can find available states only in the 

majority spin band. Thus, we can simplify the two band model to a one band model: 

since no states are available in the minority band, ρ↓ ~ ∞ infinite and applying this 
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condition to eq. 5.24, resistivity depends only on majority and spin-flip terms 

ρ = ρ↑ + ρ↑↓, and applying this result in eqs. 5.26-28, the final AMR expression is [62]: 
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Figure 5.38. Schematic view of 3d the orbital energy in Mn3+ ions, beng Hex the exchange 
energy splitting, ΔCF the crstal field energy, and 2ΔJT the Jahn-Teller energy splitting. 

 

Using eq. 30 and the energy values shown previously, we can estimate for 

LCMO films the expected sign and amplitude of the AMR, being AMR = -0.05 %. This 

value agrees in sign with the AMR results presented here for (001) films and also for 

current injected along [100] and [110] directions (AMR100(001) < 0, and 

AMR110(001) < 0). Reported studies on the AMR of manganite films also signal the 

negative AMR within the (001) plane [62]. However, the amplitude of the effect is 

much lower than the experimental values: AMR100(001) ∼ -1.5 % and AMR110(001) ∼ -

3.0 % (Figure 5.26a and b, respectively), and values reported in Ref. [62]. Besides, it 

has been experimentally measured in manganite films a peak in the temperature 

dependence of the AMR close to TC [44][62][63] which cannot be described by the 

model used here. 

Aiming to reproduce the experimental AMR peak, we have continued applying 

the one channel conduction model but we have considered that the energies (Hex, ΔCF, 

ΔJT) of our system may change. We have created three different scenarios, trying to 
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mimic the AMR curve with temperature following different energy diagrams. These 

three scenarios are: 

1. Considering that the crystal field ΔCF can change close to TC due to the Jahn-

Teller distortion. The value of ΔCF is expected to be virtually reduced since the 3d-

orbitals split. We have generated this variation of ΔCF by a Gaussian function: 

( ) ( ) ( ) ( )
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where w is the full width at half maximum of the transition (extension in 

temperature of the Jahn-Teller distortion) and A is the energy amplitude of the effect 

(defined as the Jahn-Teller energy ΔJT). The other energy values are kept constant. 
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Figure 5.39. Exchange energy splitting Hex and cristal field energy ΔCF as a function of 
temperature (solid lines), with the reference values are indicated by dashed lines. Dotted line 
signals the TC. 

 

2. Considering that the exchange energy Hex depends on the temperature. The 

argument is based on the fact that above TC the spin of the electrons can fluctuate at a 

timescales shorter than those of the transport or spectroscopic measurements (see Ref. 

[58] and [59]). Thus, we can consider a temperature dependent Hex, thus a mixing of the 

majority and minority spin bands, leading to above TC to Hex = 0. Hex is thus expected to 

be temperature dependent [64], we have assumed it to evolve as a function of the 

magnetization: 
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To approximate the Hex(T) function to the square of the magnetization 

dependence on temperature, as suggested by Ref. [64], we have chosen n = 10. The 

other energy values are kept constant. 

3. Taking into account the points1 and 2, we create a third scenario combining 

both ΔCF and Hexvariable energies. 

The results of the different simulations are shown in Figure 5.40. Considering 

the ΔCF energy variation causes a peak in the AMR, as seen in Figure 5.40a, but it would 

not reproduce the experimental minimum but a maximum. Moreover, other 

experimental feature of the AMR measurement, that is, the disappearance of the AMR 

at T > TC cannot be obtained with this approach. On the other hand, the AMR for 

varying Hex (Figure 5.40b) or the combination of Hex and ΔCF (Figure 5.40c) clearly 

depict the experimental facts: a negative value of AMR at low temperature, a minimum 

of the AMR at temperatures close to the TC and a trend to AMR = 0 at T > TC. 
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Figure 5.40. Simulated temperature dependence of the AMR considering (a) ΔCF changes due 
to Jahn-Teller distortion near TC, (b) Hex depends on the magnetization of the sample, and (c) 
both ΔCF and Hex change. Dotted line indicate the simulated TC.  
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From the given hypothesis and the resulting simulations, we deduce that the 

better approach to solve the AMR dependence on temperature includes considering the 

exchange energy splitting Hex to depend in temperature. The difference when adding the 

crystal field ΔCF can be deduced from Figure 5.41: the occurrence of the minimum in 

the AMR temperature dependence is expected to occur at higher temperature if the 

crystal field has a relevant role. 
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Figure 5.41. Simulated temperature dependence of the AMR considering (a) Hex depends on 
the magnetization of the sample, and (b) both ΔCF and Hex change. 
 
Analyzing these simulations in the framework of the presented data on (001) and (110) 

films and on the reported data [44][62][63], the AMR sign in (001) films can be 

explained with the presented one channel mode. Nevertheless, the expected AMR 

amplitude differs from the experimental one, being the expected value ∼ -0.05 % and 

the experimental one ∼ -2-3 %.. On the other hand, adding to the model considerations 

on the temperature dependence of the energies involved in the system can reproduce the 

experimental peak measured near TC. These results can also explain the AMR observed 

in (110) films, but only for the current injected along the [001] direction (see Figure 

5.30, where AMR001(110) <  0 but AMR1-10(110) >  0). We need to recall that the model 

is developed constructing the spin-orbit matrix with the 3d-wavefunctions and 

afterwards supposing that the current is injected along [100] direction. An accurate 
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recalculation of the energy terms arising from the crystal field and exchange energy 

splitting may be necessary to fully understand the AMR sign within the (110) plane, and 

in particular for the current injected along [1-10] direction. 
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6 SrTiO3/La2/3Ca1/3MnO3 

bilayers for MTJs 

In this chapter, the microstructure of SrTiO3 (STO) layers deposited on LCMO 

films onto (001) and (110) STO substrates and their properties will be shown. The 

interest in these heterostructures arises from their capability of being used in magnetic 

tunnel junctions (MTJs). .With this purpose, different topics concerning the 

STO/LCMO heterostructures are presented in this chapter: 

1. Description of the bilayer growth and analysis of their microstructure by 

X-ray diffraction reciprocal space maps (RSMs) and by high resolution transmission 

electron microscopy (HRTEM). 

2. Study of the magnetic and electronic properties (001) and (110) single 

LCMO electrodes and STO capped LCMO electrodes (bilayers) by magnetometry and 

nuclear magnetic resonance (NMR). The electronic and chemical properties of the 

STO/LCMO interfaces have been investigated by X-ray photoemission experiments 

(XPS). The results will be discussed in the framework of the relevance of the interface 

phenomena arising at oxide interfaces on the functional properties of the used 

heterostructures. 

3. Surface morphology and resistance maps have been measured on the 

STO/LCMO bilayers by conducting atomic force microscopy (C-AFM) technique. 

Careful analysis of the data allowed extracting the barrier height values. 

4. The fabrication of MTJs has been achieved by two different lithographic 

techniques. Preliminary measurements on these MTJs will be shown, probing that 
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tunnel magnetoresistance have been achieved using STO/LCMO(001) and (110) 

bilayers. 

6.1 Growth and microstructure characterization 

In this section, the results of the characterization of the samples listed in Table 

6.1, are presented and analyzed. 

 

Table 6.1. Samples referred in this section and the corresponding LCMO and thickness STO 
together with the growth temperature during LCMO deposition. 

 

Sample Substrate 
LCMO 

thickness 
(nm) 

Td (LCMO) 
(C) 

STO 
thickness 

(nm) 
060908STO NGO(001)C   20 

051011A STO(001) 21.3 800 15 
051010B STO(110) 21.5 800 27 

080118A1 STO(001) 39 800 5 
070119B1 STO(110) 39 750 5 

  

6.1.1 Control of SrTiO3 growth: rate calibration 

STO/LCMO bilayers were grown in a single process and simultaneously on 

(001) and (110) STO substrates. The bilayers were fabricated by rf magnetron 

sputtering, in the same chamber used to deposit the single LCMO films and described in 

Ch2. Before fabricating the bilayers, single STO layers were grown to calibrate the STO 

growth deposition rate. For this purpose, NdGaO3 (NGO), an orthorhombic perovskite 

that can be easily indexed as pseudobic, was selected as substrate instead of STO single 

crystals, in order to make possible XRD and XRR characterization. The NGO substrate 

orientation has been chosen as (001)c, in pseudocubic indexation. In the pseudocubic 

aproximatimation, the lattice parameter is aNGO = 3.861 Å, which is close to that of 

STO. The STO thin film is expected to grow epitaxially on NGO (001)c, being the 

lattice mismatch - 1.2 %. In Figure 6.1a, the zoom of a θ-2θ scan on STO/NGO (001) 

shows that the out-of-plane parameter of the STO unit cell is larger than that of the 

NGO substrate (2θSTO < 2θNGO). In complete θ-2θ scan (not shown), only substrate and 

STO (00l) reflections were seen. The evaluation of the out-of-plane parameter is 

performed as previously described for LCMO films (Ch4), and the value is found to be 

cSTO = 3.953 Å, which is higher than the bulk value (aSTO = 3.905 Å) and in agreement 

with the expected out-of-plane expansion due to the tensile stress imposed by the 

substrate. In Figure 6.1b it is shown a XRR measurement of a STO film, deposited 
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during 100 min, on the NGO (001)c substrate. From the minima (and maxima) 

positions, the thickness is determined to be of 20 nm, and thus the growth rate of STO 

under the used experimental conditions is estimated to be 0.2 nm/min. 
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Figure 6.1. (a) Zoom of the θ-2θ scan performed on the very same film. STO c axis is found to 
be expanded, as expected since the film is under compressive epitaxial stress. (b) XRR 
measurement on a STO/NGO (100)c sample. From the calculated thickness (20 nm) and 
deposition time (100 min), growth rate is found to be 0.2 nm/min. 

 

Turning now to bilayer preparation, STO layers with thickness (t) from 0.85 to 

5 nm were prepared. Also, thicker STO layers of ~ 14-27 nm were grown on LCMO 

electrodes for HRTEM experiments. The substrate temperature during the STO 

deposition was fixed to 800 C and the deposition pressure and ratio of Ar/O was the 

same as those of LCMO layers (Ch2). STO thickness was controlled by the deposition 

time according to the calibrated growth rate. 
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6.1.2 Microstructure by RSMs and HRTEM 

Reciprocal space maps (RSMs): no influence of STO capping layers on 

LCMO strain state 

The unit cell parameters of LCMO (001) and (110) electrodes with and without 

STO capping have been determined using RSMs. In Figure 6.2 only reflections from 

(103) reflection for the (001) oriented samples and from (130) reflection for the (110) 

oriented samples are shown. 

  
Figure 6.2. RSMs from [(a) and (c)] STO (103) and LCMO (103) reflection from (a) a single 
layer of 39 nm of LCMO (001) and (c) a STO(5 nm)/LCMO(39 nm) (001) bilayer. RSMs from 
[(b) and (d)] STO (130) and LCMO (130) reflections from (b) a single layer of 39 nm of 
LCMO (110) and (d) a STO(5 nm)/LCMO(39 nm) (110) bilayer. Each line is a guide for the 
eye, signaling the vertical alignment of STO and LCMO peaks. 

 

Inspecting RSMs from (103) reflection of (001) samples (Figure 6.2a and c), we 

clearly observe similar results to those obtained previously in (001) films (Ch4). As 

observed in Figure 6.2a, the in-plane component q100 of the LCMO reflection and that 

of the STO reflection are vertically aligned, meaning that the film is fully strained. The 
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analysis of RSM corresponding to the (001) bilayer (Figure 6.2c), the strained state of 

the STO capped LCMO is very similar to that of single LCMO layer (Figure 6.2a). In 

fact, STO substrate and LCMO reflections in the (001) bilayer RSM are almost aligned. 

The values of the unit cell parameters of the (001) LCMO unit cell in the single film and 

bilayer are summarized in Table 6.2. Only a very small variation of the in-plane and 

out-of-plane parameters is measured, but from its magnitude (~ 0.1 %) it can be 

included within the experimental limits of the X-ray diffraction setup (error ~ 0.5 %). 

 

Table 6.2. Unit cell parameters of 39 nm LCMO electrode with and without STO capping 
layer. Values are extracted from RSMs of (103) reflection for the (001) samples and of (130) 
and (222) reflections for the (110) samples. 

 
 (001) (110) 

 
d100=d010 

(Å) 

d001 

(Å) 

d1-10 

(Å) 

d001 

(Å) 

d110 

(Å) 

LCMO(39nm) 3.905 3.806 3.879 3.900 3.837 

STO(5nm)/LCMO(39nm) 3.903 3.807 3.876 3.896 3.836 

(dbilayer
hkl- dfilm

hkl)/dfilm
hkl 

(%) 
-0.05 0.03 -0.05 -0.10 -0.03 

 
 

Concerning the results on (110) samples, the RSMs acquired from 

(130) reflection are shown in Figure 6.2b and d. In this case, the in-plane direction is [1-

10] one. As presented in Ch4 (Figure 4.8), for the thickness of the (110) LCMO 

electrode studied here (t = 39 nm), LCMO unit cell grown on (110) STO is partially 

relaxed, and thus the in-plane component q1-10 is not completely aligned with that of the 

STO substrate (Figure 6.2b). A similar unit cell deformation as in the case of the single 

LCMO layer is found for the STO capped LCMO electrode. A summary of the 

corresponding (110) LCMO unit cell parameters is shown in Table 6.2. As in the (001) 

case, the variations of the LCMO unit cell parameters with and without capping are 

within the limits of the technique, thus the same strain state is observed for the 

(110) LCMO unit cell before and after STO capping. 

 

We conclude that the STO capping of up to 5 nm on LCMO layers grown on 

(001) and (110) STO substrates does not change the corresponding strain state of the 

LCMO unit cell upon the limits of detection of the used RSMs. 
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HRTEM images: microstructure and interfaces 

Using thicker STO capping layers, we have studied the microstructure and the 

interfaces in STO/LCMO//STO (001) and (110) bilayers. TEM sample preparation as 

well as the HRTEM images and corresponding analysis were performed by S. Estradé 

and they are part of her PhD thesis. 

Results on a STO/LCMO//STO(001) bilayer are presented in Figure 6.3. The 

cross section HRTEM images were acquired along the [100] zone axis. The bilayer is 

formed by a LCMO bottom layer of 21.3 nm covered by a STO layer 14.6 nm. In Figure 

6.3a, the STO layer/LCMO electrode interface is seen, whereas in Figure 6.3b it is 

LCMO electrode/STO (001) substrate one which is shown. Both interfaces are sharp 

and coherent. Within the resolution of the image, no defects are detected. Fast Fourier 

transforms (FFTs) from STO (Figure 6.3i) and LCMO (Figure 6.3ii) layers and that 

from STO (001) substrate (Figure 6.3iii) confirm the cube-on-cube epitaxial 

relationships between both layers and the substrate 

STO(001[100])/LCMO(001)[100]//STO(001)[100]. 

The HRTEM images corresponding to a STO/LCMO//STO(110) bilayer are 

presented in Figure 6.4. The images were acquired along the [1-10] zone axis. The 

bilayer is formed by a LCMO bottom electrode of 21.5 nm covered by a STO layer 

27 nm. Interfaces are seen in Figure 6.4a (STO layer/LCMO electrode) and in Figure 

6.4b (LCMO electrode/STO (110) substrate). As in the case of the (001) bilayer, the 

interfaces in (110) one are abrupt and coherent, and defects are not observed in the 

films. FFT’s from STO (Figure 6.4i) and LCMO (Figure 6.4ii) layers and from 

STO (110) substrate (Figure 6.4iii), provided the confirmation of cube-on-cube epitaxial 

growth in this heterostructure: STO(110)[1-10]/LCMO(110) [1-10]//STO(110) [1-10]. 
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Figure 6.3. Cross section HRTEM images from a STO/LCMO/STO(001) bilayer along the 
[100] zone axis. Details (a) on the STO film/LCMO interface and (b) on the 
LCMO/STO(001) substrate interface. Corresponding FFTs calculated from (i) STO layer, 
(ii) LCMO film and (iii) STO (001) substrate are shown. 
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Figure 6.4. Cross section HRTEM images from a STO/LCMO/STO(110) bilayer along the [1-
10] zone axis. Details (a) on the STO film/LCMO interface and (b) on the 
LCMO/STO(110) substrate interface. At the right, corresponding FFTs calculated from 
(i) STO layer, (ii) LCMO film and (iii) STO (110) substrate. 

 

In conclusion, the inspection of the HRTEM images by cross section of (001) 

and (110) STO/LCMO bilayers indicates that the microstructure of these 

heterostructures do not present defects and their interfaces are highly abrupt. 
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6.2 Influence of STO capping in the magnetic and electronic 

properties of LCMO electrodes 

With the aim of studying the influence of insulating capping layers on (001) and 

(110) oriented manganite electrodes, we have characterized the magnetic and electronic 

properties of LCMO electrodes with and without STO capping layers. To perform this 

study, single LCMO electrodes and STO/LCMO bilayers have been grown, fixing the 

thickness of the underneath LCMO electrode to 39 nm. Bilayer samples have been 

grown with different STO thickness, and we have compared their properties to those of 

single LCMO electrodes. The samples used (electrodes and bilayers) are listed in Table 

6.3, and we also indicate the substrate temperature for the LCMO deposition and the 

corresponding thickness of the LCMO and STO layers. 

 
Table 6.3. List of electrodes and bilayers used in this section. For each substrate and STO 
thickness, two samples were grown simultaneously, as indicated. 

 

Samples Substrate LCMO thickness 
(nm) 

Td (LCMO) 
(C) 

STO thickness 
(nm) 

070110A1 & A2 STO(001) 39 800 0 
070109B1 & B2 STO(110) 39 750 0 
070116A1 & A2 STO(001) 39 800 2 
070115B1 & B2 STO(110) 39 750 2 
070125A1 & A2 STO(001) 39 800 4 
070117B1 & B2 STO(110) 39 750 4 
070118A1 & A2 STO(001) 39 800 5 
070119B1 & B2 STO(110) 39 750 5 

  
From the characterization of this series of samples it follows that the magnetic 

properties of (001) and (110) capped electrodes are found to evolve differently when the 

STO capping layer thickness increases, revealing a gradual reduction of the saturation 

magnetization for the (001) ones. Electronic properties are studied combining 55Mn 

nuclear magnetic resonance (NMR) and X-ray photoelectron spectroscopy (XPS). NMR 

experiments highlight that electronic phase separation in (001) electrodes is enhanced 

by the presence of the SrTiO3 capping layer and XPS measurements show that the 

electronic state of interfacial Mn ions from (001) electrode is more sensitive to the 

capping layer. We present these results separately and afterwards we will discuss them 

in order to shed light into the nature of the differential effect of the STO capping layer 

depending on the sample orientation. 
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6.2.1 Magnetic properties: depressed magnetic properties in STO 

capped (001) LCMO electrodes 

To investigate the magnetic properties of bare LCMO electrodes and STO 

capped ones, we have measured the magnetization dependence on field at low 

temperature and the temperature dependence of magnetization of these samples using 

SQUID magnetometry. In these experiments, the magnetic field was applied in the 

sample plane and along the same crystallographic direction for each series of samples, 

being for (001) samples along [100] direction and for (110) samples along 

[001] direction. 

In Figure 6.5, the magnetization dependence on field measured at 10 K of bare 

electrodes and capped ones is shown. As expected from the previous analysis of the 

magnetic properties of (001) and (110) LCMO films (Ch5), higher values of 

magnetization are obtained for the bare (110) electrode than for the (001) one of the 

same thickness. Also, at a fixed STO thickness, this statement is valid for all pair of 

(001) and (110) capped electrodes. Turning to the data of (001) samples, comparing the 

bare electrode magnetization curve to those of capped electrodes (Figure 6.5a), we 

observe a trend to depressed magnetization upon increasing STO thickness in the (001) 

samples. On the other hand, (110) samples (Figure 6.5b) show a much weaker 

dependence of their magnetization on STO thickness. Investigating the high field region 

of these curves (around H ∼ 20 kOe), we have extracted the saturation magnetization 

(MS) of the samples and the results are summarized in.Table 6.4. Using as references 

the magnetization values of the bare LCMO electrodes, for each orientation it has been 

calculated the relative decrease of MS as a function of the STO capping. Remarkably, a 

variation of a ∼ 11 % of MS is measured when comparing the (001) 5 nm STO capped 

electrode and the corresponding (001) one, whereas for the same couple of samples but 

grown of (110) orientation the MS decrease reaches only a ∼ 4 % value. 
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Figure 6.5. Magnetization vs field measurements carried out on bare LCMO electrodes 
(squares) and STO capped ones, with corresponding STO thickness of 2 nm, (circles), 4 nm 
(up triangles) and 5 nm (down triangles). The curves shown in (a) correspond to (001) samples 
and those in (b) to (110) samples. 

 

Table 6.4. Saturation magnetization (MS) of (001) and (110) samples as a function of the STO 
capping thickness. Bare LCMO electrodes correspond to 0 nm of STO thickness. Referred to 
the measured MS of the (001) and (110) LCMO bare electrodes, the relative reduction of MS 
for each capped electrode is also shown. The dead layer increase is calculated using the 
reduction of MS and the LCMO thickness (39 nm). 
 

 (001) (110) 

STO 

thickness 

(nm) 

MS 

(emu/cm3) 

Reduction MS 

(%) 

Dead layer 

increase 

(nm) 

MS 

(emu/cm3) 

Reduction MS 

(%) 

Dead layer 

increase 

(nm) 

0 543 0 0 570 0 0 

2 530 2.39 0.93 560 1.75 0.68 

4 489 9.94 3.88 548 3.86 1.51 

5 484 10.87 4.24 546 4.21 1.64 

 
 

The temperature dependence of magnetization of bare electrodes and STO 

capped ones is shown in Figure 6.6. For these measurements the applied magnetic field 

was 5 kOe. As it was deduced from magnetization dependence of field (Figure 6.5), the 

magnetization of (001) electrodes drops as the STO capping thickness increases (Figure 
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6.6a) whereas in the case of (110) electrodes the magnetization of capped electrodes is 

much less affected (Figure 6.6b). As expected from the results shown in Ch5, the 

ferromagnetic transition of the (001) bare electrode is much lower than that of the (110) 

one. The corresponding Curie temperature (TC) values are TC 001 ~ 180 K and 

TC 110 ~ 256 K. More information about the ferromagnetism of the capped electrodes 

can be extracted from the shape of the magnetization curves. Inspecting the curves from 

the (001) capped electrodes (Figure 6.6a), we notice that the magnetic transition 

becomes slightly wider as the STO capping increases, which is a signature of the 

existence of poorly ferromagnetic or non-ferromagnetic Mn phases that decrease the 

ferromagnetic interactions at lower temperature. On the other hand, no relevant change 

on the abruptness of the transition is observed in the corresponding curves (110) capped 

electrodes (Figure 6.6b). 
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Figure 6.6. Temperature dependence of magnetization measured at 5 kOe on bare LCMO 
electrodes (squares) and STO capped ones, with corresponding STO thickness of 2 nm, 
(circles), 4 nm (up triangles) and 5 nm (down triangles). The curves shown in (a) correspond to 
(001) samples and those in (b) to (110) samples. 
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6.2.2 55Mn NMR experimental results: increase of electronic phase 

separation in STO capped (001) LCMO electrodes 

The electronic state of Mn ions in bare and capped electrodes has been studied 

by 55Mn NM. The experiments were carried out and analyzed by Dr. M. Wojcik at the 

Institute of Physics, Polish Academy of Sciences (Warszawa). Figure 6.7 presents the 

NMR spectra of the (001) [(a) and (c)] and the (110) [(b) and (d)] samples. 
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Figure 6.7. NMR spectra from [(a) and (c)] (001) and [(c) and (d)] (110) single LCMO 
electrodes and STO capped ones. The total NMR spectra are shown in [(a) and (b)] and low 
intensity region of the same spectra is zoomed in [(c) and (d)]. 
 

The dominating line corresponds to the mixed valent Mn3+/4+ state, appearing at 

a frequency (ν) of ν ~ 375 MHz. This Mn3+/4+ state is related to the averaged 55Mn 

hyperfine field created by electron-holes fast motion over manganese sites Mn4+-Mn3+, 

which is a linked to the existing double-exchange mechanism. Inspection of the (001) 

spectra (Figure 6.7a) reveals the presence of a broad peak at lower frequency 

(ν ~ 315 MHz) and of smaller intensity, which is much clearly seen in the zoom shown 

in Figure 6.7c. This secondary line is attributed to the existence of localized 

ferromagnetic Mn4+ state and thus of electronic phase separation. As we have 

previously explained (NMR analysis in Ch4), electronic phase separation has been 
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repetitively found in (001) manganite films grown under different conditions [1][2]. 

Still studying the (001) spectra (Figure 6.7c), their slight asymmetry at high frequency 

(ν~ 420 MHz) signals the existence of another ferromagnetic state of Mn, which 

corresponds to localized Mn+3 one [3]. However, the intensity of this NMR resonance  

does not appreciably change by the presence of a capping layer which may be due to the 

very fast relaxation reported for Mn3+ state. On the other hand, the (110) spectra are 

clearly symmetric (Figure 6.7b and d), presenting only the Mn3+/4+ line and therefore no 

electronic phase separation is expected in these (110) electrodes. 

 

Table 6.5. Total intensity of the NMR spectra [I(total)] extracted from the NMR spectra 
obtained on the (001) and (110) samples, together with the intensities of the Mn3+/4+ 
[I(Mn3+/4+)] and of the Mn4+ [I(Mn4+)] lines measured on the (001) samples. The calculated 
ratios of the Mn4+ and Mn3+/4+ intensities of the NMR spectra of (001) samples are shown. 
 

(001) (110) STO 

capping 

thickness 

(nm) 

I(total) 

(arb. units) 

I(Mn3+/4+) 

(arb. units) 

Dif(Mn3+/4+) 

(%) 

I(Mn4+) 

(arb. units) 

Ratio(Mn4+) 

(%) 

I(total) 

(arb. units) 

Dif(Mn3+/4+) 

(%) 

0 235.0 226.0 0 10.1 10.1 287.7 0 

2 210.5 191.9 -15.09 18.6 18.6 285.5 -0.76 

4 209.5 192.4 -14.89 17.1 17.1 273.8 -4.85 

5 203.3 186.0 -17.72 17.3 17.3   

 
 

Investigating the (001) spectra (Figure 6.7a and c), capped electrodes show a 

clear decrease on the intensity of the dominant double-exchange Mn3+/4+ line intensity 

as well as an increase of the Mn4+ one. We have performed Gaussian-Lorentzian fits of 

the Mn3+/4+ and Mn4+ lines of the (001) samples, as well of the Mn3+/4+of the (110) ones. 

The resulting fits are also included in Figure 6.7 (lines). From these fits, a quantification 

of the expected Mn3+/4 and Mn4+ population in these samples can be extracted taking 

into account that the area of each resonant line is directly related to the amount of the 

corresponding phase present in the sample. The total intensity of the NMR spectra as 

well as the intensities of the Mn3+/4+ and Mn4+ contributions to the NMR spectra for the 

(001) and (110) samples are summarized in Table 6.5. We include in Table 6.5 the 

difference between the Mn3+/4+ intensity from each capped electrode and that of the 

corresponding electrode: Dif(Mn3+/4+)=[I(Mn3+/4+)capped-I(Mn3+/4+)bare]/I(Mn3+/4+)bare. 

These values are also indicated in Table 6.5 and provide important information about 

the loss of the ferromagnetic and metallic Mn3+/4+ ions in the capped electrodes. Upon 
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increasing STO thickness, in the (001) case the Mn3+/4+ intensity is strongly affected, 

and for 5 nm of STO capping the reduction is of ~ 17 %. The (110) case is much 

different, with a Mn3+/4+ intensity drop of only ~ 5 % for the electrode with STO 

capping  thickness of 4 nm. Besides to this analysis of the Mn3+/4+ intensity, we can 

evaluate the ratio of the Mn4+ to Mn3+/4+ phases in all the (001) electrodes from the 

corresponding intensities of the Mn4+ and Mn3+/4+ lines as a function of STO thickness: 

Ratio(Mn4+)=I(Mn4+)/I(Mn3+/4+) %. The calculated values are included in Table 6.5. 

From the ∼ 4 % of Mn4+ phase separation observed in the bare electrode, all capped 

electrodes suffer an increase of this separated phase towards a final ∼ 8 %. On the other 

hand, as already observed from the investigation of the NMR spectra, higher values of 

Mn3+/4+ line areas are obtained for the (110) samples, and only a small drop of the 

Mn3+/4+ intensity upon increasing the STO capping thickness is detected. 

The analysis of NMR spectra signals not only the occurrence of electronic phase 

separation in bare (001) electrodes, but also the increase of this phenomenon upon 

increasing the STO capping thickness. Indeed, the lowering on the Mn3+/4+ 

ferromagnetic and metallic ions is also promoted by the STO capping in both (001) and 

(110) capped electrodes, but the effect is enhanced in the (001) samples. Thus, the STO 

capping is strongly promoting the electronic phase separation in (001) electrodes, 

whereas the electronically homogeneous (110) electrodes are much less affected by the 

capping. 

6.2.3 XPS experimental results: study of the Mn electronic state near 

the STO/LCMO interface 

To study the interface composition, we performed XPS experiments on bare 

electrodes and STO capped ones using the PHI 5500 Multitechnique System (Physical 

Electronics) as described in Ch2. The surface sensitivity of this technique has served to 

inspect the top layers of the LCMO electrodes in the bare electrodes but also those 

underneath the ultrathin STO capping layers. A sketch of the XPS experiments is shown 

in Figure 6.8d. Using the displayed configuration, we have access to the Mn ions using 

thin STO layers up around 4 nm. Focused in the study of the Mn core levels, we have 

extracted information about the electronic state of the Mn ions near the interface by 

acquiring X-ray photoemission spectra from Mn 3s and Mn 2p core levels. 
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Although in the explored manganites it is expected a strong hybridation between 

the Mn and O core levels, we can use a simple ionic picture to understand the interest in 

the Mn 3s core level. For core levels with orbital moment l = 0, so-called s core levels, 

after a photoelectron emission process takes place, the remaining electron of the s-core 

level strongly interacts with the outer unfilled shells. From the photoelectron emission 

process, one of the electrons of the s-shell leaves it and the one remaining is stringly 

coupled to the electrons of the open shells. The final state of the ion is not uniquely 

defined, and instead of achieving the relaxed state E1, it can remains in an excited one 

E2, being E2 > E1. The kinetic energy KE of an emitted photoelectron will be 

consequently affected by the difference between E1 and E2. Thus, if a photoelectron is 

emitted from an ion that finally relaxes or from another one that remains excited, the 

corresponding KE will be different and two peaks will appear in the photoelectron 

spectra. The lower binding energy (BE) peak will correspond to the photoelectrons from 

relaxed final states (higher KE) and the higher BE peak will correspond to those from 

the excited final states (lower KE). 

For the case of 3d transition metals, the energetic difference (energy splitting) 

between the final states of the X-ray photoelectron emission spectra depends on two 

factors: the local spin of the initial state (ion before the photoelectron emission) and the 

magnitude of the overlapping of the 3s and 3d orbitals given by the corresponding 

Slater integral [G2(3s,3d)]. The local spin of the initial state S is determined by the spin 

configuration of the open 3d shell ground state. Following with the analysis of the 

Mn 3s core level, for one electron of the Mn 3s with spin s = ½, it can be coupled either 

parallelly or antiparallelly to the outer Mn 3d shell. Mn3+ ground electronic state is 

1s22s22p63s23p63d4, and with the 3d4 electrons coupled parallelly among them (S = 2) 

and also to the electron of the 3s shell, final value of local spin of he initial state will be 

S = 5/2. Analogous calculus can be performed for a Mn4+ ion, with ground state 

1s22s22p63s23p63d3 (S = 3/2), and thus the parallel coupling of 3d electrons and the 3s 

one leads to S = 2. The calculated energy splitting (ΔE3s) is proportional to the Slater 

integral [G2(3s,3d)] and the local spin S, and following Van Vleck [4], it is predicted: 

( )
5

)3,3(12
2

3
dsGSE s +=Δ     [6.1] 

The XPS measurements of 3d metal compounds show that the experimental ΔE3s 

values double the predicted ones, indicating that other effects as the intrashell 

correlations (between 3p and 3d levels) [5] and charge transfer processes (between 3d 
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and 3s levels) [6] contribute to increase ΔE3s. In any event, following the simple picture 

presented in eq. 6.1, the spin state and thus the valence of the local 3d ion determines 

the energy splitting ΔE3s. Conversely, it is possible to determine the valence of the 3d 

ion from the observed splitting ΔE3s. In manganites and other Mn oxides, Mn 3s core 

level has been previously studied by XPS, and it has been probed the usefulness of the 

study of the energy splitting on the Mn 3s core level to determine Mn valence or the 

corresponding S value [7][8][9][10]. 

The Mn 3s photoemission spectra are shown in Figure 6.8a. For any Mn 3s 

photoemission spectrum, the main peak corresponds to the high spin state and the 

satellite to the low spin state. The measured energy splitting values ΔE3s are collected in 

Figure 6.8c. First, from the analysis of the Mn 3s spectra of the bare electrodes (Figure 

6.8a, squares) we observe that for the given experimental XPS configuration no relevant 

differences are found in the free top layers of the (001) and (110) LCMO electrodes. 

Upon capping with STO layers (circles and triangles corresponding to 2 nm and 4 nm of 

STO capping, respectively), the Mn 3s photoemission spectrum intensity decreases, as 

expected from the limited mean free path of the photoelectrons emitted from the 

underneath Mn ions. 

To inspect the evolution of the energy splitting of the LCMO electrodes when 

increasing STO capping thickness, a zoom of the Mn 3s satellites is shown in Figure 

6.8b. From the bare electrodes to the 4 nm STO capped electrodes, we find a clear trend 

towards higher binding energies, and thus towards higher energy splitting, arising from 

both (001) and (110) STO/LCMO interfaces. We have fitted the experimental data using 

the software Multipak V6.0A provided by Physical Electronics. We have used 

Gaussian-Lorentzian and iterated-Shirley functions to fit each photoemission peak and 

the background, respectively. The final fits are shown in Figure 6.8a and b (lines). The 

relative position of the Mn 3s satellite (vertical lines in Figure 6.8b) can be extracted 

from these fittings. The increase of the STO capping thickness induces a shift of the 

satellite position towards higher binding energies. Remarkably, this effect is stronger in 

(001) capped electrodes (close symbols, dashed lines) than in (110) ones (open symbols, 

solid lines). 
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Figure 6.8. (a) Mn 3s X-ray photoelectron emission spectra of (001) (close symbols) and (110) 
(open symbols) LCMO electrodes without STO capping (squares) and with 2 nm (circles) and 
4 nm (triangles) of STO capping. Lines are Gaussian–Lorentzian fits and iterated-Shirley 
background. (b) Zoom of the satellites of (a), vertical lines indicating the corresponding energy 
position. (c) Energy splitting of the Mn 3s spectra as a function of the STO capping thickness 
and sample orientation. (d) Sketch illustrating the XPS experiment. 
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The increase of the Mn 3s energy splitting is understood as a signature that 

reduced Mn ions are detected [7][8][9][10]. Thus, we proceed to evaluate the Mn 

valence as a function of the STO capping thickness and orientation from the energy 

position of the Mn 3s satellites. In Table 6.6 we summarize the experimental values of 

the binding energies of the Mn 3s peaks and the energy splitting. As already mentioned 

in the analysis of Figure 6.8a and b, higher energy splitting ΔE(Mn 3s) is measured 

upon the STO capping thickness increases for both (001) and (110) samples, being 

much relevant in the (001) case. Furthermore, the reduction of the Mn valence should 

imply the lowering of the binding energy of the main Mn 3s peak [E(Mn 3s)]. Data in 

Table 6.6 agrees with this argument, and the E(Mn 3s) values decrease as the STO 

capping thickness increases. In Figure 6.8c the Mn 3s energy splitting is plotted as a 

function of the STO capping thickness. The energy reference for the Mn2+, Mn3+ and 

mixed-valent Mn3.3+ ions are extracted from the linear fit to the experimental values 

included in Ref. [9]. From the Mn 3s energy splitting of bare electrodes, which 

corresponds formally to the ideal Mn3.3+ ions, we detect Mn2+ ions as the STO capping 

thickness rises. This monotonic evolution of the Mn formal valence is caused by: (i) the 

diminished contribution to the collected spectra of the electrons emitted from deeper 

LCMO unit cells; and (ii) the formation of a thicker insulating STO layer with more 

rigid electronic bands, which may promote stronger electrostatics effects at the 

interface. We will discuss deeply on this topic in next section. 

 

Table 6.6. Binding energies of Mn 3s core level corresponding to the main peak [E(Mn 3s)] 
and to the satellite [E(Mn 3s sat)]. The energy splitting [ΔE(Mn 3s)] is also shown. The error 
in ΔE(Mn 3s) has been calculated from the statistic error associated to the fits. 

 
(001) (110) STO capping 

thickness 

(nm) 
E(Mn 3s) 

(eV) 

E(Mn 3s sat) 

(eV) 

ΔE(Mn 3s) 

(eV) 

E(Mn 3s) 

(eV) 

E(Mn 3s sat) 

(eV) 

ΔE(Mn 3s) 

(eV) 

0 85.48 90.54 5.06±0.09 85.18 90.27 5.09±0.05 

2 85.10 90.87 5.77±0.06 85.07 90.66 5.59±0.05 

4 84.94 91.23 6.29±0.05 84.71 90.73 6.02±0.07 

 
 

We turn now to the study of Mn 2p spectra. We recall first that, for core levels 

with non-zero orbital momentum l (l ≠ 0), their corresponding electrons experiment a 

coupling of their orbital l and spin s momentum through the spin-orbit interaction. For a 

p core level, l = 1 and the available values of the total angular momentum j are splitted 
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into two: for parallel l and s momentums j = 3/2, and for antiparallel ones j = ½. The 

energy of the electrons is consequently affected by the j value, having lower binding 

energies the electrons characterized by a higher j value. In the XPS experiment, the 

photons can interact with these populations of electrons with different binding energy, 

and the effects are observed in the XPS spectra as the arising of two peaks separated by 

a characteristic energy (spin-orbit energy splitting). 

Figure 6.9 shows the experimental Mn 2p photoemission spectra. We analyze 

first the main characteristics of spectra of the bare electrodes compared to those of 2 nm 

STO capped ones in Figure 6.9a. The binding energy in both (001) and (110) electrodes 

as well as the splitting is the same as that expected for an intermediate state Mn3+/4+ 

[11], thus indicating that within the experimental conditions for detection (Figure 6.8d) 

similar Mn electronic states are expected in the last LCMO unit cells. In the case of the 

spectra from capped electrodes, we observe a shift of the core levels towards lower 

binding energy similarly to the experimental results on the Mn 3s main peaks (Table 

6.6) as the STO capping thickness increases. The origin of the energy shift in the Mn 2p 

core level is attributed to a change in the overall charge on the Mn ion, with reduced Mn 

sites [12]. Moreover, in the (001) capped electrode (close circles) another contribution 

marked by an arrow appears at ~ 5 eV of the Mn2p3/2 peak, likely to be a shake up peak 

related to the presence of reduced Mn ions (Mn2+) [10]. On the other hand, the (110) 

capped electrode spectrum (open circles) does not present evidence of this secondary 

contribution, and a smaller energy shift in Mn 2p binding energy (-0.15 eV) is observed 

compared to (001) counterparts (-0.20 eV). In Figure 6.9b and c show the Mn 2p 

normalized spectra of the complete series of bare and capped electrodes with (001) and 

(110) orientation, respectively. The normalization allows observing more clearly the 

appearance of a shake-up satellite, much pronounced in the 4 nm STO capped 

electrodes. A qualitative evaluation of the spectra of (001) and (110) capped electrodes 

signals that the reduction happens in both cases, but the relative intensity of the shake-

up satellite to that of the Mn 2p3/2 is higher in the (001) case. From these results, we 

conclude that the contribution of Mn2+ phases in these spectra is more relevant in the 

(001) capped electrodes and thus a more reduced interface is expected in the (110) 

capped electrodes. 
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Figure 6.9. X-ray photoelectron emission spectra of Mn 2p core level of (001) (close symbols) 
and (110) (open symbols) LCMO electrodes without STO capping (squares) and with 2 nm 
(circles) and 4 nm (triangles) of STO capping. Vertical lines indicate the binding energy of 
Mn 2p3/2 peaks and arrows mark the Mn2+ satellite. In (a) the spectra are shifted in the y-axis. 
In [(b) and (c)] the spectra are normalized to the intensity of Mn 2p3/2. 

 



SrTiO3/La2/3Ca1/3MnO3 bilayers for MTJs 

226 

Discussion 

The physical phenomena arising at the interfaces between manganite and 

insulating layers in epitaxial heterostructures has received much attention since the 

functionality of future spintronics devices using these materials will strongly depend on 

them. Among the variety of heterostructures investigated, the most commonly ones 

have been those combining La-manganites and SrTiO3 (STO) insulating layers. Grown 

either in superlattices [13][14] or in bilayer or trilayer heterostructures [15][16][17][18], 

in all cases the properties of the La-manganites layers present depressed magnetic and 

electronic properties, which increased upon thicker STO or thinner La-manganite layers 

are grown. The origin of this depression has been attributed to the loss of spin-

polarization at the interface region, understood as the formation of clusters of separated 

phases either ferromagnetic (FM) or antiferromagnetic (AFM) [13][14], as the 

occurrence of charge transfer with hole doping from the adjacent STO layer towards the 

La-manganite one [15][17] or as the loss of the oxygen octahedron symmetry [16][18]. 

Theoretical studies of the magnetic surface states in La-manganites/STO interfaces 

[19][20] signal that the STO insulating layer enhances the carrier confinement in a two 

dimensional slab at the interface, which promotes the AFM coupling of the last La-

manganite unit cells to the underneath FM film. 

Our results on STO/LCMO (001) and (110) heterostructures indicate that upon 

STO capping the magnetic and electronic properties of LCMO layers get relevantly 

depressed in the (001) case. From the structural characterization of these bilayers 

(Figure 6.2), we have observed that the LCMO unit cell parameters are not affected by 

the presence of the STO capping layer, thus we can rule out any contribution of the 

strain to this depression. The different experimental evidences highlight the sensitivity 

of the (001) LCMO layer to the presence of the STO capping layer: 

(1) The increase of the STO thickness layer promotes a clear depression of 

the saturation magnetization (MS) in (001) samples (Table 6.4). 

(2) From NMR experiments, the electronic phase separation existing in the 

bare LCMO (001) electrode increases (Table 6.5). 

(3) The Mn ions at the interface are reduced (Table 6.6) towards Mn2+. 

On the other hand, few effects of the STO layer are observed in the magnetic 

and electronic properties of LCMO (110) layers. Although Mn2+ ions are detected in the 

(110) interfaces (Figure 6.9c), no electronic phase separation is measured by NMR 
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(Figure 6.7b and d) and the decrease in MS is much lower than in the (001) case (Table 

6.4). 

The summary of the experimental results on STO/LCMO bilayers is shown in 

Figure 6.10. The induced non-FM layer values in Figure 6.10a have been calculated 

using the reduction ratio of MS values in STO capped electrodes compared to those of 

bare electrodes (Table 6.4) and the nominal LCMO thickness (39 nm). 
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Figure 6.10. As a function of the STO capping thickness: (a) Induced non-FM layer in (001) 
(close symbols) and (110) (open symbols) STO capped electrodes, calculated from MS values 
shown in Table 6.4; (b) Left axis: NMR signal intensity corresponding to the total spectra of 
(001) (close squares) and (110) (open squares) capped electrodes, together with the intensity of 
Mn3+/4+

 line in (001) samples (circles); Right axis: NMR Mn4+ signal intensity of the (001) 
capped electrodes (triangles). 

 

With Figure 6.10 we can evaluate the correlation between magnetic and NMR 

measurements. Investigating first the dependence in STO thickness of the (110) results, 

we observe that a slight promotion of non-FM layer appears in (110) capped electrodes 

(open symbols, Figure 6.10a), which is correlated to a similar decrease in the NMR total 

signal (open symbols, Figure 6.10b). The nominal value of this non-FM layer is 
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~ 1.4 nm. However, we recall that no Mn4+ phases are detected in (110) capped 

electrodes by NMR, although at the interface Mn2+ ions are found by XPS. Turning to 

(001) samples, the induction of a non-FM layer is evident from Figure 6.10a, and up to 

~ 4.2 nm of the LCMO (001) electrode becomes non-FM. NMR results (Figure 6.10b) 

show an increase in the Mn4+ phase (triangles) and an overall reduction of the total and 

the Mn3+/4+ NMR intensity. Furthermore, Mn2+ ions were detected by XPS in these 

(001) capped electrodes, much significantly than in the (110) case.  

The depletion of the magnetic properties of (001) La-manganite electrodes used 

in oxide heterostructures have been studied by many groups [13][14][15][16][17][18]. 

We monitor the difficulty to find conclusive remarks on the origin of these effects by 

analyzing some of the reported results of Koinuma’s group [17][21]. In Figure 6.11 we 

present some of their results obtained using photoemission spectroscopy (PES) and 

angle-resolved PES (ARPES). In Ref. [17], they explored by PES (001) La1-xSrxMnO3 

(LSMO) electrodes with doping level x = 0.4 and heterostructures with STO layers of 

different thickness (Figure 6.11a). They observed that upon the deposition of a STO 

layer of higher thickness, the peak at ~ 1 eV decreases in amplitude. Measuring also a 

LSMO film with higher doping (x = 0.55), they found the lowering of the ~ 1 eV peak 

amplitude compared to that of the x = 0.4 LSMO film. Their conclusions were to assign 

the ~ 1 eV peak to a decrease of the occupancy of the eg levels of the Mn 3d band, 

which had lowered their population upon STO layer growth. On the other hand, in Ref. 

[21] the ARPES experiments performed on single films of (001) La1-xSrxMnO3 of 

varied doping (0.1 ≤ x ≤ 0.4) (Figure 6.11b) signaled the occurrence of a similar peak 

near the Fermi level ~ 1 eV for the same doping x = 0.4, but upon decreasing the 

doping, the peak amplitude decreased, contrary to what expected from the conclusions 

of Ref. [17]. In this case, the scenario proposed is that the strong electron-electron 

interaction of these manganites leads to a spectral weight transfer from the coherent 

component (peak at ~ 1 eV, related to the real occupancy of the Mn 3d band) to the 

incoherent component (related to the O 2p bands). Thus, we notice that for the 

STO/LSMO heterostructures the argument given in Ref. [17] that the STO layer can 

induce hole doping on the LSMO electrode needs to be revised from the results shown 

in Ref. [21]. 

The XPS study presented here is focused on Mn core levels (Mn 3s and Mn 2p), 

which allow a much straightforward interpretation of the physical origin of the spectra. 

Mn interface reduction has been also detected by electron energy loss spectroscopy 
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(EELS) by Maurice et al. [12] inspecting the interfaces of (001) 

La0.7Sr0.3MnO3/SrTiO3/La0.7Sr0.3MnO3 trilayers. In this case, Mn 2p EELS spectra show 

a shift towards lower energies near the STO layer. 

 
Figure 6.11. (a) Mn 3d PES spectra obtained from La0.6Sr0.4MnO3 (LSMO) electrodes and 
STO/LSMO heterostructures, together with that from La0.55Sr0.45MnO3 electrode; at the inset, 
the relative intensity of the eg states as a function of the STO layer thickness (from Ref. [17]). 
(b) ARPES of La1-xSrxMnO3 electrodes of varied doping level x (from Ref. [21]). 

 

Our data signal the occurrence of a clear charge modification in the Mn ions at 

the (001) interfaces. Within the framework of the reported studies in La-manganite/STO 

interfaces, it has been observed that Mn reduction happens near the STO interface [12] 

although no explanation has been provided to this fact. On the other hand,, the common 

trend to consider AFM order at the interface linked to a interface hole doping still needs 

to be probed [17][21]. The analysis of our results indicates that a simultaneous drop of 

ferromagnetic itinerant Mn3+/4+ phase and increase of the Mn4+ phase happens in (001) 

capped electrodes, as well as the formation of interface Mn2+ states. As reported by 

Alonso et al. [22], the Mn3+ disproportion in La1-xCaxMnO3 powders relieves the 

internal energy of the manganite in reducing conditions, and 2Mn3+/4+ ions may lead to 

Mn4+-Mn2+ ions. This scenario can explain the increase of Mn4+ and appearance of 

Mn2+ states near the (001) interface. In any event, for the optimally doped LCMO 

electrodes any change on the doping (by holes or electrons) leads to a decrease in the 

magnetic properties and to an increase of the electronic phase separation. We have 

clearly observed that the (001) interfaces are highly sensitive compared to (110) ones, 

The fact that a charge discontinuity happens in the (001) STO/LCMO interface may 
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promote the charge redistribution, which is not the case of (110) interfaces. The 

reduction process at the STO/LCMO interface may be linked to the oxygen net, which 

is expected to have a different symmetry within the (001) and (110) planes, or it can be 

caused by the removal of interfacial oxygen due to oxygen gathering from the STO 

capping layer. 

 

To summarize this topic, we have studied the magnetic and electronic properties 

of (001) and (110) STO capped LCMO electrodes. The STO capping layer favors the 

electronic phase separation of (001) electrodes, strongly reducing their saturation 

magnetization, whereas much lower influence is observed in (110) interfaces. The 

detection of Mn2+ ions at the (001) and (110) interface suggests that the oxygen content 

of the interface is influenced by the STO insulating layer. The distortion of the 

symmetry of the oxygen lattice in the (001) STO/LCMO interfaces can be at the origin 

of the depleted magnetic properties of these heterostructures, leading to a preferential 

loss of oxygen in the (001) interface. We suggest that this effect may be less relevant in 

the (110) interface We cannot rule out that other effects, as the charge discontinuity 

between (001) LCMO and STO perovskite planes, may enhance the charge 

redistribution, contributing to the Mn reduction and electronic phase separation. 

6.3 Functional properties of STO/LCMO bilayers: study of 

the tunneling conduction by Conducting-AFM 

Before the integration of epitaxial STO/LCMO bilayers into magnetic tunnel 

junctions (MTJs), it is mandatory to confirm that tunneling conduction is possible 

through the used bilayers. Furthermore, more relevant information can be obtained from 

the study of the tunneling parameters, and the knowledge of the barrier height energy in 

the insulator/electrode system may lead to deduce the future interval of the necessary 

voltage range for the device functionality. 

Within this framework, we have studied the tunneling conduction in 

STO/LCMO bilayers grown on (001) and (110) STO substrates. The results shown here 

correspond to two series of bilayers, a first series with 19 nm LCMO electrodes and a 

second series with 70 nm LCMO electrodes. The thickness of STO barriers varies 

between 0.4 to 3.4 nm (~1 to 9 u.c.). 
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Prior to present the experimental data and their analysis, some comments about 

tunneling conduction through oxide heterostructures are necessary. Electric transport 

through a thin insulating layer is a characteristic feature of tunnel devices, such as 

magnetic tunnel junctions or spin filters. Besides structural and electronic wave-

function symmetry matching [23][24] and barrier thickness (t), the conductance of a 

tunnel barrier is critically determined by the energies of its barrier heights (φ), which 

correspond to the energy difference between the Fermi level in the electrodes and the 

bottom of the conduction band in the insulator. This is the key parameter for the 

detailed understanding of the transport process across the MTJ and for optimal design 

and operation. 

Epitaxial nanometric STO and MgO layers are being considered as tunnel 

barriers in spintronics devices. Most commonly, φ is determined from the analysis of the 

current-voltage I(V) characteristics of the junction, after multilayer growth and 

subsequent lithography processing, which may modify the junction properties. An I(V) 

curve of a MTJs averages the response over the junction area, losing information on 

local variations of conductance. Given the exponential dependence of current over 

barrier thickness, unknown local variations of barrier conductance could dominate 

transport properties of the junction leading to large error on the future analysis. 

Moreover, the I(V) curves differ subtly depending on voltage regime or, more precisely, 

on the eV/φ ratio which is, a priori, unknown. It turns out that the reliability of the φ 

values may be questionable. Some of these difficulties may be behind the significant 

scattering of reported values for φ (STO) in MTJs made using manganites as electrodes 

(50 meV [25], 0.5-0.7 eV [26], and 1.2 eV [27]) as well as for MgO (0.39 eV [23] and 

2.4-3.6 eV [28]). 

Conducting atomic force microscopy (C-AFM) allows obtaining maps with 

nanometric resolution of the topography and simultaneously of the electrical current 

when a voltage is applied between a bottom electrode and the conducting tip 

[29][31][32][33][34][35]. Besides, in principle, the homogeneity of thin insulating 

layers on electrodes can be investigated from these maps and from spectroscopic I(V) 

measurements. Indeed, C-AFM has been used to evaluate φ in magnetic tunnel junctions 

with Al2O3 as barrier. Local I(V) measurements [32][33][34] or histograms from current 

maps [35][36][37] were used for this purpose. Both methods rely on fitting, using a 

suitable model, a single measurement, either an I(V) curve or a current histogram from a 
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C-AFM image, to extract φ. We note however that the current flow is largely 

determined by the ill-defined contact area and the barrier thickness and their possible 

spatial fluctuations [38], thus leading to large error on determination of φ. 

An original method to overcome these difficulties has been developed and now 

introduced. It is based on the accurate resistance mapping of nanometric barriers. 

Details on the C-AFM set-up are in Ch2 and in Ref. [37].We have measured the electric 

resistance under different conditions of bare LCMO electrodes and STO/LCMO 

bilayers grown on (001) and (110) STO. The results shown here are obtained from the 

samples listed in Table 6.7, and the corresponding layer thickness is also included. 

 

Table 6.7. List of samples used for the C-AFM experiments. The thickness of the LCMO and 
STO layer is also indicated. 

 

Sample Substrate Sample Substrate 
LCMO 

thickness 
(nm) 

STO 
thickness 

(nm) 
050929A3 STO(001) 050929B3 STO(110) 17 0 
050713A STO(001) 050713B STO(110) 19 0.85 
050705A STO(001) 050705B STO(110) 19 1.7 
050707A STO(001) 050707B STO(110) 19 2.55 
050706A STO(001) 050706B STO(110) 19 3.4 
051125A STO(001)   73 0 
051129A STO(001)   73 0.4 
051128A STO(001)   73 1.2 
051126A STO(001)   73 2.0 

  
The section is organized as follows: 

1. Explanation of the method. 

2. Application of the procedure to (001) bilayers. Evaluation of the 

insulating properties of STO layers and considerations on the tunneling process to 

estimate the barrier height energy. 

3. Application of the procedure to (110) bilayers. 

4. Final results on the evaluation of the barrier height and on the 

applicability of the method. 

6.3.1 C-AFM procedure 

The procedure can be simply explained as follows: instead of analyzing local 

I(V) curves or conductance histograms from a single bilayer, the originality of the 

method relies on the use of C-AFM resistance maps of samples with different barrier 

thickness and using different bias conditions. From the maps, a mean resistance value 

has to be determined for each sample, making sure that the experimental conditions are 
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exactly the same in all cases. It requires that the applied force has to be exactly the same 

as well as similar ambient conditions. The process done is as follows: 

(1) Scan of a reduced area of the sample using a force F1. 

(2) Subsequently scan of a larger area which includes the previous one, with 

a force F2 (F2 < F1). 

Typical scan sizes were (500x500) nm2 for (1) and (3x3) μm2 for (2). The same 

surface is then scanned again in a (500x500) nm2, and a measurement is accepted to be 

correct if there are no significant changes of resistance in the region scanned twice. An 

example is shown in Figure 6.12. The rectangle marked on the (3x3) μm2 images 

(Figure 6.12b) shows the previously (500x500) nm2 scanned area (Figure 6.12a). 

 
Figure 6.12. Topography (left) and resistance CAFM maps (right) corresponding to a 
(001) bilayer of tSTO = 2.0 nm and with the LCMO electrode of 73 nm. In panel (a), (3x3) μm2 
scans obtained after bottom panel (b) (500x500) nm2 scans were performed. The rectangles on 
panel (a) mark the previously scanned area shown on panel (b). Scales are included in the right 
side of each image, and the resistance unit is Ω. 
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6.3.2 (001) bilayers 

In Figure 6.13 the topographic and resistance maps corresponding to the 

(001) 19 nm LCMO electrode and to the (001) bilayers with thickness from tSTO = 0.85 

to 3.40 nm are shown. The resistance maps were recorded with a bias of 2 V. The 

topographic images acquired simultaneously as well as measurements by tapping mode 

(not shown here) reveal very flat surfaces, with the presence of unit cell steps and two-

dimensional islands, with a low roughness in all the samples below 0.5 nm (rms). 

Although the surface roughness is quite similar in all these samples, they show huge 

differences in the electrical resistance. This fact can be realized observing the 

corresponding histograms of the electrical resistance. In Figure 6.14, histograms from 

the bare electrode and from the bilayers with barrier thickness of 0.85, 1.70, 2.55 and 

3.40 nm are shown. It is noted: 

(1) Histograms can be discriminated one from another. 

(2) Bilayer histograms are slightly broader than that of the electrode. 

(3) Mean value resistance of the samples increases very rapidly, by 5 orders 

of magnitude, with a range of barrier thickness from 0 to 3.40 nm. 

All these factors imply that the local variation of thickness in a given sample is 

below the interval in STO thickness between the prepared samples, which is of about 

2 u.c. Explained with another words, histograms in Figure 6.14 show that the most 

probable resistance [maximum of the resistance histogram (Rm)] of each sample clearly 

shifts to higher resistance with tSTO, thus it can be used as a parameter to characterize 

the barrier. In the case of maps shown in Figure 6.13, acquired with a bias of 2 V, the 

resistances extracted from the corresponding histograms shown in Figure 6.14 are 

1.4x106, 3.2x107, and 6.3x1010 Ω for tSTO = 0, 0.85 and 3.40 nm samples, respectively. 

Similarly to maps in Figure 6.13, which were acquired with a bias of 2 V, other 

maps were acquired in the same samples with bias of 1 and 3 V. The extracted values of 

Rm (t) from maps acquired at these three bias (1, 2 and 3 V) are shown in Figure 6.15a. 

The conductance through the barrier is increased by three orders of magnitude when 

increasing bias from 1 to 3 V. When plotting the resistance values it is found that their 

dependence on barrier thickness corresponds to an exponential increase, attesting the 

tunneling mechanism in the electrical transport. Different tunneling regimes can occur 

depending on the bias and the barrier thickness and energy height. Electric tunneling 

current obeys different dependences on the bias determined by a series of parameters of 
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the system, as it is the electron affinity and the thickness of the insulating barrier, as 

well as work functions of the used electrodes. Furthermore, the value of the bias, 

compared to φ/e, is a critical factor and thus, before analyzing the data of Figure 6.15a, 

it is useful to estimate the expected barrier height under the actual experimental 

conditions. 

 
Figure 6.13. (500x500) nm2 topographic (left) and electrical resistance maps (right) acquired 
with a bias of 2 V on (a) the (001) 19 nm LCMO electrode, and on (001) STO barriers (b) 
0.85 nm and (c) 3.40 nm thick. Resistance maps are plotted in logarithmic scale that is shown 
at the right, being the resistance unit Ω. 

 

A plot of the band structure of the AFM tip/STO barrier/LCMO electrode is 

shown in Figure 6.16. The sketch illustrates the case of a defect-free STO insulator and 

in absence of trapped charge (Schottky limit), and with the LCMO electrode positively 
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biased with V > φ2/e. The evaluation of the barrier height (φ2) between LCMO and STO 

would follow the relation φ2 ≈ WLCMO - χSTO, being WLCMO the work function of LCMO 

and χSTO the electron affinity of STO. Since WLCMO is ∼ 4.8 eV [38] and χSTO is 

∼ 3.9 eV [39], the barrier height is expected to be no larger than ∼ 0.9 eV. Moreover, if 

interface states appear in the gap of STO [39] the barrier height could be decreased. 

Indeed, using the charge neutral level position for STO reported in Ref. [39], φ2 is 

estimated to 0.75 eV. Additional barrier lowering can occur due to image charge effects 

[40][41]. 
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Figure 6.14. Histograms of resistance (at 2 V bias) corresponding to the (001) electrode (tSTO 
= 0 nm) and samples with tSTO of 0.85, 1.70, 2.55 and 3.40 nm 

 

Now, turning to the interpretation of the tunneling process, when a bias V > φ2/e 

is applied, the tunnel transport takes place through an effective barrier thinner than its 

nominal thickness. This regime of tunnel transport is called Fowler-Nordheim [41]. In 

the case assumed in the sketch shown in Figure 6.16, the electrons injected from the 

AFM tip to the LCMO electrode find a barrier of a height φ1 that depends on the work 

function of the AFM tip and not on the work function of LCMO itself, and thus it can be 

different from φ2. 

Resistance maps were recorded at 1, 2 or 3 V bias, when the transport is 

expected to occur in the Fowler-Nordheim (FN) regime. In this limit, the dependence of 

I on V is given by [41] 



SrTiO3/La2/3Ca1/3MnO3 bilayers for MTJs 

237 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
= t

Vhe
mV

th
AeI 1

3
*28exp

8
2 2/3

12

1
22

3 φπβ
φβπ

  [6.2] 

where A is the contact area, β is the barrier shape correction factor, t is the 

barrier thickness, V is the bias voltage, and e, m*, h are the electron charge, effective 

mass of the electron, and Plank constant, respectively. Approximating the barrier shape 

to a rectangular one (β = 1),eq. 6.2 can be rewritten as 
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with B given by 
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−=     [6.4] 

According to eq. 6.3, at a given bias voltage, ln (I/V2) should exhibit a linear 

dependence in t, which in fact data in Figure 6.15b signal. Moreover, a careful 

inspection of the linear dependencies of the sets of ln (I/V2) versus t clearly indicates a 

change in the slope (B), which gradually decreases when increasing voltage. In Figure 

6.15c, B values determined from the three bias voltages of Figure 6.15b are plotted as a 

function of 1/V. From eq. 6.4, B vs (1/V) linear dependence is expected if FN regime is 

achieved. Thus, it is deduced from experimental data analysis of Figure 6.15c that the 

tunneling transport occurs in the FN regime. In addition, the slope provides a direct way 

to estimate (2m*)1/2φ1
3/2. From the B vs (1/V) slope, φ1(m*)1/3 ∼ 0.41 eV is determined. 

It is to be remarked that tunneling current depends on both m* and φ1 as a product, and 

from these experiments an independent determination of both magnitudes is not 

possible. Nevertheless, an estimated value of φ1 can be obtained taking into account that 

the effective mass in STO is m* ∼ 6 me [42]. Thus, the barrier height would be 

φ1 ≈ 0.23 eV. About the value of m*, it has been emphasized by Scott [42] that while it 

is true that m* at the interfaces may differ from the band mass, it is not expected to be 

lower than the bulk value, and that it never can be treated as a fitting parameter in the 

analysis of tunneling data. However, m* in STO has been found to depend on carrier 

concentration, and thus accurate (local) values of m* are inaccessible. Assuming a 

limiting value m* ∼ 1 me [43] the upper bound estimation found for φ1 is 0.41 eV. It is 

to be remarked that in the method used here to deduce the barrier height φ1, the contact 

area does not contribute explicitly, in contrast with other methods described in the 

introduction of this section. 



SrTiO3/La2/3Ca1/3MnO3 bilayers for MTJs 

238 

 

0 1 2 3 4
-28

-24

-20

-16

-12

 

ln
 (I

/V
2 ) (

A
/V

2 )

STO thickness (nm)

4

6

8

10

12

 

 

 

lo
g 

(R
/Ω

)

0.2 0.4 0.6 0.8 1.0 1.2
-5

-4

-3

-2

1V
2V

3V

3V

2V

(c)

(b)
 

 

B
 (1

09 m
-1
)

1 /V (V-1)

(a)

1V

 
Figure 6.15. (a) Resistance of (001) samples as a function of the barrier thickness (t) for bias of 
1, 2, and 3 V. (b) ln (I/V2) plotted against t barrier thickness. (c) Factor B (slope of 
ln(I/V2)= f(t)) plotted against the reciprocal of the bias. Straight lines in the panels are linear 
fits (the value corresponding to the thicker barrier and a bias of 3 V was not included) 
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Figure 6.16. Sketch of the band structure (in the Schottky limit) of the 
AFM tip/STO barrier/LCMO electrode. STO electron affinity is represented by χSTO and 
LCMO work function and AFM tip by WLCMO and Wtip. The barrier heights are φ1 and φ2. It is 
shown the band structure being the LCMO electrode positively biased with V > φ2/e. 

 

6.3.3  (110) bilayers 

A similar characterization of the (110) bilayers has been carried out. In Figure 

6.17 they are shown the simultaneously acquired topographic and resistance maps, 

recorded under an applied bias of 2 V, from the corresponding bare 19 nm LCMO (110) 

electrode and STO/LCMO (110) bilayers with barrier thickness of tSTO = 0.85, 1.70, and 

3.40 nm. The coated tip used in CAFM measurement and the rougher surface of 

(110) samples contribute to lower the topographic image resolution; in spite of this, the 

most relevant morphologic features of film surfaces can still be observed. These 

features in topography are also observed in the resistance maps, due to local variations 

of the tip force or contact area. However, as it happened with (001) resistance maps, 

these topographic changes in resistance are much smaller than the average variation 

between STO barriers of different thicknesses. 
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Figure 6.17. (300x300) nm2 topographic images (left) and resistance maps (right) from (a) the 
19 nm LCMO electrode, and from bilayers presenting different STO thickness: (b) 0.85 nm, 
(c) 1.70 nm, and (d) 3.40 nm. Resistance maps were obtained with a bias of 2 V and they are 
plotted in logarithmic scale, displayed at the right. 
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In Figure 6.18, histograms from resistance maps acquired with a bias of 2 V on 

the (110) electrode and (110) bilayers present similar characteristics as (001) ones. Even 

with an increase in thickness of nominally 2 u.c. (only 0.85 nm) from one to the next, 

their corresponding histograms are well separated and with a slight overlapping. Then, 

in the (110) bilayers too, it is possible to discriminate each histogram from one another, 

and it is seen that the resistance of the samples increases very rapidly, within the barrier 

thickness variation (from 0 to 3.40 nm). This suggests that the insulating STO layer is 

covering homogeneously the LCMO (110) electrode in the range of STO thickness 

studied, in agreement with the absence of pinholes confirmed by the topographic and 

resistance maps. The huge increase of the measured resistance with the thickness of the 

barrier is indicated by a local resistance of the order of 106 Ω in the bare electrode 

(resistance map in Figure 6.17a, histogram in Figure 6.18), increasing up to around 

1011 Ω for the t = 3.40 nm barrier (resistance map in Figure 6.17d, histogram in Figure 

6.18). 
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Figure 6.18. (a) Histograms of resistance for a 19 nm LCMO (110) electrode and 
STO/LCMO (110) bilayers (tSTO = 0.85, 1.70 and 3.40 nm) obtained with a bias of 2 V. 

 

6.3.4 Barrier height in (001) and (110) bilayers. Conclusions on the 

applicability of the method 

In Figure 6.19 (right axis) the corresponding Rm values (red triangles) versus 

film thickness are plotted. The exponential increase of resistance with STO thickness, 

signals that the conduction mechanism through the barrier corresponds in (110) samples 
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is a tunneling process. The estimation of the expected barrier height in the 

(001) bilayers is valid for the (110) ones too. Then, taking into account eq. 6.3, the 

values of ln (I/V2) as a function of STO thickness are plotted in Figure 6.19 (left axis). 

The values ln (I/V2) were calculated with the associated experimental values of Rm 

(Figure 6.19, right axis). The linear dependence of ln(I/V2) on thickness is well visible, 

confirming the exponential dependence of (I/V2) on barrier thickness. Differently that 

for (001) samples, the collected data for (110) ones did not include different bias 

voltage. However, a comparison with the corresponding data of ln (I/V2) vs. t collected 

on (001) STO barriers on LCMO (001) electrodes can be done. In Figure 6.19 (left axis) 

they are plotted both data from 2 V resistance maps of (001) (close symbols) and 

(110) barriers (open symbols), which were simultaneously grown. The conductance 

through (001) and (110) STO barriers is very similar, thus suggesting a comparable 

energy barrier. Since the energy barrier between the AFM tip and a STO barrier on 

LCMO (001) has been found to be 0.2-0.4 eV, a similar height is expected in the case of 

the STO (110) barriers. This observation would imply that the band gaps in STO layers 

along [001] and [110] are similar. However, calculations of the electronic band structure 

in STO showed that the theoretical energy gaps along these directions are 1.82 eV and 

1.49 eV, respectively [44]. 
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Figure 6.19. Right axis: Dependence of the maxima of the resistance in histograms of Figure 
6.18 vs t (triangles) and linear fit to these data (dashed line). Left axis: ln (I/V2) plotted against 
t barrier thickness for the series of (110) films measured at 2 V (open symbols) and 
corresponding linear fit (black solid line); results on LCMO (001) films and STO/LCMO(001) 
bilayers at the same polarization are also plotted (squares). 
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To conclude, the use of resistance maps obtained by CAFM has been found to be 

perfectly suitable to allow a functional characterization of STO tunnel barriers. The 

homogeneity with a nanometric resolution of the electrical resistance of barriers has 

been characterized, and resistance mapping under various bias of (001) samples with 

different barrier thickness has been used to investigate the transport mechanism. A new 

method has been developed to avoid the assumption of a value of the tip contact area as 

a necessary input. The method has allowed estimating the barrier height between the 

AFM tip and the STO layer to be 0.2-0.4 eV. Similar height has been determined for 

(110) bilayers. Therefore, the observation of tunnel transport through either (001) or 

(110) STO barriers demonstrates that MTJ’s can be fabricated with these base 

STO/LCMO bilayers. 

6.4 Experimental results on MTJs based on (001) and (110) 

STO/LCMO bilayers 

6.4.1 MTJs fabricated by e-beam lithography 

As described in Ch2, e-beam lithography has been used for the fabrication of 

magnetic tunnel junctions (MTJs) based on STO/LCMO bilayers. The bilayer is placed 

as the bottom electrode and Co is used as the top ferromagnetic electrode. Two different 

methods have been used for Co deposition, dc sputtering and evaporation, and for the 

definition of Co electrodes we have used a mask with a matrix of square holes, as 

depicted in detail in Ch2. In Table 6.8 we list the samples referred through this section, 

their corresponding layer thickness and deposition parameters.  

 

Table 6.8. List of samples referred in this section. The corresponding thickness of the LCMO 
and STO layers and the nominal deposited Co thickness are indicated, together with the 
corresponding growth technique used for the Co deposition and the final use of the sample. 

 

Sample Substrate 
LCMO 

thickness 
(nm) 

STO 
thickness 

(nm) 

Co thickness 
(nm) 

Co deposition 
technique  

050404bilayerB STO(110) 30 3.0 30 Sputtering SQUID test 
050401stolcmoB 

(stolcmo2) STO(110) 30 2.4 30 Sputtering Device 

050714stolcmoA 
(stolcmo4) STO(001) 19 1.7 10 Evaporation Device 

  
Before measuring the transport properties of the junctions, we checked the 

magnetic properties of the top Co electrode. It is important to remark the necessity of 
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verifying that the grown Co material is fully ferromagnetic, knowing that Co under the 

presence of a low content of oxygen can form CoO, which is an antiferromagnet. 

Magnetic measurements were carried out on samples with Co continuous electrode 

deposited either by dc sputtering (nominal Co thickness 30 nm) or by evaporation 

(nominal Co thickness 6 nm). As an example, we present in Figure 6.20 the results on 

the trilayer sample Co(30 nm)/STO(3.0 nm)/LCMO(30 nm)//STO(110). Knowing that 

the bottom electrode of LCMO(30 nm) have a Curie temperature around 250 K, the 

magnetic signal measured at 300 K arises only from the Co layer and in consequence 

we can evaluate the total ferromagnetic response of the Co layer from the Co thickness 

and sample area. The saturation magnetization deduced from Figure 6.20 is 1400 

emu/cm3, which is close to the pure ferromagnetic Co value 1426 emu/cm3, indicating 

that the Co layer is ferromagnetic with a saturation value only a 2%.lower than that of 

pure Co. 

 
Figure 6.20. (a) Magnetization vs magnetic field measured at 300 K for a trilayer sample of 
Co(30 nm)/STO(3.0 nm)/LCMO(30 nm)//STO(110), being the Co layer deposited by dc 
sputtering. Magnetic field was applied in-plane. (b) Sketch of the matrix of Co top electrodes 
deposited onto (10x10) mm2 samples. Co electrodes are referred as (ei1) if they account only 
for the Co electrode and (hij) for Co electrodes deposited on e-beam litographed holes. The 
nominal dose factor for each hole and the evolution of the hole size (φhole) are indicated. Also, 
the area attacked by the oxygen plasma in sample stolcmo4 is marked. 

 

Turning to the devices, the final junctions are based on the e-beam lithographed 

STO/LCMO samples. The e-beam lithography of these samples was performed using a 

scanning electron microscope, which was prepared to perform controlled electron 

irradiations onto the samples. On top of the STO/LCMO bilayers, we had previously 

deposited thick polymers layers (resists) that are sensitive to the electrons and thus we 

can define a matrix of irradiated areas which after a chemical treatment will define a 
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matrix of holes. More details on this process are included in Ch2. The holes on the 

resists allow the contact of the deposited Co electrode and the surface of the 

STO/LCMO bilayer. Using a metallic mask during the Co deposition, we have defined a 

matrix of (4x4) Co electrodes properly aligned to have the lithographed holes 

underneath them. In Figure 6.20b a schematic view of the defined Co electrodes on the 

final devices is shown. Two rows of top Co electrodes of 1 mm2 and the other two rows 

with electrodes of 0.25 mm2 are defined. One column was left to test the insulating 

properties of the resist and no lithographed holes were underneath. The notation used to 

label the Co electrodes is: 

(a) ei1,: Co electrodes deposited onto the resist only, being i the row number, 

with 1 ≤ i ≤ 4. 

(b) hij,: Co electrodes deposited onto e-beam lithographed holes, being i and j 

the row and column number, respectively, with 1 ≤ i ≤ 4 and 2 ≤ j ≤ 4. 

The created matrix is expected to present resistance values that will depend on 

the nominal factor dose as well as on the oxygen attack and on the size of the top Co 

electrodes. Taking into account all these factors, and from Figure 6.20b the resistance 

for each element of this matrix is expected to vary as follows: 

(a) ei1 (1 ≤ i ≤ 4): As the Co electrode is contacting only the resist, they are 

expected to be fully insulating. 

(b) For a given i-row (1 ≤ i ≤ 4), for column numbers 2 ≤ j ≤ 4: Rij > Ri(j+1) 

Also, if some contribution to the resistance comes from the electrical resistance 

of the resist (size of Co top electrode), then: 

(c) Being distributed the (0.5x0.5) mm2 and (1x1) mm2Co electrodes into 

i = 1,2 and i = 3,4, respectively, for the column numbers 2 ≤ j ≤ 4: R1j, R2j > R3j, R4j 

If it is performed an oxygen plasma attack, these evaluations should be refined: 

(b’) For a fixed j-value (2 ≤ j ≤ 4): R1j > R2j and R3j < R4j 

We can finally add the contribution of Co electrode of different size (not clearly 

predictable): 

(c’) For a fixed j-value (2 ≤ j ≤ 4): R1j > R4j and R2j > R3j 

Prior to analyzing the actual experimental data, we can numerically estimate the 

resistance that we would ideally measure when connecting two top Co electrodes with 

lithographed structures on the bottom. In a circuit including two nanopillars of 

Co/STO/LCMO, different elements contribute to the measured resistance. In Table 6.9 



SrTiO3/La2/3Ca1/3MnO3 bilayers for MTJs 

246 

the resistivity values from the different materials that can constitute elements of the 

circuit are summarized (Co, resist, LCMO). A sketch of the ideal circuit is shown in 

Figure 6.21. We have fixed the sample characteristics to be those of stolcmo4, with 

LCMO electrode thickness of tLCMO = 19 nm~ 20 nm and STO barrier thickness of 

tSTO = 1.6 nm~ 2 nm, and we consider that the lateral size of the holes is that of the 

smallest one (nominal dose factor of 20x), which gives φhole∼ 400 nm. Resist thickness 

(tresist) is approximately 300 nm and top Co electrodes of (1x1) mm2 area. For 

calculating the LCMO electrode resistance, the separation between the centers of two 

Co electrodes is 2 mm, and we take as the penetration depth of the current in the LCMO 

electrode a maximal value of ~ 0.1 mm. 

From this sample and circuit parameters, we calculate the resistance values 

shown in Table 6.10. If the current passes only the two interconnected nanopillars, the 

expected resistance will include R(Co) and one R(LCMO) connected in series, leading 

to a final value of R1 ~ 106 Ω. Connected in parallel to this resistance we find 

R2 = R(resist), which is much higher than the previous one Rresist ~ 1011 Ω, R2 >> R1. 

Thus, we predict that the injected current should flow through the nanopillars and not 

through the resist. 

 

Table 6.9. Resistivity values (ρ) of the materials present in the stolcmo2 and stolcmo4 
samples. 

 
 Resistivity (ρ) (Ωcm) 

Co (ρCo) 10-6 

Resist (ρresist) 1014 

20 nm LCMO film (ρLCMO) 10-1 

 
 

 
Figure 6.21. Sketch of the resistive elements on a circuit composed by two nanopillars on a 
STO/LCMO bilayer: for Co in the nanopillar R(Co), for the LCMO electrode R(LCMO) and 
for the resist R(resist) Arrows define the ideal current path for the transport measurement. 
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Figure 6.22. Schematic view of the equivalent circuit generated when connecting the 
SourceMeter, which includes the DC voltage source working with a maximum voltage of 
|Vmax|=10mV and the current detector (CurrentMeter), to two nanopillars. The evaluated 
resistance of the LCMO, Co electrodes and resist are indicated by RLCMO, RCo1 and RCo2, 
and RResist, respectively. The corresponding resistance values are in Ω. 

 

Table 6.10. Resistance values (Rx) of each element in the ideal circuit depicted shown in 
Figure 6.21 and Figure 6.22. The dimensions are the length [d] and the area [A] of the current 
path through the element. Resistivity ρ values are included in Table 6.9. 

 

Path Resistive element 
Dimensions 

[d]=cm; [A]=cm2 x

x
Xx A

dR ρ=  (Ω) 

dCo=tCo=3·10-5 
Co electrode 

ACo=(4·10-5x4·10-5) 
10-2 

dLCMO=2·10-1 
Nanopillars 

LCMO electrode 
ALCMO=(2·10-6x1·10-2) 

106 

dresist=tresist=3·10-5 
Resist Resist 

Aresist=(1·10-1x1·10-1) 
1011 

 
 

We have performed transport measurement on stolcmo2 and stolcmo4 at 300 K 

in order to evaluate the junction resistance before further tests at low temperature and 

under magnetic field. Two types of transport setup have been used: Keithley 

SourceMeters and a tester, 2-wire and 4-wire measuring. A SourceMeter works as a 

voltage source and measure the whreas the tester provides a rougher estimation of the 

voltage (resistance) between two contacts by applying a current. The stolcmo2 and 

stolcmo4 samples have a configuration of holes and Co contacts as presented in Figure 

6.21 with the only difference that in the case of stolcmo2 no oxygen plasma attack has 

been performed before the Co deposition. A sketch of the equivalent circuit formed by 

the SourceMeter and the sample elements is depicted in Figure 6.22. 
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First, we comment on the transport measurements of stolcmo2. In this case, we 

connected two nanopillars with Co top electrodes of the same size [(1x1) mm2]. The 

chosen nanopillars have different diameter, since pillars with different nominal dose 

factor are chosen. The used pillars were h34, h44 and h43, having h34 and h44 a wider 

width (30x nominal dose factor) than h43 (25x nominal dose factor). Using the Keithley 

SourceMeter in 4-wires measuring, we applied a voltage and measured the current, thus 

finally obtaining I(V) curves. In Figure 6.23, the I(V) curves obtained from connecting 

h34, h44 and h43 among them are shown. In both measurements we fixed one of the 

nanopillars to be h34, and we studied the effect of the change in the nanopillar size 

adding to the circuit in one case the h44 nanopillar (squares-high dose) and in the other 

case the h43 nanopillar (circles-low dose). Since the nanopillar size will determine the 

current flow size, the resistance for the lower dose nanopillar h43 is expected to be 

higher than for the higher dose h44. The I(V) cuves of Figure 6.23 present a clear linear 

behavior in the range of applied voltage. From the slope of the curves we determine in 

each case the equivalent resistance of the nanopillars. We notice that lower slope is 

observed for the h34-h44 nanopillars than for the h34-h43 ones, being theresistance values 

R(h34-h44) = 0.28 ·106Ω and R(h34-h43) = 2.33·106 Ω. These results are of the same order 

of magnitude than the previous evaluated result on narrower pillars (20x dose factor), 

which was ~ 106 Ω. By 2-wires measuring with a tester we have found R(h34-

h44) = 0.4·106 Ω and R(h34-h43) = 1.9·106 Ω, which are similar results to those obtained 

the Keithley. Thus, from the good agreement between the expected values and the 

experimental ones, we conclude that at room temperature the measured resistance 

values arise from the designed nanopillars. 

On stolcmo4, Figure 6.24 summarizes the transport measurements performed 

using two Keithley SourceMeters (K-2601 and K-2400 models). The reason to use two 

SourceMeter was to control the current offset, but the overall resistance values obtained 

from both equipments are much similar. For this sample, we have studied one nanopillar 

by scratching the sample surface and directly contacting with graphite paste the LCMO 

bottom electrode, as sketched in Figure 6.20b. Similar slopes of the I(V) curves are 

found using these two Keithley setups for h43 (Figure 6.24a) and h32 (Figure 6.24b), 

while h42 is found to be highly insulating and out of the measurable range (inset of 

Figure 6.24). 



SrTiO3/La2/3Ca1/3MnO3 bilayers for MTJs 

249 

For simplicity, we start inspecting the data from the as-created hole h42 (dose 

factor 20x) (inset of Figure 6.24). A strong insulating behavior is observed. The I(V) 

curves of the as-created hole h43 (dose factor 25x) shown in Figure 6.24a gives a 

resistance value of R43 ~ 0.1·106 Ω. The results on the oxygen plasma attacked h32 (20x 

dose factor) are shown in Figure 6.24b. Contrary to the results on the as-created h42 

nanopillar, we are able to measure the resistance of the oxygen plasma attacked h32 one, 

being R32 ~ 35·106 Ω. We ascribe the lowering in the nanopillar resistance of h32 

compared to that of h42 to the possible change in the nanopillar size caused by the 

oxygen plasma attack. 
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Figure 6.23. I(V) curves recorded in stolcmo2 sample, connecting the nanopillars h34-h43  
(circles) and h34-h44 (squares) are shown. Inset: detail of the low voltage-current region. 

 

From these transport measurement, we can extract some preliminary conclusions 

about the e-beam lithographic procedure and MTJs performance process. First, both Co 

contacts deposited by dc sputtering (stolcmo2) or evaporation (stolcmo4) are fully 

operative as useful electrodes. Although in our first measurements we found out-of-

range resistive values of the nanopillars, after a slight scratch of the Co electrode and 

contacting with the graphite paste, the resistance value became measurable, meaning 

that on the topmost Co electrode surface some insulating layer (possibly CoO) is 

formed. This technical problem could be easily solved by in-situ capping the Co 

electrodes with a nonreactive metal (Au). In relation to the dose factor and the oxygen 

plasma attack, further experiments are necessary to confirm the observed double trend: 
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that the nanopillar conductance increase with the dose factor and with the oxygen 

attack. From these room temperature results, the transport properties of these samples 

are now ready to be tested at low temperature and under magnetic field. 
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Figure 6.24. I(V) curves recorded in stolcmo4 sample, connecting the one nanopillars (a) h43 
and (b) h32, and in the inset h42.In (a) and (b), results of measurements performed with K-2400 
(triangles) and K-2601 (squares) are shown for comparison. 

 

6.4.2 MTJs fabricated by nanoindentation 

During the last years, nanoindentation using Conducting-AFM has been 

extensively applied for the fabrication of nanojunctions at the Unité Mixte de Physique 

CNRS-Thales (Orsay, France). The nanolithography technique is extensively explained 

in Ch2, and in short it involves the creation of a nanohole onto previously deposited 

resist. After the deposition of top ferromagnetic Co layer and a controlled oxidation into 

antiferromagnetic CoO, the sample is continuosly covered by a Au thick layer. 

Protecting the junction area with a local deposition of a resist, the top electrodes are 

defined etching the sample with an ion beam etching. 
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Nanojunctions have been patterned onto a series of STO/LCMO//STO bilayers 

with different STO thickness (2 and 4 nm) and fixed 25 nm LCMO electrode. For each 

STO thickness, we had one (110) and one (001) bilayer (four bilayers in total), and the 

nanolithography process was carried out in all them. The transport measurements were 

performed by contacting with Au wires the top Au electrode of each nanojunctions to a 

metallic sample holder pad, as shown in Figure 6.25a. The external pads of the holder 

will allow the transport measurement. Before the transport experiments, ground 

connections are done to the sample holder to avoid short-circuits. 

The transport measurements were performed into a cryostat supplied by liquid 

He. The lowest temperature that the system can reach is close to ~ 2.6 K. The sample 

holder is placed between the poles of an electromagnet with a maximum magnetic field 

of 6000 Oe. For the measurements on the MTJs based on STO/LCMO bilayers the 

magnetic field was applied in-plane of the samples. The sample holder can be externally 

rotated in order to optimize the alignment between easy axis and applied magnetic field. 

The manipulation of the samples is performed using bracelets that connect the 

manipulator to the ground avoiding the possible breakdown of the junction through the 

manipulator. The electrical resistance was measured using a Keithley Electrometer and 

a computer station with home-made Lab-view programs are used to control the 

experimental parameters (magnetic field, applied voltage, detection range, acquisition 

time, etc) and acquire the data. 

 
Figure 6.25. (a) Photograph of the sample holder used for the magnetotransport measurements, 
together with a processed sample showing the defined Au electrodes and the wiring from these 
electrodes towards the sample holder pads. (b) Sketch of the defined nanolithographed sample, 
with top Au electrodes (circles) onto a (110) bilayer (crystallographic directions are indicated). 
The references of the UV photolithography are still marked on the surface (arrow and crosses). 
The applied field is parallel to the set θ value. Further information is given in Ch2. 
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From the series of nanojunctions prepared (nine nanojunction per sample) only 

two junction on two different samples were probed to work. Sample description 

including the corresponding layer thickness is shown in Table 6.11. 

 

Table 6.11. List of samples that presented TMR. 
 

Sample Substrate 
LCMO 

thickness 
(nm) 

STO 
thickness 

(nm) 

Operative 
junctions 

060920A STO(110) 25 2 1 (broken) 
060921B2 STO(110) 25 4 1 

  
Unfortunately, the first sample showing tunnel magnetoresistance broke after 

one resistance vs field measurement was carried out. The underneath bilayer sample was 

STO(2 nm)/LCMO(25 nm)//STO(001) and the obtained curve is shown in Figure 6.26. 

The junction displayed insulating characteristics after the application of a moderate 

voltage (Vdc ~ 500 mV) and complete insulating behavior was afterwards measured. 

With the aim of discussing in detail a complete series of magnetotransport 

measurements, we turn to those obtained from nanojunctions performed on 

STO(4 nm)/LCMO(25 nm)//STO(110) bilayers. 
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Figure 6.26. Resistance vs magnetic field measured at 4.2 K of a nanojunction on 
STO(2 nm)/LCMO(25 nm)//STO(001). Applied voltage was -10 mV. Magnetic field was 
applied parallel to the initial freezing magnetic field (θ = 0 deg). 
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In Figure 6.25b the scheme of the arrangement of contacts and crystal directions 

is shown. Changing the relative position of the applied magnetic field to the 

(110) sample, due to the uniaxial in-plane anisotropy of the (110) LCMO electrode, 

relevant effects in the tunneling process were expected. 

In Figure 6.27 we show the transport properties at 4.2 K from a nanojunction of 

based on STO(4nm)/LCMO(25nm)//STO(110) bilayer. For the curve plotted in Figure 

6.27, the applied bias voltage was Vdc = -10 mV. For this experiment, the sample was 

cooled down under maximum magnetic field of 6 kOe parallel to the [001] sample 

direction. This freezing field is used to fix the antiferromagnetic (AF) CoO layer 

magnetic anisotropy. The unidirectional pinning of this CoO layer will drive the 

underneath Co ferromagnetic layer to have a preferential magnetic configuration 

parallel to this AF layer. The final effect on the dependence of the junction resistance on 

the applied magnetic field will be the observation of two different coercive fields for 

positive or negative magnetic fields. 
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Figure 6.27. Resistance vs magnetic field measured at 4.2 K of a nanojunction on 
STO(4 nm)/LCMO(25 nm)//STO(110). Applied voltage was -10 mV. Magnetic field was 
applied parallel to the initial freezing magnetic field H0, which was applied parallel to [001] 
direction (θ = 0 deg). 

 

To describe the tunnel magnetoresistance (TMR) curve displayed in Figure 6.27, 

we start from the saturated state at positive magnetic field, where top Co and bottom 

LCMO electrodes have their magnetization vectors pointing in the same direction 

(parallel state, P). Lowering applied magnetic field, magnetization of Co electrode starts 
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rotating till it points towards negative magnetic field, whereas LCMO magnetization 

stays pointing towards positive field. At this antiparallel (AP) state, nanojunction 

resistance decreases, and a negative TMR [TMR = (RAP-RP)/RP %] appears. Negative 

sign on TMR was also observed by De Teresa et al.[45] in magnetic tunnel junctions 

using Co and La2/3Sr1/3MnO3 (LSMO) electrodes, and it was ascribed to be caused by 

the electron tunneling between Co minority spin 3d band and LSMO majority spin 

band. Similar argument can be deduced from our experiments with Co and LCMO 

electrodes. 

Following with the description of Figure 6.27, after both electrodes are saturated 

with negative field, junction resistance increases as electrodes are in a P state. In order 

to close the resistance loop, we further reduce the magnitude of the magnetic field and it 

can be seen that around zero magnetic field Co magnetization starts to reverse. Different 

TMR coercive fields are thus measured for negative and positive applied field, and it is 

correlated to the AF CoO pinning layer. After the AP state, final rotation of LCMO 

electrode happens at LCMO coercive field, and thus a high resistive parallel state is 

recovered at higher magnetic fields. 

To monitor the influence of the CoO AFM layer in the TMR curve, we have 

rotated the sample tuning the angle θ (Figure 6.20b) and applied the magnetic field 

parallel to different in-plane directions. Being the sample cooled down with a freezing 

field (H0) of 6 kOe applied parallel to [1-10] direction (θ = 90 deg), we present in 

Figure 6.28 the TMR curves measured with field applied along [1-10] direction 

(θ = 90 deg) (a), with field at θ = 45 deg (b) and with field parallel to [001] direction 

(θ = 0 deg) (c). We start analyzing the curves obtained with the magnetic field applied 

parallel to the initial freezing field (Figure 6.28a). Coming from the high field region, 

both the Co and LCMO electrodes are expected to have their magnetization parallelly 

aligned to the applied magnetic field. The measured junction resistance is constant in 

these conditions. Approaching the zero field region, the resistance gradually decreases. 

Once the magnetic field changes in sign, the drop in the resistance is enhanced. 

Nevertheless, this drop is not fully abrupt, since the curve in Figure 6.28a depicts small 

resistance steps. Upon the application of higher magnetic field (in absolute value), the 

resistance achieves a minimum value. At higher magnetic field (H > 1.6 kOe), the 

resistance returns to the high value measured at high field following small steps in 

resistance. The existence of these steps in resistance instead of abrupt ones may be 
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caused by changes in the relative alignment of the magnetization of Co and LCMO 

electrodes. If either the LCMO or the Co electrodes do not follow the applied magnetic 

field, magnetic domains with different orientation may appear. The effect on the 

tunnelling current is the consequently gradual evolution of the junction resistance. 
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Figure 6.28. Resistance vs magnetic field measured at 4.2 K of a nanojunction on 
STO(4 nm)/LCMO(25 nm)//STO(110). Applied voltage was -10 mV. Magnetic field was 
applied (a) parallel to the initial freezing magnetic field H0 along [1-10] direction H // H0, (b) 
at 45 deg from H0 (θ = 45 deg), and (c) perpendicular to H0 and along the [001] direction 
H ⊥ H0. Open and close symbols indicate the positive to negative field half of the loop and the 
negative to positive half of loop, respectively. 

 

In Figure 6.28b and c, the magnetic field is applied at 45 deg of [1-10] direction 

(b) and at 90 deg from it (parallel to [001] direction) (c). Similarly the curve presented 

in (Figure 6.28a), from the saturation value at high fields, the junction resistance 

evolves gradually to low values when decreasing the applied magnetic field (in absolute 

value). As the angle between the freezing field direction (in this case [1-10]) and the 

applied one increases, the shape of the resistance curve presents less abrupt steps. The 

uniaxial magnetic anisotropy of the bare LCMO electrode provide easy in-plane 
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magnetic axis for the [001] direction and hard one along [1-10] direction. From Figure 

6.28a, we have obtained more abrupt steps for when the magnetizations of the CoO 

pinning layer and that of the LCMO electrode were parallelly aligned, although in this 

case the field was applied parallel to the hard axis of the LCMO electrode. Since no 

influence of the magnetic anisotropy of the LCMO layer is observed in the junction 

resistance, we suggest that inhomogeneous magnetization rotation happens at either the 

Co/STO or at the STO/LCMO, or at both. Besides, adding that the LCMO 

magnetization was observed to rotate coherently with the magnetic field (Ch5), it seems 

more plausible that incoherent magnetization rotation arises from the Co layer. 

In Figure 6.29, we present the bias dependence of the tunneling current (main 

panel) and conductance (inset) across the same junction at 4.2 K cooled down at 

freezing field H0 of 6 kOe parallel to [1-10] direction (θ = 90 deg). In the present case 

shown in Figure 6.29, the relative orientation of each electrode is fixed and we measure 

the conductance of the junction into different magnetization configurations: (i) with 

parallel (P) magnetized electrodes, at 6 kOe, the conductance is low, and (ii) with anti-

parallel (AP) magnetized electrodes, at -1.2 kOe, the conductance is high. Therefore, we 

confirm the observed negative TMR [TMR = (IP-IAP)/IAP = (GP-GAP)/GAP %] with these 

current and conductance dependences on bias. 
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Figure 6.29. I(V) curves obtained at in-plane magnetic fiels of 6 kOe (P configuration) and -
1.2 kOe (AP configuration). Inset: Conductivity calculated from the I(V) curves. In both cases, 
P (dashed line) and AP (solid line) configurations are indicated by arrows. Measurements were 
performed at 4.2 K after a freezing field of 6 kOe was applied along the [1-10] direction 
(θ = 90 deg). 
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From the measured -11 % value of TMR, and assuming the Jullière model 

[TMR = P1P2/(1-P1P2), being P1 and P2 the corresponding spin polarization of each 

electrode] [46] and taking as the spin polarization of Co PCo = –37 % [47], we evaluate 

the spin polarization of LCMO electrodes as PLCMO = +14 %. This value is surprisingly 

lower than the expected one for half-metallic ferromagnets, but it could be related to 

intrinsic problems such as symmetry matching between spin-dependent wave functions 

in Co electrodes and (110) STO barriers, although other non-intrinsic effects could also 

contribute. 

An analysis of the bias dependence of the TMR curves provide relevant 

information on the functionality of the device, as well as direct insight in the structure 

of the density of states of LCMO and Co electrodes. First, the resistance vs field curves 

recorded at 4.2 K obtained from the previously studied junction under the freezing 

conditions of 6 kOe and θ = 90 deg are shown in Figure 6.30. 

The procedure to record the R(H) curves implies the application of the bias 

voltage starting from low magnitude values (± 10 mV) and increasing towards high 

absolute values (up to + 1 V and - 6 V). Inspection of the R(H) curves recorded at the 

low applied voltage of Vdc = ± 10 mV (squares) signal the existence of the parallel (low 

resistance) and antiparallel (high resistance) states associated to the two different 

configurations of the magnetization of Co and LCMO electrodes. The junction 

conductance depends on the applied bias voltage sign and amplitude, already noted in 

Figure 6.23. Since the junction is based on different ferromagnetic electrodes (LCMO 

and Co) separated by the insulating STO layer, we expect that different barrier heights 

are formed in the LCMO/STO and STO/Co interfaces. Using the reported work function 

W from LCMO and Co electrodes, WLCMO = 4.8 eV [38] and WCo = 5 eV [48], and the 

electron affinity χ of STO, χSTO = 3.9 eV [39], we can build a simple energy diagram of 

the barrier height, shown in Figure 6.31. The different response to positive and negative 

bias can be predicted considering understood following the model presented by 

Brinkman et al. [49] on non-symmetric junctions. From Figure 6.30, the evolution of 

the TMR amplitude with applied voltage signals a decrease in the amplitude of the 

effect, disappearing at lower voltages (in absolute value) for positive bias (Vdc = + 1 V) 

than for negative values (Vdc = - 6 V). 
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Figure 6.30. Resistance vs magnetic field measured at 4.2 K of a nanojunction on 
STO(4 nm)/LCMO(25 nm)//STO(110) at different applied voltages. Magnetic field was 
applied parallel to the initial freezing magnetic field H0 (θ = 90 deg) and thus H // [1-10] 
direction. Close and open symbols correspond to data recorded at negative and positive applied 
voltage, respectively. R(H) curves are separated into (a) and (b) depending on the mean 
resistance value of the junction at the correspondent applied voltage. 

 

Following with the analysis of the bias dependence of TMR in this junction, the 

TMR values extracted from the R(H) curves in Figure 6.30 are plotted in Figure 6.32 as 

a function of the bias voltage. We observe a clear dissimilar behavior of the TMR ratio 

for positive and negative Vdc: TMR decreases very quickly for positive Vdc whereas it 

remains still measurable for large negative Vdc. Knowing that in these transport 

measurements LCMO electrode is positively biased, we deduce the direction sense of 

tunneling electrons in each case. For positive Vdc, Co 3d electrons tunnel towards 

available LCMO states and for negative Vdc Mn 3d electrons of LCMO electrode tunnel 
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towards Co 3d states. The reduction of TMR at Vdc > 0 is possibly caused by the 

balance of spin up and spin down electrons from the Co 3d bands [50], which lowers the 

spin polarization of the tunneling current and thus the TMR decreases. For Vdc  < 0, 

LCMO electrons tunnel into Co bands. An inspection of the low bias region 

(|Vdc| < 0.5 V) is shown in the inset of Figure 6.32. Superimposed to TMR values 

obtained from TMR curves (symbols), it is seen the corresponding TMR bias 

dependence extracted from experimental I(V) curves measured at the parallel (IP) and 

antiparallel (IAP) states (line). 

 
Figure 6.31. Sketch of the band structure (in the Schottky limit) of the 
LCMO/STO barrier/Co electrode. STO electron affinity is represented by χSTO and LCMO 
work function and Co tip by WLCMO and Wtip. The barrier heights are φ1 and φ2. 

 

The TMR calculated from the I(V) (line in Figure 6.32) agrees with the bias 

dependence obtained from TMR curves (symbols). Close to Vdc ∼ 0 V, higher |TMR| 

ratios are measured, which stand for the so-called a zero bias anomaly (ZBA). For the 

ZBA, its possible origins were presented by Bratkovsky [51] , being the most probable 

cause of this anomaly the spin wave excitations occurring at this low bias regime [52]. a 

Also in Figure 6.32, we notice a local plateau in the |TMR| ratio at Vdc ∼ -300 mV that 

we may be ascribed to the density-of-states of the minority spin Co band around this 

energy below the Co Fermi level. 
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Figure 6.32. TMR ratio calculated from R(H) loops as a function of the applied Vdc, measured 
at 4.2 K on a nanojunction on the STO(4 nm)/LCMO(25 nm)//STO(110) bilayer. Zero bias 
anomaly is observed, associated to a negative TMR of 13 % at -1mV. Inset: low Vdc range of 
the same data (symbols), showing also the equivalent TMR ratio calculated from experimental 
I(V) curves (line) measured between -0.5 and +0.5 V. 

 

The evolution of the observed TMR on temperature is shown in Figure 6.33 

(symbols). At a fixed bias of Vdc = -10 mV, TMR curves are measured at the conditions 

where LCMO electrons tunnel into Co 3d band. Comparing these data to the 

experimental magnetization dependence on temperature of the bare LCMO electrode 

(line), we notice a decrease in the |TMR| ratio at lower temperatures that the 

ferromagnetic to paramagnetic transition of LCMO electrode (TC ∼ 245 K). Although 

the vanishing of TMR is clearly much relevant at low temperature (∼ 125 K), we still 

measure a clear TMR signal for ∼ 200 K. The thermally activation of spin scattering at 

defects, most probably located at the interface Co/STO interface which may be rougher 

due to the ex-situ deposition of Co top electrode, but also the intrinsic electronic 

asymmetry of Co/STO and STO/LCMO interfaces can be at the origin of the observed 

decrease of TMR with temperature. 
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Figure 6.33. TMR ratio measured (symbols) at Vdc = -10 mV on a nanojunction on 
STO(4 nm)/LCMO(25 nm)//STO(110) bilayer and magnetization dependence on temperature 
(line) measured on bare LCMO(110) electrode at 5 kOe of in-plane magnetic field. 

 

In summary, we have fabricated nanojunctions based on STO/LCMO//STO 

(001) and (110) bilayers by nanoindentation, with final Co top electrodes. 

Magnetotransport experiments indicate that in (001) and (110) nanojunctions noticeable 

TMR is measured at low temperature. However, the number of junctions successfully 

measured is very few, and further devices need to be fabricated. Nevertheless, from a 

(110) nanojunction we have obtained several clues about the relevance of the use of Co 

electrode as ferromagnetic top electrode, according to the asymmetric bias dependence 

of the TMR values. The TMR ratio vanishes at lower temperature than the TC of bare 

LCMO(110) electrode, which may be caused by the loss spin polarization by interface 

roughness (more relevant in the Co/STO interface) or by the electronic asymmetry of 

Co and LCMO bands. From these first measurements on LCMO(110) based MTJs, 

symmetric devices, using both half metallic electrodes, might be necessary in order to 

fully exploit the high transition temperature of bare LCMO(110) electrodes and study 

the possible role of the LCMO/STO(110) interfaces on the final device functionality. 
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7 Appendix I 

7.1 Magnetotransport propeties of (110) La Ag 05MnO3 

uced as a 

parallel or 

MO (110) 

 at a fixed 

] was negative 

whe er kind of 

 complete 

 

peak when 

Spin–orbit 

orbital and 

om below, 

Teller (JT) 

electron-lattice becomes more relevant. Within this picture it has been suggested the 

stabilization of the JT Mn3+ ions at the ferromagnetic to paramagnetic transition, which 

unquenches the orbital moment L (L ≠ 0), which in transition metal ions is typically 

L = 0 due to the effect of the crystal field, and increases the spin-orbit coupling.and thus 

0.95 0.

films 

Anisotropic magnetoresistance (AMR) has been previously introd

major effect occurring in ferromagnetic films in Ch5 for (110) LCMO films. The AMR 

is defined as the change in the resistance when magnetization is 

perpendicular to the current flow (AMR ∼ ρ// - ρ⊥). An interesting result in LC

filsm is the different [001] and [1-10] AMR ratio, which has been measured

temperature and at varied fields. It was shown that AMR along [001

reas along the [1-10] direction was positive. With the study of anoth

manganite films, in this case (110) La0.95Ag0.05MnO3(LAMO), a more

knowledge of the AMR change of sign and its meaning is expected to be achieved.  

Putting the performed experiments into the appropriate context, generic

measurements of AMR dependence on temperature present a characteristic 

approximating TC, which has not been still completely understood [1]. 

coupling Hamiltonian is expressed as HSO ≈ ΔsoL·S; where L and S are the 

magnetic moments, respectively. As the Curie temperature is approached fr

the double-exchange mechanism is somewhat suppressed and the Jahn-
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t does 

ecay when 

ppearance of an anisotropy in HSO and it could thus be 

expe

served in 

ated. The 

 

mperature 

t has been deduced a possible scenario for the occurrence of the different 

response on the basis of an anisotropic spin-orbit coupling and spin-dependent 

3 films at 

so at 800oC 

rted in this 

e group of 

 (110) films 

 diffraction 

as used to 

tting). The 

) reflection 

ens during 

 film. The 

r Sr-doped 

3 d that of orthorhombic LCMO films [2,6] is due to the difference in 

the ionic radius of Ag+ and Sr2+ compared to that of Ca2+(r(Ag+) ∼ r(Sr2+) = 1.44 Å and 

r(Ca2+) = 1.34 Å). It is important to note that the rhombohedral symmetry of LAMO, as 

it happened for LSMO, is expected to suppress the long range cooperative JT orbital 

and charge ordering.  

the AMR amplitude [2]. In contrast, in a ferromagnetic (FM) metallic oxide tha

not include JT ions, such as SrRuO3, the AMR displays a monotonic d

approaching the Curie [3]. Unquenching of the orbital moment around TC could give 

rise in manganites to the a

cted AMR to be anisotropic.  

With the purpose of studying the anisotropy of HSO already ob

LCMO (110) films, different (110) manganite film have been investig

patterning along the [001] and [1-10] directions allowed to show not only the AMR

itself but also its anisotropy. Furthermore, from the different AMR te

dependences, i

scattering effects. 

7.1.1 Growth and structural characterization 

Epitaxial La0.95Ag0.05MnO3 (LAMO) films (300 nm thick) were grown onto 

(110) STO substrates, by two step procedure including MOCVD of La0.95MnO

800oC and the silver vapor treatment in the oxygen containing atmosphere al

as described elsewhere [4]. Also extensive structural studies have been repo

very same reference. As this part of the work has been developed by th

Gorbenko and Kaul, the only importance fact to recall here is that LAMO

are fully relaxed and have the rhombohedral symmetry as in bulk [5]. X-ray

(XRD) including symmetric and asymmetric θ/2θ scans and rocking curves w

generate reciprocal space mappings (RSM) providing data on the out-of plane and in-

plane lattice parameters (a = 0.551 nm, c = 1.342 nm for the hexagonal se

partly resolved doublets were observed for pseudocubic (110) and (111

zones with only singlets for (100) pseudocubic reflection zones in agreement with the 

rhombohedral distortion of the perovskite lattice. The strain relaxation happ

silver vapor treatment resulting in the silver and oxygen diffusion in the

difference between the lattice symmetry of rhombohedral LAMO films, as fo

LaMnO  ones, an
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n the very 

ieces of a 

guration by 

asurements 

ing a low 

. Magnetic 

 LAMO films revealed that above 10 K 

the magnetic loops are closed at fields above 4 kOe for field configurations either 

perpendicular to the film plane or in-plane. 
 

7.1.2 Magnetotransport 

In order to perform simultaneous magnetotransport measurements o

same film but with current along different in-plane directions, two p

(10x10) mm2 film were obtained and previously patterned in Hall bar confi

photolithography and wet etching. Typical bar width is 1 mm. Electric me

were performed using PPMS from Quantum Design by four probes us

frequency (10Hz) ac current, as described for LCMO (110) films in Ch5

measurements performed on similar unpatterned
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Figu l) measured 

and 20 kOe 
tained from 

ndences of 

ections are 

shown, measured at zero-field (red lines) and under 20 kOe of in-plane magnetic field 

(blue lines). The onset of the metallic behaviour is well visible at about TMI ∼ 280 K. 

The measured resistivity is somewhat smaller (about a 30 % at 300 K) along [001] than 

along [1-10]. This anisotropic resistivity is comparable to what is measured in epitaxial 

re 7.1. Temperature dependence down to 20 K of the resistivity (main pane
along [001] (dash lines) and [1-10] (dark lines) directions with H = 0 (red lines) 
(blue lines) in-plane field. In the inset, the plot of the magnetoresistance curve ob
these curves is shown. 

 

First, in Figure 7.1 (main panel) the corresponding temperature depe

longitudinal resistivty (ρxx) for current J parallel to [001] and [1-10] dir
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Figure 

) = [ρxx(0)-

 at around 

rature, MR 

ection of current flow, being about a 

50 % larger along the [1-10] track that along the [001] one. 

films of LCMO (110) already reported [2][6]. It can be appreciated in the inset of 

7.1, where the temperature dependence of the magnetoresistance MR(20 kOe

ρxx(20 kOe)]/ρxx(0) is plotted, that MR displays a well defined maximum

280 K, being almost identical the value for each direction. At lower tempe

displays a distinct behaviour depending on the dir
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ltaneously 

] directions 

0)]/ρ(0) are 

rrent J and  

rious fields 

(H = 10, 15 and 20 kOe) at 100 K. For all fields, the angular dependence of Γhkl is well 

described by Γhkl ∼ cos2θ ,  as illustrated by the fitted solid lines through the data. It has 

to be noted that in general Γ ≈ (ρ//-ρ⊥)cos2φ, where φ is the angle between J and the 

magnetization direction M, as explained in detail in Ch5. The goodness of the fits of 

 
ngular dependence of the magnetoresistance Γ(θ) = [ρ(θ)-ρ(0)]/ρ(0) measured 

100 K under various in-plane magnetic fields applied at an angle θ with res
measuring current J. (a) and (b) correspo

 

Turning to AMR studies, in order to perform them, films were simu

measured with the current density (J) applied parallel to the [001] and [1-10

and the magnetic field was rotated in-plane. 

In Figure 7.2 the angular dependence of the resistivity Γhkl = [ρ(θ)-ρ(

shown, being θ  the angle between the applied magnetic field H and the cu

with J  along [001] (Figure 7.2a) and [1-10] (Figure 7.2b), measured at va
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M // H,  

e measured 

sources of 

MR curves, the 

Γ1-10 .3  %).  

illations of 

vity is at a 

 = 0 deg ( e  resistivity 

t there is an 

f the AMR 

to the atomic spin-orbit coupling and the asymmetry of spin-up and spin-

down scattering events [7] the above observation provides a new insight into the physics 

of manganites. 

Figure 7.2 indicate that at the fields of measure (H > 10 kOe), θ  = φ and  thus 

implying that along both directions the film magnetization is saturated and th

AMR is not masked by single-ion anisotropy, shape anisotropy or other 

magnetic anisotropy. Besides, comparing the amplitude of both set of A

 one is much smaller than that of Γ001, being Γ1-10 ∼ 0.06 % and Γ001  ∼ 0

Detailed inspection of data in Figure 7.2 reveals that, at 100 K the osc

Γ001 and Γ1-10 have an opposite phase. That is, whereas for Γ001 the resisti

minimum for θ ρ001
// < ρ001

⊥) this is not the case for Γ1-10, where th

is at a maximum (ρ1−10
// > ρ1−10

⊥).  Therefore, data in Figure 7.2 indicate tha

anisotropy in the AMR response of the LAMO (110) films. As the origin o

traces back 
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In Figure 7.3 Γ001 and Γ1-10 curves measured at several temperatures above 

100 K are plotted. Looking at the amplitude of AMR effect along [001] direction 

(Figure 7.3a), the amplitude of Γ001 (AMR001 = (ρ//-ρ⊥)001/ρ001
av)  shows an increase 

when temperature drops, reaching a value of about Γ001 ∼ 0.6 % close to the temperature 

 
Figure 7.3. Angular dependence of the magnetoresistance Γ(θ) measured at 10 kOe
temperatures.(a) and (b) correspond to current parallel to [001] and current paralle
respectively. 
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mperature, 

the sample 

1-10 (AMR1-

t 100 K, as 

changes its 

 e a plot of 

 

illustrates that for [1-10] it occurs a non monotonic behaviour of AMR, and thus the 

asymmetry for J // [001] and J // [1-10]. 

where the metal-insulator transition (TMI) occurs and where the longitudinal 

magnetoresistance (inset of Figure 7.1) has also its maximum. At higher te

the amplitude of Γ001 is reduced (see Figure 7.4 below) as expected as 

becomes paramagnetic. On the other hand, in Figure 7.3b the amplitude of Γ
10 = (ρ//-ρ⊥)1−10 /ρ1−10

av) displays a non monotonic behaviour. It is positive a

described above, and increases upon heating; but when approaching TMI, it 

sign and becom s negative thus mimicking AMR001. Figure 7.4, where 

AMR001 and AMR1-10
 data recorded at several temperatures are shown, clearly
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The peak of AMRhkl at around TC is well visible for both orientations and it has 

the same sign (negative), that is ρ001
// < ρ001

⊥ and ρ1−10
// < ρ1−10

⊥. This is in agreement 

with reports on LCMO films [2][6]. The occurrence of a maximum of AMR which 

mimics that of the MR, as suggested by M. Bibes at al. [2] and G. Herranz et al. [3], can 

(b)

Figure 7.4. Temperature dependence of the anisotropic magnetoresistance AMR
)/ρav measured with (a) current parallel to [001] and (b) current parallel to [1-10]. 
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tal-insulator 

or J along 

re, and the 

re remains 

simulations 

onclusions 

nsider that 

the energy 

 zero when 

 AMR can 

ured within 

 temperatures cannot be explained 

with this approach. We suggest that the different symmetry of the (110) plane can play a 

major role in the scattering events and thus in the AMR sign. 

irections in   

c behaviour 

he AMR001 

lts reported 

lose to the 

, indicating 

//
10

⊥ , switching to ρ1−10
// < ρ1−10

⊥ at temperatures close to the meta-

insulator transition. A possible explanation of the temperature dependent spin-orbit 

coupling and spin-dependent scattering effects is expected to be also applicable to 

LCMO (110) films. 

be related to the unquenching of orbital moment L (L ≠ 0) close to the me

transition. However, the observation of a distinct sign of AMR effect f

different in-plane directions, AMR001 < 0 and AMR1-10 > 0 at low temperatu

change of sign of AMR1-10 from positive to negative at higher temperatu

intriguing. Considering the experimental results shown in Ch5 and the 

performed to generate the AMR temperature peak, we can generalize the c

obtained for LCMO to LAMO and even for future manganite films. If we co

a one conduction channel can adequately describe the manganite conduction, using the 

model presented by Malozemoff [8] to this system obliges us to change 

diagram of the system, and for instance the exchange energy should go to

approaching the TC. But, although the general temperature dependence of the

be described with this approximation, the different sign of the AMR meas

the (110) plane and the change of sign at different

 

In summary, anisotropic magnetoresistance along [001] and [1-10] d

LAMO (110) epitaxial thin films grown on (110) STO, display an anisotropi

that helps to understand that of LCMO (110) films. Along the [001] t

amplitude is negative, indicating that ρ001
// < ρ001

⊥ , in agreement with resu

for (001) LCMO films, increases with temperature and displays a maximum c

metal-insulator transition. In contrast, AMR1-10 is positive at low temperature

that ρ1−10  > ρ1−
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8 Appendix II 

8.1 La /3Sr MnO  (LSMO) films: epitaxial growth and 

][2] with a 

s from the 

of Mn ions 

-O2--Mn4+ 

). Fully spin polarization of the conduction band is thus expected in 

this ived much 

s magnetic 

, w O films on 

ctu an agnetic properties 

ese films. We expect a less significant effect of the epitaxial stress in the 

LSM  compared 

 and STO 

)/aLSMO = -

0.4 %.  

In this appendix, results on the epitaxial growth and structural characterization 

of LSMO films on (001) and (110) STO substrates are presented. The magnetic 

properties of these films are also shown. We discuss the possible mechanisms of the 

2 1/3 3

magnetic properties 

La2/3Sr1/3MnO3 (LSMO) is a metallic ferromagnetic manganite [1

Curie temperature of ≈ 360 K [1]. The ferromagnetism of this material arise

double-exchange, as explained in Ch1, where electrons from the 3d bands 

(in mixed valence state 3+/4+) hop from Mn3+ to Mn4+ through O2- ions (Mn3+

electron hopping

material, as for the Ca-doped manganites. Consequently, LSMO has rece

attention due to its potential usefulness as electrode in spintronics devices a

tunnel junctions [4]. 

Aiming to extent the study of the influence of the plane of growth onto the 

structural and functional properties of manganite films e have grown LSM

(001) and (110) SrTiO3 substrates and investigate the stru ral d m

of th

O/STO system due to the lower lattice mismatch of the LSMO and STO

to that of LCMO and STO: LSMO pseudocubic parameter is aLSMO ∼ 3.890 Å

parameter is aLSMO ∼ 3.905 Å, thus the lattice mismatch is f = (aLSMO - aSTO
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erential Curie temperature and 

saturation magnetization values of (001) and (110) LSMO films. 

owth: film thickness, morphology and structural 

t. de Fisica 

er laser as 

es of PLD 

en pressure 

40 mbar) in 

himetry of 

 pulses was 

ach film deposition was simultaneously performed onto (001) and (110) STO 

les listed in 

 
Table 8.1. List of LSMO films studied in this chapter. The deposition substrate temperature 
(Td) and oxygen pressure [Pd (O2)] are also indicated. 

 

magnetic anisotropy in the light of the work performed on (001) and (110) LCMO films

already presented as well as the origin of the diff

8.1.1 Epitaxial gr

characterization 

LSMO films were grown by pulsed laser deposition (PLD) at the Dep

Aplicada i Òptica, at the Universitat de Barcelona, using a KrF excim

described in Ch2. Using a stoichiometric target, we performed a seri

depositions at different substrate temperature (650 C-700 C-750 C) and oxyg

during the deposition (pure oxygen pressure of 0.10 mbar, 0.25 mbar, and 0.

order to optimize the morphology of the films and to vary the oxygen stoic

the films. The frequency of the laser was set to 5 Hz and the number of laser

5000; e

substrates. The results presented in this appendix correspond to the samp

Table 8.1. 

Sample Substrate Sample Substrate 
Thickness 

(nm) 

Td 

(C) 

Pd(O2) 

(mbar) 

lsmo19 STO(001) lsmo20 STO(110) 78 700 0.10 

lsmo22 STO(001) lsmo23 STO(110) 78 700 0.25 

lsmo22 STO(001) lsmo26 STO(110) 78 700 0.40 

lsmo40 STO(001)  STO(110) 78 650 0.40 

  lsmo35 STO(110) 78 750 0.40 

 

Thickness determination and surface morphology 

The thickness of these films was investigated by X-ray reflectometry (XRR)

measurements. Representative examples of the XRR spectra collected for all

films are shown in 

 

 

 the LSMO 

 period for 

all films, independently of the oxygen pressure or substrate temperature. With the 

angular position of each minimum in the XRR spectra and fitting the minimum order, 

we could evaluate the thickness of the films, obtaining in all cases ~ 78 ± 3 nm. The 

films shown in Figure 8.1a are lsmo22 [(001) film grown at 0.25 mbar P(O2)] and 

Figure 8.1a. The spectra present oscillations with similar
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illations 

istic of flat 

re achieved 

FM) image 

nal a low roughness (rms = 0.4 nm) and a morphology 

characterized by terraces and steps. 

lsmo20 [(110) film grown at 0.10 mbar of P(O2)]. It is remarkable that the osc

are observed up to θ ~ 1.4 deg, following a soft exponential decay character

surfaces. For the case of the (110) films, we probe that flat (110) surfaces a

using the PLD technique, and in Figure 8.1b an atomic force microscopy (A

of lsmo20 surface clearly sig

 
Figu  spectra from LSMO films: (110) LSMO film grown at 0.10 
mba 2  LSMO film grown at 0.25 mbar of P(O2) (lsmo22). (b) 
AFM age from lsmo20. The z-scale corresponds to 4 nm. 

 

 

 the Miller 

es of other 

d from the 

 (001) and 

 and for the 

latter around (330) peaks. We notice that for the STO single crystal but also for the 

LSMO films two peaks are observed for each reflection, corresponding to the two main 

emission lines of the Cu catode of the diffractometer. (kα1 and kα2). For both sets of 

films, for samples with increasing growth oxygen pressure, the diffraction peak shifts to 

re 8.1. (a) Normalized XRR
r of P(O ) (lsmo20) and (001)
 (5x5) μm2 im

 

Structural characterization 

(a) θ-2θ scans 

To study the structure of these LSMO films, we first investigated the texture of

the films performing θ-2θ scans. For the (001) and (110) films, the θ-2θ spectra for

each film orientation included only (00l) and (hk0) peaks (being h, k, l

indices) corresponding to the (001) and (110) texture, respectively. No trac

phases were observed. The out-of-plane parameter of the films was calculate

detailed zooms of the θ-2θ scans at large angle; the zooms for the 700 C

(110) films are shown in Figure 8.2, being for the former around (004) peaks



La Sr MnO  (LSMO) films: epitaxial growth and magnet2/3 1/3 3 ic properties 

280 

lated from these spectra, and the resulting values are included in 

Table 8.2. 

high angles. This fact is signalled in Figure 8.2a and b by arrows.The out-of-plane 

parameters were calcu
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, showing the substrate peaks (indicated by asterisks 

*) ad the film peak: (a) (004) peaks for (001) samples and (b) (330) peaks for (110) samples. 
 indicate the 
 signals the 

2

 

Table 8.2. Out-of-plane parameter of LSMO films grown at 700 C (see Table 8.1) as a function 
of the deposition oxygen pressure [P(O2)] for (001) and (110) films: d001 and √2d110, 
respectively. 

 

Figure 8.2. Zooms of complete θ-2θ scans

The solid lines mark the angular position of the STO substrate and the dotted lines
angular position corresponding to pseudocubic bulk LSMO parameter. The arrow
samples with increase of P(O ) during the growth. 

(001) (110) P(O2) 
(mbar) d001 

(Å) 
√2d110 

(Å) 
0.1 3.857 3.875 

0.25 3.847 3.862 
0.4 3.845 3.855 

 
 

(b) Reciprocal space maps (RSMs) 

To fully characterize the LSMO unit cell of (001) and (110) films, the in-plane 

and out-of-plane parameter were explored performing RSMs around appropriate 

reflections. Similarly to the LCMO films (Ch4), for (001) films we studied the (103) 
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 present the results of the series of films grown at 700 C.of substrate 

tem

s on (001) 

 area of the 

 reflections 

g vertically 

e film and 

bstrate are 

determined 

ferent from 

re 8.3a to 

ation which 

c. 

Therefore, the change in the oxygen pressure

ently of the 

 reflections 

 of the in-

he in-plane 

ples were 

SMs of the 

arameter of 

ignment of 

long [1-10] 

nt vertical 

ns that the 

film RSMs 

ost hidden underneath the STO peak, thus 

being the unit cell parameters of the LSMO film closer to those of the STO. For the 

intermediate oxygen pressure film (Figure 8.4c and d), the LSMO peak is more 

separated from the STO peak, still increasing this separation for the higher oxygen 

pressure film (Figure 8.4e and f). 

reflection and for the (110) films (130) and (222) reflections were measured. For this 

study, we

perature. 

We start the analysis of the RSMs with the (001) samples. The RSM

samples were performed using Bruker diffractometer, working at the central

two dimensional detector (χ = 0). In Figure 8.3, the RSMs around the (103)

indicate the presence of intense STO peaks and the LSMO peak appearin

aligned with the substrate. For these reflections, in-plane [100] direction and out-of-

plane [001] direction are investigated. In all cases, the alignment of th

substrate peaks signal that the in-pane unit cell parameter of film and su

equal. On the other hand, the out-of-plane parameters of the LSMO films, 

from the vertical position of the film and substrate peak, are substantially dif

that of the STO. Inspecting the RSM from the different films, from Figu

Figure 8.3b, the LSMO peak is more separated from the STO peak, a separ

is enhanced when inspecting higher oxygen pressure film RSM in Figure 8.3

 during film growth influenced the out-of-

plane unit cell but not the in-plane parameter, and the films are independ

oxygen pressure fully strained. 

For the investigation of the unit cell parameters of the (110) samples,

with pure in-plane [1-10] and [001] directions were investigated. The study

plane [1-10] direction was undertaken with (130) reflections, and that of t

[001] direction wih the (222) reflections. The RSMs of these (110) sam

obtained with a MRD Philips diffractometer. In Figure 8.4 we include the R

(110) films grown under different oxygen pressure. Inspecting the in-plane p

the STO and LSMO peaks, in all cases we observe a complete vertical al

substrate and film unit cell, indicating that (110) films are fully strained a

and [001] in-plane directions. However, the LSMO peak appears at differe

position for the samples grown under different oxygen pressure, which mea

out-of-plane distance depends on the oxygen pressure. In the low pressure 

(Figure 8.4a and b), the LSMO peak is alm
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Figure 8.3. RSMs from (103) reflection of LSMO film and STO substrate for the (001) 
samples, being the films grown at different P(O2): (a) 0.10 mbar, (b) 0.25 mbar, and (c) 
0.40 mbar.  
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Figure 8.4. RSMs from (130) [(a), (c), and (e)] and (222) [(b), (d), and (f)] re
LSMO film and STO substrate for the (110) samples, being the films grown at diffe
[(a) and (b)] 0.10 mbar, [(c) and (d)] 0.25 mbar, and [(e) and (f)] 0.40 mbar. 

 

We used the LSMO and STO peak positions in the RSM

flections of 
rent P(O2): 

s from the (001) and 

(110) films to evaluate the unit cell interplanar distances. We recall the equivalency 

between the wave vectors and the crystallographic directions for the (001) and (110) 

films analyzed in detail for the LCMO films in Ch4 (eqs. 4.5-4.9). The resulting unit 

cell parameters are plotted in Figure 8.5 as a function of the oxygen pressure. 
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Figure 8.5. Oxygen pressure dependence of (a) the interplanar distances and (b) the unit cell 
volu (a) unit cell 

mparable, 

 θ-2θ scans 

the oxygen 

f the (001) 

is trend is 

ameter and 

ated to the 

n tunes the 

oxygen stoichiometry, thus the low oxygen pressure films may present a higher amount 

of oxygen vacancies. Within this scenario, with less oxygen anions on the LSMO lattice 

(virtually LSMO3-δ, being δ the concentration of vacancies) the lattice can be naturally 

expanded due to unbalanced charge (Coulomb repulsion), and this argument would 

P(O2) (mbar) 

me for the (001) and (110) films. The dashed lines indicate the pseudocubic 
parameter and (b) unit cell volume of bulk LSMO. To make interplanar distances co
for (001) films we plot d100 and d001 and for (110) films √2d1-10, d001 and √2d110. 

 

The analysis of Figure 8.5 signals the results already observed from

and RSMs: the out-of-plane (001) and (110) LSMO parameter depend on 

pressure and the in-plane (001) and (110) LSMO parameters are clamped to those of the 

STO substrate. From Figure 8.5a, we note that the out-of-plane parameter o

films is always lower than the corresponding value of the (110) films. Th

conserved when computing the total unit cell volume shown in Figure 8.5b. 

The mechanism underneath the changes in the out-of-plane par

consequentely in the unit cell volume of (001) and (110) films can be rel

oxygen content of the LSMO films. The oxygen pressure during depositio



La Sr MnO  (LSMO) films: epitaxial growth and magnet2/3 1/3 3 ic properties 

285 

oxygen pressure films. 

8.1.2 Magnetic properties 

aturation 

magnetization e MS 

tation. 

110) films 

so between 

(001) film 

creased MS 

der higher 

b the 

e, although 

001) and (110) films grown under 0.10 mbar of oxygen 

pres that of the 

0) films is 

ops on the 

agnetic 

a in-plane 

Figure 8.7b 

.1). For the 

ctions, and 

s saturated 

eld parallel 

 

hysteresis loop is obtained for field along [110] direction, which signals that [110] 

direction corresponds to an easy magnetic axis. For the (110) film (Figure 8.7b), the 

differences between the loops recorded for field parallel to [1-10] or [001] direction are 

much evident: almost linear behavior (hard magnetic axis) at low field is obtained for 

explain the increase of the out-of-plane parameter and unit cell volume in the low 

Low temperature hysteresis loops 

The magnetic properties of LSMO films, and in particular, the s

magnetization MS and magnetic anisotropy, were investigated measuring the 

vs magnetic field. We present first the general results on th

measured at 10 K and the dependence on the oxygen pressure and films orien

Figure 8.6 the magnetic hysteresis loops obtained from (001) and (

indicate relevant differences among films with the same orientation but al

films gown under the same oxygen pressure. Inspecting Figure 8.6a, the 

grown under the lower oxygen pressure (squares) presents a strongly de

compared to the bulk value (~ 591 emu/cm3). Upon studying films grown un

deposition oxygen pressure, the MS increases. For the (110) films, in the Figure 8.6

curves indicate higher MS for films with higher deposition oxygen pressur

comparing the curves for the (

sure (squares), the (110) film (open squares) presents higher MS than 

(001) film (close squares). This difference between the MS of (001) and (11

also extended to the rest of samples. 

Studying in detail the dependence of the magnetic hysteresis lo

direction of applied magnetic field leads us to the knowledge of the in-plane m

anisotropy of (001) and (110) LSMO films. We present in Figure 8.7

magnetic hysteresis loops from a (001) film (lsmo40, see Table 8.1) and in 

in-plane magnetic hysteresis loops from a (110) film (lsmo35, see Table 8

(001) film (Figure 8.7a), the field was applied along the [100] and [110] dire

the hysteresis loops indicate that coming from high field (magnetization i

along the applied field direction), the remnant magnetization is higher for fi

to [110] direction (triangles) than for field along [100] direction. In fact, a square-like
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agnetic 

sults agree 

 films; the 

 the LSMO 

ter the film 

ial in-plane 

 discussion 

e note that 

 films, the 

es, and 

he relevant 

on Ehkl
me is 

anite films 

(1.3.1 Elastic properties). From the Yhkl values of the [100] and [110] directions, 

Y110 > Y100, the higher stress and thus the lowest magnetoelastic energy is related to the 

[110] direction, where the easy magnetic axis is found. 

field parallel to [1-10] direction (circles), whereas a square-like loop (easy m

axis) is recorded when field is parallel to [001] direction (triangles). These re

with the already shown hysteresis loops from (001) and (110) LCMO

anisotropy in that case was mainly caused by the magnetoelastic effects. In

films, thickness is the same for all samples, being the only variable parame

orientation. The (110) film loops clearly evidence the existence of a uniax

magnetic anisotropy with easy [001] axis and hard [1-10] one. We center the

in the determination of easy and hard magnetic axis in the (001) samples. W

following the same arguments as those developed in Ch5 (5.1.3 Magnetic anisotropy), 

the higher the stress the easier the direction. (001) films are fully strained

epitaxial strain along a crystallographic [hkl] direction (εhkl) is the same in all cas

within the approximation of an isotropic magnetostriction (λhkl = λ100), t

parameter to determine the magnetoelastic energy along a given [hkl] directi

the Young moduli Yhkl: Ehkl
me = -3/2 λ100Yhkl εhkl. The Young moduli in mang

are expected to depend on the crystallographic directions, as explained in detail in Ch1 

-20 -10 0 10 20
-600

-400

-200

0

200

400

600
(b)

 0.40 mbar
 0.25 mbar
 0.10 mbar

M
 (e

m
u/

cm
3 )

H (kOe)

(a)

-20 -10 0 10 20

(110)

 0.40 mbar
 0.25 mbar
 0.10 mbar

 
 

 

H (kOe)

(001)

 
Figure 8.6. Magnetic hystresis loops measured on the 700 C samples at 10 K. Magnetic field 
was applied in-plane of the samples, being for the (001) samples (a) along the [100] direction 
and for the (110) samples (b) along the [001] direction. Films grown under different oxygen 
pressure are represented by squares for P(O2) = 0.10 mbar, circles for P(O2) = 0.25 mbar and 
triangles for P(O2) = 0.40 mbar. 
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applied along es) directions, and (b) (110) sample (lsmo35), 
field ] (triangles) direction. Inset: Same loops that those 
of th . 

ilms of the 

urves at a 

e magnetic field was enough to saturate the 

tively. We 

 kOe) and 

are shown. 

t a gradual 

he lack of 

 that of the 

(110) film indicate that the film present a much deprimed magnetic properties. On the 

other hand, the (110) film grown at the same oxygen pressure presents a smooth 

ferromagnetic transition, but the magnetization is much higher. Comparing the pairs of 

(001) and (110) films grown at any oxygen pressure, the resulting remarks signal that 

H (kOe)
 

Figure 8.7. Normalized magnetic hystresis loops measured at 10 K w

 [100] (circles) and [110] (triangl
 applied along [1-10] (circles) and [001
e main (b) panel, showing the magnetization saturation at approximately 5 kOe

 

Magnetization vs temperature curves 

Ferromagnetic to paramagnetic transition in (001) and (110) LSMO f

700 C series was studied by recording the magnetization vs temperature c

fixed in-plane magnetic field of 1 kOe. Th

(001) and (110) samples along the [100] and [001] directions, respec

performed these measurements after saturating the films at high field (3

decreasing field down to the stable 1 kOe value. 

In Figure 8.8 the magnetization dependence on temperature curves 

Starting with the low oxygen pressure curves (squares), the (001) film presen

transition, which cannot be related with a purely ferromagnetic film. T

abruptness and the low magnetization value at any temperature compare with
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uch 

abruptically and at higher temperature. 

(110) films always present higher magnetization, with a transition that occurs m
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idth of the 

responding 

e 8.9a, we 

 (squares) 

mples, two 

 

dependent peak, appearing between 250 and 300 K, and a high temperature peak close 

to 330 K, independent of the oxygen pressure. We ascribe the first peak to the majority 

transition of the (001) film. In Figure 8.9b, the (110) films present in all cases an intense 

peak corresponding to the majority transition, increasing towards higher values as a 

re 8.8. Magnetization vs temperature curves measured at a in-plane field of 1 k
(close symbols) and (110) (open symbols) films grown at different oxygen pressure
0.10 mbar (squares), 0.25 mbar (circles) and 0.40 mbar (triangles). 

 

Different methods can be used to evaluate the Curie temperature of t

Analyzing the curvature of the data shown in Figure 8.8 it is possible to get i

the ferromagnetic transition in these films. To perform this evaluation, we calculated the 

derivatives of the experimental curves and afterwards fitted them to 

Gaussian functions to accurately obtain the transition temperature and w

transition. The derivative curves from data in Figure 8.7 and the cor

Gaussian fits are plotted in Figure 8.9. Inspecting the (001) data in Figur

confirm that the wide transition observed for the low oxygen pressure film

cannot describe any clear transition. On the other hand, for the other (001) sa

peaks arise, with different intensity and at different temperatures: oxygen pressure
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(110) films 

 occurring at 

lower temperature, and it is also connected to lower magnetization at any temperature. 

function of the oxygen pressure. A second peak, less intense, is found around 350 K. 

We confirm the observations obtained from the analysis of Figure 8.8: 

present higher TC and in (001) films ferromagnetic transition is wider and
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playing with the oxygen content during the film deposition has allowed us to investigate 

the relevance of the oxygen stoichiometry in the magnetic properties of these films. We 

confirm that under the same growth conditions, (110) films present enhanced properties 

compared to those of the (001) films. We suggest that due to the different orientation of 

 
re 8.9. Derivative curves (symbols) calculated from data in Figure 8.8: (a) for 

and (b) for (110) films. Lines correspond to Gaussian fits to the experimental curve
 

(c)Summary of magnetic properties and discussion 

In Figure 8.10 we summarize the MS and TC values obtained from

included in Figure 8.6 and Figure 8.8. As observed when analyzing these curv

(from saturated magnetization at ~ 20 kOe) and TC (evaluated from the majo

of the curves shown in Figure 8.8) of all the (110) samples. The strained 

films together with the intrinsic trend of (001) manganite films to phase sep

may have driven the (001) films to be magnetically depressed. On the other hand, 
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the plane of growth, the amount of oxygen vacancies created during the high 

temperature can be different. Within his scenario, and recalling the major re

the oxygen ions in the double-exchange interaction, the (110) films are c

affected by the poor oxygen conditions, which can be related to a much

creation of oxygen vacancies in the (001) planes. Other effects, as th

discontinuity in (001) STO and LSMO, absent in the (1

2/3 1/3 3 ic properties 
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levance of 

learly less 

 probable 

e polarity 

10) case, are expected to 

contribute to increase the magnetic properties of (001) and (110) films. 
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Figure 8.10. MS (a) and TC (b) as a function of the oxygen pressure during the film growth for 
(001) (close symbols) and (110) (open symbols) films. 
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During the last years, the research on complex oxides, especially in those used 

into epitaxial heterostructures, has signaled that these materials can display a wide 

variety of unexpected physical phenomena. For instance, it has been shown that an 

induction of a stable electric polarization into the naturally paraelectric SrTiO3 occurs 

when SrTiO3 thin layers are combined into thin film heterostructures with the 

ferroelectric PbTiO3. It has been also discovered that radically different properties from 

those of the bulk properties can be generated at the interfaces in epitaxial 

heterostructures. As an example, the insulating perovskites SrTiO3 and LaAlO3 can lead 

to an interface with high mobility electrons confined into a two-dimensional region, 

which can display superconductivity at low temperature. Besides, the research into 

spintronics devices, as magnetic tunnel junctions based in manganites, has shown that 

the control of the interface properties and especially the interface spin polarization tune 

the functionality of the devices. 

Within the exposed framework, this thesis has faced the challenge of 

understating the physical phenomena occurring in the epitaxially grown La2/3Ca1/3MnO3 

ferromagnetic manganite films and SrTiO3/La2/3Ca1/3MnO3 heterostructures on SrTiO3 

substrates with (001) and (110) orientation. In general, La-manganite layers have 

repetitively displayed depleted ferromagnetic and transport properties when grown in 

(001) substrates, whereas as presented in this thesis the use of (110) orientation can help 

to obtain closer to bulk properties. The physical origin of this effect has been related to 

the different structural and electronic characteristics of the (001) and (110) planes which 

leads to the development of electronic phase separation in the (001) case. Exploitation 

of the anisotropy of the mechanical properties of (110) planes allows obtaining in-plane 
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uniaxial magnetic anisotropy in (110) films, which can be tuned by the epitaxial strain. 

The transport properties of these (110) films is also observed to be highly sensitive to 

this uniaxial magnetic anisotropy, being possible to obtain abrupt changes in the 

transverse magnetoresistance along the in-plane hard axis. This is not the case for (001) 

films, where the biaxial in-plane anisotropy does not strongly influence the sinusoidal 

shape of the measured magnetoresistance. The comparative analysis of structural, 

electronic and chemical properties together with the magnetic and transport properties 

of bare (001) and (110) electrodes motivated their integration into oxide 

heterostructures. Growing SrTiO3 insulating layers on these (001) and (110) manganite 

electrodes, we could investigate the influence of the insulator layers on the properties of 

these electrodes, thus providing an insight into the role of the interface phenomena in 

oxide functional properties. 

The limited functional properties of current applications based on oxide 

heterostructures are known to be closely linked to the interface phenomena. Charge 

redistribution and electronic and chemical phase separation occur and limit the 

properties of the explored interfaces, although it is not clear whether the origins of these 

effects are intrinsic to the material, caused by the interface electronic and chemical 

mismatch, or originated by the different elastic properties. Being still unclear the role of 

each contribution, we suggest to extend the comparative study on (001) and (110) 

LCMO films and STO/LCMO bilayers to other manganites, for instance 

La2/3Sr1/3MnO3, and other insulators, as LaAlO3. Several combinations are available, 

being possible to tune the epitaxial stress, the symmetry of the electronic wavefunctions 

or the polarity of the interface planes. By playing with the epitaxial stress and the 

electronic and chemical discontinuities, it would be possible to determine the specific 

role of each of these factors and to tune the interface properties and thus those of further 

applications. 
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