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Abstract 

Vasilii Zakhvalinskii  

Magnetic and transport properties of LaMnO3+, La1-xCaxMnO3, La1-xCaxMn1-yFeyO3 and 

La1-xSrxMn1-yFeyO3 

Lappeenranta 2010 

86 p. 

Acta Universitatis Lappeenrantaensis 415 

Diss. Lappeenranta University of Technology 

ISBN 978-952-265-020-7, ISBN 978-952-265-024-5 (PDF), ISSN 1456-4491 

 

Interest to hole-doped mixed-valence manganite perovskites is connected to the ‘colossal’ 
magnetoresistance. This effect or huge drop of the resistivity, ρ, in external magnetic field, B, 
attains usually the maximum value near the ferromagnetic Curie temperature, TC. 

In this thesis are investigated conductivity mechanisms and magnetic properties of the 
manganite perovskite compounds LaMnO3+, La1-xCaxMnO3, La1-xCaxMn1-yFeyO3 and La1-

xSrxMn1-yFeyO3. When the present work was started the key role of the phase separation and its 
influence on the properties of the colossal magnetoresistive materials were not clear. Our main 
results are based on temperature dependencies of the magnetoresistance and magneto-
thermopower, investigated in the temperature interval of 4.2 - 300 K in magnetic fields up to 10 
T. The magnetization was studied in the same temperature range in weak (up to 0.1 T) magnetic 
fields. 
  LaMnO3+δ is the parent compound for preparation of the hole-doped CMR materials. The 
dependences of such parameters as the Curie temperature, TC, the Coulomb gap, Δ, the rigid gap, 
γ, and the localization radius, a, on pressure, p, are observed in LaMnO3+δ. It has been 
established that the dependences above can be interpreted by increase of the electron bandwidth 
and decrease of the polaron potential well when p is increased. Generally, pressure stimulates 
delocalization of the electrons in LaMnO3+δ. 

Doping of LaMnO3 with Ca, leading to La1-xCaxMnO3, changes the Mn3+/Mn4+ ratio 
significantly and brings an additional disorder to the crystal lattice. Phase separation in a form of 
mixture of the ferromagnetic and the spin glass phases was observed and investigated in La1-

xCaxMnO3 at x between 0 and 0.4. 
Influence of the replacement of Mn by Fe is studied in La0.7Ca0.3Mn1−yFeyO3 and 

La0.7Sr0.3Mn1−yFeyO3. Asymmetry of the soft Coulomb gap and of the rigid gap in the density of 
localized states, small shift of the centre of the gaps with respect to the Fermi level and cubic 
asymmetry of the density of states are obtained in La0.7Ca0.3Mn1−yFeyO3. Damping of TC with y 
is connected to breaking of the double-exchange interaction by doping with Fe, whereas the 
irreversibility and the critical behavior of the magnetic susceptibility are determined by the phase 
separation and the frustrated magnetic state of La0.7Sr0.3Mn1−yFeyO3.  
 
 
Keywords: Manganite perovskites, colossal magnetoresistance, double-exchange interaction, 
Jahn–Teller effect, phase separation, hopping conductivity, charge ordering, ferromagnetism, 
polarons. 
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6 
 



7 
 

Acknowledgments 

 
This work was carried out at the Department of Mathematics and Physics of the Lappeentanta 

University of Technology, Lappeenranta, Finland. Sample preparation and measurements were 

made in the Wihuri Physical Laboratory, University of Turku, Turku, Finland, between 1999 and 

2010. Investigations were performed in close cooperation with colleagues from the Ioffe Institute 

of the Russian Academy of Sciences, St. Petersburg, Russia and the Institute of Applied Physics 

of the Moldavian Academy of Sciences, Kishinev, Moldova. I would like to express my sincere 

gratitude to my supervisor Prof. Erkki Lähderanta and to Prof. Reino Laiho from the Wihuri 

Physical Laboratory. It was a great pleasure to work in his research group. I express my separate 

gratitude to Academician of the Academy of Sciences of Moldova Prof.  Arushanov E.K for 

understanding and support. 

I wish to thank the members of our research group, Dr. K. G. Lisunov, Dr. A. V. Lashkul, Dr. 

V. N. Stamov, Dr. H. Huhtinen, Dr. M. L. Shubnikov, Dr. P. A. Petrenko, Dr. M. A. Shakhov, 

Dr. M. O. Safontchik, Dr. L. S. Vlasenko and Dr. Yu. P. Stepanov, for co-authorship. 

I wish to express my gratitude to the staff of the Wihuri Physical Laboratory for collaboration 

during 15 years. 

I express my thanks to Professor, Dr. Hab. Jacek Kossut and to Docent Galia Pozina for 

reviewing the thesis. 

My sincere gratitude is to my opponent Professor Evgenii Meilikhov. 

I wish to thank my beautiful wife Marina for her love and help in all my affairs and to my 

parents for all in my life. 

 

 Lappeenranta, 25.10.2010 

  

 Vasilii Zakhvalinskii 



8 
 

 



7 
 

Contents 

 

Abstract            

Acknowledgements           

List of publications           

List of symbols and abbreviations          

 

1 Introduction 

1.1 Strongly-correlated systems        15 
1.2 LaMnO3 and hole-doped CMR materials      17 
1.3 Interpretation of the non-magnetic ordering in manganites               28 
1.4 Key role of the phase separation       29 
 
2 Experimental procedure 

2.1 Sample preparation         34 
2.2 Magnetic measurements        36 
2.3 Transport measurements                                                    37 
 
3 Results and discussion        40 

3.1 Transport and magnetic properties of LaMnO3+δ      41 
3.1.1 Resistivity and magnetoresistance in LaMnO3+δ      41 
3.1.2. Hopping conductivity in LaMnO3+δ        45 
3.1.3 Conductivity mechanism and density of the localized states in  

LaMnO3+δ under pressure        48 
3.2 Magnetic properties and conductivity of La1-xCaxMnO3    52 
3.3 Asymmetry of a complex gap near the Fermi level and conductivity of 

La1-xCaxMn1-yFeyO3         57 
3.4 Magnetic properties and conductivity mechanisms of La1-xSrxMn1-yFeyO3  65 

 
4 Conclusions          74 

 

References           76 

 

Summary of the publications        85 

 

Original papers          87 



8 
 



9 
 

List of publications 

 

This thesis is based on the experimental work carried out between 19992010. The thesis 

consists of an introductory part and the following publications: 

 

Publication 1. R. Laiho, K. G. Lisunov, E. Lähderanta, P. Petrenko, V. N. Stamov, V. S. 

Zakhvalinskii, Low-field magnetic properties of La1-xCaxMnO3 (0  x  0.4). J. Magn. Magn. 

Mater. 213, 271 - 277 (2000). 

 
Publication 2. R. Laiho, K. G. Lisunov, E. Lähderanta, V. N. Stamov, V. S. Zakhvalinskii, A. I. 

Kurbakov and A. E. Sokolov, Asymmetry of a complex gap near the Fermi level, determined 

from measurements of the thermopower in La1-xCaxMn1-yFeyO3. J. Phys.:  Condens. Matter 16, 

881 - 890 (2004). 

 
Publication 3. R. Laiho, K. G. Lisunov, E. Lähderanta, V. N. Stamov, V. S. Zakhvalinskii, Ph. 

Colomban, P. Petrenko, Yu. Stepanov, Lattice distortions, magnetoresistance and hopping 

conductivity in LaMnO3+δ. J. Phys.: Condens.  Matter 17, 105 - 118 (2005). 

 
Publication 4. R. Laiho, K. G. Lisunov, E. Lähderanta, M. L. Shubnikov, Yu. P. Stepanov, P. A. 

Petrenko, A. Khokhulin and V. S. Zakhvalinskii, Variable-range hopping conductivity and 

structure of density of localized states in LaMnO3+δ under pressure.  J. Phys.: Condens. Matter 

18, 10291 - 10302 (2006). 

 

Publication 5. V. S. Zakhvalinskii, R. Laiho, A.V. Lashkul, K. G. Lisunov, E. Lähderanta, Yu. 

S. Nekrasova and P. A. Petrenko: Low-field magnetic properties of La1-xSrxMn1-yFeyO3, J. Magn. 

Magn. Mater., 2010  (submitted). 

 

Publication 6. V. S. Zakhvalinskii, R. Laiho, A.V. Lashkul, K. G. Lisunov, E. Lähderanta, Yu. 

S. Nekrasova, P. A. Petrenko and V. N. Stamov, Hopping conductivity of La1-xSrxMn1-yFeyO3, J. 

Phys.: Condens. Matter 23, 015802 (8 pp) (2011). 

 

 

Publications are listed in the chronological order. They are referred in the text as [P1], [P2], [P3], 

[P4], [P5] and [P6], respectively. The authors are written partly in alphabetic order. 



10 
 

 



11 
 

LIST OF SYMBOLS AND ABBREVIATIONS 

 
               SYMBOLS 
 
x         composition 
c         concentration of holes 
β, γ, ν           critical exponents 
rij         distance between sites i and j 
g(ε)         density of states 
         resistivity 
Δ   soft parabolic Coulomb gap 
δ, γ         rigid gap 
M         magnetization 
ft         tolerance factor 
ξ         correlation length 
μ         chemical potential 
μB         Bohr magneton 
k         Boltzmann constant 
t         time 
ω, f         frequency 
B, H         magnetic field 
         magnetic susceptibility 
T         temperature 
TC         Curie temperature 
Tf         freezing temperature 
J         exchange constant 
к         dielectric constant 
e         electron charge 
E         energy 
, EF         Fermi energy 
θ         antiferromagnetic Curie temperature 
Peff         effective Bohr magneton number 
T0                characteristic temperature 
a, α             localization radius 
p                 pressure, amplitude of the radio – frequence pulse 
 
                ACRONYMS 
 
AFM          antiferromagnetic 
AFI              antiferromagnetic insulating 
APM            Anderson periodic model 
CG          cluster glass 
CMR            colossal magnetoresistance 
CO          charge-ordered phase 
CO/AF         charge-ordered antiferromagnetic phase 
CE               canted state 
DMFT          dynamical mean-field theory 
DE          double-exchange interaction 
DOS             density of the localized states 
DW              domain walls 
EXAFS        extended x-ray absorption fine structure 



12 
 

FC          field-cooled 
FM          ferromagnetic 
FMI             ferromagnetic insulator 
HTS             high-temperature superconductivity 
JT          Jahn-Teller 
LCMO         La1-xCaxMnO3 
LCMFO       La1-xCaxMn1-yFeyO3 

MIT              metal-insulator transition  
MR          magnetoresistance 
MFM          magnetic force microcopy 
NMR            nuclear magnetic resonance 
NNH          nearest-neighbor hopping conductivity 
PM paramagnetic 
PS                phase separation 
SANS           small angle neutron scattering 
SCS          strongly-correlated systems 
SE          superexchange, Shklovskii-Efros 
SG          spin-glass 
STS          scanning tunneling spectroscopy 
STM          scanning tunneling microcopy 
TEM            transmission electron microscope 
TRM          thermoremanent magnetization 
VRH          variable-range hopping 
XRD            x-ray diffraction 
ZFC          zero-field cooled 
ZF NMR      zero-field nuclear magnetic resonance 
 



13 
 

1. Introduction 
 
1.1. Strongly-correlated systems 

 

Family of manganite perovskites represents a vivid example of correlation of the electronic and 

magnetic properties, exhibiting the colossal magnetoresistance (CMR) effect and the metal-

insulator transition (MIT) induced by the magnetic field. Such compounds demonstrate interplay 

of the electronic and the magnetic degrees of freedom. Unique properties of these compounds are 

determined by 3d-, 4f- and 5f-electronic shells, leading to the partially or completely localized 

magnetic moments. The electrons of these shells interact with each other and with collectivized 

electrons of external shells. Such systems with strongly interacting electrons are called strongly-

correlated systems (SCS). 

 Conventional band theory of the solid state neglects the interactions above. On the other 

hand, in SCS the energy of electron interactions have the same order of the magnitude as widths 

of the electronic bands, stemming from the 3d-, 4f- or 5f-shells of a basical elemental atoms, or 

even exceeds it. In such a case it is necessary to apply the quantum-mechanical approach beyond 

the limits of the perturbation theory of the electron interactions. 

  The quantum-mechanical description of SCS may be considered within two ways: by 

calculations of their electronic structure from the first principles or by a modeling approach. On 

the first way the quantitative description of the crystal structure and the electronic states of SCS 

can be obtained. On the second way one usually starts with basic characteristics of a material and 

investigates the behavior, depending on temperature or external fields. 

  Basically, three types of models are used within the second way: the localized, the 

collective and the hybrid ones. The localized models neglect the electronic structure of materials, 

considering a set of separated (nuclear) spins on the lattice. These are the Heisenberg model and 

the strongly limited, anisotropic case of the Ising model. In the collective models one consider 

electrons moving in a crystal lattice, which have no spins. Interactions can lead to appearance of 

spontaneous magnetic moments and to localization of the magnetic moments near the lattice 

sites. Sometimes this causes the localization of charge, too. One can distinguish two cases of the 

collective models, including the limit of the weak binding (weak Coulomb interactions between 

conduction electrons) and the limit of the strong binding. The latter case is referred to the 

Hubbard model [1]. Two variants of the hybrid models, the sd-model [2] and Anderson periodic 

model (APM), should be distinguished as well. The sd-model is characterized by the localized 

magnetic moments of ions of the crystal lattice and by conduction electrons, interacting with 

each other with exchange forces. If the inequality JH >> zt takes place, where JH is the Hund 

interaction, z is the number of nearest neighbors and t is the matrix element of the crossover 

15
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between nearest neighbors, then the sd-exchange model represents the double-exchange (DE) 

model. The APM model is of a more general case suggesting existence of two groups of the 

electrons, including those localized on the lattice sites and the collective electrons. The two 

groups of the electrons are interrelated by the hybridization, and the Coulomb interaction of the 

electrons, localized on the same site, takes place.  

  The Heisenberg model is applicable to magnetic dielectrics, built of the isolated atoms 

with individual magnetic moments. The Hubbard model deals with transition metals, in which 

the 3d-nuclear magnetic moments are partially collectivized in a crystal. It the Hubbard model 

the same electrons are responsible for the conductivity (together with external s-shells of atoms) 

and for the local magnetic moments. Therefore, the values of the magnetic moments differ 

considerably from those of the 3d-shells of isolated atoms. The hybrid models describe the rare-

earth metals, the actinides and the related compounds. 

 The models mentioned above are applied to various groups of the magnetically ordered 

materials. When there is a need of a more detailed description, e. g. for calculations of the 

magnetic anisotropy, these models can be expanded to include spin-orbital interaction and crystal 

field. 

  Many of these models were successfully applied to various classes of SCS, including 

perovskite manganites. Each of the models describes successfully a class of materials or a 

material in the limited range of crystal structures, temperatures or magnetic fields, but could not 

be used as the universal and strict tool for determination of real parameters of compounds. 

 Metzner and Vollhardt [3] considered a system of strongly correlated electrons in space 

with the large dimension d (or nuclear lattice with large number z of the nearest neighbors). It 

has been found that in a limit of d  ∞ (or z  ∞) the mathematical equations describing 

movement of electrons in a lattice, can be simplified and solved analytically at any size of the 

electron interaction. The results of these calculations are rather close to those of the numerical 

calculations for the real three-dimensional space. The simplification of the theory for d  ∞ is 

connected to a possibility of neglecting the spatial fluctuations and to take into account only the 

dynamical fluctuations of the system. This feature has been utilized in the dynamical mean-field 

theory (DMFT), which consider the frequency dependence of the mean field by taking into 

account the influence of all others electrons on a certain electron. In DMFT the problem of the 

electronic spectrum, connected to the system of cooperating electrons, is reduced to a problem of 

one impurity center, influenced by the effective dynamic field of others electrons. The results of 

application of the basical models to various classes of SCS are collected in the review articles [4 

- 12], where properties of many compounds are investigated in details leading to the satisfactory 

agreement with the experimental data. Various methods and results of investigations of SCS, 
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including the Hubbard model [13], the Jahn-Teller (JT) distortion model [14], the high-

temperature superconductivity (HTS) models [15] and the DE model [16], have been obtained 

and analyzed. 

 

1.2. LaMnO3 and hole-doped CMR materials  

 

The hole doping of LaМnОз can be realized in two ways. The manganese compounds La1-

xAxМnОз (A = Ca, Ba, Sr, Pb, Nd, Pr) crystallize in a distorted cubic lattice of the perovskite 

СаТiOз structure (Fig. 1.2.1). If the La site  is partially occupied by two different atoms, for 

example, trivalent La3+ and divalent Ca2+, then a complex Mn3+ - O2- - Mn4+ is formed by hole 

doping from bridges of Mn3+- O2--Mn3+ pertinent to LaMnO3. Second way is formation of 

LaMnO3+δ (see P3, P4). By heat treatment in atmosphere of air, oxygen or argon it is possible to 

create the cation vacancies, VLa and VMn, in LaMnO3+δ [17]. Considering vacancies VLa and VMn 

we can apply the equivalent formula La1-Mn1-O3, where  =  / (3 + ), δ = с / 2 and c is the 

relative concentration of the holes given by the Mn4+/Mn3+ ratio. Then the explicit formula reads 

           00.3)3/(
4

)3/(6
3

)3/()63()3/()3/(33
4
2

3
21 3

3
OVMnMnVLaOMnLaMn MnLa
















          (1.2.1) 

In fact, La1-xAxМnОз is just a special case of the Ruddlesden-Popper series (R1-

xAx)n+1MnnO3n+1, where R is a trivalent cation and A is a divalent cation. Here n = 1 corresponds 

to the single layer, n = 2 to the double layer and n =   to the cubic perovskite structure [18]. The 

basic element of the perovskite structure is the octahedron MnO6/2. The index 6/2 means that 

each oxygen atom is shared among two nearest octahedrons. In this case deformation or turn of 

one of octahedrons influences the whole crystal. Lowering of the cubic perovskites symmetry is 

visible in Fig.1.2.1. If a transition metal ion remains in the center of octahedron during 

(a) (b) (c) 

Figure 1.2.1. Ideal cubic structure of manganite perovskite (a).  Structures of 

distorted manganite perovskites: orthorhombic (b) and rhombohedral (c) [25]. 
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deformations of octahedrons, the initial cubic structure depends on the degree of deformation 

and the octahedrons acquire tetragonal, orthorhombic or rhombohedral distortions. The 

transformations of the space groups takes place if both ways of the hole doping of LaMnO3 are 

applied [P1, P3, P4 and 20].  

According to the room temperature x-ray diffraction investigations, our LaMnO3+δ 

samples are divided into three groups: 

(i) Sample with δ = 0.00, orthorhombic Pbnm structure and lattice parameters a = 5.531(1) Å, b 

= 5.536(1) Å and c = 7.689(2) Å. 

(ii) Samples with δ = 0.065, 0.100 and 0.112, cubic Pm3m structure with small rhombohedral 

distortions and lattice parameter varying between a = 7.813(2) – 7.791(1) Å when  is decreased. 

(iii) Samples with δ = 0.125, 0.133, 0.140 and 0.154, rhombohedral cR3  structure and lattice 

parameters a = 5.530(2) – 5.516(1) Å and c = 13.333(5) –13.311(4) Å, decreasing with δ [P3]. 

The sizes and the character of distortions in La1-xAxMnO3 and LaMnO3+δ are still under 

discussion. Experimentally it has been shown that properties of manganites depend strongly on 

the so-called “tolerance factor“, ftol. This parameter has a simple geometrical meaning, 

describing quantitatively the degree of deviation of the lattice from the ideal cubic structure. 

Tolerance factor is defined by the ionic radii, rA and rO, or by the distances between ions, with 

the expressions  

                                      
)(2 OLa

OA
tol

rr

rr
f




                                                                (1.2.2) 

and 

                                       
OMn

OA
tol

d

d
f




2

 ,                                                                    (1.2.3) 

respectively. Here d A-O is the distance between the A site, where the trivalent or divalent non-Mn 

ions are located, and the nearest oxygen, whereas dMn-O is the shortest Mn - O distance. For an 

undistorted cube with a straight Mn-O-Mn link, 2OAd  and 1OMnd  in units of the Mn-O 

distance, therefore in perfect cubic system 1)( cub
tolf .  

 The lowering of the symmetry from cubic down to orthorhombic is observed in  

La1-xCaxMnO3 at 0  х1. The JТ shifts cause especially strong deformation of octahedrons in 

(001) plane. Furthermore, because of additional rotation of octahedrons in opposite directions the 

cubic unit cell looses С4 axis and cubic manganite is transformed into orthorhombic. Thus the 

orthorhombic structure of parent compound LaMnО3 is characterized by с/а1  2 (O'- structure 

[19]). O' structure persists in La1-xCaxMnO3 up to х ≈ 0.1. In the interval of 0.1  х  0.4 O- 

structure appears, where с/а1 > 2 as a result of the introduction of Ca atoms, restoring the cubic 
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symmetry. La1-xCaxMnO3 exhibits a variety of magnetic and electronic phenomena, depending 

on the composition. Among them are the ferromagnetism, the antiferromagnetism, the metal-

insulator transition and the charge ordering.  

La1-xCaxMnO3 demonstrates a strong magnetoresistance (MR) effect (see Fig. 1.2.2 [P1]). 

In the literature MR is defined as [R(0) - R(H)] / R(0), [R(0) - R(H)] / R(H) and R(0) / R(H) [2]. 

The first MR parameter lies between 0 and 1, while the others may acquire large values. 

Advantage of the third definition is that MR can be easily plotted in a logarithmic scale. Due to 

the large MR effect LCMO and related manganites are called often the “colossal 

magnetoresistance” (CMR) materials. In the left panel of Fig. 1.2.2 is shown the temperature 

dependence of the resistivity,  (T), of our ceramic La1-xCaxMnO3 sample with x = 0.3 in 

magnetic fields of B = 0  8 T. In the right panel of Fig. 1.2.2 is exhibited the relative MR of the 

same sample at different temperatures. The dc measurements performed with the standard four 

probe method yielded no difference between the results obtained by increasing or decreasing the 

temperature at any applied magnetic field between T = 5 K and 320 K. The drop of ρ (T) with 

decreasing T and the peak of MR (curve b in the right panel of Fig. 1.2.2) correlate with the FM 

Figure 1.2.2. Temperature dependence of the resistivity of ceramic La1-xCaxMnO3 (x 

= 0.3) in the field of B = 0  8 T [P1] (left panel).  Dependence of the relative 

magnetoresistance on the magnetic field at T = 244 K (a), T = 258 K (b), T = 273 K (c) 

and T = 290 K (curve d) (right panel). FM transition temperature is TC ~ 275 K [26]. 

0 4 8

-0.8

-0.4

0.0

B (T)
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d

c
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transition, visible in the magnetization curves (see Fig. 2 in [P1]). Above the Curie temperature, 

TC, La1-xCaxMnO3 exhibits the insulating behavior. 

FM behavior of La1-xCaxMnO3 below TC can be attributed to the DE interaction. 

However, strong deviations from the DE behavior can be observed in manganites due to 

existence of the charge- or orbitally-ordered phases [20]. The DE mechanism was proposed by 

Zener [21] to substantiate motion of charge in manganites by generation of a spin-polarized state. 

Starting from the insulating antiferromagnetic LaMnO3.00 where the electrons are localized on 

the atomic orbitals, Zener [21] has shown how the system acquires gradually the FM properties 

upon hole doping or introduction of Mn4+. He considered the exchange interaction between Mn3+ 

and Mn4+ ions via an oxygen ion and introduced the concept of simultaneous transfer of an 

electron from Mn3+ to the oxygen and from the oxygen to the neighboring Mn4+ (Fig. 1.2.3 (a)). 

Such a transfer was called double exchange. In the case of magnetic atoms, the configurations 

Mn3+- O2-- Mn4+ and Mn4+- O2--Mn3+are degenerate if the spins of two d shells are parallel. The 

lowest energy of the system at low temperature corresponds to parallel alignment of the spins of 

two adjacent cations. Double exchange is always ferromagnetic, unlike superexchange, which 

involves virtual electron transfer and is often antiferromagnetic. If the manganese spins are not 

parallel or if the Mn - O - Mn bond is bent, the electron transfer becomes more difficult and the 

mobility decreases. Hence, there is a direct connection between conductivity and 

ferromagnetism. The DE process can be expressed schematically as 








  3

23,1
44

3,2
3
1 MnOMnMnOMn , where subscript 1, 2 and 3 label the electrons belonging 

either to the oxygen, or to the eg-level of the Mn ions. In this process there are two simultaneous 

motions (thus the name “double exchange”) involving electron 2 moving from the oxygen to the 

right Mn-ion, and electron 1 moving from the left Mn ion to the oxygen (see Fig. 1.2.3 (a)). In 

Figure 1.2.3. The double exchange mechanism, which involves two Mn ions and 

one oxygen ion (a). The mobility of eg -electrons improves if the localized spins are 

polarized (b). Spin-canted state, which appears as the interpolation between FM and 

AF states in some mean-field approximations (c) [20].  
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addition, if the localized spins are treated classically having an angle θ between nearest 

neighbors, the effective hopping becomes proportional to cos (θ /2), as shown by Anderson and 

Hasegawa [22]. The hopping rate is largest if θ = 0 and the hopping is cancelled if θ = π, 

corresponding to an antiferromagnetic background. Anderson and Hasegawa [22] generalized the 

double exchange mechanism by considering interactions between a pair of magnetic ions with 

arbitrary direction of spins. They have found that the transfer integral, t, satisfies the expression 

                                                  







2
cos0


tt ,                                                    (1.2.4 ) 

where t0 is the normal transfer integral, which depends on the spatial wave functions, the term 

cos (θ/2) is due to the spin wave function and θ is the angle between two spins. This expression 

is different from that of superexchange, where the coupling is proportional to cos θ. 

Zener's predictions [21] about stabilization of metallic conduction by the FМ ordering 

were based on the single-electron transfer between the pair of ions. The problem of the crystal 

environment was considered by de Gennes [23]. The dependence of DE on frustration angle, θn – 

θn+p, between spin directions of the ions participating in tunneling satisfies the expression tn,n+p = 

t cos [(θn – θn+p) /2] [22]. In quasiclassical approximation the energy ε is written in the form  

                                        cos
2

cos)0( 2zSIx AFM ,                        (1.2.5) 

where ε(0) is the bottom of conduction band with dispersion )exp()();()( 1 ikpzkktzk p   

is the structural factor. For two ion cores S = S1,2 = 3/2,  z is the number of the nearest neighbors 

from other magnetic sublattices, pnnAFM II  , is the constant of the AFM superexchange 

interaction between the Мn3+  ion spins. As can be seen from Eq. (1.2.5) the first term decreases 

and the second term increases with energy. The minimum with the value of 

                                                  
242

cos
SI

tx

AFM




                                                                 (1.2.6) 

leads to the FM moment 2cos2 M   ~ x. Quantum calculations [25] yield the expression  
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where Stot is the total spin of the pair, Slow is the spin of Mn ion in the low-spin configuration 

(coinciding here with the spin of Mn4+). 

The susceptibility appears to the same as in the AFM phase, which is in agreement with the 

experimental data [24]. The behavior of the frustration angle as a function of х is well described 

by Eq. (1.2.6) in the composition range 0.1  x  0.2. Eq. (1.2.6) does not contain the FM 
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exchange, though sometimes it defines the type of the AFM structure (see Fig. 1.2.4). Thus, the 

carrier induced by doping can freely move along the lattice having the same direction of spin. It 

means that La1-xАxМnО3 with A-structure should be metal with strongly anisotropic (close to 

2D) conductivity: carrier movement along FM layers is free, and across the layers it is 

impossible. The DE interaction provides changes of the resistivity mechanism when passing 

through the PM to FM transition: in the high-temperature PM phase the spins are disordered and 

scatter electrons. In the low-temperature FM phase the spins are ordered with the configuration 

Mn3+ - O2- - Mn4+ allowing high electrical conductivity due to the lack of scattering. 

Millis et al. [27] attracts attention to the JT mechanism for some extension of the DE model. 

The CMR effect and the FM transition can be understood to some extent by the DE interaction. 

Figure 1.2.4. The magnetic structures proposed by Wollan et al. [24]. Spin-down 

states are labeled with (-) and spin-up states with (+). Numbers 3 and 4 indicate 

Mn3+ and Mn4+ ions, respectively. 
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The observed metallic behavior of La1-xАxМnО3 with relatively large resistivity values requires 

also other mechanisms like the JT distortion of the Mn3+ environment. 

It is necessary to consider in this connection the influence of some additional factors. 

Experimental data established an important role of electron-phonon interactions [19, 28]. The 

microscopic reason of the strong electron-phonon interactions is the JT effect of Mn3+. This was 

confirmed by experiments with isotope substitutions of 16O  18O. Large isotopic effect was 

observed, shifting TC to lower temperatures (TC (16O) - TC (18O) ≈ 20 K) [29].  

The corresponding theoretical model was proposed by Millis et al. [30, 31].  The necessity of 

the consideration of local reorganization of the lattice as a collective jump of the carriers 

between the positions of Mn ions was demonstrated. Such local reorganization of the lattice is 

caused by charge fluctuation. Hence, a carrier in a crystal transforms into the so-called charged 

magnetoelastic polaron. In this case, in the DE picture are included parameters of the non-

uniform static displacement of ions and interaction of the charge carrier spins with magnetic 

sublattice of the material. Association of the JT deformations and the DE interactions brings 

noticeably advanced understanding of the transport phenomena in manganites (see Fig. 1.2.5). 

However, the understanding of the CMR phenomena has not been achieved on this way. 

The self-consistent calculations of the mean magnetization of localized and delocalized 

subsystems were performed in [31, 32]. Agreement of the results with the experimental data was 

obtained only for large values of the effective coupling constant, JT  1. At low Т and x  0.2 a 

system behaves always as the FМ metal. However its behavior in the region of higher Т ~TC 

depends on JT. Only at JT > 1 a transition through TC is accompanied with a maximum on the  

(T) curve, which is damped in nonzero magnetic field.  

 Rotation of the MnO6 octahedrons, thermal expansion of the lattice and doping stimulate 

the localizations of charge carriers with polaron formation. Using the DE model, it is impossible 

to find a reason preventing a hole to move freely in an ideal crystal, especially along the FM 

planes of the magnetic A structures of LaMnO3 at Т  0.  

Mechanism of localization of a hole in the Coulomb field of a doping atom was proposed 

in [19, 23]. Increase of x in La1-xCaxMnO3 leads to growing of the phase of the localized 

electrons. If x is small in structure A, the conduction band should be two-dimensional. In this 

case the condition of electron localization near the charged impurity leads to the localization 

radius 
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where a is the lattice constant, D
JTW 2  is the width of the conduction band after the JT 

renormalization and imp is the energy of the local (uni-dopand) electronic impurity. 

However, in manganites there exists also the magnetic dopand radius, magr . This radius is 

connected only to the exchange interactions. The ratio between elr and magr  affects the metal-

dielectric transition (MIT) or the transition from FM to the АFM state, the former occurring 

when the degree of doping is increased. For example, MIT take place at elr > magr . It is believed 

that both transitions (electronic and magnetic) occur simultaneously and therefore both 

Figure 1.2.5. The energy level diagram and orbital eigenstates of Mn3+ in a crystal 

field of cubic and tetragonal symmetry. (a) The basic perovskite structure, with 

oxygen movements in one Jahn–Teller distortion indicated by arrows. (b) Schematic 

energy levels of the Mn ion. The central portion is for the undistorted lattice; it shows 

the low-lying t2g levels occupied by three parallel-spin electrons forming a Sc =3/2 

core spin, and the higher-lying eg doublet (two-fold degenerate in the ideal perovskite 

crystal structure). The right-hand part of the figure shows that if the eg level is singly 

occupied, a Jahn–Teller distortion of the surrounding O6 octahedron may occur (see 

(a)), which would split the eg doublet by an energy EJT. (c) MnO6 octahedrons for cubic 

and tetragonal symmetry [20, 30]. 

 

a 

EJT 
b 

c 
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localization radii are almost similar. 

The subsystem of randomly distributed centers in the regular lattice can possess indirect 

interaction at х << 1. Therefore, the spin sign-variable interaction on the background of the long- 

range AFM ordering can form the spin-glass (SG) phase. The existence of the SG phase in 

manganites with х < 0.1 at low temperatures was reported in [33 - 35]. 

The DE model can be generalized by including non-uniform static displacement of ions 

and turning of their spins. In the review article [20] based on the results of [27, 28, 30], is 

described the percolative nature of the transition found experimentally. Additional calculations 

beyond the mean-field approximations are found to be necessary, as well. 

The angle of the Mn-O-Mn bond is the relevant parameter for determination of the 

transition temperature TC in the manganites [36], which is often characterized by the tolerance 

factor     OMnOAt rrrrf  2/ . This compares the Mn-O distance with the distance 

between an oxygen atom and an A-site occupant. The distances can be approximated by the 

average ionic radii of the host atoms, where ft = 1 for spherical atoms packed in the perovskite 

structure. When Ar  exceeds 1.24 Ǻ, the polarons (coupled electron + phonon mode) are 

 

Figure.1.2.6. Phase diagram of temperature versus tolerance factor for the 

system R0.7A0.3MnO3, where R is a trivalent rare earth ion and A is a divalent 

alkaline earth ion. Open symbols denote Tc
M measured at 100 Oe. Closed 

circles denote Tc
ρ [38].  
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unstable, which leads to the metallic state.  At Ar  < 1.18 Ǻ the polarons are localized, making 

the system insulating. The CMR phenomenon is observed in the crossover region [37]. 

Hwang et al. [38] carried out a detailed study of the structure–property correlation as a 

function of temperature and tolerance factor in R0.7A0.3MnO3 for a variety of R (trivalent rare 

earth) and A (divalent) ions. The typical picture is shown in Fig. 1.2.6, demonstrating three 

different phase regions: the paramagnetic insulator (PMI) at high temperature, the low- 

temperature ferromagnetic metal (FMM) with large tolerance factor and low-temperature 

charge-ordered ferromagnetic insulator (FMI) with small tolerance factor. 

Wollan and Koehler investigated magnetic properties of La1-xCaxMnO3 [24]. They used 

neutron diffraction methods, x-ray diffraction measurements of lattice distortions and 

ferromagnetic saturation data. The results were arranged in a scheme of magnetic structures and 

related information (see Fig. 1.2.4).  

A complete phase diagram of La1-xCaxMnO3 is shown in Fig. 1.2.7. The FM phase occupies 

only part of the whole diagram. Moreover, equally prominent are the charge-ordered (CO) states 

Figure 1.2.7. The phase diagram of La1-xCaxMnO3. Well-defined maxima take place at relative

carrier concentrations x = N/8 (N = 1, 3, 4, 5 and 7). The structure is orthorhombic in the

entire doping range below ~ 700 K, with two types: Jahn-Teller distorted structure and

the other structure without long-range Jahn-Teller distortion. FM is Ferromagnetic Metal,

FI is Ferromagnetic Insulator, AF is Antiferromagnetism, CAF is Canted

Antiferromagnetism and CO is Charge Ordering [39]. 

26



25 
 

between x = 0.50 and 0.87. The CO state at x = 0.50 was already described by Wollan and 

Koehler [40] as a canted state (CE) (see Fig.1.2.4). The "canted" (CAF) state at x close to 1 

could be a mixed phase, coexisting with FM-AFM states. The low hole-density regime is 

unusual and nontrivial. It involves a charge-ordered phase and a strange FM insulator phase. No 

large MR effect was observed at x = 0.10 up to B = 12 T [20]. 

In Fig. 1.2.7 are shown well-defined features of LCMO at relative carrier concentrations x = 

N/8 (N = 1, 3, 4, 5 and 7). TC is maximized at x = 3/8 in contrast to x = 0.30, which is often 

believed to be optimal for the ferromagnetism [20]. TC is maximized at the same concentration x 

= 3/8 in La1-xSrxMnO3 as well, implying universality of this phenomenon [20]. The maximum of 

charge-ordering temperature Tco lies at x = 5/8, whereas at x = 4/8 a sharp transition from FM to 

AFM ground state is observed. The phase diagram has a pronounced electron-hole asymmetry, 

showing again that the simple DE model is not realistic. At x = 1/8 the low-density CO state 

appears to have the largest strength, whereas on the other side at x = 7/8, the charge ordering 

transfers into a mixed FM-AFM state. 

Finally, at x = 0 the ground state is the A-type AFM with the in-plane FM spin correlations 

and antiferromagnetism between the planes, whereas at x = 1 it is a G-type AFM. Both of these 

cases, x = 0 and x = 1, are insulating (see Fig. 1.2.7). 

The charge ordering can appear also at other rational values of the doping level. It has been 

suggested [36] that carrier concentrations of N/8 per Mn atom characterize special points of the 

phase diagram. When Mn3+ and Mn4+ has the ratio 1: 2, as in La1/3Ca2/3MnO3, the system has a 

Figure 1.2.8. The charge and orbital ordering configurations in the orthorhombic basal 

plane for x = 0, 1/2 and 2/3 of La1-xCaxMnO3. Open circles are Mn4+ and the lobes show the 

orbital ordering of eg electrons of Mn3+. The corresponding modulation wave lengths are 

~ 5.5, ~ 11 and ~ 16.5Ǻ for x = 0, 1/2 and 2/3, respectively [41]. 
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tendency to order into diagonal charge stripes [36]. The stripe order is closely related to the x = 

1/2 charge ordering, with an extra stripe of Mn4+ inserted between diagonal Mn3+- Mn4+ rows 

(see Fig. 1.2.8).  

The original interpretation based on electron diffraction experiments and termed the bistripe 

mode, is inconsistent with more recent x-ray and neutron data [40]. In many materials the FM 

phase appears in a wide range of compositions, optimized for a wide range of materials when the 

Mn3+ / Mn4+ ions has the ratio 3:5 (x =3/8) [36]. This range of the compositions is the most 

interesting, since these compounds are most metallic. 

 
1.3. Interpretation of the non-magnetic ordering in manganites 
 

In the insulating CO phase, the periodicity of the superlattice has been found in the electronic 

[42], neutron [44, 45] and x-ray [42] diffraction experiments. Goodenough [43] proposed a 

qualitative explanation based on the mutually ordered arrangement of Mn3 + and Mn4 + ions. It 

was emphasized that the orbital ordering (see Fig. 1.2.8) was strongly connected to a similar 

charge ordering. This feature was substantiated by the electron microscopy investigations of the 

cross-section cuts of the samples: the strips were observed in the obtained images [42, 47] (see 

Fig.9 in [47]). Interpretation of such images is nontrivial, because in transmission electron 

microscopy (TEM) the electrons interact strongly with the lattice, giving multiple scattering 

(dynamic diffraction) [46]. Dark areas of the images show almost commensurate order [48], 

where the period of a superlattice is about only doubled period of the basic lattice [46, 49].  

Various interpretations have been proposed, including the charge Wigner crystallization 

[40, 51], structural distortions [52] and coupling of Mn ions [53]. However, the contradictions 

still exist, and even application of complex tools does not eliminate them. They are visible e. g. 

in the neutron diffraction spectra. The experimental results often correspond to more than one of 

the competing models [54]. The local TEM investigations of La1-xCaxMnO3 show presence of 

superlattices with the period, which remains homogeneous in wide scale [45]. 

Complete splitting of the whole eclectic charge across a unit cell (for example Mn3+ 

and Mn4+) is energetically unfavorable [54 - 57]. It is possible to replace the charge order by the 

charge modulation, at which a small part of the nominal doping is varied. The superlattices 

existing under the CO conditions can appear even in the absence of any charge modulation as the 

result of orbital ordering with the broken symmetry (see Fig. 1.2.8).  

The initial model of strong interaction in the CO phase is based on the electron-phonon 

interaction, which generates areas with a certain type of the proportional order. Here the period 

of superlattice is a multiple of the period of the basic lattice [42, 58]. Models of the strong 

interaction always give charge-orbital modulation, associated with the lattice. But the periods of 
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superlattice may be so different [57], that they cannot be distinguished experimentally from 

modulations with the period being not a multiple of the parental lattice. Alternatively, it is 

possible to consider a model of the charge-density waves [57 - 60] with weaker interaction. The 

Ginzburg-Landau theory supports the model, in which new thermodynamic phases give rise to 

incommensurability due to ferromagnetism even for proportional doping [61]. 

 

1.4. Key role of the phase separation 

 

Investigations of manganites suggest that the ground state of manganite models is intrinsically 

inhomogeneous. In manganites the inhomogeneities appear due to the competition between CO 

insulating and FM metallic phases. As a result, these intrinsic microscopic inhomogeneities lead 

to phase separation (PS).  A scale of PS covers a wide range between 1  200 nm, whereas the 

PS effect can be static or dynamic [20, 62 - 64]. CMR and related properties of manganites are 

connected to the DE and to the mechanism of electron hopping between the Mn3+ (t3
2ge

1
g, JT ion) 

and Mn 4+ (t3
2ge

0
g, non-JT-ion) ions. This is attributable to the FM metallic phase below TC and 

to the PM insulating phase above TC. In the insulating state, the Jahn-Teller distortions lead to 

the electron localization and charge ordering of Mn3+ and Mn4+ ions. Competition of CO with 

DE is supported by the antiferromagnetic insulating (AFI) behavior [65]. CO clusters at low 

temperatures can appear even in the FM metallic state, exhibiting CMR. For example, in doped 

rare earth manganites coexistence of the FM and CO (AFM) have been found. The sizes of the 

clusters are sensitive to the composition, the carrier concentration, the average size of the A-site 

atoms, the temperature, the magnetic and electric fields [66 - 69]. The electronic PS gives rise to 

microscopic inhomogeneous distribution of the electrons. Various types of magnetic structures 

can appear for coexisting carrier-rich FM and carrier-poor AFM phases [23]. Details of the PS 

phenomena in manganites are discussed in [20, 62, 63]. 

Investigations of the PS effect are complicated because the MIT is not sharp, the sizes of 

the domains sometimes are insufficient and the phases are poorly defined in the neutron 

scattering or x-ray diffraction experiments. Electronic PS for manganites gives rise to a strong 

Coulomb interaction. Nanometer scale clusters of one phase are embedded in a matrix of another 

phase. Coulomb interaction breaks up separated domains of a large phase into small pieces. The 

shape of these pieces depends on the strength of interaction and may have the form of droplets or 

stripes. Competition between DE and Coulomb interaction determine the size of clusters. 

In (La1-yPry)1-xCaxMnO3 (LPCMO) the MIT is induced by disorder [70]. In this case PS 

arises from disorder due to the size mismatch of the A-site cations. The size of the clusters 

depends on the degree of disorder, smaller disorder leading to a larger cluster size. Nanoscale 

29



28 
 

clusters were observed experimentally with a variety of techniques [20].  

The first evidence for PS was obtained in the pioneer neutron diffraction study of Wollan 

and Koehler [24]. In non-stoichiometric LaMnO3 and in La0.89Ca0.11MnO3 they observed 

coexistence of the ferromagnetic and A-type antiferromagnetic reflections. Important results 

were obtained in [71] in the investigations of transport and magnetic properties, supported by the 

electron microscopy technique. It was clearly shown coexistence of the clusters of metallic and 

insulating phases in the CMR regime of La5/8-yPryCa3/8MnO3 [71]. At low temperature the 

resistivity of La5/8-yPryCa3/8MnO3 exhibits metallic behavior. Large and metallic resistivity 

contradicts to the homogeneous picture of manganites and supports a percolative behavior. The 

value of MR is large and grows rapidly as TC decreases. MR can be very large even at 

temperatures well below TC, suggesting the phase separation in the system.  Coexistence of a 

stable FM state with small y and stable CO state with the large y was observed in [71]. In the 

intermediate composition area the percolative transition was established. These results were 

supported by TEM measurements. Coexisting clusters with sizes of ~ 500 nm in the mixture of 

FM metallic and CO insulating phases were found for y = 0.375 at 20 K. The same experiment 

revealed presence of the nanosize clusters at 120 K. However, in the intermediate area the 

experimental results obtained in LPCMO are in agreement with the results found in [70], instead 

of the first-order transition forming the region with coexisting two phases. This phase transition 

is called a disorder-induced transition.  

In La0.7Ca0.3MnO3 single crystals and thin films the mixed phase was observed with 

scanning tunneling spectroscopy (STS) methods [72]. PS was observed below TC, where the 

metallic and insulating phases coexist. The size of the cluster fraction was about few 

micrometers, depending strongly on the magnetic field. It was supposed that the magnetic 

transition and the behavior of MR were connected by the percolation process. STS gives a real 

space picture of ‘clouds’ with sizes of few tens to hundreds nanometers, which can be metallic or 

insulating. This contradicts to the model of homogeneously distributed small polarons. The 

mixed-phase materials were studied with STS [73, 74], scanning tunneling microcopy (STM) 

[75, 76] and low-temperature magnetic force microcopy (MFM) methods [77]. The results 

support a conjecture that manganites represent a mixture of individual phases with different 

structures. This is in agreement with theoretical [78] and experimental [20] investigations. 

Some other experimental methods, e.g. x-ray and neutron diffraction [79], neutron 

scattering [80], EXAFS [81], Raman scattering [82], Mössbauer spectroscopy [83], infrared 

reflectivity [84], photoabsorption spectroscopy [85], muon spin relaxation [86], isotope effect 

[29], thermal expansion measurements [87], specific heat [88] and optical studies [89] were 

applied to different manganites and gave a strong evidence of PS. The noise characteristics of the 
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films and the single crystal samples also gave evidence of PS in the region of the MIT. Analysis 

of the voltage spectral density (1/f ), performed in La2/3Ca2/3MnO3 [90, 91], has shown that the 

1/f noise is generated by fluctuations of non-equivalent local states with different conductivities. 

Domains with the sizes of ~ 104 – 106 unit cells were detected. These effects are not connected 

with chemical inhomogeneity and therefore must be intrinsic property of the material. Similar 

results were obtained in Pr2/3Ca1/3MnO3 [92] and in (La1-yPry)1-xCaxMnO3 [93, 94]. Observation 

of the electronic domains with the direct spatially resolved spectroscopy was reported [95]. A 

sheet-like distribution of a few nanometer width FM clusters in an AFI matrix was found using 

the neutron polarized small angle scattering technique [96, 97]. Images of scanning tunneling 

microscopy were prepared for the first time in situ simultaneously for both unoccupied and 

occupied states in (La5/8Pr0.3)Ca3/8MnO3 epitaxial thin film [98]. Direct observation of the hole 

and the electron inhomogeneities in real space provided investigations of the polaron correlation 

effects in manganites. 

Percolative model of a random resistor network for insulating and metallic regions was 

proposed in [99, 100]. Weibe et al. [101] suggested a competing FM metallic and insulating 

polaronic phases. First-order transition in magnetization have been observed, which is in 

agreement with the neutron scattering data [102] and the magnetization measurements [103, 

104]. The model was proposed [105] basing on the Varma theory [106], considering the 

magnetic polaron formation including the JT effect. Magnetic polarons containing magnetically 

correlated regions were found to coexist with small lattice polarons. The magnetic polaron 

density increases and polarons are overlapped at the percolation point, when temperature is 

decreased. It has been argued [107, 62, 108] that the long-range Coulomb effects contradict to 

the assumption that macroscopic charge separation amplify the CMR effect. The percolative 

model was applied in [109] to study PS at low doping (x = 0.16) under an assumption, that the 

metallic phase is a two-band Fermi liquid. In addition, the dynamical mean field theory [30] and 

a model proposed in [110] support PS. Strong coupling of the electronic and elastic degrees of 

freedom was found to be important for explaining of a self-organized phase coexistence both of a 

nanometer and a micrometer scale [111]. Nanosize inhomogeneity in manganites was 

investigated [112]. The proposed lb model was modified by adding the dopant ion disorder 

together with the long-range Coulomb interaction [62, 113].  

Hence, the instability of PS processes and formation of inhomogeneous states or 

competing phases (e .g. CO/AF and FM) is an intrinsic property of doped manganite perovskites. 

Inhomogeneous state or competing CO/AF and FM phases and their high sensitivity to the 

external magnetic field may lead to CMR and MIT.  

Mixed state calculations of the temperature dependence of the resistivity demonstrate a 
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reasonable agreement with existing experimental data. The origin of the mixed phase suggests 

two conditions. The first is the electronic PS between the phases with different densities. This 

leads to coexisting nanometer scale clusters. The second condition is the disorder-induced PS 

with percolative characteristics of the equal-density phases, closely connected to the disorder 

near MIT. The size of coexisting clusters in the lattice is about 1 micrometer. This is supported 

by many experimental results compatible with theoretical predictions [20]. Many authors tried to 

explain the electronic properties of various manganite phases using Hamiltonians, including 

strong electron-phonon, JT and/or Coulomb interactions.  

A remarkable progress achieved in theoretical and experimental investigations has led to 

understanding of the role of inhomogeneities in formation of the electronic and magnetic 

properties of manganites. Theoretical investigations performed in a broad range of parameter 

space [20] have shown that the ground state is actually a nanoscale mixture of phases [61 – 63]. 

Many experimental results are in agreement with the basic statement that the important phases 

are not perfect and uniform. It is believed that the understanding of the CMR effect can be 

achieved basing on these results [20, 71, 119]. The properties of the two-state region will be 

dramatically modified by the influence of some kind of the disorder, which must be included in 

Figure.1.4.1. Temperature dependencies of the resistivity (a)  and the magnetization (b) 

for the ordered and disordered Nd0.5Ba0.5MnO3 samples [115]. The image of the 

proposed CMR state for the perovskite manganites containing FM clusters with 

randomly oriented moments separated by regions with the competing CO/AF phase 

[20, 116, 117] (c).  

(c) 
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the calculations. A mixture of the local short-distance correlations of the FM or AFI areas takes 

place, whereas the dominating state does not appear (see Fig. 1.4.1 (b, c)). In such case even a 

small magnetic field can align the randomly oriented magnetic moments of nanosize FM clusters 

and make the system to be globally FM. At the same time the percolation process induces the 

metallic phase [20].  

Two basic competing states exist in manganites without quenched disorder (Fig. 1.4.1 

(a)). They are the competing states of the FM metal and the CO antiferromagnetic insulator, 

separated by a first-order transition [20]. Actually, the PS is not formally required for CMR 

because the CMR effect appears when the magnetic field influences two strongly different 

phases, separated by the first order transition. However, CMR can arise in a homogeneous 

system, as takes place e. g. in La1.4Sr1.6Mn2O7 without any traces of PS [120]. Therefore, it is 

supposed that PS may not be a main reason to CMR, bringing however a special contribution. 

For example, PS may influence the electrical current paths and CMR indirectly.
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2. Experimental procedure 

2.1. Sample preparation 

 

Ceramic LaMnO3+δ was prepared using a three-stage process. A standard solid-state reaction was 

applied in the first stage. Mixture of La2O3 and MnO2 was heated in air at 1320°C for 40 h with 

intermediate grindings. Then the obtained powder was pressed into pellets under a pressure of 

2000 kg/cm2 and annealed in air at 1370°C for 22 h. In the second stage the material was 

subjected to long-time annealing in flowing Ar gas to obtain stoichiometric LaMnO3.00. On the 

third stage a set of LaMnO3+δ samples with δ = 0.000, 0.065, 0.100, 0.112, 0.125, 0.133, 0.140 

and 0.154 were prepared by combining Ar and oxygen treatments and annealing in air using 

different temperatures and annealing times (see Table 2.1.1) [P3, P4]. 

 
Table 2.1.1. Preparation conditions, values of , space group and lattice parameters (a, b, c) of 

the investigated LaMnO3+ samples (0     0.154) [P3,P4]. 

 
Sample 

№. 

       Preparation         
conditions 

 Space group a (Å) c (Å) 

time gas temperat-  
ure 

 S000  40 h Ar 1114 o C  0.000 orthorhombic 
Рbnm ** 

5.531 (1)  7.689 (2) 

S065  38 h 
 48 h 

Ar 
air 

1100 o C 
1100 o C 

 0.065 cubic Pm3m * 
 

7.813 (2)  

S100  32 h 
 45 h 
 40 h 

Ar 
O2 

air 

1114 o C 
800 o C 
900 o C 

 0.100 cubic Pm3m * 
 

7.795 (1)  

S112  40 h 
 45 h 
 42 h 

Ar 
O2 

air 

1114 o C 
800 o C 
850 o C  

 0.112 cubic Pm3m * 
 

7.791 (1)  

S125  25 h 
 54 h 

Ar 
air 

1100 o C 
800 o C 

 0.125 rhombohedral 
R-3c 

5.530 (2) 13.333 (5) 

S133  30 h 
 30 h 
 30 h 

Ar 
O2 

O2 

1125 o C 
800 o C 
850 o C 

 0.133 rhombohedral 
R-3c 

5.523 (2) 13.329 (6) 

S140  35 h 
 36 h 

Ar 
O2   

1100 o C 
800 o C 

 0.140 rhombohedral 
 

R-3c 

5.521 (1) 13.322 (4) 

S154  40 h 
 45 h 
100h 

Ar 
O2 

O2 

1114 o C 
800 o C 
700 o C 

 0.154 rhombohedral 
 

R-3c 

5.516 (1) 13.311 (4) 

 
* Small rhombohedral distortions of the cubic structure are presented. 

      ** b = 5.536 (1) Å 
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Similar values of  were found by gravimetric and iodometric titration methods. 

According to defect chemistry of lanthanum manganites, Mn ions in perovskite LaMnO3+ can 

be in the oxidation states of + 2, + 3 and + 4 121. The oxygen content and the Mn2+, Mn3+ and 

Mn4+ percentage in LaMnO3+ specimens were estimated by the iodometric titration method 

122. 

The gravimetric method gives the value of  close to that described in 123, assuming 

that the amount of La and Mn in the samples is stoichiometric (1:1), La is in the oxidation state 

La3+ and Mn can exist in the oxidation states Mn2+, Mn3+ and Mn4+. Therefore, the chemical 

formula of LaMnO3+ can be expressed as 

                                                    La3+Mn3+
(1--) Mn4+

Mn2+
O3+.                                        (2.1.1) 

To achieve the charge neutrality in the lattice, the stoichiometric coefficients ,  and  must 

obey the following equation: 

                                                                    = ()  2.                                                        (2.1.2) 

The concentrations of Mn2+, Mn3+ and Mn4+ is governed by the reaction                                             

                                                            2Mn3+  Mn2+  + Mn4+                                              (2.1.3) 

where the equilibrium constant is 

                                                         Ki  = /(1-  - ) 2  10-4                                               (2.1.4) 

for LaMnO3+ at Т = 1273 К 121. The total error in determination of  in 121 is  0.002. 

The contents of the Mn2+, Mn3+ and Mn4+ ions in the LaMnO3+ samples were determined by 

iodometric titration in [124].  

The stoichiometric composition, LaMnO3.00, corresponds to the Pbnm orthorhombic 

structure. LaMnO3+ with 0.065    0.112 has the cubic cell. However, as concluded from the 

profile of the 220, 440 and 222 reflections, the cubic cell has small rhombohedral distortions 

[125], which are too weak to split the diffraction peaks. The samples with  between 0.125 - 

0.154 have the rhombohedral structure (R-3c). 

La1-xCaxMnO3 was synthesized with standard ceramic technique by mixing stoichiometric 

proportions of La2O3 (99.99%), CaCO3 (99.9%) and MnO2 (99.99%) and heating in air at 

1320°C at first for 15 h, then for 5 h, and at 1375°C for 22 h with intermediate grindings [P1]. 

The x-ray powder diffraction measurements at room temperature showed that all samples were 

of single phase, having cubic structure with space group Pm3m. The samples LCMO (x = 0) [P1] 

and LaMnO3.065 [P3, P4] with identical preparation conditions had the identical cubic crystal 

structure. At 0.15  x  1 the dependence of the lattice constant on composition is linear, a(x) = 

a0 –a1x with a0 = 7.846   0.005 Å and a1 = 0.399   0.009Ǻ. Additionally, the values of a at the 

same x are near those found in the cubic LCMO at 0  x  0.5 [126]. These results were 
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corrected later [127]. Namely, as established unambiguously by the neutron powder diffraction 

investigations, LCMO with x = 0.3 in the temperature range of 1.5 – 300 K has the orthorhombic 

space group Pnma (62), as typical of manganites. The reason for this discrepancy is low 

sensitivity of the x-ray powder diffraction method. The low sensitivity of the equipment 

prevented detection of small lattice distortions of the order of 0.15%. Those really small lattice 

distortions do not influence essentially interpretation of our experimental results. Our results 

[127] were directly confirmed in [132] published later and were in agreement with the data of 

[128 - 130]. 

La1-xCaxMn1-yFeyO3 (LCMFO) was synthesized with standard ceramic procedures by heating 

stoichiometric mixtures of La2O3, CaCO3, Mn2O3 and Fe2O3 in air at 1320°C at first for 15 h, 

then for 5 h, and 15 h with intermediate grindings. The obtained powder was pressed into pellets 

under the pressure of 2000 kg/cm2 and finally annealed at 1375°C for 22 h [P2, 129, 133, 134]. 

The crystal structure of three samples with x = 0.3, y = 0, 0.03, 0.09 was studied in the 

temperature range of T = 1.5 – 300 K by neutron powder diffraction methods. All investigated 

samples belong to the orthorhombic space group Pnma (62) [127]. 

La1-xSrxMn1-yFeyO3 (LSMFO) with x = 0.30 and y = 0  0.25 was synthesized with 

conventional solid state reaction method, similar to that used for preparation of LCMO [135], 

from La2O3, MnO2, Fe2O3 and SrCO3. The raw materials were pre-calcined to remove possible 

adsorbates, weighted in stoichiometric proportions and mixed with subsequent heating in air at 

1360 o C for 40 h and intermediate grindings. The mixtures were pressed into pellets and fired in 

air at 1500 o C for 22 h. According to x-ray diffraction data the sample without Fe had 

undistorted cubic structure (space group Pm3m), whereas rhombohedral distortions (space group 

R-3c) were observed in the samples doped with Fe. The microprobe and scanning-electronic 

microscopy analyses yielded the size of the grains in the investigated LSMFO samples of about 

few micrometers and a homogeneous and stoichiometric distribution of the elements over the 

volume of samples and in different grains. 

 

2.2. Magnetic measurements  

 

All our dc magnetic measurements were performed with a Cryogenic S600 XI SQUID 

magnetometer. For investigations of the temperature dependence of magnetization, M (T), 

sample was cooled from 300 К down to 5 К in zero magnetic field (ZFC) or in a field (FC). 

Temperature dependence of the thermoremanent magnetization (TRM) was measured in absence 

of magnetic field after FC from room temperature down to 5 K in a field. To investigate the time 

decay of TRM, the sample was cooled in a magnetic field from the room temperature down to 
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the required temperature. After a certain time, the magnetic field was sharply reduced to zero and 

time decay was recorded. Temperature dependence of the magnetic susceptibility, χ (T) = M (T) / 

B in the interval of linear dependence of M on B was calculated from the experimental data of M 

(T). The reason for measurements in the ZFC and FC regimes is (the expected) frustration of 

magnetic subsystem. Magnetic irreversibility or deviation of χFC (T) from χZFC (T) is observed 

often in the nanophase magnetic materials and spin glasses. Investigations of the frustrated 

systems were done in the following ways:  

(i) The ZFC regime. In the process of cooling in zero magnetic field a sample demonstrates 

macroscopic magnetization, related to domains, clusters, etc. During the warming of the sample 

in the field B only a part of the internal magnetic moments is oriented parallel to B. The observed 

magnetization M (T) depends on thermal excitations of magnetic moments. 

(ii) The FC regime. During the cooling of a sample in the field B the observed magnetization 

M(T) depends on the distribution of the internal magnetic fields, caused by inhomogeneities of 

the sample. 

(iii) TRM. Thermoremanent magnetization showed macroscopic freezing of the magnetic 

moments in the sample after FC to a temperature T and reducing the field B to zero. The function 

M (t) decays with time t toward a thermodynamically stable state. The relaxation process can be 

described by the equation  

                                           ]exp[)(
1

10

ntMMtM


        (2.2.1) 

where τ is the response time connected to the dynamics of the system, M0 and M1 are parameters, 

independent of t. In spin glasses and some other frustrated system the following relation can be 

expected:  

                                                MFC (T) - MZFC (T) = TRM (T).                                                (2.2.2) 

 

2.3. Transport measurements 

 

Transport properties of the ceramic LaMnO3+δ, La1-xCaxMnO3, La1-xCaxMn1-yFeyO3 and La1-

xSrxMn1-yFeyO3 were measured in magnetic fields up to 10 T, in a He exchange gas Dewar in the 

temperature range of 4.2 – 300 K. The magnetic field was measured by the calibrated Hall probe 

located near the sample. The temperature controller stabilized the temperature within accuracy of 

0.5% in the range of 4.2 – 300 K. The sample temperature was measured by Cu – Cu: Fe 

thermocouple, which had a good thermal contact with the sample. 

A standard measuring procedure in the transversal magnetic-field configuration  

(B  j) was used. The speed of sweeping of the magnetic field was less than 0.3 T/min. The 
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signals from the sample probes were recorded in opposite magnetic field directions, both by 

increasing and decreasing the field. To exclude self-inductance voltage in the probe circuits the 

contact wires were bound in pairs. The computer was connected via the data acquisition card 

with digital voltmeters, having the input impedance of more than 1 GΩ, collecting the measuring 

signals. 

The data was recorded using the LabView computer program. The data were recorded in 

a form, required for further processing, and were presented on-line on the computer monitor. A 

programmable highly-stabilized power supplies were used for the electric current through the 

sample and the Hall probe.  

Experimental conditions can be considered as isothermal. Such approach is acceptable 

with good accuracy since the temperature gradients in a sample are very small. An estimation of 

the electric current limit value was done to exclude the overheating of the samples. The electric 

current limit corresponds to the onset of the non-linearity of the IV characteristic. In all 

experiments the current value did not exceed the limiting value. Location of contact on the 

samples corresponds to the six-probe configuration. 

Kinetic coefficients were calculated using experimental results by the standard formulas: 

                                           
zx

Hall
Hall BI

dV
R


 ,       (2.3.1) 

where RHall is the Hall coefficient, VHall is the Hall voltage, d is the thickness of sample along the 

magnetic field, Ix is electric current through the sample and Bz is magnetic field component 

perpendicular to the plane of the potential contacts. 

Specific electrical conductivity was calculated with the expression  

                                                              
SV

lI



 
 ,        (2.3.2) 

where I is the electric current, l is the distance between contacts, Vσ is the potential difference 

between contacts and S is the cross-section area of the sample perpendicular to the electric 

current. 

Measurements of the thermopower, S, of La0.7Ca0.3Mn1-yFeyO3 with y = 0 – 0.09 were 

performed at T = 25 – 310 K in magnetic fields B = 0 – 10 T. Values of S were determined with 

the dc technique. The temperature of the sample was regulated and the temperature gradient was 

created with two independent heaters fixed at the sample ends. It was possible to control the 

quality of the contacts and to remove the error related to the voltmeter bias by changing the 

direction of the temperature gradient. The data were calibrated by measuring the thermopower of 

a standard Cu sample. 

38



37 
 

Investigations of ρ (T) of LaMnO3+δ under pressure were made using the four-probe 

technique. Hydrostatic pressure, p, up to 13 kbar, was created using a Be-Cu cell with petrol-oil 

pressure transmitting fluid. The values of ρ (T) were measured at different pressures in magnetic 

fields up to 10 T. 
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3. Results and discussions 

 

Investigations of magnetic properties and transport phenomena in ceramic samples of LaMnO3+δ 

(0    0.154), La0.7Ca0.3Mn1-yFeyO3 (y = 0, 0.03, 0.09) and La0.7Sr0.3Mn1-yFeyO3 (y = 0.03, 

0.15, 0.20, 0.25) are presented in this Chapter. Magnetic properties of La1-xCaxMnO3 (0  x  

0.4) at ambient pressure and those of LaMnO3+δ under hydrostatic pressure are investigated as 

well. 

It has been shown that the resistivity of LaMnO3+δ (0     0.154) is governed by a 

complex energy dependence of the density of the localized states near the Fermi level, 

comprising of a soft gap Δ ≈ 0.43 – 0.48 eV and the rigid gap γ ≈ 0.14–0.17 eV. The soft gap is 

connected to the long-range Coulomb interactions and the rigid gap to formation of small 

polarons. Investigations of ceramic LaMnO3+δ with δ = 0.065 and 0.154 under hydrostatic 

pressure, p, have yielded the pressure dependences of TC, Δ, γ and of the localization radius, a, 

which is interpreted by increasing of the electron bandwidth and decreasing of the polaron 

potential well, which stimulates the delocalization of electrons when p is increased. 

The dependence of TC on x in La1-xCaxMnO3 (0  x  0.4) is analyzed with the model of 

spin polarons, associated with the electron localization and electron-electron interaction. The 

bandwidth of the localized electrons is found to be W = 1.90   0.05 eV.  

It has been found that the thermopower of La0.7Ca0.3Mn1-yFeyO3 (y = 0 – 0.09) exhibits at 

T = 25 - 310 K and B = 0 – 10 T a strong sensitivity to doping with Fe. The experimental data are 

analyzed quantitatively with a percolation model, using the results of our investigations of the 

Shklovskii–Efros-like variable-range hopping conductivity in LCMFO.  

Temperature dependence of the resistivity, , of ceramic La1-xSrxMn1-yFeyO3 (LSMFO) 

samples with x = 0.3 and y = 0.03, 0.15, 0.20 and 0.25 is investigated between temperatures T ~ 

5 and 310 K in magnetic fields B up to 8 T. Metallic conductivity at y = 0.03 is changed 

eventually to the activated for y = 0.25. The complicated behavior of the mechanisms of the 

hopping charge transfer, as well as of the localization radius and density of the localized states is 

attributable to different electronic and magnetic phases of LSMFO, varying with temperature and 

Fe doping.  

 The magnetic properties of ceramic LSMFO with y = 0.15  0.25 are investigated paying 

a special attention to the low-field (B = 10 G) behavior. The FM transition takes place at the 

Curie temperature TC, which decreases with y, what is connected to damping of the double-

exchange FM interaction by doping with Fe. The complex critical behavior of  (T) near the FM 

transition reveals between y = 0.15  0.20 two different spin systems, the percolative and the 
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non-percolative (Heisenberg). The dependence of  (T) gives evidence for phase separation due 

to the generation of nanosize FM particles. 

The results above confirm that the phase separation, the magnetic and the electronic 

inhomogeneities are the intrinsic properties of manganite perovskites.  

 

3.1. Transport and magnetic properties of LaMnO3+δ  

 
3.1.1. Resistivity and magnetoresistance in LaMnO3+δ 

 

LaMnO3+δ belongs to the hole-doped mixed-valence manganite perovskites. The electronic 

properties of these materials are governed by competing Mn3+– Mn3+ superexchange and Mn3+–

 Mn4+ double-exchange interactions, by local Jahn-Teller distortions and by charge ordering and 

phase separation effects. In various CMR compounds adiabatic nearest-neighbor hopping (NNH) 

conductivity of small polarons satisfying the Arrhenius law is observed above room temperature 

[2, 134]. In La1-xCaxMnO3 this behavior persists up to T ~ 700 K [135] and 1200 K [136]. Below 

room temperature the hopping conductivity is strongly influenced by features of the density of 

the localized states (DOS), g (), near the Fermi level,  [137].  

As shown by scanning tunneling spectroscopy of La0.8Ca0.2MnO3 film, the structure of 

the DOS is complex around  , including a parabolic interval with width  ~ 0.4 eV (the soft 

gap) and a region of g () = 0 with width (T) up to ~ 0.11 eV (the rigid gap) [74]. The soft gap is 

attributed to Coulomb interactions (and referred to as the Coulomb gap [138]) between localized 

charge carriers and rigid gap is associated with the Jahn-Teller effect [74]. Generally, when 

temperature is decreased it is energetically favorable for charge carriers to hop beyond the 

nearest-neighbor sites, leading to the variable-range hopping (VRH) conductivity [139]. The 

Mott VRH conductivity would set in when the DOS around  is finite and constant [139], 

whereas the soft Coulomb gap leads to another type of deviation from the Arrhenius law, i.e., the 

Shklovskii-Efros (SE) VRH conductivity [138]. In turn, the rigid gap modifies the SE-VRH 

conductivity law [137]. Detailed analysis of the resistivity [137] and the thermopower [P2] in 

La0.7Ca0.3Mn1-yFeyO3 above TC has allowed us to establish the value of  ≈ 0.4 eV and 

2
1

))(()( vv TTTT    with the onset of  the SE-VRH conductivity at Tv  ≈ 310 - 330 K and (Tv) 

= 0.12 - 0.16 eV (decreasing with y) supporting the results of [74]. Before this work started, the 

electronic properties of LaMnO3+ have been investigated much less than e.g. of its close 

analogue La1-xCaxMnO3. Basically, the difference between La1-xCaxMnO3 (or La1-xCaxMn1-

yFeyO3) and LaMnO3+ lies in the methods of hole doping. The non-stoichiometry of LaMnO3+ 
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is connected to the cation vacancies with the concentration of  ' = (2/3), corresponding to the 

relative hole concentration (or the value of the ratio Mn4+/Mn3+) c = 2. The absence of Ca atoms 

leads to a reduced lattice disorder and more homogeneous hole distribution in LaMnO3+ than in 

La1-xCaxMnO3. [131].  

We investigated the resistivity and the magnetoresistance providing important 

microscopic information about the conductivity mechanisms and the energy spectrum of the 

charge carriers, including details of the DOS around the Fermi level. 

As shown in Fig. 3.1.1 (a) (upper panel) the resistivity decreases with increasing δ, the 

variation being more rapid between δ = 0 and 0.065 and slowing down when δ is increased from 

0.1 to 0.154. The dependence of ρ on T exhibits a weak inflection near TC (the open triangles in 

Fig. 3.1.1 and other figures  show the data of TC, obtained in [140] for the same samples as in the 

present work). This inflection is more pronounced in S100, S125 and S154 (see also the lower 

panel of Fig. 3.1.1(a) and Fig.3.1.1(b)) and disappears when B is increased, as typical of the PM-

Figure 3.1.1.(a) The temperature dependences of the resistivity for S000,

S065, S100, S125 and S154. The open triangle marks TC for S065 (upper

panel). The temperature dependence of the resistivity for S065 and S100 in

different magnetic fields. The open triangles mark TC for S065 and S100

(lower panel). (b) Temperature dependence of the resistivity of S125 and

S154 (inset) in different magnetic fields. The open triangles mark TC. 

(a) (b) 
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FM transition. The resistivity has an activated character for all δ (and c = 2δ = 0 - 0.308) in the 

whole temperature range, without exhibiting any sign of the MIT with lowering T. Such behavior 

is different from that in La1-xCaxMnO3, which shows a steep decrease of ρ(T), characteristic of 

MIT, with decreasing T below TC for c > 0.18 0.20 [2, 134]. The additional inflections of ρ (T) 

in S154 can be seen at T ~ 70 and 45 K (inset to Fig. 3.1.1(b)). 

The magnetoresistance (MR) of S000 is negligible, which is connected to the absence of 

Mn4+, whereas all the hole-doped samples S065  S154 exhibit the CMR effect as evident in Fig. 

3.1.1. Similar to bulk ceramic LCMO samples [2, 134, 141, 142], the relative MR defined as 

ρ/ρ0 = [ρ(B) — ρ(0)]/ρ(0) attains a minimum of - 67%, - 64%, - 72% and - 88% at B = 8 T in 

S065, S100, S125 and S154, respectively, at a temperature Tm close to TC (see Fig. 3.1.2). In 

addition, as shown in the inset to Fig. 3.1.2, Tm has a maximum at δm ≈ 0.1, coinciding with that 

of TC, whereas |ρ/ρ0| attains a minimum at δm. Another feature in Fig. 3.1.2 (which does not 

take place in LCMO) is a complicated temperature dependence of MR below TC or Tm, 

consisting of a maximum at T ~ 80 110 K. Additional minimum with /0 = - 62% exists at T 

≈ 50 K in S100 and /0 = - 79% at T ≈ 40 K in S125, which is even lower than the minimum 

at Tm in S125. In S154 the second MR minimum is not observed and below T ~ 100 K the MR 

decreases monotonically on lowering the temperature, reaching at T ≈ 20 K the value of /0 ≈ 

- 98%. This is more typical of optimally doped La0.67Ca0.33MnO3 films near the metal insulator 

transition (MIT) [2, 134, 142]. 

Figure 3.1.2. Temperature dependence of the relative magnetoresistance in 

the field of B = 8 T. The open triangles mark TC. Inset: dependences of 

TC, Tm and the relative MR on δ. 
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Hence, having the property of CMR near TC common with LCMO, the resistivity and MR of 

LaMnO3+ exhibit a set of new features, including 

 

(i) absence of MIT at Mn4+/Mn3+ as high as c ≈ 0.3,  

(ii)  non-monotonic dependence of TC, Tm and /0 on the hole concentration c (more 

strictly, on  connected to c),  

(iii)  complicated temperature dependence of MR below TC. 

 

Investigations of the magnetic properties of LaMnO3+ have shown that the distribution 

of holes is more homogeneous and intrinsic lattice disorder is reduced in this compound with 

respect to LCMO due to absence of the Ca atoms, which create holes [140]. This is also 

consistent with the negligible phase separation effect as evident from the absence of the 

contribution of the hole-rich FM metallic regions in the nonmetallic PM matrix (pertinent to 

many CMR materials [2, 134, 143, 144]) to the critical behavior of χ (T) near TC [141]. 

Therefore, a likely reason for the absence of MIT in our LaMnO3+δ samples may be attributed to 

a connection of MIT to the phase separation in manganite perovskites [24]. 

Other reasons cannot be excluded such as an interval of metallic conductivity below TC in 

LaMnO3+δ with δ between 0.14 and 0.18, which was observed in [17]. The non-monotonic 

dependence of TC (δ) has been interpreted by a competition between an increase of the hole 

concentration and decrease of the bandwidth of the localized holes when δ is increased, the latter 

is due to increasing of distortions of the perovskite cubic structure [140]. Hence, the non-

monotonic dependence of CMR at Tm ~ T C may be connected to a similar reason. 

The additional inflections of ρ (T) in S154 and the complicated non-monotonic behavior 

of MR below TC in all the investigated LaMnO3+δ samples may result from an interplay between 

orderings of the spin and the orbital degrees of freedom. That is accompanied with some 

weakening of the electron-phonon coupling and, therefore, decreasing of the local distortions of 

the crystal lattice on cooling. However, unlike the inflection near TC, the inflections of the 

resistivity curve of S154 below TC do not vanish in the applied fields up to B = 8 T. Additionally, 

any serious reconstruction of the spin system should be manifested in the magnetic properties of 

the material, whereas no qualitative difference of χ (T) is observed in LaMnO3+δ [140] and La1-

xCaxMnO3 [26] below TC. This does not permit us to exclude some extrinsic reasons to the 

additional inflections of ρ (T) in S154 and feature (iii) above.  

Unlike the temperature interval below TC, the behavior of ρ (T) and MR in the PM phase 

of LaMnO3+δ  (T > TC) is typical of the manganite perovskites and other CMR compounds [2, 134 

-137], allowing a deeper analysis, which will be done in the next section. 
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3.1.2. Hopping conductivity in LaMnO3+δ 

The analysis of the resistivity of LaMnO3+δ above TC has been done with the law 

                                                (T) = 0 (T) exp [(T0 / T) p],                                           (3.1.1) 

where T0 is a characteristic temperature and p = 1 for NNH (in this case the activation energy  

E0 = kT0 is usually introduced instead of T0), p = 1/4 for the Mott [140] and 1/2 for the SE-VRH 

regimes [138]. If a condition 2
0 )]2()([ sTTkT p  >> 1 is satisfied, the prefactor is given 

by the equation 

                                                0 (T) = AT m                                                              (3.1.2) 

where 

                                            A = C11T0 
(7+q) p,                                                             (3.1.3) 

and α is the localization radius of the charge carriers, s is the sound velocity (equal to 6.8 105 

cm s-1 in LCMO [145]) and C is a constant [137].  

For the SE mechanism m = 9/2 or 5/2 and for the Mott VRH conductivity m = 25/4 or 

21/4, if the wave function ψ of the localized carriers has the conventional hydrogen-like form 

ψ1(r) ~ exp(-r/) (corresponding to q = 0 in equation (3.1.3)) or ψ2(r) ~ r -1 exp(-r/) 

(corresponding to q = 4 in equation (3.1.3)), respectively. The wave function ψ2 sets in when the 

fluctuating short-range potential, connected to the lattice disorder, is important for localization 

[138]. For the adiabatic NNH conductivity m = 1 for any Г, ψ and q [138, 139]. In equation 

(3.1.1) T0 = T0M or T0SE for p = 1/4 or 1/2, respectively, where 

          T0M = M / [k g ()  3] and T0SE = SE e2 / (k),                                (3.1.4) 

к is the dielectric constant, M = 21 and SE = 2.8 [141]. Presence of the rigid gap  <  modifies 

the SE-VRH conduction by changing the characteristic temperature from T0SE to T0 [137] given 

by the equation 
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.                                                 (3.1.5) 

As can be seen from equations (3.1.4), T0SE and T0M are independent of T for constant  or 

g()3, respectively. From equation (3.1.5) it follows that T0 does not depend on T if, 

additionally, one out of the following two conditions are satisfied, (i) /(2kT) << C (T0SE/T)1/2
 and 

 ~ T and (ii)  ~ T 1/2.  
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For (i) we have T 0 = T0SE because (T0 / T) 1/2 ≈ (T0SE / T) 1/2
 +  / (2kT), and if  ~ T the second 

term is constant and can be included in the prefactor, while for (ii) one gets T0  T0SE . 

According to a theoretical background above, the analysis of the experimental data has been 

done in [P3]. As can be seen from the right panel of Fig. 3.1.3 the plots of ln (/T) versus 1/T for 

samples S100, S125 and S154 display a tendency to the NNH conductivity with increasing T. 

However, the value of the activation energy E0 ≈ 0.18 eV (approximately equal for all samples) 

could be found only roughly due to small intervals of T, where the experimental data could be 

fitted with equation (3.1.1) by putting p = 1, T0 = E0 / k and ρ0(T) ~ T. On the other hand, the 

deviations from the NNH conductivity well above TC suggest a transition to the VRH 

conductivity on cooling. The best fit of the data with equation (3.1.1), assuming constant T0, is 

obtained for p = 1/2 and m = 9/2. The localization radius of small polarons in the PM phase was 

predicted to vary in the field according to the law [106]. 

           (B) = (0) (1 + b1 B
2),                                                           (3.1.6) 

where b1 (T). If b1B
2  1, from equations (3.1.5) - (3.1.7) it follows that 

                        T0 (B) = T0 (0) (1 - b2 B
2),                                                        (3.1.7) 

where b2 = b1T0SE(0){T0(0) - [T0(0) /T]1/2  /(2k)}-1 until  is independent of B. This gives 

                 TTk
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 .                                                (3.1.8) 

Figure 3.1.3. The dependence of ln(ρ/T 9/2) on T 1/2. The open triangles 

mark TC (left panel). The dependence of ln(ρ/ T) on T -1. The open triangles 

mark 1
CT  (right panel). For convenience the plots for S100 and S154 are 

shifted along the y-axis by ±5 units. 
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Near Tv, which is well above TC, the temperature dependence of  can be neglected [140].  

Therefore, in the temperature intervals in the vicinity to Tv the dependences of T0 and A 

on B can be found from linear fits of the plots of ln ( /T 9/2) vs. T -1/2 in the field. The dependence 

of (B)/(0) can be evaluated with equation (3.1.3). The values of the ratio of  

b1 / b2 = 1.24 ±0.04, 1.26 ± 0.06 and 1.28 ± 0.05 for S100, S125 and S154, respectively, are 

found to lie above unity with the deviation from unity being much larger than the error. The 

existence of a non-zero rigid gap near Tv depending on T as  (T) ≈  (Tv) (T/Tv)
1/2 with the values 

of  (Tv) was established. Then  is evaluated with equation g0 = (3 /)(3/e6)[ -  (Tv)]
2 [137], 

yielding  ≈ 3.5, and finally  is found using equations (3.14) and (3.1.5). The results of 

calculations are collected in Table 3.1.1. 

Table 3.1.1.   The values of the coefficient A, the characteristic VRH temperature, T0, 
the onset VRH temperature, Tv, the widths of the Coulomb gap, Δ, and the rigid gap, 
, and the localization radius . 

 
 

 A T0 Tv Δ γ (Tv) α
Sample (10-20  cm K-9/2) (104 K) (K) (eV) (eV) (Ả)
S100 7.3 9.8 250 0.43 0.13 1.7
S125 2.1 10.8 250 0.46 0.16 1.4
S154 1.0 11.3 270 0.48 0.17 1.2

 

The resistivity of LaMnO3+ is decreased when  is increased and exhibits an activated 

behavior in the whole range of temperatures between ~ 20 and 350 K, without showing a MIT up 

to c  0.3. The magnetoresistance has features common with  

LCMO (the CMR effect near TC) and those not observed in LCMO, like the non-monotonic 

dependence of CMR on  and complex temperature dependence of  /0 below TC. 

The resistivity of LaMnO3+ in the PM phase between TC and Tv ~ 250-270 K is 

determined by a complex energy dependence of the density of the localized states near the Fermi 

level, comprising the soft Coulomb gap and the rigid gap, both increasing with growing . The 

increase of the width of the Coulomb gap () is explained by increase of the holes concentration  

c = 2. The enhancement of the width of the rigid gap (), which is connected to small-polaron 

formation, is interpreted by progressive lattice distortions in conditions of reduced lattice 

disorder. The dependence of the localization radius  on  is observed and explained by 

increasing degree of the localization of the holes due to lattice distortions, enhancing when  is 

increased. 
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3.1.3. Conductivity mechanism and density of the localized states in  

          LaMnO3+δ under pressure 

 
The measurements of ρ (T) under pressure of the sample with δ = 0.065 (labeled as  

# 065) and the sample with δ = 0.154 (labeled as # 154) were chosen. Magnetization 

measurements at p = 1 bar yielded the values of TC ≈ 150 K for # 065 and 135 K for # 154 [140]. 

Information about the microscopic parameters , v and  was obtained. This method provides a 

way for the determination of the rigid gap in the manganite perovskites that is independent of the 

methods used previously [137, 74, 146, P3]. The LaMnO3+ samples were used for 

measurements under pressure [P4], which characteristic are presented in Chapter 2 (Table 2.1.1) 

and section 3.1.2 (Table 3.1.1) [P3].  

As can be concluded from Fig. 3.1.4, ρ (T) at ambient pressure and B = 0 has activated 

character both above and below TC. It exhibits a weak inflection around TC (shown by open 

triangles) and decreases with δ, in agreement with [P3]. When p is increased the resistivity 

decreases, exhibiting a stronger pressure effect for # 065 and exponential temperature 

dependence of the conductivity. The MR of # 154 at ambient pressure was investigated in [P3] 

Figure 3.1.4. Temperature dependence of the resistivity in # 065 and # 154 at 

different pressure. Pressure increases from top to bottom. The open triangles mark 

TC at ambient pressure [85]. Inset: temperature dependence of the resistivity in # 065 

at p = 5 kbar in magnetic field increasing from top to bottom. 
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and described in sections 3.1.1 and 3.1.2. Typical plots of the MR of # 065 (inset of Fig. 3.1.4 for 

p = 5 kbar) exhibit activated behavior at all B, too. In addition, the CMR effect is evident near 

the inflection of ρ (T) at B = 0. This inflection, however, disappears when B is increased, as is 

characteristic of the PM-FM transition. 

Detailed analysis of the resistivity in LaMnO3+δ with δ = 0.100 - 0.154 at ambient pressure 

[P3] has demonstrated that ρ (T) obeys the Shklovskii-Efros-like VRH conductivity law [138], 

between Tv = 250-270 K and TC = 135-162 K (depending on δ). VRH equations in [138], 

describing all the features of the VRH conductivity also in other CMR materials [137, 146] (see 

section 3.1.1 and 3.1.2), have been obtained by taking into account the soft () and the rigid (γ) 

gaps of the DOS near the Fermi level [137]. 

Therefore, our analysis of ρ(T) in # 065 and #154 under applied pressure (Fig. 3.1.4) is 

based on equations in [137]. Below we use two other equations following from the model [135], 

which connect  and γv to the temperature parameters T0 and Tv and the DOS outside the 

Coulomb gap, g0, 

                           21
0 )( vTTk               and               263

0 ))()(3( veg              (3.1.9) 

It is evident from Fig. 3.1.5 that the plots of ln [ρ(T)/T 9/2] vs. T -1/2 are linear below the 

onset temperature Tv, whereas deviations from linearity on cooling are observed only for T → TC 

(TC is marked with open triangles for p = 1 bar). The values of Tv (p), T0 (p) and A (p) are 

obtained from the linear parts of these plots (all symbols with asterisks, e.g. *
vT  etc. correspond 

to p = 1 bar and are collected in Table 3.1.2). The values of  (p) evaluated with the first of 

equations (3.1.9) are displayed in Fig. 3.1.6. The relative variation of the localization radius,  

Figure 3.1.5. The plots of ln(ρ /T 9/2) versus T 1/2 for #154 (left panel) and # 065 (right panel)

under pressure increasing from top to bottom. The dotted lines are linear fits (for #154 only at

p = 1 bar) and the open triangles mark TC – obtained from magnetization measurements [140]. 
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(p) / *, is obtained with equation (3.1.10) using the data for A (p) and T0 (p), and is shown with 

closed triangles in Fig. 3 [P4]. For further analysis we determine the values of TC (p) from the 

inflection points of ρ (T) at a given value of p and B = 0. The values of TC* collected in Table 

3.1.2 are close to those obtained in both samples from the magnetization data at ambient pressure 

[140]. The values of the baric coefficients dTC /dp and d (ln TC)/dp are given in Table 3.1.2. 

 

Table 3.1.2. The values of the Curie temperature TC
*, the onset VRH temperature Tv

*, the 
characteristic temperature T0

*, the prefactor constant A*, the width of the Coulomb gap 
*, the localization radius * and the width of the rigid gap v

* at ambient pressure and 
the values of the effective dielectric constant , the baric coefficients d TC / d p and d ln 
TC / d p for the investigated LaMnO3+ samples. 

 
Sample TC

* 

( K ) 

Tv
* 

( K ) 

T0
* 

( 10 5 K ) 

A* 

( 10-20  
cm K9/2 ) 

*

( eV ) 

* 

( Е ) 

v
* 

( eV ) 

 d TC / d p 

( K / kbar ) 

d ln TC / d p 

( 10  3 kbar1 ) 

# 065 147 240 1.40 3.37 0.50 2.4 0.28 3.0 1.38  0.03 8.9  0.2 

# 154 129 280 1.06 2.18 0.47 1.7 0.14 3.7 2.3  0.2 16  2 

 

 

As can be seen from equations (1), (2) in [P4] and (3.1.9) the macroscopic parameters T0, 

Tv and A, and the microscopic parameters , γv, g0 and  are interrelated. Therefore, we analyze 

quantitatively only the dependence of  on p using the second of equations (3.1.9) yielding to 

Figure 3.1.6. Pressure dependences of the Coulomb gap for # 065 and # 154 (closed

and open triangles, repetitively). The lines are calculated as described in the text. 
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                          (p)  v (p) + (/3)1/2 e3 g0
1/2 (p) / (3/2),                                         (3.1.10) 

and from equation (3.1.11) we obtain the expression 

          v (p) = k [ Tv (p) / T0 (p)]1/2 { T0 (p) -  e2 / [  k a* a(p) / a*] }.                  (3.1.11) 

The DOS outside the gap can be presented as [147] 

                                       g0 (p)  0.5c (1-c) N (p) / W (p) ,                                           (3.1.12) 

where N (p) is the concentration of Mn in LaMnO3+δ under pressure and W (p) is the bandwidth 

of the localized electrons depending on p, too. The concentration and the bandwidth parameters 

are given by the expressions N (p) = N*(1 + 3p / G), where N* ≈ 1.7 × 1022cm-3, G = 5× 1011 N 

m-2 is the Young’s modulus [152], and W (p) ≈ W*TC (p) / TC*, where from [106] we have W * ≈ 

20kTC* / [c(1 - c)] ≈ 2.2 eV and 1.0 eV for # 065 and # 154, respectively. 

Hence, the experimental values of  (p) in Fig. 3.1.6 can be fitted with equations (3.1.11) 

and (3.1.12) using the functions T0 (p) / T0*, Tv (p) / T*, TC (p) / TC* in Fig. 3.1.5, the values 

given in Table 3.1.2 and the ratio  (p)/* in Fig. 3.1.7 (closed triangles), treated * and κ as 

adjustable parameters. As shown by the solid lines in Fig. 3.1.6,  (p) can be fitted explicitly to 

the experimental data for both samples, yielding * and κ shown in Table 3.1.2. To obtain 

continuous curves we used linear interpolation of the pressure dependences of the parameters 

above known only at a discrete pressure values. Finally, with Eq. (3.1.12) we find γv* (see Table 

3.1.2) and the function γv (p) / γv*
 shown by closed circles in Fig. 3.1.7. 

Concerning γv (p), we also apply the method used for determination of γv at ambient 

Figure 3.1.7. Pressure dependences of a / a* and  /* for #154 (left panel) and #

065 (right panel). The open and closed symbols in the bottom panel refer to two

different methods as described in the text. The lines are plotted to guide the eye. 
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pressure in La0.7Ca0.3Mn1-yFeyO3 [137], La1-xBaxMnO3 [146] and LaMnO3+δ with δ = 0.100 - 

0.154 [P3]. This method is based on analysis of the data of ρ (T) measured in a magnetic field at 

a given pressure and taking into account the polaronic nature of the charge carriers above TC.  

Generally, in the manganite perovskites the dependence of TC on pressure is characterized 

by positive baric coefficients [149]. The values of dTC /dp and d(ln TC)/dp in our LaMnO3+δ 

samples (Table 3.1.2) are similar to those in various other manganite perovskites, lying within 

the limits of ~ 0.9  2.2 K kbar-1 and ~ (5-22)  10-3 kbar-1 [149].  

Because TC (p) ~ W (p) [106, 150], the observed pressure dependence of TC can be 

explained by increasing of the electron bandwidth due to: (i) steric effects or extension of the 

Mn-O-Mn bond angles and decreasing of the corresponding bond lengths increasing the electron 

transfer integral and the strength of the DE interaction, and (ii) polaronic effects or polarization 

of the lattice and surrounding Mn spins of the charge carriers [151, 124]. On the other hand, 

according to the origin of the rigid gap supposed above  we can write γv = Ep / 2 - Ed / 2 [146], 

where Ep is the depth of the polaron potential well coming from local lattice distortions and spin 

polarization and Ed is the width of the electron potential energy distribution due to lattice and 

spin disorder [146]. 

Hence, results of investigations of the resistivity of LaMnO3+δ under pressure show that 

SE-like VRH conductivity, governed by the soft Coulomb gap and the rigid gap, attributable to 

the polaronic nature of the charge carriers, is observed between the onset temperature Tv and the 

Curie temperature TC. The pressure dependences of the macroscopic parameters, including Tv, 

the characteristic VRH temperature T0, TC and the prefactor constant A are obtained. The 

pressure effect on the microscopic parameters such as the widths of the soft and the rigid gaps 

and the localization radius is estimated. These dependences can be attributed to increasing of the 

electron bandwidth and decreasing of the depths of the polaron potential well under pressure, 

both tending towards delocalization of the charge carriers. The first of these reasons with 

prevailing steric effects is more pronounced in the sample with larger δ (0.154) and strongly 

distorted rhombohedral crystal structure. The second one, related to polaronic effects, dominates 

in the material having smaller δ (0.065) and weakly distorted cubic structure but a deeper 

polaron potential well. 

 

3.2. Magnetic properties and conductivity of La1-xCaxMnO3 (0  x  0.4) 

 
The magnetic and transport properties of La1-xCaxMnO3 are believed to be determined by 

competition between the Mn3+ Mn3+ superexchange (SE) interaction, leading to the AFM 

ordering, and the double-exchange (DE) mechanism aligning the Mn3+ - Mn4+ spins 

ferromagnetically by electron transfer via O2- ions [21, 23]. At high temperatures LCMO is a 
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paramagnet (PM). Its low-temperature magnetic and transport properties are different in various 

intervals of the Mn4+ ion concentration, c. Namely, for 0  с < 0.18 and temperatures T < TN, 

LCMO is an AFM insulator while for 0.180.20  c < 0.5 and T < TC it is a FM metal, where TN 

and TC are the Neel and the Curie temperatures, respectively [24, 141]. Near с  0.5 ordering of 

Mn3+ and Mn4+ ions is observed [48, 152]. Additionally, for с  0.33 (where TC attains its 

maximum) application of an external magnetic field at temperatures near TC results in a very 

large decrease of the resistivity. This effect is known as the colossal magnetoresistance [140]. 

Samples of LCMO were synthesized with conventional solid state technique and tested 

by x-ray powder diffraction measurements at room temperature (section 2.1). 

DC magnetic measurements were made with a SQUID magnetometer using LCMO 

samples with x = 0, 0.05, 0.15, 0.2, 0.3 and 0.4 (denoted in Table 3.2.1 by #1, #2, . . , #6, 

respectively). The temperature dependence of the magnetization, M (T), was measured after 

cooling the samples from 310 to 5 K in zero (B < 0.1 G) field (ZFC) or in the field of 2 G (FC). 

The dependencies of ZFC(T) and FC(T) ( = M /B) are shown in Fig. 3.2.1 (left panel). 
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Fig. 3.2.1. Temperature dependence of ZFC (open symbols) and FC (closed 

symbols) for samples # 2 and # 5 (a) and of ZFC for samples #1 - #3 (b) and 

#4 - #6 (c) (left panel). Temperature dependence of dZFC(T) / dT for LCMO 

samples # 1- #6 (right panel). 
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As evident from Fig. 3.2.1(a) (left panel), both ZFC(T) (open symbols) and  FC(T) 

(closed symbols) exhibit a sharp FM transition in samples #2 and #5. Additionally, the plots of 

ZFC(T) and FC(T) diverge clearly below the magnetic irreversibility temperature Ti  TC. The 

other specimens demonstrate similar magnetic irreversibility. With respect to the dependence of 

ZFC on T the samples can be divided into two groups, displayed separately in Figs. 3.2.1(b) and 

(c). Besides the FM transition at TC, the samples of the first group with 0  x  0.15 (#1-3) 

exhibit an additional inflection of ZFC (T) at a temperature T1 between 70 and 100 K. This 

anomaly is not observed in the samples belonging to the second group with 0.20  x  0.40 (# 4-

6). Behavior of M (T), similar toZFC (T) for our samples of the first group was recently observed 

in La0.83 Sr 0.07 MnO3 at T1  128 K in the field of B =100 G and interpreted as a second magnetic 

transition (predicted in Ref. [23]) where the Mn moments cant antiferromagnetically [153]. In 

low fields the corresponding transition has been observed in LCMO with x = 0.20 (B = 100 G, Ti 

 75 K) [154] and in La1-x SrxCoO3 with x = 0.20 (B = 20 G, Ti   80 K) [155]. As shown in Fig. 

3.2.1 (right panel), in our LCMO samples these transitions are clearly visible, either as a 

downward at TC or an upward at T1 peak in the plots of dZFC(T)  / dT vs. T. These plots allow 

accurate determination of the values of TC and T1 excluding # 3 where the peak at Ti is smeared 

out.  

To analyze the dependence of TC on x we apply the model [106], which treats the PM to 

FM transition in La manganites by considering the electron localization due to magnetic disorder 

and the electron-electron interactions. In this model the electrons are localized below the 

mobility threshold, inside a band with rectangular shape of the density of states and the 

bandwidth W. TC satisfies the equation 

                                        T E cC coh
F 01. ( )                                                                       (3.2.1) 

where F
cohE is the electronic cohesive energy in the FM phase and 

                                     E c
W

c ccoh
F ( ) ( ) 

2
1 .                                                                (3.2.2) 

To determine the relation between с and x, we take into account a possibility that cation 

vacancies (with concentration ) are generated during preparation of the samples, and that these 

vacancies can be occupied by Ca2+ ions. Each vacancy of the cation sublattice of LCMO yields 

three Mn4+ ions. Therefore, с is increased by one if one Ca2+ is substituted for La3 +, while с is 

decreased by two for occupation of a vacancy by Ca2 +. The concentration of Mn4+ at a given x 

can be written as c(x) = c(0) + x1 + x2, where c(0) = 3, x1 = xP1(x) is the concentration of Ca2+ 

ions substituted for La3+ and x2 = xP2(x) is the concentration of Ca2+ ions, which occupy the 
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cation vacancies. Taking into account that the respective probabilities can be written as P1(x)  = x 

/ (x + ) and P2(x)  =  / (x + ) we obtain the concentration of the Mn4+ ions as 

                                                 







x

xx
xc

22 3
)(  .                                                  (3.2.3) 

The experimental dependence of TC on x is shown in Fig. 3.2.2 (a) together with the fit 

(solid line) calculated with Eqs. (3.2.1) - (3.2.3), using W and  as adjustable parameters. A 

reasonable agreement with the experimental data is obtained for W = 1.90 + 0.05 eV and  

 = 0.071 + 0.006. Note that  should be sensitive to details of the preparation method and can 

vary randomly from sample to sample. However, as seen from Fig. 3.2.2 (b) the dependence of с 

on x evaluated with Eq. (3.2.3) (solid line) is very close in the interval of 0.1  x  0.3 to that 

obtained independently in Ref. [128] (open symbols). At low x the calculated dependence 

deviates distinctly from the concentration of Ca2 + (dashed line), agreeing well with the behavior 

in Ref. [128]. The bandwidth W in LCMO is similar to that (W ~ 2.5 eV) in La1-xSrxMnO3 [106]. 
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Fig. 3.2.2. Experimental dependence of TC on x (closed symbols) and the fit 

with Eq. (3.2.1) (solid line) (a) dependence of с on x evaluated with Eq. 

(3.2.3) (solid line), the data from Ref. [128] (open symbols) and the 

concentration of Ca2+, x (dashed line) (b) T1 vs. с obtained in this work (solid 

symbols) and the data from Refs. [153] (O),[154] ( ) and [155] () (c). 
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Finally, the values of с calculated for our samples with Eq. (3.2.3) are listed in Table 3.2.1. All 

samples satisfy the conditions of the FM region of the magnetic phase diagram (see [2]). The 

dependence of T1 on с is shown in Fig. 3.2.2 (c) (closed symbols). In this figure are displayed 

also the corresponding data from Refs. [153-155] (open symbols).                                    

 Finally, we attempt to determine the critical index, , of the temperature dependence of 

the inverse susceptibility near the FM to PM transition (T > TC) , 

                                              


 







 1)(1

CT

T
T  .                                                         (3.2.4) 

The results are quite different for the two groups of the specimens mentioned above:  

 = 1.21  0.05 for the samples # 1 - # 3 (x = 0 - 0.15 and c  0.18 - 0.22) and * = 1.67  0.05 

for the samples # 4 - # 6 (x = 0.2 - 0.4 and c  0.26 - 0.43).  

Table 3.2.1. Parameters  of   the   investigated  samples.   

 

The values of  lie between those predicted by the 3D-Heisenberg model ( = 1.4) and by 

the mean-field theory ( = 1) [156]. Similar values of  between these two limits have been found 

in La0.67(BayCa1-y)0.33MnO3 ( = 1.29, 1.11 and 1.12 for y = 1, 0.5 and 0.25, respectively) from 

the analysis of modified Arrot plots [157]. A lower value,  = 1.08, was obtained in 

La0.8Sr0.2MnO3 [158], while the values close to that of the 3D-Heisenberg model were 

determined in La1-xSrxCoO3 (  = 1.39 for x = 0.20 and 0.25 and 1.43 for x = 0.30) [155]. 

In Fig. 1.2.4 (left) are presented the temperature dependencies of the resistivity,  (T), of 

our LCMO sample # 5 with x = 0.3 in fields B = 0, 1, 4 and 8 T. The dc measurements performed 

with the standard four probe method yield no difference between the curves  (T) measured by 

increasing and decreasing T at any applied field or in any temperature interval between T = 5 - 

320 K.  

 In this work magnetic properties of La1-xCaxMnO3 (0  x  0.4) are investigated at T 

  Sample 
  No. 

x c 

# 1 0.00 0.21 

# 2 0.05 0.18 

# 3 0.15 0.22 

# 4 0.20 0.26 

# 5 0.30 0.34 

# 6 0.40 0.43 

# 7 0.70 ----- 
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between 5 - 310 K in the magnetic field of 2 G. The analysis of the dependence of the FM Curie 

temperature, TC, on x is performed with the model [106], considering spin polarons associated 

with electronic localization and electron-electron interactions. The dependence of the 

concentration of Mn4+ on x is obtained by taking into account formation of the vacancies in the 

cation sublattice of LCMO. At low x the values of c deviate distinctly from the concentration of 

Ca2+ and agree well with those given in [158]. The value of the bandwidth of the localized 

electrons, W = 1.90  0.05 eV, is found to be similar to that of La1-x SrxMnO3 (W  2.5 eV) 

[106]. 

 In the samples with x = 0 - 0.15 (c  0.22) a transition to a canted AFM state is observed. 

The dependence of the transition temperature, T1, on c agrees satisfactorily with that predicted by 

the model [23] when the variations of the AFM exchange integral, J, and the electron transfer 

integral, b, can be neglected. 

The value of the critical exponent,  = 1.21  0.05, determined from the slopes of the 

plots of ln (1/ZFC) vs. ln (T/TC -1) for the samples with x = 0 - 0.15 (c  0.18 - 0.22) lies between 

those of the mean-field theory ( = 1) and of the 3D-Heisenberg model ( = 1.4). Similar values 

of  between these two limits were obtained with the modified Arrot plots for La0.67(BayCa1-

y)0.33MnO3 with y  0.25 [157].  

 The value of the angular coefficient of the dependence of ln (1/ZFC) on ln (T/TC -1),  

* = 1.67  0.05, obtained in the samples with x = 0.2 - 0.4 (c  0.26 - 0.43) is close to the values 

of the critical exponent, p = 1.69  0.05 [159] and 1.70  0.11 [160], calculated in the 

percolation theory. However, it should be kept in mind that the difference between  and * may 

be connected to the possibility of the first-order FM transition in the samples of the second 

group. In this case * does not present any critical exponent.  

 

3.3. Asymmetry of a complex gap near the Fermi level and conductivity  

      of La1-xCaxMn1-yFeyO3  

 
Hole doping of La1-xCaxMn1-yFeyO3 with x = 0.3 and y = 0, 0.01, 0.03, 0.05, 0.07, 0.09 

and 0.10 (marked below as  # 3-0, # 3-1… # 3-10) was made with the standard ceramic 

technique (see section 2.1). 

Detailed neutron diffraction investigations for T = 20 – 300 K of the samples #3–0, #3–3 

and #3–9 revealed an orthorhombic structure with the space group Pnma [132] ( see Section 2). 

The values of the lattice parameters a, b and c, as well as the coordinates of the La (Ca), Mn (Fe) 

and O atoms are in a good agreement with the earlier data obtained by neutron powder 

diffraction measurements on LCMFO (see e.g. [161]). Magnetization M (T), conductivity [131] 
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and values of termopower, S [P2] were determined.  

As shown in Fig. 3.3.1 (a) (left panel), the ZFC (T) and the FC (T) curves exhibit a steep 

FM transition with TC moving to a lower temperature when y is increased. Additionally, 

magnetic irreversibility is evident from deviation of ZFC (T) from FC (T). At T < TC the 

temperature dependencies of ZFC (T) and FC (T) for y = 0 - 0.05 (shown for sample # 3-3 in Fig. 

3.3.1 (a) (left panel)) are weak and close to linear as typical of a disordered ferromagnet. On the 

other hand, in the samples with y = 0.07 - 0.10 (shown for sample # 3-7 in Fig. 3.3.1 (a) (left 

panel)) the temperature dependence of ZFC below TC is stronger, and has below the onset of the 

irreversibility a clear maximum pertinent to a spin-glass or a cluster-glass phase. 
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Figure 3.3.1 left panel (a) Temperature dependence of ZFC (dotted curves) and FC (full

curves) measured in the field of B = 2 G for samples # 3-3 and # 3-7. Inset: the dependence

of TC on y. Left panel (b) Temperature dependence of the resistivity of the investigated

samples in zero field (full curves) and in the field of 10 T (dotted curves). Right panel (a) The

plots of ln (1/ - 1/C) vs. ln  for samples # 3-5, # 3-7 and # 3-10. The solid lines represent

linear fits. Right panel (b) Analysis of the temperature dependence of the susceptibility in

samples # 3-5, # 3-7 and # 3-10 with the correction-to-scaling law. The full curves are

calculated with Eq. (3.3.2) as described in the text [131]. 
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When approaching TC from the PM side,  (T) is expected to follow the scaling law  (T) 

~ (T / T C - 1)-, connected to enhancement of short-range FM fluctuations [162], which can be 

written also as 

                                             -1 - C
-1 ~                                                                (3.3.1) 

with C =  (TC) and  = T / TC - 1. For temperatures not sufficiently close to TC, Eq. (3.3.1) must 

be modified by adding a correction-to-scaling term [167],   

                                                       -1
 - C

-1 ~   (1 + C  p ) ,                                                (3.3.2) 

where C and p are the correction-to-scaling amplitude and exponent, respectively. The plots of ln 

( -1
 - C

-1 ) vs. ln  for ZFC (T) and FC (T) measured in different fields for samples # 3-5, 3-7 

and 3-10 are shown in Fig. 3.3.1 (a) (right panel). These plots contain below cr ~ 0.1 - 0.2 a 

linear part with the slope 1 = 1.39  0.03 close to  = 1.39 – 1.45 found in La1-xSrxCoO3 [155], 

La0.95Mg0.05MnO3 [164] and in La0.8Ca0.2MnO3 [165], corresponding to a 3D Heisenberg spin 

system [162]. In Fig. 3.3.1 (b) (right panel) are shown fits of ln ( -1
 - C

-1) vs. ln  with Eq. 

(3.3.2), treating C and p as adjustable parameters and  equal to 1. The values of C = 1.6  0.4, 

1.2  0.2, 1.1  0.3 and p = 1.2  0.2, 1.7  0.1, 1.0  0.3 for samples # 3-5, # 3-7 and # 3-10, 

respectively, exhibit large scattering between the samples and from one curve to another even for 

the same sample measured in different fields and cooling regimes. The values of p are found to 

be ~ 2 - 3 times higher than predicted for the 3D Heisenberg system, p = 0.550  0.005 [162]. 

Hence, despite of the rather good fit in Fig. 3.3.1 (b) (right panel), Eq. (3.3.2) fails to describe 

correctly the temperature dependence of the susceptibility outside the asymptotic interval of T  

TC.  

We attribute this discrepancy to the phase separation effect being responsible for creation 

of small hole-rich FM particles in the AF or PM host matrix at T well above TC [143]. Zero field 

nuclear magnetic resonance (ZF NMR) technique was used in order to detect FM clusters above 

the bulk Curie temperature, TC in AF surroundings in manganites [181-183]. Observation of the 

NMR signal up to at least T/TC = 1.8 in [132] support strongly the interpretation of the data of 

magnetization measurements in the same LSMFO samples analyzed on the basis of a cluster-

glass model [178] and gives evidence for existence of long - living FM clusters far above TC in 

LCMFO.  

The plots of  (T) shown in Fig. 3.3.1 (b) (left panel) are typical of hole-doped manganite 

perovskites [177, 166]. It is widely believed that above TC the conductivity in these compounds 

is governed by hopping of small polarons connected to local Jahn-Teller distortions [31, 135]. 

Generally, the resistivity arising from hopping charge transfer can be written as (3.1.1). Let's see 

some moments of a theoretical background of the hopping conductivity in Section 3.1.2. 
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Because p and m are interrelated, we determine them by presenting the local activation energy, 

Ea (T) = d ln  (T) / d (kT)-1 [138], in a form following from Eq. (3.1.1), 

                           ln [ Ea /(kT) + m] = ln p + p ln T0 + p ln (1/T)  .                                 (3.3.3) 

The width of the Coulomb gap,  = 0.42  0.02 eV, is evaluated with the equation  = k 

(T0Tv)
1/2. A close value of  ~ 0.4 eV was found in the scanning-tunneling spectroscopy study of 

a La0.8Ca0.2MnO3 film [73]. In addition, near the temperature of the resistivity maximum a rigid 

gap (where DOS = 0) with width   0.11 eV was observed in this study [131].  

To determine the localization radius, we use for the DOS outside the gap, g0, the equation 

proposed in [147], g0  N0g/W, where N0 = 1.741022 cm-3 is the concentration of Mn sites, W 

is the width of the band of the localized states,   c = x - y,   0.5 and g  1 - c. The values of 

W can be calculated using the equation k TC  0.05 W c (1 - c) predicted in [106].  

The behavior of  (T) and  (T) in LCMFO is investigated in [131]. The non-uniform 

scaling of  (T) near TC is observed, stemming from the phase separation effect. The VRH 

conductivity, governed by a complex gap in the density of the localized states, is observed above 

TC. The temperature dependence of the prefactor 0 (T) is different for y = 0 and y > 0, reflecting 

an additional fluctuating short-range potential induced by doping with Fe. The latter, as well as 

the non-universal critical behavior of  (T), are consequences of the lattice disorder in LCMFO.  

The temperature and magnetic field dependence of the thermopower, S, in La0.7Ca0.3Mn1-

yFeyO3 were investigated using the same samples as in the conductivity and magnetization 

measurements.  

Table 3.3.1. The values of the relative concentration of Fe, y, the PM-FM transition  
temperature, TC, the temperature of the onset of VRH, Tv [74], the high-temperature 
value of the characteristic VRH temperature, T0* [74], the width of the Coulomb gap, 
 [74], the width of the rigid gap,  v =  (Tv) [74], the coefficient of the cubic 
asymmetry, , the parameter  and the shift of the gap, . 

 

As can be seen from Fig. 3.3.2 (upper panel) the temperature dependence of S is weak in 

sample # 3- 0 and above ~ 200 K its sign is negative. A strong increase of S, accompanied by 

change of the sign is observed in the PM phase when y is increased. The S (T) curve has a 

maximum at a temperature Tm near the PM-FM transition shown by the magnetic susceptibility 

Sample  

    No. 

   y  

     

   TC 

  (K) 

   Tv 

 (K) 

  T0* 

(104 K)

      

  (eV) 

      v 

    (eV) 

       

   (eV-1) 

              

   (meV) 

   # 3-3  0.03   228  330  7.7   0.43   0.16 -0.99  0.06 0.73  0.02     8.2  0.5

   # 3-7  0.07   139  310    7.3   0.40   0.14 -1.06  0.07 0.72  0.02     8.4  0.6

   # 3-9  0.09   119  316   7.7    0.41    0.12 -0.99  0.05 0.73  0.02     8.8  0.5
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data in the lower panel of Fig. 3.3.2  (the values of TC for sample # 3-3 to 3-9 are collected in 

Table 3.3.1). The value of S decreases steeply with lowering the temperature below Tm, which 

decreases similar to TC when y is increased. 

Application of a magnetic field decreases strongly the value of S and shifts Tm
 towards 

higher temperatures (see also Fig. 3.3.3). Generally, the functions S (T) and S (B) shown in Figs. 

3.3.2 and 3.3.3 resemble those observed in many other manganese perovskites, e. g.  

La1-xCaxMnO3+ [167], La1-xSrxMnO3 [168] and LCMFO with x = 0.35 and y = 0 – 0.07 [169]. It 

should be mentioned also that the shift of Tm is enhanced and the sensitivity of S to B is 

weakened when y is increased from 0.03 to 0.09. Comparing the data of S (T) and  (T) (see Fig. 

1(a) [137]) of LCMFO in magnetic field a large difference is observed between Tm and the 

temperature of the resistivity maximum Tm for y = 0.07 and 0.09.  
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Figure 3.3.2. Upper panel: temperature dependences of S in La0.7Ca0.3Mn1-yFeyO3 

with y = 0, 0.03, 0.07 and 0.09 in the fields of B = 0 (solid lines) and 10 T (dashed 

lines). Lower panel: temperature dependences of the susceptibility  = M / B 

measured in the field of B = 2 G.  
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The position of Tm is less influenced by B than that of Tm. In addition, the drop of  in 

the field is enhanced considerably when y is increased [137]. Therefore, the thermopower does 

not match directly the behavior of the resistivity. On the other hand, the field dependence of the 

ratio T0 (T) / T0* (T0* is the value of T0 well above TC) shown in Fig. 3. [P2] and of the values of 

 (T) (see Fig. 8 [137]) obtained from the analysis of  (T, B) [137] becomes smaller when y is 

increased, similar to the behavior of S (T) in Figs. 3.3.2 and 3.3.3.  

A model of S in the VRH regime was proposed in [170], based on percolation over the 

Miller-Abrahams network [171] suggesting that a major contribution to S comes from the current 

flowing in the backbone cluster. The latter is part of a critical subnetwork consisting of the 

chains of bonds (macrobonds) corresponding to optimal hopping paths. Within this approach S 

satisfies the expression [170], 

                                        
eT

S
1

,                                                                    (3.3.4) 

where <    > is the average energy (with respect to ) of the hopping carriers contributing to 

S. Generally, the value of S given by Eq. (3.3.4) is determined by asymmetries of the density of 

states and of the transition rates involved in intrasite Hubbard correlation effects [170]. 

It has been proposed that the asymmetry of the density of states is determined in the 

region of the Coulomb gap by a cubic term [170], g () = C02 (1 +  ), where C0 = 33 / e6 and 

3 = 3 / [138]. Another type of asymmetry can arise from a small shift, , of the center of the 

gap with respect to . Therefore, we generalize the symmetrical g () function applied to 

interpret the resistivity [137] to  

Figure 3.3.3. Temperature dependences of S (T) – S (300 K) in LCMFO. 

The solid lines are fits to the experimental data using Eqs. (5  7) in [P2].  
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 ,              (3.3.5) 

 where g0 = C0 D 2, C1 = C0 (1 + D) –1, C2 = C0 (1 - D) –1 and D =  - . The asymmetric g () 

function given by Eq. (3.3.5) is shown schematically in Fig. 3.3.4 (the solid line) along with the 

symmetrical form (the dashed line) [137] obtained from Eq. (3.1.5) with  =  = 0. 

It has been proposed that the complete expression for S in the hole-doped manganite 

perovskites should contain also a spin term [171, 172], associated not with the asymmetry of g 

() but with the configurational entropy for a spin 3/2 hole moving in the spin 2 background. In 

the PM phase this term is considered to be temperature independent and therefore can be 

excluded from the analysis by subtraction.  

To analyze the plots of S (T) – S (300 K) in Fig. 5 [P2] we use the temperature 

dependencies of T0 / T0* and  obtained from the analysis of the resistivity (see Figs. 3 and 8 in 

[137]) or evaluated using the method proposed in [137] using (Fig. 3) and the values of T0* and 

 in Table 1 in [137]. Sufficient sensitivity of the fitting procedure to variations of all the fitting 

parameters is found. 
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Figure 3.3.4. Density of the states g () given by Eq. (3.3.5) in the region of the 

Coulomb gap () and the rigid gap () (solid line) with the center shifted from 

the Fermi level  by the value of  (schematically). The dashed line represents 

the DOS evaluated with Eq. (3.3.5) at  =  = 0. 
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The plots obtained in the way described in [P2] are shown by the solid lines in Fig. 3.3.3. 

At B = 0 they reproduce explicitly the experimental data within the whole temperature interval of 

the PM phase of LCMFO, including close proximity to TC. The drop of the resistivity below TC
 

(see Fig. 1 (a) of [137]) is due to the onset of the FM metallic phase, which is shifted to higher 

temperatures when B is increased [134, 141]. Therefore, the onset of the deviations of the 

calculated curves from the experimental plots of S (T) at higher temperatures with increasing B 

can be explained by reduction of the interval of the applicability of Eqs. 5 - 7 in [P2]. Close 

values of the parameters ,  and  are found in different samples (see Table 3.3.1) and they do 

not demonstrate any systematic dependence on B. The value of  for a density-of-states function 

varying slowly with energy (leading to the Mott VRH conductivity with ln  ~T -1/4) [139] was 

estimated to be two times smaller,   0.35 [170, 173]. Therefore, the enhanced value of  should 

be attributed to the strong variation of g () inside the gap (Fig. 3.3.4). At the same time, one can 

also find that the values of  / (m - ) ~ 0.1 and (D)2 ~ 0.1 are small enough to satisfy the 

conditions of applicability of g () given by Eq. (3.3.5) to both the resistivity and the 

thermopower. Finally, the density of states evaluated with Eq. (3.3.5) for one of the investigated 

samples is shown in Fig. 6 [P2] (note that in this figure the energies are measured from ). Both 

types of the asymmetry of g () are small and the contribution from the cubic term is slightly 

enhanced as T is decreased. 

Hence, the magnetic field and temperature dependencies of S in the PM insulating phase 

of LCMFO can be explained by competing contributions from the two types of the gap 

asymmetry, both depending on B and T via the corresponding dependencies of the characteristic 

VRH temperature and the rigid gap. However, this does not provide the final solution of the 

problem but readdresses it to the origin of the sensitivity of T0 and  to the temperature and the 

magnetic field. A possible reason to both may be the reduction of the JT distortions when 

approaching the FM metallic phase, as observed by high-resolution neutron-powder diffraction 

measurements in La0.52Y0.15Ca0.33MnO3 [174]. Indeed, from the analysis of the resistivity it has 

been concluded that a conventional metal-insulator transition (MIT), similar to that in doped 

semiconductors [175], and determined by the divergence of the localization radius, does not take 

place in LCMFO [137, 176], since both aloc and T0SE are finite down to Tm < TC. On the other 

hand, the reduction of the JT distortions leads to decrease of the depths of the polaron potential 

well, decreasing the carrier localization and increasing aloc. Therefore, taking into account  

Eq. (3.1.5) T0 would be diminished even at a constant . The values of v =  (Tv) (Table 3.3.1) 

were found to be about the half of the polaron binding energy in LCMO, Eb / 2 ~ Eact  0.08  

0.14 eV, where Eact is the activation energy of the adiabatic small-polaron NNH conductivity in 
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LCMO between T  300  1200 K [134]. To hop from one site to another the carrier should 

annihilate polarization on the initial site and create it on the final site. This requires a minimum 

energy available for the hopping leading to appearance of the rigid gap in the density of states 

around  if the major contribution to the localization of the carrier is due to the JT distortions, 

whereas that from the lattice disorder is much smaller. On the other hand, the disorder in 

LCMFO increasing with y [137, 176, 178] leads to a finite distribution of the carrier potential 

energy and as a result, to diminution of the gap by the value of the width of this distribution. 

Therefore, the width of the rigid gap is diminished when y is increased, as can be clearly seen 

from Table 3.3.1 (see also Fig. 8 in [137]). Associated with the polaron binding energy,  is 

sensitive to reduction of the JT distortions, which can explain its decrease with cooling.  The 

sensitivity of T0 and  to magnetic field, in turn, can be ascribed to the magnetic contribution in 

formation of the polaron [179]. 

 Thermopower of La0.7Ca0.3Mn1-yFeyO with y = 0, 0.03, 0.07 and 0.09 is investigated at 

temperatures between 25  310 K and in magnetic fields between 0  10 T. The analysis of the 

experimental data has been done with the model of the thermopower in the region of the VRH 

conductivity [170]. It is shown that in the temperature interval of the VRH conductivity regime 

in the paramagnetic insulating phase the thermopower can be interpreted by competing 

contributions of shifting the center of the gap in the density of the localized states and of the 

cubic non-parabolicity of the gap, having opposite signs. The dependence of S on temperature 

and magnetic field is governed by the corresponding dependencies of the characteristic VRH 

temperature T0
 and the width of the rigid gap . The value of the shift of the gap and the 

contribution of the cubic term to the energy dependence of the density of the states obtained in 

this work, together with the magnetic field and temperature dependencies of T0 and  found from 

the analysis of the resistivity in the same material [137], provide an explicit quantitative 

agreement with the experimental data.  

 
3.4. Magnetic properties and conductivity mechanisms of La1-xSrxMn1-yFeyO3  

 

Magnetic and transport properties of manganite perovskite are quite sensitive to doping 

with Fe, as takes place e.g. in LCMFO [P2, 127, 131]. We have investigated influence of Fe on 

the low-field magnetic properties [P5] and conductivity in various temperature intervals above 

and below TC [P6] in ceramic La1-xSrxMn1-yFeyO3 (LSMFO) samples with x = 0.3 and y = 0.03, 

0.15, 0.20 and 0.25 (marked below as samples #03, #15, #20 and #25, respectively). 

Magnetization M (T) was measured with an RF-SQUID magnetometer after cooling the 

sample from the room temperature down to 5 K in zero magnetic field (ZFC or zero-field 
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cooled) and in fields of B = 10 G, 0.5 kG and 1 kG (FC or field-cooled).  

As can be seen in the left panel of Fig. 3.4.1, both ZFC (T) and FC (T) (where   M / B) 

exhibit at B = 10 G a FM transition at the Curie temperature, TC, defined by inflection points of 

the corresponding curves (TC
(in)). The transition is accompanied with magnetic irreversibility or 

deviation of ZFC (T) from FC (T) in # 15 and # 20, implying frustration of the magnetic ground 

state of LSMFO. In # 25 the FM transition is broaden appreciably, whereas the onset of the 

irreversibility is shifted from the inflection at TC
(in) towards higher temperature.  

The magnetic irreversibility is damped strongly with increasing field and disappears 

completely in # 15 at B = 0.5 kG and in # 20 at B = 1 kG, whereas in # 25 it persists below ~ 30 

K even up to B = 1 kG (not shown). On the other hand, one can see a considerable decrease of  

(T) with increasing y, whereas TC
(in) is damped appreciably with y, as evident from the inset to 

the right panel of Fig. 3.4.1.  

According to the Varma model [106], TC of manganite perovskites is given by the 

expression  

                                       kTC  0.05 W c (1  c),                                                    (3.4.1) 

where W is the width of the electron band and c is the concentration of the holes or Mn4+ [106]. 

Taking into account that Fe3+ ions substitute directly Mn3+ in the lattice of manganites and do not 

support the FM DE interactions (see above), one can put c  c0  y, where c0 may differ from x = 

0.3 only slightly due to the cation vacancies. Fit of the dependence of TC
(in) (y) with Eq. (3.4.1), 
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Figure 3.4.1. Left panel: The dependences of ZFC (∆) and FC (▼) on T. Some of the

plots are shifted along the vertical axes by the values, given in parenthesis. Right panel:

temperature dependences of 1
 in the ZFC (∆) and FC (▼) regimes of cooling. The

solid lines are linear fits. Inset: The dependence of TC
(in) on y, obtained in the ZFC (∆)

and FC (▼) regimes of cooling. The solid line is the fit with Eq. (3.4.1). 
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given by the solid line in the inset to the right panel of Fig. 3.4.1, yields the values of W = 2.6 ± 

0.1 eV and c0 = 0.31 ± 0.01. Hence, c0 deviates from x = 0.3 only by ~ 3 %, a typical relative 

concentration of the holes in manganites due to the cation vacancies. On the other hand, W 

coincides within the error with the value of W  2.5 eV in LSMO [106]. The latter means that the 

decay of TC with y in LSMFO is determined by breaking of the DE interaction by Fe3+, whereas 

the disorder induced by doping with Fe plays a negligible role.  

Well above TC the irreversibility disappears and one finds an asymptotic Curie-Weiss 

behavior (the right panel of Fig. 3.4.1), given by the law  (T) = C/(T  ), where C = peff 
2 B

2N 

/ (3k) is the Curie constant, peff is the effective Bohr magneton (B) number per magnetic ion, N is the 

concentration of the magnetic ions and  is the Weiss temperature. Linear fit of the plots of 1 vs. T (the 

solid lines in the right panel of Fig. 3.4.1) yields the values of peff
 2  240  280, 280  300 and 140  180 

for # 15, # 20 and # 25, respectively, if N is taken equal to the concentration N0 = 1.42×1022 cm3
 of 

magnetic ions in LSMFO. It can be seen that peff 
2 exceeds considerably those of single ions, peff 

2 

= 24, 15 and 35, for Mn3+, Mn4+ and Fe3+, respectively. Hence, the values of peff above are 

incompatible with a single-ion picture of the high-temperature magnetic properties of LSMFO, 

suggesting a phase separation with the onset already above the room temperature.  

Violation of the Curie-Weiss law with lowering the temperature, visible in the right panel 

of Fig. 3.4.1, is connected to the critical behavior of  (T) ~ (T / TC  1) as T approaches TC, 

where  is the critical exponent, depending on the nature and dimensionality of a spin system 

[186]. The critical behavior of  (T) is analyzed, using the law above in the two equivalent 

forms, 

                                 1
  C

1 ~    and d 1
 / d T ~   1,                                                   (3.4.2) 

 
where  = T / TC  1 and C

1 (T)  1 (TC). This is done by interpolation of  (T) and variation 

of TC with a step of 0.5  1 K, to achieve the minimum standard deviation (SD) of the plots of ln 

(1  C
1) vs.  and ln (d 1 / d T) vs. . Such procedure yields the pairs of TC and  or TC and 

  1, applying the first or the second of Eqs. (3.4.2), respectively, and the optimum temperature 

interval,  T, corresponding to the minimum of the SD vs. TC plots.  

Some of the results of the analysis above are shown in Fig. 3.4.2. In all samples in both 

conditions of cooling at B = 10 G were found two different intervals,  T1 and  T2, where the 

formal dependence of SD (TC) exhibited a clear minimum, corresponding to TC
(1) and TC

(2) (TC
(1) 

< TC
(2)), decreasing with y alike TC

(in), and to different values of 1 and 2. In # 15 and # 20 the 

values of 1 and 2 group closely around those of p = 1.80 and H = 1.39, respectively, predicted 

for a percolative spin system [187] and non-percolative (Heisenberg) spin system [186], 

correspondingly. In # 25 2 is close to H, as well, whereas 1 to the mean-field value, mf = 1 
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[186], implying absence of the percolation behavior. 

Hence, the complex critical behavior of  (T) in # 15 and # 20 indicates coexistence of 

two different spin systems. The first one is attributable to generation of large and strongly 

correlated FM clusters, connected to the phase separation and percolation by joining of 

nanoscale FM particles into critical clusters with lowering the temperature [188]. The second 

system is likely to consist of smaller and weakly correlated magnetic units of the material, which 

do not enter the percolative critical clusters. Existence of such units is substantiated due to the 

volume fraction, , of the second (FM) phase, consisting only ~ 0.29 [138] to achieve eventually 

the percolative FM transition at TC
(1) < TC

(2).  

Influence of the percolative spin system in # 25 is not observed. On the other hand, the 

FM properties in # 25 are pronounced much weaker than in # 15 and # 20, but the irreversibility 

195 200 205 210 215

0.000

0.005

0.010

0.015

1.2

1.4

1.6

1.8

2.0

2.2

-4 -2 0

0

2

4

125 130 135 140 145

0.00

0.02

0.04

-3 -2 -1 0

-3

-2

-1

0.4

0.6

0.8

1.0

90 95 100 105 110

0.008

0.016

0.024

-0.2

0.0

0.2

0.4

0.6

-4 -2 0

-3

-2

1

SD ln 

ln
 (

 
-1
 -

 
C

-1
 )

# 15, ZFC

S
D

T
C
 (K)

SD


2



2

1

 

 
2

1

# 20, FC

S
D

T
C
 (K)

2

1ln
 (

 d
 

-1
/ d

 T
 )

ln 

SD

 - 1
 - 1

SD

  
 

- 
1 

 

 - 1

SD

SD

 - 1

S
D

T
C
 (K)

2

1

# 25, ZFC

 
 -

 12

1

ln
 (

 d
 

-1
/ d

 T
 )

ln 

Figure 3.4.2. The dependences of SD on TC and  (top panel) or   1 (middle and

bottom panels) on TC in the intervals  T1 
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(2) in the investigated LSMFO
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plots of ln (d 1 / d T) (in arbitrary units) vs.  (middle and bottom panels) in the

intervals  T1 
(1) and  T2 
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is enhanced (Fig. 3.4.1). Therefore, it is natural to attribute ferromagnetism of LSMFO 

presumably to the first or percolative spin system, whereas frustration and magnetic 

irreversibility to the second (non-percolative) system. 

It is noticeable that coexistence of the percolative and non-percolative (Heisenberg) 

processes influencing the critical behavior of (T), has been observed in La1xCaxMnO3 [144], 

La1xCaxMn1yFeyO3 [178] and La1xBaxMnO3 [189], reflecting universality of the phase 

separation effect in manganite perovskites and related CMR compounds [188]. With the same 

method as in the aforementioned papers one can find the following parameters, addressed to the 

onset of the percolation in LSMFO:   0.16 and 0.11, the mean radius of FM particles r   3.4 

nm and 3.8 nm and the mean magnetic moment /B  0.9×104 and 1.1×104 in # 15 and # 20, 

respectively, being typical of the nanosize hole-rich FM clusters in manganite perovskites [178, 

144, 189]. 

As shown in Fig. 3.4.3,  (T) exhibits strong dependence on y. Metallic conductivity in # 

03 is changed to purely activated one in # 25. In # 15 and # 20 the behavior of  (T) is more 

complicated, comprising of two extremes divided by the interval of the metallic behavior 

(downturn) in # 15, and of two inflections of  (T) in # 20 within similar intervals T below ~ 

100 K. One can see also the weak inflection of  (T) in # 15 and # 20 near TC, found in [P5] and 

given by open triangles in Fig. 3.4.3.  

The behavior of the resistivity above is attributable to the hopping conduction in # 20 and 
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Figure 3.4.3. The dependence of  (T) in the investigated samples and the plots of

ln (/T 25/4 ) vs. T 1/4 in # 15 above TC (inset). The straight line is linear fit. Open

triangles mark TC.  
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# 25 both above and below TC and in # 15 at T > TC, and can be analyzed with the universal 

expression [138] 

                                          (T) = AT m exp [ (T0 / T ) p ],                                                     (3.4.3) 

where A is the prefactor constant and T0 is the characteristic temperature. The exponents m and p 

in Eq. (3.4.3) are interrelated and depend on the mechanism of the hopping charge transfer. The 

hopping over the nearest sites (NSH) is given by m = p = 1. The VRH conductivity sets in, when 

the hopping of charge carriers beyond the nearest sites becomes energetically favorable due to a 

microscopic disorder. The VRH conductivity is described by the values of p = 1/4 (the Mott 

type) and p = 1/2 (the SE type). The Mott VRH conductivity takes place when the Coulomb 

interactions between the carriers are unimportant. Otherwise, such correlations lead to a soft 

Coulomb gap with width  in the density of localized states (DOS) around the Fermi level, , 

and to the SE VRH conductivity [138]. In manganite perovskites the relation m = 8  p (7 + q) 

takes place, where q = 4 or 0, depending on whether or not a fluctuating short-range potential is 

important for the disorder [137].  

The characteristic temperature in Eq. (3.4.3), T0 = T0M and TSE for the Mott and the SE 

VRH conductivity regimes, respectively, is given by the expressions 

 

                       T0M = M / [k g () a3] and TSE  [ T
1/2 + (T + T0SE)1/2]2.                             (3.4.4.) 

 

Here T = V 2/(4k2TVSE), V is width of the rigid gap, existing inside  due to polaron 

effects in manganites [137, 190], at the onset temperature of the SE VRH conductivity, TVSE; 

T0SE = SE e2 / (k  a), M = 21 and SE = 2.8 are constants, g () is the DOS value at  in the 

Mott VRH model, a is the localization radius and  is the dielectric permittivity [137, 138]. The 

value of DOS outside the Coulomb gap, g0, in the SE VRH model (coinciding with g () in the 

Mott model) and  satisfy the expressions 

 

                                     g0 = (3/) (3 / e6) (   V)2  and   k (TVSE TSE)1/2.                                     (3.4.5) 
 

The type of the hopping conductivity (NSH, Mott or SE VRH) can be determined by 

linearization of (T) in coordinates of ln (/T m) vs. T p or with a differential method introducing 

the local activation energy, Ea  d ln  / d (k T)1 [138] (for details of this method see [137]), 

yielding the same results below. In particular, in # 15 above TC the best linearization of  (T) is 

obtained for p = 1/4 and m = 25/4 (inset to Fig. 3.4.3). This correspond to the Mott VRH 

conductivity with T0M = 7.43×108 K at high-temperature interval HTM (T > TC) and to q = 0. As 

can be seen in the top panel of Fig. 3.4.4, the Mott VRH conductivity with p = 1/4 and m = 25/4 
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(q = 0) is observed in # 20, too, in three different temperature intervals HTM (T > TC), ITM (T 

around TC) and LTM (T < TC), characterized by different values of T0M = 9.43×108 K, 8.16×108 

K and 3.19×107 K, respectively. Eventually, as shown in the bottom panel of Fig. 3.4.4, two 

intervals of the Mott VRH conductivity in # 25 are observed at high (interval HTM between  

220 K and 170 K) and low (interval LTM with the onset near TC  95 K) temperatures. The 

intervals of the Mott VRH conductivity in # 25 are divided by that of the SE VRH conductivity 
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(interval SE in Fig. 3.4.4 (top panel) between T = TVSE  150 K and T near TC). The values of m 

= 25/4 in the intervals HTM and LTM, as well as m = 9/2 in the interval SE correspond to q = 0 

in # 25, too. The value of q = 0 reflects absence of the fluctuating short-range potential in 

LSMFO in the whole interval of y = 0.15  0.25. It is worth mentioning quite an opposite 

situation (q = 4) in La0.7Ca0.3Mn1yFeyO3, indicating influence of the short-range potential on the 

disorder at y  0.03 [137]. 

The characteristic temperatures above yield the values of the localization radius a of the 

charge carriers in the Mott VRH conductivity regime [see the first of Eqs. (3.4.5)], provided that 

g () is known. The latter can be found with the expression g ()  Ns c (1  c) / (2 W) [190], 

where Ns  N0 (1  y), N0 = 1.43×1022 cm3 is the concentration of Mn sites, c  c0  y is the 

relative concentration of Mn4+ involved in the hopping, c0  0.31 and W  2.6 eV is the width of 

the electron band of LSMFO [P5]. This gives g ()  3.1, 2.1 and 1.2 (in units of 1020 eV1 cm3) 

for # 15, # 20 and # 25, respectively. Eventually, one can find a  1.0 Å in the interval HTM of # 

15, a  1.1, 1.1 and 3.3 Å in the intervals HTM, ITM and LTM of # 20, respectively, and a  1.2 

and 1.0 Å in the intervals HTM and LTM of # 25, respectively. Using the data of TSE and TVSE 

for the SE VRH in # 25 above, one obtains   0.30 eV with the second of Eqs. (3.4.5). The 

value of   3.6 is found with the relation   U, where U  e2 / ( R) is the mean energy of the 

Coulomb interactions and R  2[4N0(c0  y)/3]1/3 is the mean distance between the charge 

carriers or Mn4+ involved in the hopping. Then V  0.07 eV is evaluated with the first of Eqs. 

(3.4.5), whereas a  2.0 Å in the interval SE of # 25 Å is found with the second of Eqs. (3.4.4). 

The value of  and the values of the microscopic parameters a,  and V, found in 

LSMFO, are similar to those of La0.3Ca0.7Mn1yFeyO3 [137], La1xBaxMnO3 [146] and LaMnO3+δ 

[P4]. This supports identification of the hopping conductivity mechanisms above. One can see 

also an appreciable difference between the values of a in the intervals HTM at T > TC (1.1 Å) 

and LTM at T < TC (3.3 Å) of # 20, which is attributable to the well-defined FM transition and 

pronounced FM properties of # 20 below TC [P5]. At the same time, the FM transition in # 25 is 

broaden considerably and FM properties of # 25 are weakened [P5], which is accompanied by 

close values of a  1.2 and 1.0 Å in the HTM and LTM intervals of # 25, respectively On the 

other hand, the value of a  2.0 Å in the SE interval of # 25 above TC is enhanced with respect to 

a  1.0  1.2 Å in # 15 and # 20 at T > TC. Such enhancement is attributable to proximity to the 

metal-insulator transition, induced by doping with Fe (y-MIT). Indeed, the SE interval of # 25 

can be regarded as a result of evolution of the interval of the metallic behavior of  (T) in # 15 

via the interval between two inflections of  (T) in # 20 (those intervals are defined as T 

above). Then, a critical behavior of a = a* (1  c/ccr)
, similar to the behavior near the Anderson 
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transition [139], is expected inside T. Here ccr  c0  ycr, ycr corresponds to y-MIT,   1 and a* 

is the value of a far from y-MIT, given by the universal Mott criterion, Ncr
1/3 a*  0.25 [139], 

where Ncr = N0 (1  ycr). This yields the expression a (y)  0.25 [N0 (1  ycr)]
1/3 [(c0  ycr)/(y  

ycr)]. Substituting a (0.25)  2.0 Å, one finds ycr  0.18 between those of # 15 (y = 0.15) and # 20 

(y = 0.20). This means proximity of # 15 to y-MIT from the metallic side and closeness of # 20 

to y-MIT from the insulating side. This is in a complete agreement with metallic behavior of  

(T) in # 15 and activated behavior, accompanied with two inflections, of  (T) in # 20 in the 

interval T. The value of a*  0.25 [(1  ycr) N0]
1/3  1.1 Å is close to a  1.0  1.2 Å, found 

above in the temperature intervals T > TC outside T, where the y-MIT does not take place. 
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4. Conclusions 
 

In this work, the results of experimental investigations of the magnetic and transport properties 

of LaMnO3+δ (for 0  δ  0.154), La1-xCaxMnO3 (0  x  0.4), La1-xCaxMn1-yFeyO3 (with x = 0.3 

and 0  y  0.10) and La1-xSrxMn1-yFeyO3 (x = 0.3 and 0.03  y  0.25) are presented with the 

aim to emphasize the importance of the phase separation in formation of the magnetic and 

transport properties of manganite perovskites.  

 Investigations of La1-xCaxMnO3 (0  x  0.4) revealed the transition to a canted 

antiferromagnetic spin state for the compound with x  0.2 and c  0.26. The phase separation in 

a form of mixed ferromagnetic and spin-glass phases was observed. 

 Investigations of LaMnO3+δ (for δ = 0 – 0.154) established that at room temperature the 

crystal structure of this compound varied from orthorhombic (Pbnm) for δ = 0 to rhombohedrally 

distorted cubic (Pm3m) for δ = 0.065 – 0.112 and to rhombohedral (R3 c) crystal symmetry for δ 

= 0.125 – 0.154. The Shklovskii–Efros-like variable-range hopping conductivity is governed by 

a complex energy dependence of the density of the localized states near the Fermi level, 

comprising of a soft Coulomb gap Δ ≈ 0.43–0.48 eV and a rigid gap γ ≈ 0.14–0.17 eV, the latter 

being connected to formation of small polarons. The influence of pressure on TC, Δ, γ and a is 

interpreted by increasing of the electron bandwidth and decreasing of the polaron potential well, 

which stimulates the delocalization of electrons when p is increased. The pressure dependences 

of the macroscopic parameters, including Tv, the characteristic VRH temperature T0, TC and the 

prefactor constant A, as well as the pressure effect on the microscopic parameters such as the 

widths of the soft and the rigid gaps and the localization radius, can be attributed to increasing of 

the electron bandwidth and decreasing of the depths of the polaron potential well under pressure, 

both tending towards delocalization of the charge carriers. The first of these reasons, with 

prevailing steric effects, is more pronounced in the sample with larger δ (0.154) and strongly 

distorted rhombohedral crystal structure, while the second one, related to polaronic effects, 

dominates in the material having smaller δ (0.065) and weakly distorted cubic structure but a 

deeper polaron potential well. The hole distribution is more homogeneous in LaMnO3+δ and 

intrinsic lattice disorder is reduced in this compound with respect to La1-xCaxMnO3 due to 

absence of the Ca atoms creating the holes. This is also consistent with the negligible phase 

separation effect, as evident from the absence of the contribution of the hole-rich FM metallic 

regions in the nonmetallic PM matrix to the critical behavior of χ (T) near TC . Therefore, a likely 

reason for the absence of MIT in our LaMnO3+δ samples may be attributed to a connection of 

MIT with the phase separation in manganite perovskites. 

 Low field (B = 2 – 80 G) dc magnetic susceptibility, χ, is investigated in La1-xCaxMn1-
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yFeyO3 with x = 0.3 and y = 0.05 – 0.10. The non-uniform scaling of  (T) is observed, stemming 

from the phase separation effect. The VRH conductivity, governed by a complex gap in the 

DOS, is observed above TC. The temperature dependence of the prefactor 0 (T) is different for y 

= 0 and y > 0, reflecting an additional fluctuating short-range potential induced by doping with 

Fe. The latter, as well as the non-universal critical behavior of (T), is the consequence of the 

lattice disorder in LCMFO. 

The thermopower of LCMFO was investigated in the region of variable-range hopping 

conductivity. It is shown that in the paramagnetic insulating phase the thermopower can be 

interpreted in terms of the competing contributions of shifting of the centre of the gap in the 

density of the localized states and the cubic non-parabolicity of the gap, having opposite signs. 

The dependence of S on the temperature and the magnetic field is governed by the corresponding 

dependences of the characteristic VRH temperature T0 and the width of the rigid gap δ. The 

value of the shift of the gap and the contribution of the cubic term to the energy dependence of 

the density of the states obtained in this work, together with the magnetic field and temperature 

dependences of T0 and δ found from the analysis of the resistivity in the same material, provide 

an explicit quantitative agreement with the experimental data.  

The low-field magnetic behavior of La1-xSrxMn1-yFeyO3 is investigated. Coexistence of 

the FM and irreversible magnetic properties is observed. The strong decay of TC with Fe doping 

is connected to damping of the FM DE interactions by Fe3+. The asymptotic Curie-Weiss 

behavior well above TC yields the values of peff exceeding considerably those of single magnetic 

ions. The complex critical behavior of  (T) suggests existence of the percolative and non-

percolative or Heisenberg spin systems. The observed low-field magnetic properties are 

explained by the phase separation, pertinent to the manganite perovskites. 

Temperature dependence of the resistivity, , of ceramic La1-xSrxMn1-yFeyO3 samples 

with x = 0.3 and y = 0.03, 0.15, 0.20 and 0.25 is investigated between temperatures T ~ 5 and 310 

K in magnetic fields B up to 8 T. The VRH conductivity is observed in various temperature 

intervals above and below TC. The complicated behavior of the mechanisms of the hopping 

charge transfer, as well as of the microscopic parameters a and g, is attributable to different 

electronic and magnetic phases of La1-xSrxMn1-yFeyO3, varying with temperature and Fe doping.  
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Zakhvalinskii, Low-field magnetic properties of La1-xCaxMnO3 (0  x  0.4). J. Magn. Magn. 

Mater. 213, 271 – 277 (2000). 

In the phase diagram of LCMO is observed a transition to a canted antiferromagnetic spin state 

for the compound with x  0.2 and the Mn4+concentration c  0.26.  The dependence of the 

transition temperature, T1, on c is described by a model including the Mn3+- Mn3+ superexchange 

and the Mn3+- Mn4+double-exchange interactions. In the present work the phase separation in a 

form of mixed ferromagnetic and spin glass phases was observed and investigated for 0  x  

0.4. I have prepared samples, partly analyzed the data and partly wrote of the paper. 
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Kurbakov and A. E. Sokolov, Asymmetry of a complex gap near the Fermi level, determined 

from measurements of the thermopower in La1-xCaxMn1-yFeyO3. J. Phys.: Condens. Matter 16, 

881 – 890 (2004). 

The thermopower, S, of La0.7Ca0.3Mn1-yFeyO3 (y = 0 – 0.09), measured for T = 25 - 310 K and 

magnetic fields of B = 0 – 10 T, exhibits strong sensitivity to doping with Fe. The experimental 

data are analyzed quantitatively with a percolation model using results of our recent 

investigations of the Shklovskii–Efros-like variable-range hopping conductivity in the La1-

xCaxMn1-yFeyO3 samples with evidence for a soft Coulomb gap and a rigid gap in the density of 

states near the Fermi level. In this paper I prepared the samples, participated in measurements of 

the thermopower and writing of the paper. 
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Zakhvalinskii, Ph. Colomban, P. Petrenko, Yu. Stepanov, Lattice distortions, magnetoresistance 

and hopping conductivity in LaMnO3+δ. J. Phys.: Condens. Matter 17, 105 – 118 (2005). 

LaMnO3+δ is investigated at δ = 0 – 0.154. At room temperature the crystal structure varies from 

orthorhombic (Pbnm) for δ = 0 to rhombohedrally distorted cubic (Pm3m) for δ = 0.065 – 0.112 

and to rhombohedral (R3 c) crystal symmetry for δ = 0.125 – 0.154.  The resistivity is governed 

by a complex energy dependence of the density of the localized states near the Fermi level, 

comprising of a soft Coulomb gap Δ ≈ 0.43–0.48 eV and a rigid gap γ ≈ 0.14 – 0.17 eV, the 
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latter being connected to formation of small polarons. I carried out the samples preparation, took 

part in magnetic measurements and wrote partly the publication.  

 

Publication 4. R. Laiho, K. G. Lisunov, E. Lähderanta, M. L. Shubnikov, Yu. P. Stepanov, P. A. 

Petrenko, A. Khohulin and V. S. Zakhvalinskii, Variable-range hopping conductivity and 

structure of density of localized states in LaMnO3+δ under pressure. J. Phys.: Condens. Matter 18, 

10291 – 10302 (2006). 

Temperature dependence of the resistivity, ρ, of ceramic LaMnO3+δ with δ = 0.065 and 0.154, is 

investigated under hydrostatic pressure, p, between the temperatures T = 80 and 320 K in 

magnetic fields up to 10 T. The influence of pressure on TC, Δ, γ and a is interpreted by 

increasing of the electron bandwidth and of decreasing the polaron potential well, which 

stimulates the delocalization of electrons when p is increased. I carried out the samples 

preparation and took part in measurements under pressure. 
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Nekrasova, P.A. Petrenko, Low-field magnetic properties of La1-xSrxMn1-yFeyO3. J. Magn. 

Magn. Mater. (2010, submitted). 

Low-field magnetic behavior of La1xSrxMn1yFeyO3 (with x = 0.3 and y = 0.15  0.25) is 

investigated. Coexistence of the FM and irreversible magnetic properties is observed. The strong 

decay of TC with Fe doping is connected to damping of the FM DE interactions by Fe3+. The 

asymptotic Curie-Weiss behavior well above TC yields the values of peff exceeding considerably 

those of single magnetic ions. The complex critical behavior of  (T) suggests existence of the 

percolative and non-percolative or Heisenberg spin systems. The observed low-field magnetic 

properties of LSMFO are explained by the phase separation, pertinent to the manganite 

perovskites. I carried out the samples preparation, took part in magnetic measurements and 

wrote partly the publication.  
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S. Nekrasova, P. A. Petrenko and V. N. Stamov, Hopping conductivity of La1-xSrxMn1-yFeyO3.  J. 

Phys.: Condens. Matter 23, 015802 (8 pp) (2011). 

Resistivity of La1-xSrxMn1-yFeyO3 (x = 0.3 and y = 0.03, 0.15, 0.20 and 0.25) is investigated. The 

VRH conductivity is observed in various temperature intervals above and below TC, yielding the 

values of the microscopic parameter a,  and V. The sensitivity of  (T) and a to the electronic 

and magnetic phases of LSMFO, depending on T and y, is found. I carried out the samples 

preparation, took part in magnetic measurements and wrote partly the publication. 

86



ACTA UNIVERSITATIS LAPPEENRANTAENSIS 
 
 
371.   LASSILA, JUKKA. Strategic development of electricity distribution networks – Concept and methods.  

2009.  Diss. 
 
372.      PAAKKUNAINEN, MAARET. Sampling in chemical analysis.  2009.  Diss. 
 
373.   LISUNOV, KONSTANTIN. Magnetic and transport properties of II-V diluted magnetic 

semiconductors doped with manganese and nickel.  2009.  Diss. 
 
374.   JUSSILA, HANNE. Concentrated winding multiphase permanent magnet machine design and 

electromagnetic properties – Case axial flux machine.  2009.  Diss. 
 
375.   AUVINEN, HARRI. Inversion and assimilation methods with applications in geophysical remote 

sensing.  2009.  Diss. 
 
376.   KINDSIGO, MERIT. Wet oxidation of recalcitrant lignin waters: Experimental and kinetic studies.  

2009.  Diss. 
 
377.  PESSI, PEKKA. Novel robot solutions for carrying out field joint welding and machining in the 

assembly of the vacuum vessel of ITER.  2009.  Diss. 
 
378.      STRÖM, JUHA-PEKKA. Activedu/dt filtering for variable-speed AC drives.  2009.  Diss. 
 
379.   NURMI, SIMO A. Computational and experimental investigation of the grooved roll in paper machine 

environment.  2009.  Diss. 
 
380.  HÄKKINEN, ANTTI. The influence of crystallization conditions on the filtration characteristics of 

sulphathiazole suspensions.  2009.  Diss. 
 
381.      SYRJÄ, PASI. Pienten osakeyhtiöiden verosuunnittelu – empiirinen tutkimus.  2010.  Diss. 
 
382.   KERKKÄNEN, ANNASTIINA. Improving demand forecasting practices in the industrial context.  

2010.  Diss. 
 
383.  TAHVANAINEN, KAISA. Managing regulatory risks when outsourcing network-related services in the 

electricity distribution sector.  2010.  Diss.  
 
384.  RITALA, PAAVO. Coopetitive advantage – How firms create and appropriate value by collaborating 

with their competitors.  2010.  Diss. 
 
385.  RAUVANTO, IRINA. The intrinsic mechanisms of softwood fiber damage in brown stock fiber line 

unit operations.  2010.  Diss. 
 
386.   NAUMANEN, VILLE. Multilevel converter modulation: implementation and analysis.  2010.  Diss. 
 
387.      IKÄVALKO, MARKKU. Contextuality in SME ownership – Studies on owner-managers´ ownership 

behavior.  2010.  Diss. 
 
388. SALOJÄRVI, HANNA. Customer knowledge processing in key account management. 2010. Diss. 
 
389.  ITKONEN, TONI. Parallel-operating three-phase voltage source inverters – Circulating current 

modeling, analysis and mitigation. 2010. Diss. 
 
390. EEROLA, TUOMAS. Computational visual quality of digitally printed images. 2010. Diss. 
 
391. TIAINEN, RISTO. Utilization of a time domain simulator in the technical and economic analysis of a 

wind turbine electric drive train. 2010. Diss. 
 



392.      GRÖNMAN AKI. Numerical modelling of small supersonic axial flow turbines. 2010. Diss. 
 

393. KÄHKÖNEN, ANNI-KAISA. The role of power relations in strategic supply management – A value 
net approach. 2010. Diss. 

 
394. VIROLAINEN, ILKKA. Johdon coaching: Rajanvetoja, taustateorioita ja prosesseja. 2010. Diss. 

 
395.      HONG, JIANZHONG. Cultural aspects of university-industry knowledge interaction. 2010. Diss. 

 
396. AARNIOVUORI, LASSI. Induction motor drive energy efficiency – Simulation and analysis. 2010. 

Diss. 
 
397. SALMINEN, KRISTIAN. The effects of some furnish and paper structure related factors on wet web 

tensile and relaxation characteristics. 2010. Diss. 
 

           398. WANDERA, CATHERINE. Performance of high power fiber laser cutting of thick-section steel and 
medium-section aluminium. 2010. Diss. 

 
399. ALATALO, HANNU. Supersaturation-controlled crystallization. 2010. Diss. 
 
400. RUNGI, MAIT. Management of interdependency in project portfolio management. 2010. Diss. 
 
401. PITKÄNEN, HEIKKI. First principles modeling of metallic alloys and alloy surfaces. 2010. Diss. 
 
402. VAHTERISTO, KARI. Kinetic modeling of mechanisms of industrially important organic reactions in 

gas and liquid phase. 2010. Diss. 
 
403. LAAKKONEN, TOMMI. Distributed control architecture of power electronics building-block-based 

frequency converters. 2010. Diss. 
 
404. PELTONIEMI, PASI. Phase voltage control and filtering in a converter-fed single-phase customer-

end system of the LVDC distribution network. 2010. Diss. 
 
405. TANSKANEN, ANNA. Analysis of electricity distribution network operation business models and 

capitalization of control room functions with DMS. 2010. Diss. 
 
406. PIIRAINEN, KALLE A. IDEAS for strategic technology management: Design of an electronically 

mediated scenario process. 2010. Diss. 
 
407. JOKINEN, MARKKU. Centralized motion control of a linear tooth belt drive: Analysis of the 

performance and limitations. 2010. Diss. 
 
408. KÄMÄRI, VESA. Kumppanuusohjelman strateginen johtaminen – Monitapaustutkimus 

puolustushallinnossa. 2010. Diss. 
 
409. KARJALAINEN, AHTI. Online ultrasound measurements of membrane compaction. 2010. Diss. 
 
410. LOHTANDER, MIKA. On the development of object functions and restrictions for shapes made with 

a turret punch press. 2010. Diss. 
 
411. SIHVO, VILLE. Insulated system in an integrated motor compressor. 2010. Diss. 
 
412. SADOVNIKOV, ALBERT. Computational evaluation of print unevenness according to human vision. 

2010. Diss. 
 
413. SJÖGREN, HELENA. Osingonjakopäätökset pienissä osakeyhtiöissä. Empiirinen tutkimus 

osakeyhtiölain varojenjakosäännösten toteutumisesta. 2010. Diss. 
 
414. KAUPPI, TOMI. Eye fundus image analysis for automatic detection of diabetic retinopathy. 2010. 

Diss. 




