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Symbols

H, H magnetic field
M, M magnetization 
B, B magnetic flux density 
TC Curie temperature 

,  magnetic moment 
 susceptibility 
r relative permeability 
0 permeability of vacuum 
B Bohr magneton 

m electronic mass 
e electronic charge 
 Gyromagnetic ratio 

kB Boltzmann´s constant 
n Principal quantum number 
l orbital quantum number 
ml magnetic orbital quantum number 
ms spin quantum number 
J, L, S angular momentum vectors 
J, L, S atomic quantum numbers 
g Landé g-factor 
N Number of atoms or ions per unit volume 
J Exchange integral 
BS(x) Brillouin function 
f Form factor 
F(hkl) Structure factor 
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1. Introduction 

Perovskites belong to a large family of crystalline ceramics named after 
the mineral perovskite, CaTiO3. The mineral perovskite, first described in 
1830 by the geologist Gustav Rose, who named it after the famous Russian 
mineralogist Count Lev Aleksevich von Perovski. [1] At first it was thought 
that the unit cell of CaTiO3 could be described by calcium at the corners of a 
cube with titanium cation at the center and oxygen anions at the center of the 
faces as shown in Fig. 1.1.  

Figure 1.1 An ideal perovskite structure (A-cell setting), ABO3.

This primitive cubic structure has retained the name perovskite, even though, 
CaTiO3 was found to be orthorhombic by Megaw [2]. All the polycrystalline 
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ceramics which exhibit a structure similar to that of CaTiO3 are known as 
perovskites. Through the years it has been found that very few perovskite 
oxides have the simple cubic structure at room temperature but many acquire 
this ideal structure at higher temperatures and pressures.  An ideal perovskite 
has the general formula ABO3, where the A–site cations are typically larger 
than the B-site cations. In this structure the A cations are surrounded by 12 
oxygen anions,  the B cation by 6 oxygen anions, and oxygen anions are 
coordinated by two B-site cations and four A-site cations as shown in Figure 
1.2.

Fig.1.2 The ideal ABO3 perovskite structure, space group Pm3m (No. 221) .

Ideal perovskites have the cubic space group Pm3m(No. 221) . Most 
perovskites are ionic compounds and the ions constituting them are regarded 
to a first approximation as spheres with radii R.  For a unit cell of the struc-
ture shown in Fig 1.2, Goldshmidt [3] showed that if the A cations and the O 
anions have equal radii, and thus exactly fit the twelve–fold site, the length 
of the line O-A-O = 2RO + 2RA. The cube edge length, which is the length of 
the line joining B-O-B, equals 2RB + 2RO and thus, in the ideal case we have  
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RA+RO = 2 (RB +RO)   (1.1) 

where RA, RB, and RO are ionic radii of A, B, and O (oxygen) ions, respec-
tively. In the actual structures, there are differences in the sizes of the ions A, 
B, and O and the equality sign in (1.1) does not hold, and the above relation-
ship must be modified to include a proportionality constant known as the 
tolerance factor, t, defined by  

OB

OA

RR
RRt

2
 .                                       (1.2)  

Perovskites with space group, Pm3m(No. 221)  most often have t-values 
close to unity in the range 0.95  t 1.05, however there are exceptional ex-
amples with tolerance factor as small as 0.81 or as large as 1.11 [3]. This 
may suggest that CaTiO3 for which t=0.97, when RCa=1.34 Å, RTi=0.61 Å, 
and RO=1.40 Å, should have space group Pm3m(No. 221) . However, it is 
known that CaTiO3 has an orthorhombic structure at room temperature and 
atmospheric pressure, and acquires cubic structure only at higher tempera-
ture and pressure [2].  From this, we understand that although the tolerance 
factor is a general guide as to whether a given arrangement of ions may 
adopt the ideal perovskite structure, it has limited predictive value for the 
very structure of a particular set of anions and combination of cations at a 
given pressure and temperature. The value of t is a guide to the structural 
type, but is certainly not an indicator of the space group that a particular 
perovskite will adopt at room temperature and atmospheric pressure. This is 
because factors other than ionic radius size, such as metal-metal interactions, 
degree of covalency and Jahn-Teller effect play a role in determining the 
space group [4-6]. The perovskites, in general, may be classified structurally 
as: 1) Cubic, ideal perovskite type; 2) Tetragonal; 3) Orthorhombic; 4) 
Rhombohedral [2]. 

The magnetic and transport properties of the perovskite-type hole-doped 
compounds, R1-xDxMnO3(R= La3+, Pr3+, Nd3+ …; D= Ca2+, Sr2+, Ba2+, and 
Pb2+) were studied in the early 1950th by e.g. Jonker and Santen [7] and 
Zener [8]. Studies on this type of materials met an explosive revival in the 
late 1980th and early 1990th with the discovery of high temperature super-
conductivity and colossal magneto-resistance effect in such materials. Some 
Perovskite-type compounds possess electrical and magnetic properties that 
make them good candidate materials for different important technological 
applications such as ferroelectric and piezoelectric materials (BaTiO3), mag-
netoresistive materials ((Nd,Sr)MnO3) and semiconductor sensors (SrTiO3).
The magnetic perovskite oxide compounds have been intensively investi-
gated, not only because they possess physical properties which are important 
for technological applications, but also because their intriguing physical 
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properties are of great scientific interest. Different species of the Perovskites 
exhibit such diverse phenomena as ferromagnetic-metallic behavior at tem-
peratures below the Curie temperature (TC) and paramagnetic-insulator be-
havior above TC, antiferromagnetic behavior below the Néel temperature 
(TN), ferroelectricity, superconductivity and colossal magneto-resistance 
effect.

The objectives of the present work have been to make experimental stud-
ies on the synthesis, nuclear structure, and magnetic properties of the mag-
netic perovskite oxides of composition: Nd0.7-xMgxSr0.3MnO3 (x = 0.0, 0.1), 
Nd0.6Mg0.1Sr0.3Mn1-zMgzO3 (z = 0.1, 0.2), and LaCr1-yMnyO3 (y = 0.0, 0.1, 
0.2, and 0.3), and La1-xNdxFe0.5Cr0.5O3 (x = 0.1, 0.15, and 0.2). The materials 
have been investigated using X-ray powder diffraction, neutron powder dif-
fraction and magnetization measurements. 
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2. Fundamentals of Magnetism 

2.1 Background 
The magnetism of perovskite-like oxides is complex and exhibits examples 
from the simplest model behaviour of  dia-, para, ferro- and antiferromagnet-
ism to complex structures and frustration phenomena. A brief review of 
some fundamental concepts in magnetism therefore gives a helpful back-
ground to the work of this thesis. This chapter is largely based on material 
from Refs. [9-16] in the list or references. 

Every material that is put in a magnetic field acquires a magnetic mo-
ment. The magnetic moment per unit volume is called the magnetization and 
is denoted by M. In some materials M is proportional to the applied field, H,
that is

M = H,    (2.1) 

where  is a constant of proportionality and is called the magnetic suscepti-
bility of the material, and H is the macroscopic magnetic field within the 
material. 
The magnetic field induction (or flux density), B, is expressed as

B = 0 (H + BM)   (2.2) 

where B = 1 and 4  for the SI and Gaussian (cgs units) units, respectively, 
and 0 = 4 x10-7  Vs/Am and 1 for SI and Gaussian units, respectively. Al-
ternatively, the magnetic response can be expressed as:

B = H    (2.3) 

Where

 = 0 (1+ B ) = 0 r   (2.4) 
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is the magnetic permeability of the material. The material is classified as 
paramagnetic if >0 and r>1; and as diamagnetic if <0 and r<1, r is
called relative permeability. 

In ferromagnetic materials M is not proportional to the applied field H 
and its value is dependent on the history of the applied field. M may be non-
zero when H=0, actually M in ferromagnetic materials is not one valued 
function of H as can be seen from the hysteresis graph shown in Fig. 2.1. 

Fig. 2.1 Schematic representation of the hysteresis loop of a typical ferromagnetic 
material: here the virgin curve (dashed); a minor loop; the remanence, Mr; the satura-
tion magnetization, Ms, and the coercivity Hc are displayed. (Adopted from Aharoni 
[9].) 

The virgin curve (dashed) in Fig. 2.1(a) is obtained by applying a magnetic 
field on the demagnetized material, i.e., material whose magnetization, M is 
zero at H = 0. The outermost loop shown in the figure, known as the limiting 
hysteresis curve, is traced by applying a sufficiently large field in one direc-
tion, decreasing it to zero, and then increasing it to a large value in the oppo-
site direction, decreasing it to zero, and finally increasing it to a large value. 
This curve is reproducible in consecutive cycles of the applied field. The 
material can be demagnetized by either heating the sample to a higher tem-
perature than any magnetic transition temperature (T>TC), or by cycling the 
applied field with steadily decreasing amplitudes.  

To describe the response of a ferromagnet, an effective permeability at a 
particular value of the field H may be introduced, as  
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eff = HB
H

    (2.5) 

In the hysteresis loop, quantities such as remanence, Mr, saturation magneti-
zation, Ms, and coercivity, Hc, are indicated. The remanence or the remanent 
magnetization is the value of MH on the limiting hysteresis curve at H = 0. 
The saturation magnetization, or spontaneous magnetization, Ms is roughly 
the value of M at very large magnetic field, H. The coercivity Hc is the value 
of H for which MH = 0. 

Fig. 2.2 Spontaneous magnetization, MS, of a ferromagnet as a function of tempera-
ture, T, normalized to the Curie temperature TC. MS is normalized with its value at 
zero temperature MS(0). (Adopted from Aharoni [9]).  

The spontaneous magnetization is a function of temperature, a typical 
form of which is plotted in Fig. 2.2. The Curie temperature, TC, is the tem-
perature at which MS becomes zero at zero applied field. Ferromagnetic ma-
terials become paramagnetic at temperatures above TC.

Ferromagnetism was first qualitatively explained by Weiss in 1907. 
Weiss assumed that there is an internal (or molecular) field in ferromagnetic 
materials, which tries to align the magnetic moments of the atoms against 
thermal fluctuation. The assumption of the existence of the molecular field 
can explain the temperature dependence plotted in Fig. 2.2 and the paramag-
netism above the Curie temperature. In order to explain the field dependence 
of magnetization in Fig. 2.1, he assumed that ferromagnetic materials consist 
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of many domains, each of which is magnetized to saturation value MS(T),
but the direction of the magnetization vector varies from one domain to the 
other. An applied field causes domains with a component of their magnetiza-
tion vector along the magnetic field to grow at the expense of those with 
opposite orientation and finally rotates the magnetization to align along the 
field and reach the value MS(T).

2.2 The magnetic moment of a single free ion 
Electrons moving in a wire as well as orbiting a nucleus produce magnetic 
fields. The quantized nature of electrons gives the fundamental unit of mag-
netic dipole moment called the Bohr magneton B. Since the magnetic mo-
ment of an electron orbiting a nucleus is given by  = IA (where I is the cur-
rent of the orbiting electron and A is the area of the electron orbit) and its 
angular momentum is J = 2rmvrm , is quantized in units J = nh/2 ,
and hence the magnetic moment of an orbiting electron is given by 

2 4
e nehJ
m m

   (2.6) 

where e is the electron charge, m its mass, h is Planck´s constant, and n is a 
positive number. The magnetic moment is therefore quantized.     
The lowest quantized non-zero value (n = 1) for  gives

m
eh

B 4
,    (2.7) 

where B is called the Bohr magneton.   
More generally, the magnetic moment is given by 

 = J,    (2.9) 

where  is  called the magneto-mechanical ratio (gyromagnetic ratio). For the 
orbital motion of an electron  = -e/2m, and for pure electron spins = -e/m. 

In trying to understand the magnetic properties that are observed experi-
mentally, we are concerned with the way in which all the atoms and elec-
trons in the solid interact. The state of an electron in an atom can be de-
scribed by four quantum numbers n, l, ml, and ms. A given electron shell, 
defined by electrons all having the same principal quantum number n, is full 
when it contains 2n2 electrons. The orbital quantum number for a given n 
takes the values 0, 1, 2, … (n-1); the magnetic quantum number for a given l 
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has (2l+1) possible values, -l, (-l+1), . . .0, …(l-1), l; and the spin quantum 
number ms = 1/2. Thus for any allowed value of l there are 2(2l+1) levels.
The values of l are: 

Symbol s p d f g h … 
l 0 1 2 3 4 5 …   

The most important magnetism in solids arises from incompletely filled 3d 
electrons and 4f electrons in the first transition series and the rare earth ele-
ments, respectively.  

The way electrons combine in an atom to produce a stable state of least 
energy (the ground state) is governed partly by the relative magnitudes of the 
energies of spin-orbit, aikli.sk; the orbit-orbit interaction, bikli.lk; and the spin-
spin interaction, ciksi.sk. Here the vectors li,k and si,k represent respectively the 
orbital and the spin angular momenta of the ith and the kth electrons of the 
atom. For the spin-orbit interaction, the orbital angular momentum of a given 
electron interacts more strongly with its own spin than with the spins of 
other electrons, i.e., ii ika a . iia  is determined largely by the coupling 
strength between li,k and si,k through the interaction of both with the nuclear 
charge, it is largest for heavy atoms with many electrons. Experimentally, it 
is known that in most cases, except for the heaviest elements, the spin-orbit 
constants ii ika and a are small compared with ik ikb and c .

All the spins in an atom combine to form the resultant vector S and all the 
orbital moments form the resultant vector L. S and L are the corresponding 
atomic quantum numbers. The vectors S and L combine to form a resultant 
vector J whose quantum number J may have the values 

, 1 ,... 1 ,J L S L S L S L S   (2.10) 

The values of L, S, and J are chosen by Hund´s rules. Hund´s rules state that: 
1. The combination of spins si that gives the lowest energy is the one that has 
the highest value of (2S+1). 
2. If, when (1.) is satisfied L can have several values all having the same 
value of (2S+1), that with the largest L will be the most stable.  
3. If the shell is less than half full, then J= SL , and if the shell is more 
than half full, J= SL .

2.3 Diamagnetism 
Diamagnetism is associated with the tendency of electrical charges to shield 
partially the interior of a body from the effect of an applied field. The mag-
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netization in diamagnetic materials is an induced one and hence is directed 
anti-parallel to the applied field resulting in a negative, very small and tem-
perature independent magnetic susceptibility. In a simple element of atomic 
number Z, an average radius of the electron ‘orbits’ <R2> and N atoms per 
unit volume, the classical Langevin expression for the diamagnetic suscepti-
bility is 

2
20

6
ZN e R

m
    (2.11) 

All substances possess a diamagnetic contribution to the magnetic response, 
but since diamagnetism is weak it is often masked by other magnetic effects. 

2.4 Paramagnetism 
Paramagnetism is due to the presence of permanent atomic magnetic mo-
ments. It is related to the tendency of a permanent magnet to align itself in 
the direction of magnetic field such that its dipole moment is parallel to the 
field. When a field is applied on a paramagnet, it becomes magnetized and 
the low field response depends linearly on the applied field. 

Some examples of systems that possess permanent magnetic moments 
are: atoms, molecules, an odd number of electrons in lattice defects, all free 
atoms and ions with a partly filled inner electron shells, transition elements, 
rare earth and actinide elements, and a few compounds with an even number 
of electrons including molecular oxygen and organic bi-radicals. 

Consider an ensemble of atoms, and assume that each of the atoms has a 
fixed magnetic moment  with magnitude Bg S , where g is the Landé 
factor given by 

1 ( 1) 1
1

2 1
J J S S L L

g
J J

  (2.12) 

If H is directed along z-axis, the component of  along the field direction at 
temperature T is according to Maxwell-Boltzmann statistics 

z

z

H
z

z H

e
e

   (2.13) 
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where 1

Bk T
.  Using Eq (2.13) and noting that the allowed values of Sz

can only assume the (2S+1) discrete values –S, -S+1... S, we find that 

z B
S

B

S g SHB
S k T

   (2.14) 

where <Sz> = z

Bg
, and the function 

2 1 2 1 1coth coth
2 2 2 2S
S S xB x x

S S S S
 (2.15) 

is the Brillouin function. For small values of the argument x= B

B

g SH
k T

 , Eq. 

(2.14) becomes 

1
3

B
z

B

g S S
S H

k T
   (2.16) 

From this the Curie law follows 

0z B zM Ng S C
H H T

  (2.17) 

where N is number of spins per unit volume, and C the Curie constant 

20 1
3 B

B

NS S
C g

k T
   (2.18) 

For a very large argument, coth x 1, and Eq. (2.15) implies 

1SB     (2.19) 

It means that at very large applied fields the magnetization saturates. The 
saturation cannot be observed in most paramagnets, because the available 
magnetic fields are not large enough to reach that region. It is seen, however, 
that the argument in Eq (2.14) is SH/T, rather than just H. Therefore; satura-
tion can be attained at very low temperatures. It can also be observed when S 
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is large, which can be achieved by a special phenomenon known as super-
paramagnetism.  In normal materials, S is the spin quantum number of a 
single atom, and is of the order of 1. However, under certain conditions, S is 
the resultant of the spins of many atoms, which are coupled together. In this 
cases S can be of the order of 103 or 104

B, and rather small fields are suffi-
cient to reach saturation.

2.5 Ferromagnetism and antiferromagnetism  
Ferromagnetism results when adjacent magnetic moments are aligned in the 
same direction below the Curie temperature due to quantum mechanical 
exchange interactions. Above the Curie temperature, ferromagnets become 
paramagnets. The atomic spins of ferromagnets interact with each other in a 
cooperative way. This can be expressed as an exchange energy between 

 and i jS S , which is proportional to i jS S . In an applied field, H, the total 
magnetic energy of a system is given by  

´ ij i j B i
íj i

E J gS S S H                                           (2.20) 

where Jij are called exchange integrals, if Jij >0, parallel spins have lower 
energy than anti-parallel, thus the interaction favours ferromagnetism, and if 
Jij <0, it favours antiferromagnetism. 
In  the molecular field approximation or what is commonly called the mean 
field approximation a particular spin, Si, is considered as special and other 
spins, Sj, are replaced by their mean value,  Sj ,

Ei = -2 ij
j

J Si
. Sj   - g Bsi

.H  =  - Si Hi (2.21)

where

Hi = g BH  + 2 ij
j

J Sj    (2.22) 

The exchange interaction between the spins has thus turned out to be equiva-
lent to an interaction of each spin with an effective field, Hi, which is non 
zero even the real applied field H vanishes. Hi is known as Weiss molecular 
field or just Weiss field, and it is often called the mean field. 
In this way the problem of ferromagnetism has been reduced to the problem 
of isolated spins interacting with an applied field, similar to the problem of 
paramagnetism. Only here the energy is S . H, whereas, in paramagnetism the 
energy is g BS.H. The z-component of Si becomes 
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Siz   = SBS
i

B

S
k T
H    (2.23)

where Hi is defined in Eq. (2.22). 
Now the particular spin is untagged: on the average there is no difference 
between that spin and any other and therefore, we may write the spin vectors 
without index, i and j and Eq (2.23) becomes after substituting Hi from Eq 
(2.22)

Sz   = SBS 2B z ij
B j

S g H S J
k T

 (2.24) 

When the exchange integral between nearest neighbours is negative, i.e., 
J<0, it tends to align the neighbouring spins antiparallel with each other; 
materials having such spins alignment are called antiferromagnets. The the-
ory of antiferomagnetism was presented by L. Néel, who considered a crys-
talline material, made out of two sub-lattices, which are constructed in such 
a way that the nearest neighbour of each spin belongs to the other superlat-
tice, with which it interacts by an antiferromagnetic exchange coupling, J<0. 
Assume that, besides the p nearest neighbours in the other sublattice, each 
spin also interacts with p´ neighbours within the same sublattice by a ferro-
magnetic coupling, +J´ such that in order to maintain a basically antiferro-
magnetic case J´<< J. Denoting the z-component of the spin in each sublat-
tice by S1 and S2, respectively, the effective fields on each of them are, ac-
cording to Eq (2.22) 

H1 = g BH + 2p´J´<S1> - 2pJ<S2>  (2.25) 

H2 = g BH + 2p´J´<S2> - 2pJ<S1>  (2.26) 

Substituting in Eq (2.23), we obtain 

<S1> = SBS 1 22 2B
B

S g H p J S pJ S
k T

(2.27)

and

<S2> = SBS 2 12 2B
B

S g H p J S pJ S
k T

(2.28)
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For the case H = 0 the two equations become the same if <S1> = - <S2>.
Therefore, the solution is that the magnetization is the same for both sublat-
tices, only in opposite directions, and each of them is a solution of  

<S> = SBS ( 2 2 )
B

S p J pJ S
k T

(2.29)

The order disappears in antiferromagnets at the Neel temperature. Anti-
ferromagnetic order can be observed by neutron diffraction, and it can be 
also seen by nuclear magnetic resonance and Mössbauer effect. The exis-
tence of antiferromagnetism may also be detected from measurement of the 
specific heat, or from the susceptibility above the Neel point. 

The solution of Eq (2.24) or (2.29) is zero in zero applied fields for any 
temperature above TC or TN. At temperatures T>TC, thermal fluctuations 
overcome the exchange interaction between spins, thus eliminating the fer-
romagnetic or antiferromagnetic order and making the material disordered or 
paramagnetic. In the high temperature region, the Brillouin function may be 
approximated by the first term of a power series expansion. Thus, at high 
temperatures expressions for <S1> and <S2>  can be approximated by the  
first term of the power series of Brillouin function, that is 

<S1> = 1 2
1

2 2
3 B

B

S S
g H p J S pJ S

k T
(2.30)

and

<S2> = 2 1
1

2 2
3 B

B

S S
g H p J S pJ S

k T
(2.31)

Adding the two linear equations together and solving for  

1 2totalS S S 2 1
( ´ ´ )

3 B total
B

S S
g H S p J pJ

k T
         

total
B

CH S
g T T

   (2.32)

where
22 1

,
3 B

B

S S
C g

k
2 1

´ ´
3 B

S S
pJ p J

k
 (2.33) 
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Therefore the total magnetic moment is 

z B total
CHM g S

T
    (2.34)

This temperature-dependence is known as the Curie-Weiss law. It applies 
both for ferromagnets and for antiferromagnets. It is more usually expressed 
in terms of the susceptibility, 

C
T

    (2.35) 

The physics of ferro- and antiferromagnetic materials has been exten-
sively investigated experimentally and further understood by advanced theo-
retical models during the last century. However, the simple Curie-Weiss law 
(2.35) provides a straight forward and very important tool to derive two fun-
damental magnetic quantities of real materials: The Curie constant which 
yields the effective magnetic moment peff=g2J(J+1), and  the Weiss constant 
which informs about the nature of and quantifies the size of the interaction.

2.6 Other ordered magnetic structures 
When the magnetic moments in the two sublattices are not the same in mag-
nitudes, the reason being either because they are made of atoms of different 
materials, or the ions are not the same, e.g., Fe2+is in one sublattice and Fe3+

on the other, then the exact cancellation of the opposite magnetization in the 
two sublattices is not possible. Here an antiferromagnetic coupling between 
the two sublattices leads to a partial cancellation of the magnetic moment. 
The net magnetization at low temperatures is not zero. Materials satisfying 
this condition are called ferrimagnets. 

Before Néel came up with the theory of antiferromagnetism, the ferri-
magnets were thought to be of the same class as ferromagnets. The oldest 
known permanent magnet is the magnetite, Fe3O4, which is a ferrite. Accord-
ing to the classification of Néel, it is a ferrimagnet, and not a ferromagnet.      

Besides the common collinear magnetic systems in which all the atomic 
magnetic moments in a domain lie parallel to or antiparallel to a single direc-
tion, there are special cases in which non-collinear arrangements occur. This 
behavior was first found in the intermetallic compound MnAu2, which orders 
in a helix structure with a transition temperature of 365 K, but under the 
influence of a strong field in the ordered state undergoes a transition to a 
quasi-ferromagnetic state.    
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3. Exchange Interaction in Magnetism 

3.1 The Heisenberg exchange interaction: Direct 
exchange interaction 
The commencement of a successful theory of ferromagnetism is found in the 
theory due to Weiss which proposes the use of an internal magnetic field 
(molecular field). This theory gives a good first approximation to the ob-
served behaviour of ferromagnetic materials, but there was no realistic sug-
gestion as to the physical origin of the internal magnetic field. Later, after 
the emergence of quantum mechanics, Heisenberg [17] suggested that the 
interaction which gives rise to the possibility of the existence of ferromag-
netism is the exchange interaction. The exchange interaction is purely quan-
tum-mechanical in origin, and it arises because the wave function of a num-
ber of identical particles, such as electrons, must be antisymmetrical with 
respect to the interchange of any two of the particles. Whenever two electron 
wave functions overlap, the Pauli principle applies to the region of overlap. 
Applying the Pauli principle we find that if the orbital wave function is sym-
metrical, then the spins must be antisymmetrical and vice versa. This leads 
to a correlation of the spins on the two electrons, which is all that is required 
to cause a magnetically ordered state. The correlation can be expressed in 
terms of energy. The interaction energy is proportional to s1.s2, where s1 and 
s2 are the spins of the two electrons. Heisenberg suggested that the spin-spin 
exchange interaction may be represented by the following Hamiltonian 

HHeis = -2J s1.s2    (3.1) 

Where J is the exchange integral. 
In a solid each ion is surrounded by many neighbouring ions and thus it is 

necessary to sum the exchange over all the electrons contributing to this 
energy so that  

Heis ij i j
i j

H J S S    (3.2) 
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Here Jij is an exchange integral. The Si and Sj are the vector spins of ith and 
jth lattice ions respectively. The sum is over all pairs of lattice ions. J>0 
leads to ferromagnetism and J<0 leads to antiferromagnetism. 

The exchange interaction discussed above is appropriate for two 
neighbouring atoms with direct overlap with their electron wave functions, 
and therefore, is called direct exchange. This mechanism is not applicable in 
magnetic cations of transition metal oxides as the neighbouring cations are 
far apart from each other separated by an oxygen anion between them. Also, 
in the case of the 4f electrons (spins) of rare earth metals they are placed so 
deep inside the atomic core that their wave functions do not overlap with the 
wave functions of neighbouring atoms. The radii of the 4f electron shells are 
about 0.3 Å and the 4f electrons are at a distance of 3 Å from the neighbour-
ing atoms. In addition the 4f electrons are well screened by 5s and d elec-
trons.

3.2 Superexchange
In transition metal oxides, the magnetic interaction between the magnetic 

ions occurs via the non-magnetic oxygen anion situated in the line joining 
the magnetic cations, and to describe this kind of interaction, an indirect 
exchange mechanism applicable to metal oxides called superexchange was 
proposed [18,19]. The spins of magnetic cations are coupled indirectly 
through intervening oxygen anions. The superexchange mechanism operates 
in the antiferromagnetic compound MnO, which has the structure of sodium 
chloride (space group Pa-3, No. 205). In this compound, the Mn2+ ions lying 
in the corners with an anion in-between are strongly correlated and have 
spins which are always antiparallel to each other, while the nearest 
neighbour Mn ions without oxygen in between are not strongly correlated.  
The strong interaction is through the anion, which in this case has its outer 
electrons in a p- state. The p-wave functions (charge density) extend out-
wards from the anion in opposing lobes. The two electrons, one electron in 
each lobe, have opposite spins satisfying the Pauli Exclusion Principle. 
These lobes overlap with, and mix with, lobe of d-electrons extending out 
from each Mn2+ cation. Only like spins are mixed, and thus lowering the 
total energy when the Mn2+ cations on each side have their spins oppositely 
oriented, and leads towards antiferromagnetism, which is strong along the 
line containing the anion. 

There are different kinds of superexchange interaction, as illustrated in 
Fig. 3.1. Electron transfer can only take place between a p  orbital and the eg
orbital ( -transfer), or between a p  orbital and the t2g ( - transfer). As 
shown in Fig. 3.1, for a given interatomic separation, the orbital overlap 
involved in - transfer is greater than it is in - transfer, and hence a -
transfer process is the stronger. 
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Fig. 3.1 Change of electron charge distribution around interacting cations and oxy-
gen anions in superexchange coupling by a) - transfer, b) - transfer. (Adopted 
from Ref. [10].) 

3.3 Double Exchange Interaction 
 The ferromagnetic alignment of spins in manganites such as Nd1-x 
SrxMnO3, for example, is a consequence of double exchange interac-
tion between neighboring magnetic ions which was proposed by Zener 
[8]. In the arrangement:    

Mn3+ – O2- – Mn4+,

simultaneous transfer of an electron from Mn3+ to O2- and from O2- to Mn4+

causes high electrical conductivity and parallel orientation of the magnetic 
moments of the Mn3+- and Mn4+-cations. Zener considered that the intera-
tomic Hund rule exchange was strong and that the carriers maintain their 
spin orientation when hopping from one ion to the next, so they can only hop 
if the spins of the two magnetic ions are parallel. This ferromagnetic interac-
tion is favoured when the magnetic ions are fairly well separated and con-
duction electrons are present.
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Fig. 3.2. Schematic diagram of the double-exchange mechanism: The two states 
Mn3+-Mn4+ and Mn4+-Mn3+ are degenerate if the spins of Mn3+ and Mn4+are parallel. 
(Adopted from ref. [20])    

In the double exchange mechanism, the Mn3+ and Mn4+ ions are separated by 
an O2- ion as illustrated in Fig 3.2. This indirect coupling by the oxygen ion 
by means of the double exchange is different from the indirect coupling in-
troduced by Kramers [18]. In the double exchange, the system is inherently 
degenerate owing to the presence of Mn ions of two charges. The double 
exchange always leads to a ferromagnetic alignment of spins, wheras, the 
superexchange is frequently antiferromagnetic. In the superexchange, only 
excited states are degenerate. The superexchange via these excited states 
leads to an antiferromagnetic alignment of spins.   

3.4 Indirect exchange by polarization of the conduction 
electrons
A mechanism of magnetic coupling between localized magnetic moments in 
metals depends on the ability of the conduction electrons to interact mag-
netically with the local magnetic moments and to propagate between differ-
ent magnetic positions. The mechanism is known as the RKKY (Ruderman 
Kittel Kasuya Yosida) interaction [21-23]. According to the RKKY theory 
the strength of the magnetic coupling between atomic moments at a distance 
R apart varies according to:  

3 cos 2RKKY FJ R k R     (3.3) 

where kF is the Fermi wave vector of the conduction electrons. 
The important properties of this magnetic coupling are: 1) the magnetic 

interaction has a long range character, much longer range than that of direct 
exchange involving charge overlap between adjacent atoms. 2) There is an 
oscillatory nature of the strength of the interaction with distance R.  
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4. Experimental Techniques 

4.1 Preparation of materials 
There are many methods that can be used to synthesize solids. Some solids 
can be prepared by a variety of routes and others, especially those which are 
thermodynamically unstable, need to be prepared using special methods. 
Samples may be prepared in various forms:  polycrystalline powders, films, 
fibers, single crystals etc. Perovskite compounds, for example, are prepared 
as polycrystalline powders, single crystals, or thin films. Here we review 
solid state reaction method and briefly the sol-gel method. [24] 

The standard solid state reaction method has been used for the producing 
most of the samples studied in this thesis. In this method, powdered reactants 
are weighed in stoichiometric amounts and thoroughly mixed, usually in 
ethanol, pressed into pellets and then fired in a furnace for prolonged periods 
which can be a week or more. The processes that leads to the final product 
are intrinsically slow because although the initial powder reactants are well 
mixed at the level of individual particle size (on the scale of 1 m), they are 
yet very inhomogeneous on the atomic scale. Very high temperatures are 
required so that ions have sufficient thermal energy to, occasionally, vibrate 
or hop out of one site into an adjacent vacancy or interstitial site. With the 
formation and growth of the required product, the reactants are increasingly 
separated from each other by the product material and this makes difficult 
for the solid state reactions to proceed easily. One important way to acceler-
ate reactions is to frequently grind the partially reacted mixtures; this acts to 
break up reactant/product interfaces and to bring fresh reactant surfaces into 
contact. Another way is if gas- or liquid-phase assisted transport of matter 
can occur, in which case reactants may be brought together without the need 
for long-range solid state diffusion. A small amount of liquid or gaseous 
transporting agent may be very effective in giving enhanced reaction rates. 
After each firing of the pellets, the samples are ground and checked using X-
ray powder diffraction technique whether they are single phase or not.  

In the solid state reaction process, all the ingredients necessary to form 
the required product are present at the interfaces of the grains of the thor-
oughly mixed starting powders. The first stage in the synthesis process is the 
nucleation of small crystals with the stoichiometry and structure of the re-
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quired product. For the nuclei to be stable, they must be several tens of ang-
strom across, i.e., the nuclei must be considerably larger than a single unit 
cell, and thus contain many tens of atoms. The critical size of the nuclei 
represents a balance between the negative free energy of formation of the 
required product, inside the nuclei and the positive surface energy of the 
nuclei. If the nuclei are too small, the surface area to the volume ratio is too 
large and the nuclei are unstable.

The different polycrystalline samples studied in this thesis were prepared 
from the powders of La2O3 (99.9%) ,Nd2O3 (99.9%), SrCO3 (99.67%), MnO 
(99.6), MnO2 (99. 6), Fe2O3(99.5%), and Cr2O3(99%).  As the rare earth 
oxides easily absorb moisture from the air, they were heated in a furnace in 
an oxygen atmosphere at 900 ˚C for 12h.  After that, stoichiometric quanti-
ties of these powders were mixed in ethanol in an agate mortar and the 
mixed powders were put in alumina boats and heated in a furnace in air at 
950 ˚C for 15 h. Then the powders were ground for prolonged time (30 min) 
in an agate mortar to fine powders and then pressed into tablets under a pres-
sure of 6 Ton and heated in the furnace in air at 1100 ˚C for 48 h. Repeated 
grinding, pressing into tablets, and heating in the furnace for prolonged pe-
riod are carried out until single phase with the intended composition is ob-
tained. In the preparation of samples studied in this work, maximum sinter-
ing temperature of 1350 ˚C was used.

Sol-gel synthesis is used to prepare a wide variety of materials, and also 
offers the possibility to control the size and shape of particles in the materi-
als. This method is a wet chemical and physical multistep process which 
includes hydrolysis, polymerization, drying and densification [25]. The sol-
gel synthesis involves the preparation of a sol, which is a dispersion of the 
solid particles in a liquid. The sol is prepared by mixing concentrated solu-
tion containing the cations of interest, with an organic solvent as dispersion 
medium. The sol can be destabilized by adding water leading to the forma-
tion of gel. If large amount of water is added colloidal gel and if small 
amount of water and slowly is added polymeric gel is formed [26]. Fast re-
moval of the dispersion medium leads to a powder. The final product is ob-
tained by compaction and sintering at the appropriate temperature (usually at 
low temperature compared to that in solid state reaction method).   

4.2 Powder Diffraction 
X-ray and neutron powder diffraction are two well-established and versatile 
methods to study the solid state. Both can be used for qualitative and quanti-
tative analysis and since the 1970th very successfully for studying the crystal 
and magnetic structure by using the Rietveld technique. The differences 
between the two techniques will be briefly discussed below together with a 
short outline of the Rietveld technique. 
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4.2.1 X-ray diffraction.  
This is the original diffraction method invented by von Laue and his students 
in 1912. The diffraction pattern, which can be obtained either by a photo-
graphic method (Hägg-Guinier camera) or an electronic registration in a 
diffractometer, is a unique fingerprint for a powder sample. The amount of 
sample needed for an investigation is only some tenth of a gram. X-rays are 
scattered by the electrons, which means that heavy atoms with many elec-
trons dominate the diffraction pattern and the information from light atoms 
can be difficult to obtain. Anyhow, powder x-ray diffraction is a fast and 
safe way to make the first analysis and characterisation of a synthesised 
sample. 

4.2.2 Neutron diffraction  
In contrast to x-rays the neutrons are scattered by the nuclei of the atoms. 
The consequence of this is very important. The scattering power is not pro-
portional to the number of electrons but a function of the energy levels in the 
nuclei. Light atoms scatter equally good or even better than heavy atoms, 
which makes it possible to study all atoms with about the same precision. 
This is a great advantage in materials research as many technically useful 
materials are a mixture of light and heavy atoms. The amount of sample 
needed for a successful experiment is 10-20 grams and still the data collec-
tion time is days and not hours as with x-rays. 

4.2.3 Magnetic neutron diffraction
The neutron has one unique property, which distinguishes it from all other 
radiation. The neutron has a magnetic moment. The interaction between the 
neutron moment and the magnetic moments in the sample results in some 
extra, magnetically scattered neutrons.  

4.2.4 The Rietveld method 
Before 1969, when Rietveld published his paper “A Profile Refinement 
Method for Nuclear and Magnetic Structures” [27], powder diffraction was 
solely used for unit cell determination. However, Rietveld showed that much 
more information could be extracted from a powder diffractogram if the 
whole profile was analysed.  



29

21
21

2

x

f x e    (4.1) 

Rietveld’s two basic assumptions were: The form of a Bragg reflection is 
very close to a Gaussian (a normal distribution curve) and the half width of 
the reflection can be described with a polynomial of the form  

H2 = U tan  + V tan2  +W   (4.2) 

where H is the half width for a certain 2  value and U, V and W are parame-
ters, which can be varied in the least-square procedure. 
The standard deviation for a Gaussian is 

2 2ln 2
H      (4.3) 

Inserting this into the Gaussian equation will give 

2
2 222ln4

2
2ln22 kHe

H
xf   (4.4) 

A Bragg reflection can then be described with the formula  

Yi = Ik exp [-bk(2 i-2 k)2]   (4.5) 

Yi is the intensity on step 2 i for the Bragg reflection k with maximum inten-
sity Ik at 2 k, bk is a short form for 4ln2/Hk

2 and

./2ln2.... 2 HLjFtI kkkk   (4.6)                        

where t is the width of the detector (which is absorbed by the scale factor), 
Fk the structure factor for the reflection k,

2 j j ji hx ky lz
k j

j

F F hkl f e   (4.7) 

the factor jk is the multiplicity of reflection k dependent on the overlap of 
equivalent reflections such as  1 0 0,  0 1 0 and 0 0 1 in a cubic unit cell.  
Lk is the geometrical Lorentz factor. 
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The overlap problem, which has been the main disadvantage with the pow-
der method, is solved by adding to each step the contribution for all overlap-
ping reflections 

2
i,calc H H H H H i H ib

H

Y c t F j L A T (2 2 ) y  (4.8) 

where c is a scale factor, AH is a correction for asymmetry at low 2  angels, 
TH the transmission,  the profile function and yib the backraound at step i. 
The least square procedure includes a minimisation of the function,  

2
i i,obs i,calc

i

w (Y Y )    (4.9) 

which is carried out by varying the scale factor, the instrument parameters 
and the structure model. The summation is over all steps in the whole pro-
file. The weight wi of each step is 1/ 2 (yiobs).

The improvement of the model can be followed by inspection of the plot of 
the profiles and the percentage errors (residuals) expressed in different ways.  
The residual calculated on the profile 
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The weigthed residual calculated on the profile 
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The expected R-value (based on statistics only) 
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where N is the number of observations and P the number of  parameters re-
fined. The Bragg R-value (most similar to R-values obtained from single 
crystal refinements) 

k
obsk

k
calckobsk

B I

II
R

,

,,

   (4.13) 

Ik,obs is the observed integrated intensity of reflection k. The value is calcu-
lated assuming that the intensity from each step can be distributed to all re-
flections contributing to this step in a proportion according to the calculated 
intensity. All steps within  1.5 times the halfwidth around 2 k are then 
added. This means that the distribution is very much dependent on the 
model, e.g. if the model has a zero intensity for a certain reflection, then the 
observed intensity will also be zero. 

The Goodness of the fit 

2

exp

2

R
Rwp     (4.14) 

gives some indication on the likelihood of the model. If the refined model is 
correct the R-values are usually lower than 10 %, often lower than 5 %. Rp
and Rwp are very sensitive to the quality of the powder and accordingly the 
form of the profile. Therefore an R-value above 10 % does not necessarily 
mean that the structure is wrong. The RB-value is however usually low even 
when the profile description is bad and as a rule lower than Rp and Rwp.

The magnetic scattering is formally treated as a separate phase. The scat-
tering can be divided in two parts and so also the structure factor 

F(hkl) = Fnucl + Fmag   (4.15)

Where Fnucl is as described above and 

n2 i(hx )
magF n nky lz

n n
n

q p e   (4.16) 

qn is a vector describing the magnetic interaction qn =  ( K) -K 
K is a unit vector in the direction of the atomic magnetic moment and  is a 
unit vector perpendicular to the reflecting planes. The magnitude of q is 
sin  where  is the angle between and K. This means that the magnetic 
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intensity is proportional to the projection of the moment on the reflecting 
plane.

The magnetic scattering amplitude p is the counterpart to the nuclear scat-
tering amplitude b and can be accurately calculated in contrast to b 

2

2P e Sf
mc

    (4.17) 

S is the total spin and f is the magnetic form factor curve and the product of 
the constants is usually rounded to 0.54. As the magnetic scattering comes 
from the interaction with unpaired electrons the form factor curve is no 
longer independent of the scattering angle. In fact it falls off even faster than 
for x-rays because the unpaired electrons are in the outer shells. Magnetic 
Bragg peaks with observable intensity are only found at low angles. 

4.3 Magnetization measurements
Macroscopic magnetic properties of materials are derived from magnetiza-
tion and susceptibility measurements in different kinds of magnetometer 
systems. The magnetization measurements in this thesis were performed on a 
Quantum Design MPMS XL superconducting interference device (SQUID) 
magnetometer. This system is configured with a 5 tesla superconducing 
magnet and measurements can in the ordinary cryostat of the system be 
made in the temperature range 1.9 K to 400 K.   
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5. Crystallographic and Magnetic Properties of 
Distorted Perovskites

Although the ideal perovskite, space group Pm3m , is cubic, the majority of 
the ABX3 perovskites are distorted derivative structures, which means that 
they are related to the basic structure by suppression of one or more symme-
try operations in the space group of the basic structure. Some of the possi-
bilities for this to occur are the rotation or tilting of the octahedral polyhedra 
and the displacement of the B-site cations from the centers of the octahe-
dron.

5.1 Octahedron Tilting 
Octahedral tilting arises when the size of the A-cation is too small for the 12-
fold site within the BO6 polyhedral framework. In order to fill space created 
in the A-site, the octahedra tilt about the pseudocubic axes. During tilting, 
the BO6 octahedra are considered to be rigid, but not necessarily ideal: their 
corner-sharing connectivity is not affected and the symmetry of the distorted 
phase is not changed by A-cation displacements.  Tilting causes changes in 
the A-O bond lengths, possible changes in the A-site coordination and reduc-
tion in symmetry from the ideal space group Pm3m  to the space group of 
the distorted derivative. The currently most used notation to describe octahe-
dral tilting was introduced by Glazer [28]. According to this notation a tilt 
system is described in terms of rotation of the BO6 polyhedra about any of 
the three orthogonal Cartesian axes. These axes are coincident with the three 
axes of the ideal cubic unit cell. In the general case of unequal angles of 
rotation about the x, y, and z axes, the rotation is specified by a, b, and c 
degrees, with the sense of rotations in successive layers of the octahedral 
perpendicular to the rotation axis given as superscripts. A positive super-
script is used to indicate tilt of the octahedra in successive layers in the same 
direction, whereas a negative superscript indicates rotation of neighboring 
octahedra in the opposite sense. Fore example the notation a+b+c+ indicates 
three unequal angles of rotation about x, y, and z, with octahedral in adjacent 
layers perpendicular to x, y, and z rotating in the same sense. The notation 
a0a0a0 indicates that there is no rotation about any of the axes. Thus, the ideal 
cubic (aristotype) is given the tilt notation a0a0a0.  In the systems studied in 
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this thesis, the tilt is described by a+a-a- or a+b-b-, which is characteristic of 
the Pnma, No. 62 space group. 

Tilting of the BO6 polyhedra induces a distortion of the AO12 polyhedra 
which eventually can lead to a decrease of the A-cation coordination num-
ber. The reduced coordination is due to the movement of some of the anions 
too far away from the cation to be considered as a part of the coordination 
sphere. Some space groups, e.g. Pnma and R3c , permit shifting of the A-
cation from its ideal site. Coordination numbers of 10, 9, and 8 are possible 
in space group Pnma depending upon the magnitude of tilt. During tilting, 
the volume of the BO6 polyhedron remains essentially unchanged, whereas 
the A-site polyhedron shrinks, consequently VA/VB decreases and becomes 
less than 5. This ratio for the ideal cubic perovskite is exactly 5, and there-
fore VA/VB, is a useful measure of the degree of distortion of perovskite 
structures relative to the ideal structure.  

When tilt occurs, the A-O bond lengths become unequal. Two examples 
from the work in Paper 1 and Paper 3 of this thesis on Mg doped 
Nd0.7Sr0.3MnO3 and Mn doped LaCrO3 illustrate how the distortion of the 
polyhedra can occur. Fig. 5.1 shows the 12 oxygen ions surrounding the A-
site and labels the different A-O distances in the Pnma No. 62 space group  

Fig. 5.1. A-site oxygen coordination and bond labeling, exemplified by 
Nd0.7Sr0.3MnO3.

and in table 5.1 the distances are given explicitly for the samples: 
Nd0.7Sr0.3MnO3 (1) and Nd0.6Mg0.1Sr0.3Mn0.9Mg0.1O3  (2) from Paper 1 and 
LaCrO3 (3) and LaCr0.8Mn0.2O3 (4) from paper 3. 
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Table 5.1 A-site Oxygen bond lengths in Nd0.7Sr0.3MnO3 (1),  
Nd0.6Mg0.1Sr0.3Mn0.9Mg0.1O3  (2), LaCrO3 (3) and LaCr0.8Mn0.2O3 (4) 

 Sample 1 Sample 2  Sample 3 Sample 4  
Bond No. Length (Å) Length (Å) Length (Å) Length (Å) 
1
2
3
4
5
6
7
8
9
10
11
12

2.933 
3.136 
2.729 
2.410 
3.136 
2.729 
2.583 
2.630 
2.466 
3.068 
2.630 
2.466 

2.922 
3.128 
2.725 
2.404 
3.128 
2.725 
2.581 
2.629 
2.461 
3.068 
2.629 
2.461 

2.624 
2.789 
2.640 
3.100 
2.460 
3.130 
2.905 
2.460 
3.130 
2.419 
2.789 
2.640 

2.627 
3.072 
2.632 
2.812 
2.437 
3.156 
2.907 
2.451 
3.156 
2.437 
2.812 
2.632 

Looking at these numbers, the main impression is that there are significant 
differences in the distances, but it is difficult to immediately conclude 
whether doping increases the lattice distortion or not in any of the two cases. 

Some further insights on the distortion are obtained by a closer look at the 
distortion of the BO6 octahedral polyhedra, which possess an inherent distor-
tion that is permissible within the space group. The B-O bond length distor-
tion from the ideal octahedron, however, is typically very small. Octahedral 
distortion may result in increase or decrease in bond lengths and/or angular 
distortion of O1-B-O2 and O2-B-O2 bond angles from 90˚. Fig. 5.2 illus-
trates the BO6 octahedron and defines the bond lengths and bond angles. The 
tilt angle is given by the angle B-O1-B. In table 5.2 results from the Riet-
veldt refinements of the neutron diffractograms reported in Paper 3 on the 
Mn doped LaCrO3 system are quoted to exemplify the behaviour. The tilt 
angle increases slightly with Mn doping, but remain about 160˚ for all dop-
ing levels. A similar constancy is observed for the Nd0.7Sr0.3MnO3 system 
with increasing Mg substitution, also in this system, the tilt angle is found to 
remain about 159˚ for all doping levels (Paper 1). The distortion of the octa-
hedron may be quantified using definitions suggested by Shannon [29]. 
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Fig. 5.2 A BO6 octahedron illustrated by LaCr1-yMnyO3.

Table 5.2  Bond lengths and bond angles for LaCr1-yMnyO3. From Paper 3. 
y 0 0.1 0.2 0.3 
O1- O1 3.946 3.947 3.946 3.946 
O2(2)- O2(4) 3.925 3.970 3.984 3.999 
O2(1)- O2(3) 3.955 3.925 3.917 3.908 
O1-Cr/Mn-O2(2) 90.47 89.46 89.14 88.98
O1-Cr/Mn-O2(1) 89.95 91.38 91.51 92.02
Cr/Mn-O1-Cr/Mn 158.97 159.33 159.67 160.14

The polyhedron bond length distortion  is defined as:

31 10ir r
n r

   (5.1) 

where ri and r are individual and average bond lengths, respectively.  
The bond angle variance  is given by:   

290
1

i

n
   (5.2) 

where i  are the O-B-O bond angles.
Using these distortion measures, the bond angle distortion for some of the 
samples investigated in Paper 1 and Paper 3 are quoted in table 5.3. The 
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numbers show that the distortion of the the octahedral is only marginally 
affected by the doping. A systematic increase of the bond length distortion 
with doping can however be noticed for both systems.  

Table 5.3 Bond length, , and bond angle, , distortions for Nd0.7Sr0.3MnO3 (Nd), 
Nd0.6Mg0.1Sr0.3Mn0.9Mg0.1O3 (Nd-Mg), LaCrO3 (La) and LaCr0.7Mn0.3O3 (La-Mn) 

Distortion Nd Nd-Mg La La-Mn 
 0.022 0.067 0.015 0.075 
 0.82 0.64 1.8 2.1 

The bond length distortions and the bond angle variances for the com-
pounds used as examples here can be considered minor and also the A-site 
coordination in both compound systems remains 12-fold. In fact, all samples 
that have been studied in Paper 1 and 3 have orthorhombic structure main-
tained through out the range of substitutions used.  For comparison to other 
systems,  

In general, the X-B-X bond angle deviations from 90˚ typically range 
from 0-2˚ but may be as much as 4˚ in some highly distorted octahedral and 
the bond angle variance may range from minor, as in GdCrO3, (  = 0.61) to 
substantial, as in ScCrO3 (  = 6.99) [1]. 

5.2 Magnetic properties
Wollan and Koehler [30] studied the magnetic properties of the mixed va-
lence manganites with the perovskite-type structure, La1-xCaxMnO3, using 
neutron diffraction methods and x-ray diffraction measurements. They found 
that these compounds depending on the relative content of Mn3+ and Mn4+

exhibit ferromagnetic and antiferromagnetic properties: purely ferromagnetic 
in a narrow range of composition (x~0.35) and ferromagnetic and antiferro-
magnetic phases simultaneously  in the ranges (0<x<0.25) and (0.4<x<0.5). 

The antiferromagnetic phase can take different configurations (A-, C-, E-, 
and G-types) shown in Fig. 6.4. The A-, C-, and G-type antiferromagnetic 
modes consist of oppositely aligned ferromagnetic planes of the {001}, 
{110}, and {111}, respectively and they entail an enlarged magnetic unit 
cell. In the G-type antiferromagnetism, the B-site cation (B-cell setting, i.e., 
the B-cation situated at the origin) is oriented antiparallel to its six 
neighbours will be favoured by negative B-O-B superexchange interactions. 
In the C- and E-types, each have four antiparallel and two parallel 
neighbours. A composite CE mode is composed of a chequerboard of alter-
nating C and E blocks.  



38

Ideal perovskite structure       B-Type                       A-Type 

            C-Type              E-Type                        G-Type 

Fig. 6.4 Some possible magnetic types for the B-site cations in the perovskite struc-
ture: The arrows represent the two antiferromagnetic sublattices.  

The magnetic structures of the compounds Nd0.7-xMgxSr0.3MnO3 (x = 0.0 
and 0.1), Nd0.6Mg0.1Sr0.3Mn1-zMgzO3 (z = 0.1 and 0.2), and LaCr1-yMnyO3 (y 
= 0.0, 0.1, 0.2, and 0.3) have been investigated (Papers 2 and 3). The com-
pounds Nd0.7Sr0.3MnO and Nd0.6Mg0.1Sr0.3MnO3 order ferromagnetically at 
temperatures below about 200 K, and show some canting of the Mn mag-
netic moments yielding a weak A-type antiferromagnetic component at tem-
peratures below 20 K. In addition, in these compounds also the Nd magnetic 
moment orders ferromagnetically at temperatures below 45 K and reaches a 
magnitude of about 1 B/Nd at low temperatures. On the other hand, the 
compounds of composition Nd0.6Mg0.1Sr0.3Mn1-zMgzO3 do not exhibit perfect 
long range ferromagnetic ordering, however, there is local ferromagnetic 
correlation of Mn moments below 200 K. The Nd magnetic moment orders 
in a local antiferromagnetic structure at low temperatures. In the higher Mg- 
substituted compounds, namely where Mg substitutes largely for Mn, 
Mn3+/Mn4+ ratio, is drastically reduced so that the double exchange interac-
tion is highly weakened.   In the LaCr1-yMnyO3 compounds, for y = 0.0, the 
compound is solely G-type antiferromagnetic, while in the substituted com-
pounds (0.1  y 0.3) also a canting of the Mn moments occurs that give rise 
to a weak ferromagnetic component. The antiferromagnetic interaction is the 
contribution resulting from Cr3+-Cr3+ interaction and the competing ferro-
magnetic interaction is due the positive exchange interaction between Cr3+-
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Mn3+ ions. Increasing Mn-substitution increasingly weakens the antiferro-
magnetic component and strengthens the ferromagnetic component.  
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6. The Papers 

Papers 1 and 2 deal with the nuclear structure and magnetic properties of Mg 
doped Nd0.7Sr0.3MnO3. Polycrystalline samples of nominal composition 
Nd0.7Sr0.3Mn1-yMgyO3 (y = 0.0, 0.1, 0.2 and 0.3) were synthesized by the 
standard solid-state reaction method. The compounds were prepared by the 
solid state reaction method from powders of Nd2O3, SrCO3, MgO and MnO2
as briefly described in Chapter 5.1. All samples were checked by X-ray 
powder diffraction and were found to be single-phased with orthorhombic 
perovskite structure of space group Pnma No. 62. However, chemical analy-
ses and Rietveld refinement of room temperature neutron powder diffraction 
data of the four samples showed that there was a lack of neodymium (of 
almost constant amount) in all substituted samples and that the manganese 
content was substantially reduced only in the samples with Mg-substitution 
y>0.1. The strontium and oxygen contents, however, remained unaffected by 
Mg-substitution. The real composition of the investigated samples was Nd0.7-

xMgxSr0.3MnO3 (x = 0.0 and 0.1) and Nd0.6Mg0.1Sr0.3Mn1-zMgzO3 (z = 0.1 and 
0.2).

Fig. 7.1 Neutron diffractogram (points) for the Nd0.6Mg0.1Sr0.3Mn0.9Mg0.1O3 sample 
and the calculated intensity (thin line) from the Rietveld refinement of the data. 

For determination of the nuclear structure of the compounds, neutron 
powder diffraction data were collected at the Orphée reactor, Laboratoire 
Léon Brillouin, CEA-CNRS, Saclay, France on the  high-resolution 2-axes 
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diffractometer 3T2 with 20 detectors using the wavelength,  = 1.2251 Å. 
The data were recorded at room temperature (298 K) over the angular range 
6.00  2  125.70  with a step length of 0.05  in 2 . Rietveld analysis of 
the neutron data, using the computer program FullProf [31], confirmed that 
the samples were all pure single phased with an orthorhombic perovskite 
structure, space group Pnma No. 62. Fig. 7.1 shows a typical diffractogram 
and Rietveld refinement fit of the data. 

In fig. 7.2 a) the orthorhombic lattice parameters of the compound are 
plotted vs. total Mg content (y). There is a monotonous decrease of these 
parameters with increasing Mg substitution and a corresponding decrease of 
the unit cell volume from 230.09(1) Å3 for y = 0.0 to 228.25(4) Å3 for y = 
0.3. In Fig. 7.2 b) the oxygen-oxygen and Mn-Mn distances of the octahedral 
surroundings of the Mn/Mg site (c.f. Fig. 5.2) are plotted vs. Mg content.  

Fig. 7.2 a) The lattice parameters and b) the oxygen-oxygen and Mn-Mn distances of 
the octahedron (cf. Fig. 5.2) as a function of Mg content in Nd0.7Sr0.3MnO3.
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The evolution of these distances can be understood in the light of the compo-
sitions and ionic charges for the different samples: 

Nd0.7
3+Sr0.3

2+Mn0.7
3+Mn0.3

4+O3
2-, for (y = 0.0) 

Nd0.6
3+Mg0.1

2+Sr0.3
2+Mn0.6

3+Mn0.4
4+O3

2-, for (y = 0.1) 
Nd0.6

3+Mg0.1
2+Sr0.3

2+Mg0.1
2+ Mn0.4

3+Mn0.5
4+O3

2-, for (y = 0.2) 
Nd0.6

3+Mg0.1
2+Sr0.3

2+Mg0.2
2+ Mn0.2

3+Mn0.6
4+O3

2-, for (y = 0.3) 
and the ionic radii of the different ions: RNd

3+=1.27 Å, RMg
2+ =0.72 Å, 

RMn
3+=0.65 Å and RMn

4+=0.53 Å. For y = 0.1, the decrease of the lattice pa-
rameters is mainly due to the replacement of the large Nd3+ ions by smaller 
Mg2+ ions and no additional distortion of the octahedron is observed. In the 
samples with y = 0.2 and y = 0.3, the B-site is occupied by three different 
ions, Mn4+, Mn3+and Mg2+ where Mn4+ions are the majority. The increase of 
the content of the small Mn4+ions coupled with their large charge, is the 
main cause for the decrease of the lattice parameters and the distortion of the 
octahedron in the y=0.2 and 0.3 samples. The Mn-Mn distances along the b-
axis and in the ac-plane are affected in similar way as the lattice parameters 
with Mg-substitution. Nevertheless, these changes in the O-O and Mn-Mn 
distances do not cause a structural transition in the compounds. 

A conclusion for the expected magnetic properties that can be drawn from 
these findings is that the double exchange interaction should not be seriously 
disrupted by the initial substitution of Mg on the Nd site. However, at higher 
Mg doping levels, when the Mg ions substitute for Mn the double exchange 
is expected to be hindered.  

In Paper 2, the magnetic properties of these compounds were studied by 
neutron diffraction and magnetization measurements. The neutron powder 
diffraction data were recorded at Laboratoire Léon Brillouin, CEA, Saclay 
on the 2-axis powder diffractometer G 4-1 using a neutron wavelength of =
2.4300 Å. The diffractograms were recorded at several temperatures between 
1.5 K and 250 K over the angular range 11  2  90.9  with step size 0.1
in 2 . The neutron data were analyzed with Rietveld technique using the 
computer program FullProf [31]. The magnetization measurements were 
performed on a Quantum Design MPMSXL SQUID magnetometer. In these 
measurements, magnetization as a function of temperature data was col-
lected in the temperature range 10-300 K in an applied field of 20 Oe, and 
isothermal magnetization at low temperature (10 K) were performed up to a 
field of 50 kOe. 

The magnetization versus temperature, namely, the ZFC and FC magneti-
zation curves in an applied field of 20 Oe are shown in Fig.7.3. The samples 
with lower Mg concentration, y = 0.0 and 0.1, show ferromagnetic behaviour 
with transition temperatures of 210 and 180 K, respectively. The two sam-
ples with higher Mg concentration, y = 0.2 and 0.3, show a more complex 
magnetic behaviour, with indications of a short range magnetic order already 
at a temperature of about 250 K and a maximum in the ZFC magnetization at 
low temperatures that indicates a spin glass-like order. 
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Fig. 7.3 ZFC and FC magnetization vs. temperature for the different samples. 

The magnetization versus field curves for the two ferromagnetic samples 
at 5 K and the the Rietveld analysis of neutron data have shown that the net 
ferromagnetic component in the samples at low temperature is the contribu-
tion of both the Mn and Nd magnetic ions.  

In Paper 3, Polycrystalline samples of nominal composition LaCr1-

yMnyO3 (y = 0.0, 0.1, 0.2, and 0.3) were prepared by the standard solid-state 
reaction method. Neutron powder diffraction data were recorded at Studsvik 
and at Laboratoire Léon Brillouin, CEA, Saclay, and the macroscopic mag-
netic response of the samples was measured in a SQUID magnetometer sys-
tem. The Rietveld analyses of the neutron powder diffraction data at 295 K 
showed that all samples, LaCr1-yMnyO3 (y = 0.0, 0.1, 0.2, and 0.3) were sin-
gle phase with an orthorhombic perovskite structure, space group Pnma (No. 
62).

The oxidation state of Cr and Mn in all these compounds is nominally 3+ 
and the ionic radii of these ions (for 6-coordination) are: RMn

3+=0.65 Å and 
RCr

3+=0.62 Å. The Cr3+ and Mn3+ cations have 3 and 4 electrons in their 3d 
shells, respectively. Thus, the electronic structure of the Mn3+– Cr3+ is simi-
lar to that of the mixed valence state Mn3+–Mn4+ in CMR manganites, and 
thus there is ferromagnetic interaction between Mn3+ and Cr3+ ions. It can 
therefore be expected that Mn-substitution for Cr affects both the nuclear 
structure (RMn

3+>RCr
3+) and magnetic properties (Mn3+, Cr3+) of the LaCr1-
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yMnyO3 samples. The influence of Mn substitution on the nuclear structure is 
discussed above in chapter 5.1.

The temperature dependence of the magnetization  reveals an antiferro-
magnetic transition temperature at about 290 K in all samples! The transition 
occurs at the temperature where the ZFC and FC curves split and the ZFC 
magnetization shows a sharp maximum. For the y=0 compound this transi-
tion is the most significant observation. For the doped samples, the anti-
ferromagnetic transition is seen as a weak anomaly at about 290 K. At lower 
temperatures, a dramatic increase of the magnetization occurs that indicates 
the appearance of a significant uncompensated spontaneous moment in the 
samples of increasing magnitude with increasing Mn content. A large irre-
versibility between the FC and ZFC magnetization also appears at the tem-
perature of the rapid increase of the magnetization. The magnetization versus 
field curves show that the pure sample shows a ‘paramagnetic’ response i.e. 
a linear increase of the magnetization with field characteristic of a pure anti-
ferromagntic phase. The three doped samples show that a spontaneous ex-
cess magnetization of increasing size with Mn-substitution superposed on 
the antiferromagnetic response. The magnitude of this moment increases 
from about 3 emu/g for the y=0.1 sample to 8 emu/g for y=0.2 and reaches 
about 15 emu/g for the y=0.3 sample.  

Fig. 7.4 The low temperature magnetic structure of LaCr1-xMnxO3.

The Rietveld analysis of the neutron data recorded in Saclay shows that, 
the parent compound, LaCrO3, is G-type antiferromagnetic only with 10–1 
reflection, while, in the Mn-substituted samples, there is a ferromagnetic 
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contribution to the 0–11 reflection which increases with Mn substitution. 
With increasing Mn substitution the intensity of the antiferromsagnetic re-
flection 10–1 of the magnetic moment decreases and that of the weak ferro-
magnetic component 0–11 increases. The magnetic structure of this low 
temperature phase is illustrated in Fig. 7.4. The antiferromagnetic moment 
decreases with increasing temperature and disappears at about 290 K for all 
samples, in agreement with the transition temperature derived from the mag-
netization data. It is also seen that the magnitude of the AF moment continu-
ously decrease with increasing Mn doping, for example at 1.5 K from 2.6 

B/Cr for y=0 to 2.0 B/Cr/Mn for y=0.3.  
In Paper 4, the nuclear and magnetic structure of La1-xNdxFe0.5Cr0.5O3 has 

been studied by neutron diffraction and magnetization experiments. This 
compound is antiferromagnetically ordered in a G-type structure at room 
temperature and below. The Néel temperature of the three samples were 
from magnetization measurements found to be higher than 400 K (the 
maximum available temperature of the ordinary cryostat of the SQUID mag-
netometer) for all three compositions, x=0.1, 0.15 and 0.2.  In similarity with 
the G-type antiferromagnetic structure of the LaCr1-yMnyO3, there appears a 
weak uncompensated spontaneous moment at temperatures below TN. The 
size of this moment increases rather rapidly at temperatures below 250 K 
and also shows an increased irreversibility between the low field ZFC and 
FC magnetization curves. This is an indication that the magnetic moments 
attain a small, but increasing, canting angle at low temperatures. The magni-
tude of the excess spontaneous magnetic moment that the system attains is 
however very weak (< 1 emu/g) also at low temperatures, and no deviation 
from a pure antiferromagnetic structure could be resolved in the Rietveld 
refinements of the low temperature diffractograms. 
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Summary in Swedish 

Detta arbete rör magnetiska egenskaper hos olika oxider med perovskit lik-
nande struktur. Egenskaperna hos denna material typ varierar från system 
som är omagnetiska isolatorer med ferroelektriska egenskaper till material 
med mycket stor magnetoresistans, s.k. colossal magnetoresistance (CMR), 
vid övergång från paramagnetiska isolator fas vid höga temperaturer till fer-
romagnetisk metall fas vid låga temperaturer. Under de senaste decennierna 
har denna material typ givit upphov till ett enormt intresse från fysiker och 
kemister när högtemperatur supraledande egenskaper upptäcktes i slutet av 
1980-talet i perovskit-typ oxider och ett nästa lika överväldigande intresse 
har också ägnats CMR fenomenet under 1990-talet. 

I denna avhandling har strukturella och magnetisk egenskaper hos tre oli-
ka dopade perovskit system undersökts. De utgångsmaterial som valts har 
varit: den ferromagnetiska CMR manganiten Nd0.7Sr0.3MnO3 dopad med 
omagnetiska Mg joner, det antiferromagnetiska krom baserade systemet 
LaCrO3 dopat med Mn på Cr positionen och den ferrimagnetiska blandade 
järn krom oxiden LaFe0.5Cr0.5O3 där La delvis ersatts med Nd. Materialen har 
syntetiserats i enfasig form och undersökts vad gäller kristallografisk och 
magnetisk struktur med pulver neutron diffraktion (i Studsvik och Saclay) 
och makroskopiska magnetiska egenskaper genom mätningar i SQUID mag-
netometer system i Uppsala.   

Det Mg dopade Nd0.7Sr0.3MnO3 uppvisade en överraskande egenskap re-
dan vid en noggrann analys av det syntetiserade enfasiga materialet. Tanken 
bakom undersökningen var att substituera Mn med Mg för att studera effek-
ter av utspädning av de magnetiska jonerna och ändrad magnetisk växelver-
kan bl.a. pga ändrade oxidationstal. Det visade sig dock att Mg upp till kon-
centrationer av y=0.1 i förväntade sammansättningen Nd0.7Sr0.3Mn1-yMgyO3
inte substituerade Mn utan istället ersatte Nd. Först vid högre koncentratio-
ner av Mg (y>0.1) började Mg ersätta Mn joner. Detta förhållande visade sig 
också ha stor betydelse för kristallografiska och framförallt magnetiska 
egenskaper hos det dopade systemet. Vid låga dopningsnivåer förändrades 
egenskaperna endast marginellt jämfört med ursprungsmaterialet och syste-
met ordnas ferromagnetiskt strax under 200 K. Vid högre dopnivåer föränd-
ras systemets egenskaper drastiskt och endast lokal ferromagnetiskt ordnade 
områden uppträdde i materialet vid låga temperaturer.   

Det antiferromagnetiska materialet LaCrO3, som har en övergångs-
temperatur vid 290 K, visade sig bibehålla en antiferromagnetisk fasöver-
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gång vid ca 290 K för de dopningsnivåer som undersöktes. Ersättning av Cr 
med Mn i LaCr1-yMnyO3 förändrade dock växelverkningsmekanis-merna i 
materialet, så att momenten vid lägre temperaturer gradvis uppvisade ett 
högre och högre okompenserat spontant magnetiskt moment från ca 150 K 
och lägre temperaturer. Ökad dopning gav större okompenserat magnetiskt 
moment, för y=0.3 provet vid 5 K uppgick det spontana momentet till ca 15 
emu/g.  

I både dessa materialsystem påverkades den kristallografiska strukturen 
inte särskilt mycket av dopning. Dock syntes förstås systematiska föränd-
ringar av cellvolymen och även en viss ökning av den oktaedriska distorsio-
nen  i den gemensamma Pnma Nr 62 rymdgruppen.  

Materialet LaFe0.5Cr0.5O3, i vilket dopningen med Nd sker på den s.k. A-
positionen i perovskit strukturen och förändrade inte de magnetiska egen-
skaperna särskilt mycket med dopning. La1-xNdxFe0.5Cr0.5O3, ordnar sig i en 
G-typ antiferromagnetisk struktur strax över 400 K (högsta temperaturen för 
magnetiserings mätningar i SQUID magnetometern). Ett svagt spontant 
moment (pga ofullständigt kompenserade magnetiska sub gitter) uppträder 
redan vid övergångstemperaturen och uppvisar vid temperaturer under 250 K 
en starkare ökningstakt. 

Arbete med denna avhandling har gjorts inom ramen för Asmara pro-
grammet som stötts av Sida/SAREC och Uppsala universitet genom Interna-
tional Science Programme (ISP). Detta har möjliggjort mina 4 års dokto-
randarbete i Uppsala, och kommer att tillföra Asmara universitetet en in-
hemsk lärare i fysik med doktorsexamen. Detta är av största betydelse för 
fysikinstitutionen i Asmara, då den för närvarande helt saknar eritreansk 
personal och upprätthålls hjälpligt av tillfälliga lärare från andra länder.  
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