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ABSTRACT

Low temperature magnetic characterization on hetdeot Mn (I, 1lI, 1V)
atoms including solid solutions of LiMnELiGaO, (2 mol % of Mn), Lg.755h 29MNO4-
LaSrAIO, (2 and 4 mol % of Mn) and Fe atoms including LizF¢@5a0, (5 mol % of
Fe), LiIFeQ-LiScO, (5 mol % of Fe), LaFe@lLaGaQ (3 mol % of Fe) have been
studied by Electron Paramagnetic Resonance (ERRhitpie. The X-band (9.6-9.8
GHz) measurements have been performed in the temoperrange of 5-300 K. The
three magnetic phase transitions around 26, 51K 8ihd spin glass behavior are
observed in the temperature regime of long rangéeammmagnetic ordering for solid
solution of LiMnQ-LiGa0,. Dipolar and exchange interactions between santk an
different ions play important role on line-broademi and absorption intensity
characteristics of these complex powders. Mainktalted octahedral symmetry has
been determined for Mhions in the solid solution of lg@sSr 29MnO4-LaSrAlO,. The
zero field splitting (ZFS) parameters, D = 490 Gadsge axial and E = 145 Gauss due
orthorhombic terms have been obtained from thezatetialculations for Mfi ions. The
transitions between corresponding energy levels Ih@en specified for Mfiions. Two
magnetic phase transitions around 67 K and 105rKwo different concentrations of

Mn have been observed. In addition to allowed itmms, the forbiddenAMg=2



iv

transition originates from the Mhion has been observed below 14 K. The absorption
intensity exhibits mainly Curie-Weiss like behavior both types of complex oxides
with decreasing temperature. For the ferrate tgflid solution of LiFeQ-LiGaGO; it can

be observed that there is a deviation from paraetagbehavior between 25 K and 80
K. The zero field splitting (ZFS) parameters of Fincluding LiFeQ-LiScO,, have
been obtained from theoretical calculations as40<auss, D = 650 Gauss and E = 80
Gauss. F€ ions are the paramagnetic source in the orthorfmsymmetry. Curie-
Weiss type behaviors can be observed above 230 Kbaiow 100 K because of
ferromagnetic interactions. The perovskite typedseblution of LaFe@LaGaQ has

the polycrystalline ordering more than clustering.

Keywords: EPR, complex oxides, perovskite, ferrate, martgani



Mn (Il) ve Fe (11,11) BA GLANTILI KOMPLEKS FERRATLARDA
PARAMANYET iK REZONANS iNCELEMELER i

Ebru SOYSAL

Yiuksek Lisans Tezi - Fizik
Haziran 2007

Tez Yoneticisi: Yrd.Dog. Dr. Sadik GUNER

Oz

LIMNO2-LiGa0, (% 2 mol Mn), L3 755n 29VIn0O4-LaSrAIO, (% 2 ve 4 mol Mn) kati
cOzeltileri icerisindeki dg@sken deerlikli Mn (1l, 1ll, IV) atomlarinin ve LiFeQ-
LiGaO, (%5 mol Fe), LiFe@LiScO, (%5 mol Fe), LaFe@LaGaQ (%3 mol Fe) kati
cOzeltileri icerisindeki Fe atomlarinin gik sicaklikta manyetik karakterizasyonu,
Elektron Paramanyetik Rezonans (EPR) tgkile calisildi. X-band (9.6-9.8 GHz)
Olgcumleri, 5-300 K sicaklk ara@inda gercekligirildi. LIMnO ,-LiGaO, kati ¢ozeltisi
icin, antiferromanyetik diizen sicaklik sistemingé, 51 ve 80 K civarinda ¢ manyetik
faz gecsi ve spin camsi davragigozlemlendiAyni ve farkli iyonlar arasindaki dipolar
ve dais-tokus etkilesmeleri, kompleks tozlarin ¢izgi getemesi ve absorbsiyogiddet
karakteristgi Uzerinde dnemli rol oynar. basSr 2gVINO4-LaSrAlO, kati ¢ozeltisindeki
Mn?* iyonlari icin bozulmg oktahedral simetri belirlendi. M#iyonlari icin sifir alan
yarilma parametreleri, D = 490 Gauss (eksen sigigtre E = 145 Gauss (ortorombik
simetri), teorik heseplamalardan elde edildi. “Mryonlarinin enerji seviyeleri
arasindaki gegler belirlendi. Farklh Mn konsantrasyonlari igin & ve 105 K de
manyetik faz gesleri gozlendi. izinli gecklere ek olarak, 14 K in altinda Mh
iyonundan gelen yasak geciAMs=2, gozlendi. Her iki kompleks oksit icin,

absorbsiyorsiddeti, azalan sicaktikta Curie-Weiss davgamgosterir. Ferrat yapidaki
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LiFeO,-LiGaO; kat ¢ozeltisi icin, 25 K ve 80 K arasinda, parag@ik yapidan sapma
gozlendi. F& iceren LiFeG-LiScO; icin sifir alan yarilma parametreleri teorik olara
A = 40 Gauss, D = 650 Gauss ve E = 80 Gauss bulwedartorombik simetride
paramanyetik kayman F€* iyonu old@u tespit edildi. Curie-Weiss davrani
ferromanyetik etkilgmelerden dolayr 23K Uzerinde ve 10K altinda gé6zlenebilir.
Perovskite yapidaki LaFeaGaQ kati ¢cozeltisi kime yapisindan ziyade polikristal
yaplya sahiptir.

Anahtar Kelimeler: EPR, kompleks oksitler, perovskite, ferrat, maragan



vii

ACKNOWLEDGEMENT

| express my gratitude to my supervisor, Assistf ADr. Sadik GUNER, whose
help, advice, support and patience during my study.

| would like to express my thanks to Prof. Dr. Mafat KUMRU and
Assoc. Prof. Dr. Yiiksel KOSEGLU for their stimulating suggestions, encouragement
and supports.

| also want to express my thanks to M. Mikhailawad N. Bobrysheva from
Saint-Petersburg State University in Russia for #yathesis of my compounds,
Prof. Dr. Bekir AKTAS from Gebze Institute of Technology for EPR measnets.

| want to express my thanks and gratitude to myilfaespecially to my mother,

Saime SOYSAL, for their motivation, supports antigrece.



viii

TABLE OF CONTENTS

ACKNOWLEDGEMENT ...ttt e e e e e e e e e e e e eenes Vii
TABLE OF CONTENTS ..o e e i e emne e WV
LIST OF FIGURES ... e e e e e e e e e e e e IX
LIST OF TABLES ...t e e e e e e e een e e X
LIST OF SYMBOLS AND ABBREVIATIONS .......cooiiiiiiiii e e W X
CHAPTER 1 INTRODUCTION ...ttt i i i e e e e e e L
CHAPTER 2 QUANTUM THEORY OF EPR ... 4.
2.1 INTRODUCTION ...ttt et et et et e e et e et e e e eaa e 4
2.2 SPIN HAMILTONIAN ..ot e e v e e B
CHAPTER 3 OPERATING PRINCIPLE OF EPR ..o e 19
3.1 INTRODUCTION ...t e i e e e e e e e vame e 2. 19
3.2 ASIMPLE EPR SPECTROMETER .......cooviiiiiiiiiiiiieii e 24
3.4 INTENSITY OF SIGNALS ... i i e 0000020
3.5 LINEWIDTH OF SIGNALS ... i a0, 28
3.6 POSITION OF ABSORPTION; g FACTOR ....ccviiiiiiieeie e 30
CHAPTER 4 EXPERIMENTAL ...ttt e e e et e e 32
4.1 SAMPLE PREPARATION ...ttt e e e e e e e 32
4.2 MAGNETIC MEASUREMENTS.......coiii e, 32
CHAPTER 5 RESULTS AND DISCUSSIONS ..o e 00033
5.1 SOLID SOLUTION OF LiMn@LiGa0O,, 2 mol % of Mn ......................33
5.2 SOLID SOLUTION OF FERRATE, LiFe@iGaO,, 5 mol % of Fe ............ 39
5.3 SOLID SOLUTION OF FERRATE, LiFeQiScO,, 5 mol % of Fe .......... 41
5.4 SOLID SOLUTION OF LgsSr 29VInOy4-LaSrAIO,, 2 and 4 mol % of Mn .43
5.5 SOLID SOLUTION OF FERRATE, LaFgQaGaQ, 3 mol % of Fe ......... 50
CHAPTER 6 CONCLUSION ...ttt e e et s e iee e e e 002 D3



LIST OF FIGURES

FIGURE
2.1 Precession of magnetic moment around magnetic field..........................5
2.2 The diagram forr =5/2, s=1/2 andm; = 3/2 shows that the total angular

2.3

3.1
3.2
3.3
3.4

3.5

3.6

3.7

3.8

5.1

5.2

5.3
5.4

5.5

5.6

momentumJ precesses around the z-axis. On the other hamanijular

momentaS and L precess around .............coeeeeeeeeeeeeieeieeeeece e e 12
The vector model for the magnetic moment operatar.................c...coe.e. 13
Energy levels for the unpaired electrons ............ccooiiiiiiiiiiciiii i, 20
Transition associated with the absorption of etentagnetic energy ............... 21
] 0T o {1 o PP |

Minimum and maximum energy orientations of u wigspect to the magnetic
L]0 I = T 224
Variation of the spin state energies as a funatiaihe applied magnetic field ...23

The SImplest SPECIIOMETET ... ... e e 25
The general outlay of an epr spectrometer ............coovvv it ceceeceiiennnn, 25
Block diagram of an epr Spectrometer ..........ccovi it iieie i e e e 26
EPR spectrum of 2 mol % of Mn ions in LiIMaQiGaO, solid solutions at

FOOM LEMPEIATUIE ... ..ttt et e e e e e e e e e ee s eee 20 3D
The temperature variation of EPR spectra of 2 molf%dn ions in LIMnG-

LiGaQ solid solution below 80 K ... 35
Temperature variation of line width for narrow ardad (as inset) peaks ....... 36
Temperature dependence of absorption intensityrargise intensity are

from 300 to 30 K in (a) and from 30to 5 Kin (b).........ccoovvieii .37
The temperature variation of EPR spectra of 5 molf%e ions in LiFe@
LiGa0;, solid solution below 110 K ... e e .39

Temperature dependence of absorption intensityrargise intensity are
frOM 297 10 7 K oo e e e e e e e e e s 40



5.7 The temperature variation of EPR spectra of 5 moff %e ions in

LiFeO,-LiScO, solid solution below 300 K ...

5.8 Temperature dependence of absorption intensityrarstse intensity are

fTOM 296 10 5 K oo e,

5.9 Experimental EPR spectra of 2 mol % and 4 mol % ofim

Lag 755n 29VInOy- LaSrAIO, solid solution at room temperature .....c........

5.11 EPR spectrum for hyperfine structure resolutior2foanol % of Mn ions in

Lag 7551 29VInO4-LaSrAIO, solid solution at room temperature ...............

5.12 The temperature variation of EPR spectra of 2 molf%dn in

Lap 755n 29VINnO4-LaSrAIO, solid solution below room temperature ..............

5.13 The temperature variation of EPR spectra of 3%haolf Fe ions in

LaFeQ-LaGaQ below 300K ... e e e e

5.14 The temperature variation of EPR spectra of 3%half Fe ions in

LaFeQ-LaGaQ below 300K ... e e e e e e

5.15 Temperature dependence of absorption intensityraaiise intensity for

LaFeQ-LaGaQG wWith 3 mol %0 Of Fe .o e,

43
5.10 The EPR spectra of 2 mol % of Mn ind-gSr 29MnO,-LaSrAlO, solid solution

registered for two different temperature value®Wwaloom temperature ......

A7

.49

.50

.52



Xi

LIST OF TABLES

TABLE

2.1 The operator relations and the eigen values oktbesrators for spin
angular momentum and total angular momentum ..............cccceeii i 9

2.2 Spin, orbital and total quantum numbers for systeth w=1 and

2.3 Ground state properties of Fré€ldns ................ccoeveeiviiiiiiiinieneeennnn. 15
3.1 Field for resonance, B, for a g = 2 signal at selected microwave

FrEQUENCIES ... v et e e e e et et ne e e aaeeaenan e 24



LIST OF SYMBOLS AND ABBREVIATIONS

SYMBOL / ABBREVIATION

ESR Electron Spin Resonance

EPR Electron Paramagnetic Resonance
NMR : Nuclear Magnetic Resonance

M The electronic or atomic moment
T Period

L Angular Momentum Vector

S Spin Vector

J Total Angular Momentum Vectod =L +S)
y Gyromagnetic ratio constant

B Total Magnetic Field

H Effective Magnetic Field

T Torque

@ Angular frequency

@, Larmour frequency

B. Bohr Magneton

h Constantf = h /2n)

e Charge of electron

m, Mass of electron

M Magnetization vector

H Applied magnetic field

X Magnetic Susceptibility

r Position operator

p Momentum operator

Xii



9; ; Delta function

L, Raising operator

L : Lowering operator

S ; Spin quantum number

I X Orbital quantum number

] : Total angular momentum quamtwmber
ms : Spin quantum number

m : Magnetic quantum number

m : Angular momentum quantum number
Do - Magnetic moment operator

g X Lande Splitting factor

H, Electronic Zeeman interaction

H . Crystal field interaction

o) Steven operator

B, : Steven operator constant

D : Axial Zero Field Splitting paratee

E : Rhombic Zero Field Splittingrameter
Hoe - Nuclear magnetic moment

H, Hyperfine interaction

A ; Hyperfine interaction paranmete

I X Nuclear spin

h : Planck's constant

v : Frequency of the radiation

Us : Bohr Magneton

Bo X Applied (external) Field

k : Boltzmann constant

lo : Intensity of radiation

c : Sample concentration

€ : Absorption coefficient

au. Arbitrary Unit

AHpp Line Width

Xiii



Jo
ai

Symmetry parameter
Perpendicular component of g
Parallel component of g
Spin-Lattice Relaxation Time
Spin-Spin Relaxation Time
Magnetic Field Unit, Gauss
Magnetic Field Unit, Tesla

Xiv



CHAPTER 1

INTRODUCTION

The rechargeable lithium ion batteries are thetrpoomising candidates as safe
power sources with high energy density and goodecgerformance. Many research
groups have done investigations on various cathaaterials for the lithium secondary
batteries such as layered oxidesMO, (M: Mn, Fe, Ni, Co, ...). Layered lithium
transition metal oxides have a rock salt structdnere Li and metal cation occupy the
alternate layers (also identified as corrugatedigizag layers) of octahedral sites in a

distorted close-package oxygen ion lattice [1].

One member of this type of materials is the attbmbic LiIMnO, (space group
Pmnm) [2]. The low cost and less toxicity make Li andnNbased batteries more
attractive [3]. The physico-chemical propertiesostly depend on the preparation
conditions. Especially, the structural defects deiee the electrochemical activity of
MnO, including oxide cathode materials. Due to presesfchigh-spin MA* on the
octahedral sites, the local site symmetry around®Ms distorted from a regular
octahedron by a cooperative Jahn-Teller distortidmee Mn sublattice is viewed as a
folded triangular lattice, the fold angle being 11Hach triangle is distorted to isosceles
with one edge of 2.80 Aand the other two of 3.09°44]. The ordered salt like
structure irreversibly transforms to a spinel{lln,O4) like cation ordering during
electrochemical cycling [5, 6] Greedast al. have reported for high temperature
synthesized samples that long-range antiferromagetiering is established below
261 K. They proposed a collinear magnetic structbased on antiferromagnetic
interchain coupling along-axis and antiferromagnetic interchain couplingsidaring
that the nearest neighbor of Mn is another Mn almagis. The main disadvantage for
orthorhombic LiMnQ is the small discharge capacity in the 4 V regishich is a great

problem as a commercial candidate [7].



The Li and Fe based, LiFe@ the most popular cathode material from the
view-point of cost and nontoxicity [8]. There ahede different forms of LiFefdue to
synthetic conditions and method. The LiFeO, is a cubic unit cell of space group
Fm3m. - LiFeO, is monoclinic,C2/2 and formed by an intermediate phase during the
ordering processy- LiFeO, is tetragonal, 141/amd and obtained by reducing the
symmetry from cubic to tetragonal by ordering thiéand Fé&* ions at octahedral sites
[9]. Kanno and co workers [ 10] found that the ogated(zig-zag layered) structure of
LiFeO, compound was electrochemically active during the iigertion/extraction
reaction. They synthesized the LiFefom y-FeOOH using the HLi" ion exchange
reaction. Although this Li/LiFe@cell exhibited a high discharge capacity of akiQ@
mAh/g and Li reversibly insertion/extraction in theQ layers, it shows a large

capacity decline due to cationic disorder in thikage region of 4.2-1.5 V.

Another type of metal oxides with general formofaABO; (where the 12-
coordinated A sites are rare or alkaline earth @wdordinated B sites are usually 3d
transition metal cations) are called as perovskifeg main interest to investigate these
materials as catalysts that can potentially reptext#e metals for complete oxidation of

hydrocarbons [11].

Due to great stability of perovskite frameworklaage number of trivalent
cations can occupy the A and B sites provided tthetolerance factdris in the range
of 0.8-1.0. Furthermore, the perovskite compositicen be widely changed by
substituting either or both A and B site cationghvwather metals, which can also have
an oxidation state different from 3+. In this ca®emation of structural defects such as
anionic or cationic vacancies and/or change inakidation state of transition metal
cation arise in order to maintain the electrondityr@f compound. Such as LaMnrO
may contain Mf" in addition to MA* [12] or partial oxidation of F& and F&" with
formation of oxygen vacancies in LaFgRave been reported [13]. The substitution in
B site has also been investigated for Lag&@ partially replacing Fe by Mg that has
very close ionic radius. In that case the amourtebf reaches to maximum of 0.2 [14].
The crystal structure of LaFg@ known to be orthorhombic witRnma space group
symmetry [15-18]. In the peculiar, the lattice syetry changes from orthorhombic to

nearly cubic.A charge disproportionation of Feis assumed to take place at low



temperatures in such compound, according to ? Ee Fe* + Fe€* [19]. Due to its
nearly cubic symmetry and possible induced changeraportionation, substituted
LaFeQ perovskites may be more suitable for study of thgmate electronic
interactions responsible for catalytic activity [20

As for the single layered perovskite structure hwigeneral formula of
LaixSr+xMnOs, LaSrMnQ is the mother compound and crystallizes in th&liR4
structure [21]. The LaSrMnQOis nominally undoped material, having firsites and
ideally no holes. Owing to the layered structules aiverage octahedra are elongated
along thec-axis. The orbital momentum of the Mn ions is guett by the anisotropic
crystal field and ferro-orbital ordering of ®7 orbitals are realized [22]. The
magnetization measurement study performed by CnBauet al showed that the
LaSrMnQ, reveals a magnetically inhomogeneous state [241}th® other hand, there is
a C-type AF spin order in agreement to the feritmtal order of predominantly

d,. .orbital. The single layered perovskite structurehilgit a strong Jahn-Teller

distortion in which the Mn-O bond length along thaxis is significantly larger than
that in theab plane, i.e., the Mn©plane.

The giant magnetoresistance in manganites witbvs&ite structure is another
great interest for scientists [23]. Nano-dimensiolmral effects, such as cluster
formation, electronic phase separation and charderimg play important roles for
giant magnetoresisting [24, 25]. These local effere associated with superexchange

interaction between Mn (llI) and Mn (IV) atoms iarpvskite structure.

The electron paramagnetic resonance (EPR) specppscs very useful
technique to investigate the electronic and magrstéites in solid samples. Moreover,
it enables us to have information about symmetiguad paramagnetic ion, local
distortions or type of the heterovalent paramagnéins. In this study, the low
temperature EPR analyses will be presented to exgiie@ magnetic properties of the
solid solutions for manganite LiMn&LiGaO, with 2 % of Mn, ferrate LiFe®@LiScO,
with 5 % Fe, ferrate LiFe£LiGaO, with 5 % Fe, corrugated layer perovskite LageO
LaGaQ, with 3 % of Fe, single layer perovskitesgkesn ,gVinO,-LaSrAIO, with 2
and 4 % Mn.



CHAPTER 2

QUANTUM THEORY OF EPR

2.1. Introduction

Both in classical mechanics and quantum mechahigsragnetic moment:
and the angular momentum are proportional to estoéroThe current carrying loop
with an area ofA = 77 % in xy plane has a magnetic momant iA in z direction. This

Is equivalent to that a particle of mamssnd chargej, rotating with velocityv =27 /T
in a circular orbit of radius in a period ofT. The electrical current (charge flow per

unit time) becomegyv/27r . Then the magnetic moment in a perpendicular timedo

the plane of circle is
Iu:iA:ﬂﬂzzqu:iL (21)
27

where L=nrxv is the angular momentum. The magnetic moment is
proportional to the resultant angular momentlimhich is the summation of orbital
angular momenturh and the spin angular moment@nTherefore the above relation

can be generalized as

ﬂzziizw (2.2)
m

where the proportionality constapt= q/2m is called as magnetogyric constant. When
a magnetic momeni is in a magnetic fiel® then the energy of the magnetic moment
is E=-x[B, this energy of interaction of magnetic moment #r& magnetic field is

called as Zeeman energy which will be considerdt s details. As can be seen from



the relation, the energy is minimized when the netignmoment lies along the
magnetic field. There will be a torque= 7% Bon the magnetic moment. Since the
magnetic moment is associated with angular momeratndithe torque is equal to the

rate of change of angular momentuns dJ/dt , the torque equation can be rewritten
as [26]

1
>
X
o

(2.3)

Q.|D-
~— |

Figure 2.1 shows the precession of magnetic momenind B field and its
alignment in this field. The magnetic moment sprouad magnetic field with and

angular frequency ofaw = a, = -)B, this frequency is known as Larmor frequency.

v

Figure 2.1Precession of magnetic moment around magnetic [2€d

To calculate the size of magnetic moments, Bohrmatan S, is defined. In Eq.

2.1 the angular momentum has the ground state wélue Then the magnetic moment

for electron Q= —€, where e is elementary charge) is become

B. = _Zi =-0.927x10*erg/ gauss (2.4)
m

e

and the magnetogyric constant for electronis-e/2m,.



The magnetic solids consist of large magnetic momeFtie. magnetizatiorM
is defined as the magnetic moment per unit voluMest solids are only weakly
magnetic and develop a magnetization only whenxérmal magnetic field is applied.
In such cases, the amount of magnetization thatleiseloped depends upon the

maghnitude of the magnetic susceptibiljgywhich is defined by

M = yH (2.5)

where y is susceptibility. Materials for whicly >0 are denoted as paramagnetic and

X <0 are diamagnetic. Materials with a spontaneous etagation (i.e., which exhibit

a magnetizatiorM without application of a magnetic field) typicaliave much larger

values for y and can be either ferromagnetic, antiferromagregtierrimagnetic. In the

present chapter we focus on quantum theory of Payastias and Electron

Paramagnetic Resonance (EPR).

Magnetic moments in solids can be associated with the conduction
electrons and the ions (or closed shell valencetreles). In the case of electrons,
magnetic moments are associated both with theabditgular momentum and with the
spin angular momentum of these electrons. To utalesthe intimate connection
between magnetic moments and angular momenta, wiewehere a few basic

definitions in quantum mechanics [27].

In classical mechanics and quantum mechanics, angubmentum is defined

by

[
L=Ffxp=|x y z (2.6)
Py Py P,
L, =Yyp, - 20,
L, =20, —xp, . (2.7)



Since the position operator and momentum operatopdo not commute, the

components of the angular momentum do not comnWigenote first that the position

and momentum operators do not commute:

h o

B0 ¢ wy-T 0 1 ey = =1 £ (7) =it (7) (2.8)
i 0X i OX i

(P, =P F(r) =x

This result is conveniently written in terms of theommutator defined by

[ri, p;]1 =1 p; — p;r; using the relation
[ri, p;] =170, (2.9)

where g; is a delta function having the value unityiif j, and zero otherwise. The

Eq. 2.9 says that only the different componentsrondp commute. If we now apply

these commutation relations to the angular momenterget:

[Li, L] =inl & (2.10)
LxL =inL (2.11)
[L,L*]=0 (2.12)

It is convenient to introduce raising and loweraperators

+il (2.13)

or

L :%(L+ fL)  and L, :%(g L) (2.10)
|

The application of commutation relations to thesireg and lowering operators gives:



[L2,L,]=0
[L,,L,]=+AL, (2.14)
[L,,L.]=2mL,

Now by using the commutation relations above Iétid the eigenvalues of the angular
momentum matrices. One that diagonalizes hoftand L*and we will use quantum

numbersmand / to designate the representation as

(tm|L, | em') = mhd, (2.15)
(m| L2 o) = 0(0 +)n°3, (2.16)
(fm]L, [em') = %JW +1) - m (M+D) 3, e (2.17)
(tm|L_|em) = %wz(g +1) -m(M-13J,, s (2.18)

where ¢ orbital angular momentum quantum number andan take 2 +1 values
(m=-¢,-0+1,...... ,0). All operators, the operator relations and thgeevalues of
these operators can be written for spin angular emom and total angular momentum

as orbital angular momentum:



Table 2.1 The operator relations and the eigenvalues ofethes

operators for spin angular momentum and total amwgul
momentum

[S,S;]1=1hS & [J;,9;]1=ind, &

SxS=inS IxJ =ind

[S,S%]=0 [J.,J%]=0

S, =S, %iS, J, =J,iJ,

1
S, =>(S, +S.
=5(5.+S)

1
J ==, +J
(=50.+3)

1
S =—(S,-S.
y = ¢ )

1
J,o==(J,-J_
= )

[S?,S,]=0

[J2,J,]=0

[S,,S.] = 1S,

[3,.9,]= A3,

[S,,S.]=2nS,

[J,,d 1=21),

(sm|S, |sm,") = mpd,

(im;13,1im;") =m;nd, ..

(sm,|S?|sm') = s(s +DA*G,,

(im; 132 1imy) = j(j +Dn°3,, .

/]
(sm, S, |sm,’) = E\/E(f +D -my (M, + )0,

m;,m; +1

<jmj |‘]+ |mj I> :g\/J(] +1)_mj (mj +1)5

(sm,|S.|sm’) = g\/s(sﬂ) -m(m, ~-DJ, .\

(im, 13- im) =2 TG+ =m,(m, D3, .

An electron in an atomic state having orbital dagumomentumL and spin
angular momentums can have its spin angular momentum coupled toottétal
angular momentum through the so-called spin-orii#raction. Because of the orbital
motion of the electrons, a magnetic field is crdatéow this magnetic field acts on the
magnetic moment associated with the electron spihadtempts to line up the moment

along the magnetic field giving interaction eneagy the hamiltonian

Ee = (¢ 1805 y) (2.19)

7= 1 MOV I B gE 2.20
Ho 2meczr(arj|—[5 s (2.20)
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where V is the electrostatic potential on electansed by atom. The total effects on an
electron have to be defined so the effective p@kmn each electron in magnetic
species or systems with many atoms [27].

joo=_1 (Vi 8 - MBS 2.21
Ao 2mczzi:ri(ari}_itsi ZEiLiDSi (221

e

To understand the splitting of energy levels doiespin-orbit coupling, eigen

states and the eigenvalues of the system can besgeyied as
JP=(L+S)OQL+S)=L*+S?+2L[8 (2.22)

sinceL and S commute. The spin and orbital angular momenta comrecause they

operate in different vector spaces. Thus we obtain
EES:%(JZ—LZ—SZ) (2.23)
and it can be written with its eigenvalue and state

E[S|€s>:%h2{j(j +1) - (0 +1) - s(s+ D) /s). (2.24)

Because of the coupling between the orbital andh saagular momentum, the
components Land $ have no definite values. The spin-orbit interattiakes a state

specified by the quantum numbetand s, and splits it into levels according to thgir
values: j =/ +s,........ If —q . If we have =1 ands=1/2 in the absence of the spin-

orbit interaction,

then j can takes two levels of 1/2 or 3/2 when the spbitanteraction is considered

(Table 2.2).
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Table 2.2Spin, orbital and total quantum numbers for sysiéth
¢=1 ands= 1/2

j=3/2 j=1/2
m, m, | m, m, | mg [ m
. +1/2 | +3/2 1 +1/2
-1/2 | +1/2 -1/2 | +1/2
+1/2 | +1/2 +1/2| +1/2
° -1/2 | -1/2 ° -1/2 | -1/2
1 +1/2 | -1/2 1 +1/2( -1/2
-1/2 | -3/2 -1/2

Since them; =1/2 state can arise from either am, = ahd m, = - 1/2 state or an
m, =0 and m, = 1/2 state, the specifications @i, and m; do not uniquely specify

the energy, or to say it another way, the staté witantum numbers/,s,m,,m,) =
| 11/2,1—1/2> has no definite energy. On the other hand, the ’sdas, j,mj>does have

a definite energy and is thus an eigenstate okttergy WhiIe|£,s, mé,ms> IS not an

eigenstate in the presence of the spin-orbit iotema. The various angular momenta are

often represented in terms of a vector diagram.

From the diagram (Figure 2.2), we see that theeptigins of L and S on J

have definite values. Thus, the vector diagranstel that if we want to find the
expectation value of the orbital angular momentunalong any direction in space, we
project L on J and then project the resulting vector on the spedirection of

quantization z. Thus to calculate the expectatialne of L, we find using the vector

model:

<€,s, j,m; [L, |4, j,mj>=<£,s, j,m, ‘Lj—Ezﬂ(Jz)V,s, j,mj> (2.25)
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Figure 2.2 The diagram for/= 5/2 s=1/2 and m; =3/2

shows that the total angular momentdnprecesses around the z-
axis. On the other hand, the angular mome®tand L precess

aroundJ [28]

The vector model is of great importance in considethe expectation value of vectors
which are functions of the angular momentum. Thusiding the Eq. 2.4 in Eq. 2.2 the

magnetic moment operat@r, ., is

. _f
Hrota _7

(9.L+9s5) (2.26)
and the magnetic moment is directed along the vedcte2S (for g, =1andgg = 2.

This magnetic moment vector is not alodgnd therefore has no definite value when

projected on an arbitrary direction in space swgtha z-axis (Figure 2.3). On the other
hand, the projection ofi,,, on J has a definite value. It is convenient to write. Eq

2.26 as

gJ (2.27)

so that the energy of an electron in a magnetid fi& is
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E = [,y B=-B.(gBm),) (2.28)

Figure 2.3The vector model for the magnetic moment operatd@8]

where the Lande g-factor g represents the projediqi,,, on J so that

. L +2S) [0 .
To evaluate g we note that
(L+2S) 0 =(L+2S) L +S)=L? +3L [B+2S? (2.29)

by using Eq.2.23, we found the g value as

(L+2S) D=L +§(J2 -2 -S?)+28? :ga2 —%LZ +%s2 (2.30)
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We now take diagonal matrix elements of above egoain the ‘E,s,j,mj>

representation and find for the Lande g-factor as

3., 1 1
—J(J+)——0(l+) +=5s(s+1
21(1 ) 5 (¢+1 5 (s+1)

= . 2.32
’ iG+D (2:32)

2.2 Spin Hamiltonian

The most general form of the spin Hamiltonian eorg a large number of
terms, representing the Zeeman interaction of thgnatic electrons with an external
field, level splittings due to indirect effects thle crystal field, hyperfine structure due
to the presence of nuclear magnetic dipole andtrelequadrupole moments in the
central ion or ligands ions, and the Zeeman intemaof the nuclear moment with the
external field. The effects of these terms on ERRBcsum depend on the physical

system.

The interaction of electron with a static magnéiigtd is called as Electronic

Zeeman interaction and can written in general f[2#j

H,.=pH G0 = B(H,9,, +H,9,d, +H,g,J,) (2:33)
ggZHZ %S(gXHXHgYHy) 0 0 0 0
%S(ngx—ingy) gngz V2(g,H, +ig,H,) 0 0 0
- 0 J2(gH, -igH,) %ngz g(ngx’fingy) 0 0
i 0 0 :;’(ngx—ingy) —%ngz J2(g H, +igH,) 0
0 0 0 J2(gH, -igH,) —ggZHZ %(ngﬁingy)
0 0 0 0 %(QXHX -igH,) —gngz

here g is anisotropic in the system. The first tnedsecond terms gives the off-diagonal
elements in the (2J+1) x (2J+1) matrix. The lashtgives only the diagonal terms.
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The unpaired electrons have spin angular momerfund orbital angular
momentum L, total angular momentum J has possialees between |L-S| and L+S.
This values can be called orbitally degenerate 3l(Fable 2.3), and this degeneracy is
removed by the electric fields arising from ligand@e spin degeneracies (2S+1) are
lifted by spin orbit coupling. The final degenerasydetermined by the local symmetry

at the ion

Table2.3Ground state properties of FreéHahs
Number of orbital =L Examples
electrons n > : ) Zigjjneracy t Z |13 i i 3d"
1 12 | 2 32 | 5 D3y st
2 1 3 2 7 °F, cr
3 32 |3 32 | 7 “Fap Mn**
4 2 2 0 5 Dy Mn** Fe*
5 52 |0 52 | 1 °Sy/ Mn?* Fe'*
6 2 2 4 5 Dy Mn* Fett
7 32 |3 92 | 7 *For Fe
8 1 3 4 7 °F, Fe
9 12 |2 52 | 5 “Dsyy Ni*

This local symmetry of ions and their hamiltoniaoe be explained by crystal field
theory. Electrostatic potential energy of ion calusky its typical symmetric
surroundings can be written in terms of spheri@ironics and it is simplified with
“equivalent operators” by Stevens. The crystaldfiean be written in terms of

equivalent operator®, and their constan®’. Sum of the equivalent operators listed

below:
Hy = BIO? (2.34)
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0 =32 -F
2 1 2 2
0; =§(J+ -J7) (2.35)
02 =357 -30J2 +250% - 6% + 3J°*.
For example; for a S=5/2, L=0,J=5/2, crystal fielmiltonian is
10B? + 608 0 J10B? 0 0 0
0 - 2B¢ -180B? 0 3282 0 0
oo o| Y108} 0 8B +120B? 0 3V2B? 0
Cf 0 3282 0 8B +120B? 0 J10B2
0 0 3J2B? 0 - 2B? -180B? 0
0 0 0 J10B? 0 10B? + 608

(2.36)

When the symmetry is less than cubic, fine strecterm of the second degree
will generally be present. This is an effect of m@mommon occurrence than higher
multipole fine structure, and hence we shall comsitiseparately, another reason for so
doing that it occur in cases when g may be anipatrdn terms of the spin operators

O;, O mentioned above, the second degree or “quadrapeie’s are

B2O? + B202 = BY{3s? - (s + 1))+ % B2(S? - S?) (2.37)

these may be expressed in an alternative form,hwban be written as a single term

SID S, whereD is a tensor quantity. Referred to the principasathis term is

D,S2 +D,S?+D,S? (2.38)

where it is convenient to take the sum of the theoefficients as zero, i.e.

D, +D, + D, =0. If the sum is not zero, it can be made so byragbhg the quantity

1 1
§(Dx + DY + Dz)(s>2< +S\3 +Szz):§(Dx +DY +Dz)S(S+1)
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which is just a constant that moves all the leupl®r down by the same amount, and so
does not affect the resonance spectrum. The fattotlie can set the sum of the three
coefficients equal to zero means that there arléy/realy two independent coefficients,
as in Eq. 2.37.The connection between the two fasmsvealed by manipulation of Eq.

2.38 as follows:

1 1
DxS>2< +DYS$ +D2822 =§(Dx +DY)(S)2( +S$)+E(Dx _DY)(S)Z( _S$)+DZSZZ

= D{sg —%S(S+1)} +E(S; - S)) (2.39)

where D :gDZ =3B7, %(D>< -D,)=E=B. The form (2.38) is often convenient

when all the coefficients are unequal, since therggnlevel can be computed for the
case of a magnetic field along one axes, and tihraulae for the other axes obtained
bye cyclic permutation of the subscripts. The peation required is (moving from

column to column):

Jx Oy 9z
3 1 3 1 3
—D, ==@BE-D —D,=—-=@BE+D —D, =D
5 Px 2( ) 5 Dy 2( ) > Dz

1 1 1o batioom Lo b
E(DY_Dz)_ 2(D+E) 2(Dz Dx) 2(D E) 2(Dx DY) E

When axial symmetry is presen, =D, andE= 0. The forms (2.37) and

(2.39) are then to be prepared since they contdinane parameter. Even whéh#z , 0
they have the advantage of containing only two metars instead of there (which are

not all independent). The quadrapole term haveffazteon the energy of the doublet
(S= %) but with larger values o5 they produce a splitting of the levels when no

magnetic field is present. For the caseSof thelenergy levels can be expressed in a

closed form when a magnetic field is applied, swlas it is parallel to one of the three

principal axes of the tensbr. The spin Hamiltonian, when an external field jigléEed

along the z-axes, is
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H=g, S, + D{s; —%S(s+1)} HE(S; - S)) (2.40)

We haven’t taken account into the interaction leetv nuclear moment and
electronic moment spin hamiltonian so far. Giveis,tlthe splitted energy levels by
Zeeman interaction again splitted which are smafan fine structure. The interaction
of magnetic moments of nucleus and electrons ang weak and called as hyperfine
interaction. Their origin is rather complex, busestial principle can be understood in

the following way. Consider a nuclear magnetic moime

nuc

which sits in a magnetic
field B, which is produced by ion and spin of all electrofisis produces an energy
term- 4, B,... Now B, is expected to be proportional to the angular nioma of

all the electrons,J, so that the hamiltonian for the hyperfine intéiGc can be written

as
H, =A O (2.41)

Here I is the nuclear angular momentum ahds a parameter which can be
determined from the experiment and measures thagttr of the hyperfine interaction.

So the total hamiltonian term is can be rewritten a
H= gZ,BHSZ + D{S§ —:—138(S+1)} + E(Sf< - Sf) + A(l [B) (2.42)

and will be used to approach theoretically to tkgegimental EPR signals.



CHAPTER 3

OPERATING PRINCIPLE OF EPR

3.1 Introduction

Electron Paramagnetic Resonance, EPR, is a spegpiostechnique which
detects species that have unpaired electrons. #lsis often called Electron Spin
Resonance (ESR). A surprisingly large number ofeni@s have unpaired electrons.
These include free radicals, many transition meta$, and defects in materials. Free
electrons are often short-lived, but still play @al roles in many processes such as
photosynthesis, oxidation, catalysis, and polyna¢ian reactions. As a result EPR
crosses several disciplines including: chemistiyysics, biology, materials science,

medical science and many more.

The first observation of electron paramagnetiomasce peak was made in
1945 when Zavoisky detected a radio frequency @tisor line from a CuGI2H,O
sample. Rapid development of electron paramagnetsonance after 1946 was
catalyzed by the widespread availability of completicrowave systems following
World War 1l. One remarkable accomplishment in niégeears has been the observation
of an EPR signal from a single electron held incephy a configuration of applied

electric and magnetic fields [30].

EPR is a magnetic resonance technique detectsrdnsittons of unpaired
electrons in an applied magnetic field. The electnas spin S=1/2, which gives it a
magnetic property known as a magnetic moment. Thgnetic moment makes the
electron behave like a tiny bar magnet. When welsugn external magnetic field, the

paramagnetic electrons can either orient in a lghrat antiparallel to direction of a

19
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magnetic field. This creates two distinct energyele for the unpaired electrons and

allows us to measure them as they are driven bettieetwo levels.

s .
 —m

e T N2 microwave imodiation
e &+ excites an electron ta

s hu=JfB. £ theupper energy level
#b8, ¢ when the appied field is
eneTdy — ' equadl o the field for

- A iy
e g pae FESONONCES

1
2

magnetic field (B,)

Figure 3.1Energy levels for the unpaired electrons [30]

Initially, there will be more electrons in the lomenergy level than in the upper
level. We use a fixed frequency of microwave iredidin to excite some of the electrons
in the lower energy level to the upper energy lelrelorder for the transition to occur
we must also have the external magnetic fieldsgeific strength, such that the energy
level separation between the lower and upper steteexactly matched by our
microwave frequency. In order to achieve this cbodj we sweep the external
magnet's field while exposing the sample to a fiteduency of microwave irradiation.
The condition where the magnetic field and the owave frequency are "just right" to
produce an EPR resonance (or absorption) is kn@mheresonance condition and is

described by the equation shown in the Figure 3.1.
E=h (3.2)

where h is Planck's constant amnds the frequency of the radiation.



21

el
P

Figure 3.2 Transition associated with the absorption of eteoagnetic energy [30]

The absorption of energy causes a transition fioenlawer energy state to the
higher energy state. In conventional spectroscapy,varied or swept and the
frequencies at which absorption occurs correspanthé energy differences of the
states. This record is called a spectrum. (FiguB® Bypically, the frequencies vary
from the megahertz range for NMR (Nuclear MagnB®@sonance) (AM, FM, and TV
transmissions use electromagnetic radiation aetlfregjuencies), through visible light,

to ultraviolet light. Radiation in the gigahertagge is used for EPR experiments.

'y h{
/\

v .......... F. "i,’it 3

absomfion

Figure 3.3 An absorption spectrum of different states [30]
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The energy differences we study in EPR spectroseopypredominately due to
the interaction of unpaired electrons in the samyth a magnetic field produced by a
magnet in the laboratory. This effect is called Ilm@man effect. Because the electron
has a magnetic moment, it acts like a compasshar anagnet when you place it in a
magnetic field, B. It will have a state of lowest energy when themmeat of the
electron, , is aligned with the magnetic field andtate of highest energy when u is
aligned against the magnetic field. (See Figure¢ Bl two states are labeled by the
projection of the electron spin, Mon the direction of the magnetic field. Because t
electron is a spin Y particle, the parallel statedésignated as M= - Y2 and the

antiparallel state is Mg + 2.

Figure 3.4 Minimum and maximum energy orientations of p with

respect to the magnetic field) BO]

From quantum mechanics, we obtain the most basiatens of EPR:
E = gusBoMs = +¥2gBo (3.2)
and

E = hv = gusBo (3.3)
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g is the g-factor, which is a proportionality cargtapproximately equal to 2 for most
electrons, but which varies depending on the eaatrconfiguration of the radical or

ion. s is the Bohr magneton, which is the natural unieleictronic magnetic moment.

Because we can change the energy differences bettheetwo spin states by
varying the magnetic field strength, we have aerafitive means to obtain spectra. We
could apply a constant magnetic field and scanfibguency of the electromagnetic
radiation as in conventional spectroscopy. Altauedy, we could keep the
electromagnetic radiation frequency constant aaa $itce magnetic field. A peak in the
absorption will occur when the magnetic field tunlks two spin states so that their
energy difference matches the energy of the raxshaf his field is called the field for
resonance. Owing to the limitations of microwavecatonics, the latter method offers

superior performance.

I

absorption

By
Figure 3.5 Variation of the spin state energies as a funabibn
the applied magnetic field [30]

The field for resonance is not a unique fingerptiot identification of a
compound because spectra can be acquired at salrfesent frequencies. The g-
factor,
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g ="hv/(1eBo) (3.4)

being independent of the microwave frequency, ishretter for that purpose. Notice
that high values of g occur at low magnetic fietosl vice versa. A list of fields for
resonance for a g = 2 signal at microwave frequesncommonly available in EPR

spectrometers is presented in Table 3.1:

Table 3.1Field for resonance, & for a g = 2 signal at selected microw

frequencies

Microwave Band Frequency (GHz) BG)
L 1.1 392

S 3.0 1070
X 9.75 3480
Q 34.0 12000
W 94.0 34000

3.2 A Simple EPR spectrometer

The simplest possible spectrometer has three ésiseainponents: a source of
electromagnetic radiation, a sample, and a detettmrcquire a spectrum, we change
the frequency of the electromagnetic radiation amhsure the amount of radiation
which passes through the sample with a detectooliserve the spectroscopic
absorptions. Despite the apparent complexitiesgfspectrometer you may encounter,

it can always be simplified to the block diagrarmwsh in Figure 3.6.
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source sample detector

Figure 3.6 The simplest spectrometer [30]

Figure 3.7 shows the general layout of a Bruker Edffectrometer. The
electromagnetic radiation source and the detea®riraa box called the microwave
bridge. The sample is in a microwave cavity, whgh metal box that helps to amplify
weak signals from the sample. As mentioned in tireleeory section, there is a magnet
to tune the electronic energy levels. In additiore, have a console, which contains
signal processing and control electronics and apcden. The computer is used for

analyzing data as well as coordinating all theaufut acquiring a spectrum.

oridge |
l cansale

i magnet

Figure 3.7 The general outlay of an EPR spectrometer [30]

3.3 EPR signal

The EPR experiment gives typical signals or sglitegnals. Figure 3.8 shows

how they work together to produce a spectrum.
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spectum

y-auis (infensity) _/\/_

Figure 3.8 Block diagram of an EPR spectrometer [30]

3.4 Intensity of signals

The intensity of the EPR absorption is proportidoahe concentration of the
free radical or paramagnetic material present. Sagtfor free radical present, the
method is extraordinarily sensitive, in favorabéses some 1§ mol of free radical is
detectable.

If we discuss the spectral line intensitresommon there are three important
factors to be considered: 1.The transition proligbthe number of atoms or molecules
initially in the state from which the transitioncaes. 2. The population; the amount of
material present giving rise to the spectrum. 3e Toncentration or path length of

sample.

1. Transition probability. The detailed calculation of the absolute traositi
probabilities is basically a straightforward mattaut as it involves, a knowledge of
precise quantum mechanical wave functions of the states between which the

transition occurs, it can seldom be done with amcyrHowever, it is often possible
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to decide whether a particular transition is fodad or allowed. This process is
essentially the deduction of selection rules, whiltbw us to decide between which
levels transitions will give rise to spectral linemd it can often be carried out
through pictorial arguments.

2. Population of Sates. If there are two energy levels from which transido a third
are equally probable, then obviously the most sg¢espectral line will arise from
the level which initially has the greater populati@here is a simple statistical rule
governing the population of a set of energy leviets.example, if we have a total of
N molecules distributed between two different egestates, a lower and an upper
with energies Bwer and Epper respectively, we would intuitively expect mosttbé
molecules to occupy the lower state. Proper sizdisainalysis bears this out and
shows that, at equilibrium [31]

N
N”ﬂ = exp(AE/KT) (3.5)

lower

WhereAE =Epper— Eower, T IS temperature in K, anklis a universal Boltzmann

constant.

3. Path length of sample. For a sample which is absorbing energy from a beé&m
radiation, the more sample the beam traverses thre mnergy will be absorbed
from it. It might be expected that twice as mucimgke would give twice the
absorption, but a very simple argument shows thet is not so. Consider two
identical samples of same material, &d $, and assume that; &nd $ alone
absorb 50 percent of the energy falling on thehowahg the remaining 50 percent
to pass through. If we pass a beam of initial isitignly through 3, 50 % of b will
be absorbed and the intensity of beam leavinwi$ be ¥ b; if we then pass this
beam through Sa further 50 % will be absorbed, and 0.2Will leave the % Thus
two percent absorptions in succession do not adob U®0 percent but only to 75
percent absorption. An exact similar relationshigts between the concentration of
a sample and the amount of energy absorptionghatioubling of the concentration
produces something less than a doubling of therpben. These relationships are
best expressed in terms of Beer-Lambert law, wisich
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|I_ - expCedl) (3.6)

where | is the intensity of radiation falling on the sampt and | are the sample
concentration and length ardis the extinction coefficient or absorption coent,
which is a constant for a given type of transiti@g. electronic, vibrational etc.)
occurring within a particular sample. Cleaglys closely connected with the transition

probability discussed above, a large probabilitpngp@ssociated with a large

3.5 Linewidth of signals

The width of an EPR resonance depends on theataaxtime of the spin
state under study. There are two possible relaxgtiocesses, the spin-spin interaction
is usually very efficient, unless the sample is@&xiely dilute, and gives a relaxation
time of 10° - 10® s; the spin-lattice relaxation is efficient at modgemperature (some
10° s) but becomes progressively less so at reduceget@tures, often becoming
several minutes at the temperature of liquid nggrogFor most samples the chosen
typical relaxation time is 10 second, using this value in the Heisenberg uriogyta
relation (ov =1 MHz) will be mentioned below. A shorter relaxatitme increases this
width.

In general the width arises essentiadlgduse the energy levels of atomic and
molecular systems are not precisely determinedhaué¢ a certain imprecision. Several

factors contribute to this.

1. Collison broadening. Atoms or molecules in liquid and gaseous phasesirare
continual motion and collide frequently with eadher. These collisions cause to
some deformation of the particles and hence pertarbome extent, the energies of
at least the outer electrons in each. This immeljiagives a possible explanation
for the width of visible and ultra-violet specttades, since these deals largely with
transitions between outer electronic shells. Eguabrational and rotational spectra

are broadened since collisions interfere with thesetions too. In general,
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molecular interactions are more severe in liqundstin gases and gas-phase spectra

usually exhibit sharper lines than those of theesponding liquid.

2. In the case of solids, the motions of particles ragge limited in extent and less
random in direction, so that solid-phase spec&aéten sharp but show evidence of

interactions by the splitting of lines into twormore components.

3. Doppler broadening. Again in liquids and gases the motion of the plticauses
their absorption and emission frequencies to sh@wpler shift, since the motion
is random in a given sample, shifts to both high sow frequencies occur and
hence the spectral line is broadened. In genayaljduids collision broadening is
the most important factor, whereas for gases, wlketksion broadening is less

pronounced, the Doppler effect often determinesttaral line width.

4. Heisenberg uncertainty principle. Even in an isolated, stationary molecule or atom
the energy levels are not so sharp, due to theatperof a fundamental and very
important principle, the Uncertainty Principle oéidenberg. In effect it says that, if
a system exists in an energy state for a limitek 8t seconds, then the energy of

that state will be uncertain to an extégtwhere

OE x ot =h/2m=10"Js (3.7)

So we see that the lowest energy of state of ersys sharply defined since,
left to itself, the system will remain that state &n infinite time; thust = 0 anddE =
0. But, such as, the lifetime of an excited elatitcstate is usually only about @,
which gives a value fodE of about 16%10° = 10%° J. A transition between this state
and the ground state will thus have an energy tmiogy of 3E and a corresponding

uncertainty in the associated radiation frequeri@yesh, which can be written as [31]:

JV:E:L:L (38)
h  2h& 2
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3.5 Position of absorption; g factor

It is known that the spin energy levels of an &gt are separated in an
applied field B, by an amount:

AE = gBB (3.9)

where g is Lande splitting factor. A resonance giitsmn occur at a frequency,
v=AE/h Hz from the Equation 3.9 we can see that thetipasbf absorption varies
directly with the applied field and since differdffPR spectrometers operate at different
fields, it is far more convenient to refer to thesarption in terms of its observed g

value. So, rearranging Eqg. 3.9

g=2E_ NV (3.10)

and for example, resonance were observed at 83B&MR¥% in a field of 0.30 T, it
would be reported as resonance a walue of 2.0023 (for free electron). It is very
remarkable fact that all free radicals and somécia@nystals have a g factor which
varies only some0.003 from this value. The reason for this is etsaky that in free
radicals the electron can move about more or lesdyf over an orbital encompassing
the whole molecule and it is not confined to a liaea orbital between just two atoms
in the molecule. In this sense it behaves in venghmthe same way as an electron in

free space, having the L=0.

On the other hand, some ionic crystalseheery different g factor values
between about 0.2 and 8.0 having been reporteddifieeence here is that the unpaired
electron is contributed by, and belongs to a paldicatom in lattice, usually a transition
metal ion. Thus the electron localizes in a paldicwrbital about the atom, and the
orbital angular momentum (L value) couples cohdyentith the spin angular

momentum giving rise to a value.

We said many ionic crystals show a g factor vdoge to the free electron

value of 2, this may come out in two ways:
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1. The ion contributing the electron may exist in ast&e. For example, the ground
state of F&, in which fived electrons are unpaired (S = 5/2, 2S+1=6) has zero
orbital momentum. Thus L=0, J=S+L=S, and the teymtml is °Ss;,. Since J=S,
g=2

2. The electric fields set up by all the ions in astay may be sufficiently strong to
uncouple the electrons orbital momentum from itig& spomentum. Thus the value
of L is immaterial and the g factor reverts to twmd, if the internal crystal field is
weak, or if the paramagnetic electron is well steel from the field (e.g. as in rare-
earth metal, where the relevant electron orbitusgda deep within outer electron
shells), L and S couple to produce a resultant itlwhself precesses about the
applied magnetic field. Intermediate cases alsamoadere L and S are only partly
uncoupled, the residual orbital contribution to #mergy giving rise to g value not

easily predictable theoretically.



CHAPTER 4

EXPERIMENTAL

4.1. Sample preparation

The synthesis of these solid solutions was carmigtdby the ceramic method
from a stoichiometric mixture of corresponding SBtay components (oxides or
carbonates). The mixture was thoroughly groundsgeé in pellets, and calcined at
around 1600 K for 40 h and then at about 1800 KSon. The optimal time of
calcination was established by X-ray phase analgsid magnetic susceptibility
measurements. These samples were synthesized Inaildka et all. and the details of
the synthesis can be found in ref. 23. As an examible solid solutions of La
0.25y9M+0.25MNyAl (1.4)04 (0.01< y < 0.093) have been prepared by solid state reaction
from stoichiometric mixtures of L&®;, Mn,Os, Al,O; and SrCQ. All materials were
purchased from Aldrich and had a purity>®9.9 %. The LgO; and SrCQ were dried
at 1120 K, before weighing, for more than 4 hrse Blarting materials were carefully
homogenized by mechanical mixing and pressed imtiets. The calcination was

carried out in a corundum crucible at 1773 K forrdQirs in air [23].

4.2. Magnetic Measurements

The EPR spectra have been recorded by a convahtfehand ¢=9.5-9.8 GHz)
Bruker EMX model spectrometer employing an ac magmeodulation technique. An
Oxford continuoudHe gas flow cryostat has been used to cool the sadgpien to the
measurement temperature while keeping the microwavay at ambient temperature
during EPR measurements. The temperature was istabiby a Lakeshore 340
temperature controller within an accuracy of 1 degbetween 5 K and 300 K. The

experimental data were stored into a computerfeoretical analysis.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 Solid Solution of LiIMnO»,-LiGaO », 2 mol % of Mn

Figure 5.1 shows the experimental X-band EPR sp@cand its simulation for
LiMnO,-LiGaG, in a magnetic field swept from 2.50 to 4.50 kGeTdbserved single
peak has the characteristic properties for paragtagion of Mn. The perfectly fitted

simulation has Lorentzian line shape profile anolvps that signal is centered at 3494

Gauss @ value is 2.003) with peak to peak line widthai,,=195 Gauss.

] LiMnO,-LiGaO,
_ 2 mol % of Mn
] f=9.785 GHz

Amplitude (a.u.)

........ Simulation

2,50 2,75 3,00 3,25 3,50 3,75 4,00 4,25 4,5C
Magnetic Field (kG)
Figure 5.1 EPR spectrum of 2 mol % of Mn ions in LiMgO

LiGaO; solid solutions at room temperature
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If the stoichiometric structure of LiMnQis considered, the Mhions in the
octahedral position [25] are expected to be paraetagsource of signal. But, Mhion
is known as EPR silent ion at X-band or at Q-bamhsnrements [26]. However, the
comparison of our results with literature investigas enables us that the signal
originates from MA" ions in the high spin statéS,) and without any orbital magnetic
moment contribution [34-36]]. The exactly symmettine shape of curve can be
attributed to the single type of species. Since’thin (100 % natural abundance) has a
nuclear spin of I= 5/2, the six hyperfine signals are expected. Istualy about the
magnetic characterization of LiMnQthe short and long-range antiferromagnetic
interactions are reported [32]. The long-range arge interactions might be a reason
for the lack of hyperfine structure. In additiohjs reasonable to think that ¥fnions

have Mif* as nearest-neighbors.

The solid solution of LiMn@ exhibits very complex magnetic behavior with
respect to temperature. So, the low temperaturantttEPR measurements should be
reported as two different temperature intervalostiaog to experimental results. In the
first interval, from room temperature down to 30 tke spectra were recorded in a
magnetic field swept from 0 to 16.0 kG. The singkak without hyperfine lines
maintains Lorentzian line shape characteristic wiitreasing absorption intensity as
expected from a paramagnetic ion. The unexpectied tls that the increase of line
width with decreasing temperatutédii,,= 283 Gauss at 92 K. The increase in signal
line width can not be explained by the exchangeraations between Mhions [34].
The Mrf*- Mn?* dipolar interactions are ascribed as one of thesaes for line
broadening of resonance signal, in other words, rtfagnetic domain fluctuations
increases with the decreasing temperature.

Below the 80 K some selected spectra with theiukations are shown in Figure
5.2. A very broad resonance peak without any hypetructure centered at abgut
2.00 appears and its peak to peak line width vamiesrange from 5100 to 6330 Gauss
for the given spectra in the figure with decreasiegperature. The line broadening
continues also for narrow single peak, which odgiss from paramagnetic Khions.
Around 30 K, the narrow peak exactly disappears tdueroadening and overlapping
effects, instead we just observe a very broad ghisorsignal with maximundHp,= 0
7350 Gauss. In the literature, the origin of viergad resonance signal is ascribed to

the presence of paramagnetic ¥and Mrf* ions with electronic spin values 8f= 2
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andS = 3/2 respectively [33]. The lack of hyperfine tis@s for broad and sharp peaks
must be the exchange interactions between likeuatikle ions, e.g. Mfi- Mn**, Mn?*-
Mn**, Mn**- Mn**. The dipolar interactions between unlike ions hawatribution to
broaden the EPR signals. The well fitted simulaidrave been obtained by the
superposition of both broad and much narrower simqgaks with the same Lande

splitting factor,g = 2.00.

LiMnOz—LiG 02, 2 mol % of Mn

_J f=9.52 GHz

0 2 4 6 8 10 12 14 16
Magnetic Field (kG)

Figure 5.2 The temperature variation of EPR spectra of 2 ¥haif Mn ions
in LIMnO,-LiGa0; solid solution below 80 K

The temperature variation of line width for narrewd broad peaks is shown in
the Figure 5.3. The highest temperature value iK 8 be able to specify the line width
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of broad peak from experimental data and we obst#r@eminimum value of peak to
peak line width as 4950 Gauss. The line broaderdteyincreases sharply below 100 K
for both peaks. However, we observe fluctuationsignal width of broad peak. This
might be due to changes in heterovalent ion digtion (fluctuation, exchange of
electrons among Mn ions with different ionic valu#sat is cluster formation or phase
change in the temperature regime of compound. énmmihgnetic characterization study
on orthorhombic LiMn@ compound performed by Jamgal. [32], in addition to the
short and long-range of antiferromagnetic orderirtigs spin glass behavior is reported
as a result of geometrical frustration and magnetisorder. The temperature
dependence of line width and absorption intensigy nelarify these cases for our
LiMnO,-LiGaO; solid solution.

7m | ! | ! | ! | ! | ! |
| 7,51 - _
9 —O- Dpr broad peak
6% N ] 7,0_ \‘\“
~ o \
g X 6,54 O‘\_\
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— \ 2 QN %,
3 YR ko
= " 5,5- %0 & ] .
© 400+ " S ®,
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. 5,0- o .
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Tt
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Figure 5.3 Temperature variation of line width for narrow émdad

(as inset) peaks
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The temperature dependence of absorption intersity inverse absorption
intensity for resonance signals are shown fromt®730 K in Figure 5.4a, from 30 to 5
K in Figure 5.4b. The absorption intensity of anRE§lgnal is proportional to the DC
susceptibility of the studied sample [37] and it well known that Mn has

antiferromagnetic behavior undet00 K [38].
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Figure 5.4 Temperature dependence of absorption intensityramtse
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Here, an initial look at the Figure 5.2 might rédhht it is difficult to obtain a
100 % reliable baseline correction and second iategalculations due out of range of
resonance signal especially below 80 K. But thaiakt trend was really consistent.
So, the experimental observation exhibits two magmase transitions around 80 and
51 K signed by arrow in Fig. 5.4a. The magnetiogitons are the evidence of valence
increase of Mn, as the Mn valence increases thatidra of ferromagnetic couplings
increases too. The partial substitution of Mions for Mr#* changes the character of
dipolar and exchange interactions [39]. In the coumus, which contain the
heterovalent ions of same element in the same gepntiee type of observed exchange
interaction is called as Zener “double exchangd].[4n this situation, an exchange
event with an electron takes place betweeri"\imd Mri*cations separated by arf O
anion, (Mn*'- O - Mn,>"). There are two origins of this electron transf@) the
transfer of gp-electron from MA‘cation to MiA*, and (b) a jump of d-electron from
second cation to its place. Since the spin of juig@lectron in a state of lowest energy
must be equally oriented in relation te &d $, this effective indirect exchange has
ferromagnetic charactefvn)iv)-wnainy > 0 [39]. In the temperature range of 100 <T< 230
K, the magnetic susceptibility seems to fit wellusual Curie law and reflects an ideal
paramagnetic behavior of localized Mn ions. Belo@0 IK and above 230 K, the
temperature dependence of magnetic susceptibilitgy® the Curie-Weiss law by
corresponding to ferromagnetic and antiferromagnatirelations. It is possible to say

that another ferromagnetic interaction arises atd®6K from the Figure 5.4b.

Now we are able to compare the results reportedanget al. and our analyses
that below 80 K, the sharp increase at the broaderate of line width must arise not
just due to dipolar interactions but also possilith the contribution of spin disorder
coming from the competition between ferromagnetid antiferromagnetic interactions
[41]. By considering the structural cluster forroati (heterogeneity), magnetic
fluctuation and the spin frustrations, there isugioreason to report spin glass like

behavior for LIMNQ-LiGaO, complex oxide.
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5.2 Solid Solution of Ferrate, LiFeQ-LiGaO», 5 mol % of Fe

Some experimental EPR spectra recorded ftoreO,-LiGaO, ( with 5 mol %

of Fe) at different temperature values are given in thgufd 5.5. Around room

temperature a very strong resonance peak gvith2 and4H,,=103 Gauss line width

and some minor peaks mainly in the low field regawma observed. When temperature

decreases a very sharp broadening at the line widtngle resonance peak is observed

while its amplitude decreases slightly. A remarkdiMoadening effect is not seen at the

other minor peaks but some raisings at their aogiitwith decreasing temperature. We

are able to say that all observed resonance pediisiteisotropic resonance areas with

decreasing temperature.

Amplitude (a.u.)

! | ! | ! |
LiFeO_-LiGaO., 5 % of Fe
g~2 2 2
f=9.79 GHz

181 K

120 K

w»/\/\// 68 K

20K

o 1 2 3 4 5 o6 7 8 9 10
Magnetic Field (kG)

Figure 5.5 The temperature variation of EPR spectra of 5%aif Fe
ions in LiFeQ-LiGaO; solid solution below 110 K

According to stoichiometry of solid solution, ¥éons with total electronic spin

value of S=5/2 is expected to be as paramagneticcso By using the SimFonia
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package simulation program, we performed theoteficatudies. Best fit parameters
have been obtained by using the Hamiltonian givethe Eq.2.42 for the spectrum
taken at 71 K ag = 2.24,A = 30 GaussD = 700 Gausd: = 80 Gauss. So, we can say
that there is reducing from cubic symmetry to orffoonbic and this position seems to
be occupied mainly by the Feions with nuclear spin value of= 1/2. Orthorhombic
structure for LiFe®@ is also mentioned in the Ref. [1]. It is customaoydefine a
parameterh = E/D which takes values from 0 to 1/3, wh&re 0 means the symmetry
is exactly axial and\ = 1/3 represents the maximum rhombic distortion,[E3, [42].
The rhombicity is equal to 0.114 for 71 K.

The temperature dependence of absorption interaiy inverse absorption
intensity for resonance signals are shown fromt80D K in Figure 5.6. We observe a
very strong magnetic phase transition around 51TKe deviation from almost
paramagnetic behavior is observed between 25 # @&dnperature interval and can be
attributed to the ferromagnetic and antiferromaignitteractions as it happens for 2

mol percent of Mn in the solid solution of LiMaQiGaO..
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Figure 5.6 Temperature dependence of absorption intensity

and inverse intensity are from 297 to 7 K



41

5.3 Solid Solution of Ferrate, LiFeQ-LiScO,, 5 mol % of Fe

Three experimental EPR spectra recorded rdfeO,-LiGaO, (with 5 mol % of

Fe) at different temperature values are given in tlgufg 5.7. Maximum resolution of
the resonance peaks are observed at the spectoamded at 5 K. There are 6 well-
resolved resonance peaks which are A, B, C, D, & FRrwith approximate Lande
splitting values ofg ~ 1.1, 1.52, 2.02, 3.3 5.3 and 21.2 respectivAlyother peak
around 8 kG comes from cavity below 30 K. Espegiptaks A and E intensify with
decreasing temperature. The peaks A, B and C éxhibmall amount of anisotropy
with decreasing temperature. If we do simple coisparwith peaks observed from
LiFeO,-LiGa0,, except peak A, all other peaks with almost equehlues were also
recorded fromLiFeO,-LiGaO,. By using the Hamiltonian equation for the speattru
recorded at 5 K, we determined the best-fit parameasg = 2.27,A = 40 Gauss,
D = 650 Gausd; = 80 Gauss. The rhombicity is equal to 0.123 fér. 5o, we can talk
about paramagnetic source ag'Fens in orthorhombic symmetry again consisted with

the Ref. [7]

T T T T T T T T T
1 p—F LiFeO2-LiScO2,
5 % of Fe
f=9.78 GHz

Amplitude(a.u.)

i \ \. from cavity

Magnetic Field (kG)
Figure 5.7 The temperature variation of EPR spectra of 5 ¥haif
Fe ions in LiIFe@-LiScO; solid solution below 300 K
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The temperature dependence of absorption interaity inverse absorption
intensity for resonance lines are shown in tempeeanterval of 5-300 K in Figure 5.8.
We observe two magnetic phase transitions arouri{l @&d 95 K. The deflections from
ideal paramagnetic that is Curie-Weiss type behlaveoe observed above 230 K and

below 100 K. The reason mainly seems to be ferrowiag interactions for this

compound.
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Figure 5.8 Temperature dependence of absorption intensity
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5.4 Solid Solution of L& 755r1 2gMNO 4-LaSrAIO 4, 2 and 4 mol % of Mn

The EPR spectra registered at room temperatur2 &md 4 mol percent of Mn in
Lag 755n 29MIN0O4-LaSrAlO, solid solution are given in the Figure 5.9. Bopedra have
two resonance peaks, one around 3485 Gaussgmth? and the other very broad,
unresolved shoulder like peak is around 1600 Gallss.basic difference between two
spectra is that the peak @t [2 includes hyperfine features in the spectrum cr
from the complex oxide including 2 mol % of Mn io8ince the samples consist of
powdered crystallites, the spectra for Mn ionsexpected to contain absorption peaks
splitted into 36 lines due to 6 electronic levedste of which is further split into six
levels due to hyperfine interactions for any dikats of an individual crystallite. Due to
random orientation of the crystallites, these 38oajtion peaks overlap and give very
broad curve as occurred in the figure. If the @aliste anisotropy very close to axial
symmetry (slightly distorted into rhombic in thiase) the spectral structure can seems
to be in the figure. Especially, in the perpendicydart (originates from the crystallites
with their symmetry axes oriented perpendiculadythe external field), the peak

separation exhibits very strong anisotropy.

- La0_758r1_25M nOA-LaSrAIO4

1f=9.775 GHz

12 mol % of Mn

Amplitude (a.u.)

T4 mol % of Mn

o 1 2 3 4 5 6
Magnetic Field (kG)

Figure 5.9 Experimental EPR spectra of 2 mol % and 4 mol %ofin
Lap 755n1 29VInO,4- LaSrAIO, solid solution at room temperature
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In the literature, Lg;sSrdMIn0O, compoundcontains heterovalent manganese
ions of Mr#* and Mrf* as paramagnetic sources [31]. The analyses ohaese peak
around theg = [2 recorded from LiMn® offers that MA" is another probable
paramagnetic source. If we consider the nonstambidc structure of polycrystalline
sample, the probability of this case is difficult predict. So a detailed analysis can
illuminate us about the source of these two resomdines. By this purpose, the two
spectra taken at 159 K and 7 K temperature valu#gstheir simulations are given in
the Figure 5.10. The significant changes were ofeskat the spectrum registered at 7 K
that is two additional peaks; peak A and B locatgdund 0.85 kG and 6 kG
respectively are observed with decreasing temperaeak A arises below 120 K

while peak B below 14 K. The signal around g2 maintains its hyperfine feature at

every recorded temperature value.

T T T T T T T T T T
LaO.758r1.25MnO4-LaSrAIO4,

2 mol % of Mn
f=9.775 GHz

Amplitude (a.u.)

n [ — Simulation
' : : | . I . T T T T T T T

0 1 2 3 4 5 6 7
Magnetic Field (kG)

Figure 5.10The EPR spectra of 2 mol % of Mn ingz@Sn 23MNO4-
LaSrAIQ, solid solution registered for two different temgieire values

below room temperatu
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Best fit parameters have been obtained by using-&mma simulation program
and Hamilton equation for the spectrum taken atK%&g = 2.00,A = 70 GaussD =
440 Gaussk: = 130 Gauss anfi= 5/2, while these parameters were equgl$02.00,A
= 60 GaussD = 500 Gausd: = 120 Gauss anfi= 5/2 for the spectra taken at 7 K. So
the axially distorted octahedral position seembemccupied mainly by the Mhions
with electronic spin value of S = 5/2. The rhomtyics equal to\ = 0.295 and 0.240 at
159 and 7 K values, respectively. The simulatedtspm includes another peak, C that
is not separable due to overlapping and broadesfiiegts at the negative side of broad

experimental signal at high temperatures.

Figure 5.11 shows a closer examination and sinardtr the hyperfine structure
of the peak centered around 3485 Gauss in a madiedti swept from 2.20 to 4.20 kG

at room temperature again.

| ! | ! |
La0.75Sr1.25MnO 4—LaSrAIO X
2 mol % of Mn

f=9.775 GHz

Amplitude (a.u.)

e - Simulation

2,4 2,8 3,2 3,6 4,0
Magnetic Field (kG)

Figure 5.11EPR spectrum for hyperfine structure resolutiar2fonol %
of Mn ions in La 755r 2dVInO4-LaSrAlO, solid solution at room

temperature
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The positions of allowed hyperfine transitions expressed by the angular dependent
equations in the Ref. [43]. A home made program lheen written to simulate the
theoretical spectrum. The great accordance witlerx@ntal one has been obtained by
using the fit parameters gf= 2.01,A= 107 Gauss) = 490 Gaussk: =145 Gauss and
S = 5/2. The rhombicity is equal 0= 0.296 at room temperature and nearly equal to

parameter obtained for the spectrum taken at 169 #sing the SimFonia program.

So, by using literature investigations [33, 44] dhdoretical fit studies on the
spectra, we are able to say that at different teatpee values Mfi ions are assigned
into rhombic symmetry. M is a 3dion with electronic spin of S = 5/2, it is known
that @ metalions under crystal field stronger than Zeeman figies rise to three
Kramers doubletst 5/2), |+ 3/2) and| + 1/2) in the case of axially distorted octahedral
symmetry. An application of Zeeman field splits #@n degeneracy of the Kramers
doublets and resonances are observed due tragsititinin the Kramers doublets [36].
Chakradharet al. signs that shoulder like peak arises from thasiteons between
energy levels of middle Kramers doublet3/2) and the other peak correspond to the
lower | + 1/2) doublet as the magnetic source off{lions. But in the study performed
by Ramirez-Rosalet al. [42], there are three observed transition peaks fn”* ions
due to strong crystalline field. In the study, tiread shoulder a = [14.3 correspond
to the transition between energy levels 65/ - -3/2; -3/2 - -1/2), the second
resonance peak centered gqt= [R2 correspond to the lower Kramers doublet,
1/2 « -1/2. The third one is another shoulder like resorasignal arises at around
5495 Gauss for X-band measurements correspondingtraasitions between
-1/2 - =3/2, all three are allowedMgs=1 transitions. This third peak (peak B) had
appeared in our experimental X-band spectra atnteasurements performed under
14 K.

Below room temperature, some additional spectrardee! for 2 mol % of Mn
ions in La 7551 29VINO4-LaSrAIO, solid solution are shown in Figure 5.12. The pBak
intensifies drastically below 14 K. This might beedchanging amount of contribution
from Mn?* ions that occupy the octahedral position in trenance region centered at
g = [R. If we reconsider the very broad and intensivacstire of the observed peak,

especially its negative side is wider and morenisee this case seems to be true at every
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Figure 5.12The temperature variation of EPR spectra of 2%half Mn in

Lag.755n 29MIN0O4-LaSrAlO, solid solution below room temperature

value of temperature. Another fact that the g2 resonance is more intense than the
other resonance signals as whole. This observaidinates that more amounts of Mn
ions are present in the octahedral environment thahe rhombic environment. The

presence of peak B also enables us to determineotinesponding transitions between
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energy levels as the same expressed by RamirezeR@sal. The other rising peak
with decreasing temperature, pedalkn the low field region is ascribed to the forbédd
AMg=2 transitions originate from the Mhnion in the Ref. [33]. The reason for
increasing intensity of forbidden transitions isagi as the increase at spin-lattice) (T
and spin-spin (3) relaxation times with decreasing temperature lakHRnov et al.
again. The exchange and dipolar interactions betwée’*, Mn®*" and Mr* ions are
observed strongly in the temperature range of 3IDK -nd cause to large broadening

effects on the spectra.

We did not observe any peak that originates diyefitm Mn®* ion at any
temperature range consistently with the literatuFbe similar characteristics with
respect to temperature are observed for 4 mol %lfions without any significant
change. As the 2 mol % Mn ion concentration inaeas 4 mol %, the resolution of
HFS sextet exactly disappears leaving behind aesibgpad line due to ligand field

fluctuations in the Mfi ion vicinity and also due to dipolar interactid@s].

The temperature dependence of absorption interaiy inverse absorption
intensity for 2 and 4 mol % of Mn in basSr 29MINnO4-LaSrAIO, solid solution are
given in the Figure 5.13a and 5.13b respectivelg. Wserve two remarkable magnetic
phase transitions around 67 K and 105 K for twded#nt concentrations of Mn. The
transition intensity around 105 K seems to beeliliit more for 2 mol % of Mn while
transition around 67 K is stronger for 4 mol of Mnhe deviations from ideal
paramagnetic behavior can be attributed to theorfesugnetic and antiferromagnetic
interactions as it happens for 2 mol percent of iMrihe solid solution of LIMN®
LiGaO..
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5.5 Solid Solution of Ferrate LaFeOs-LaGaO3;, 3 mol % of Fe

A simulation andhe three experimental EPR spectra recorded frdith solution
of LaFeOs-LaGaOs in perovskite structure are given in the Figuri45At the spectrum
recorded in room temperature, there are well-sépau@ resonance lines. In real we can
categorize these peaks into 3 different paramagetiters. The first group consists of
3 lines with g values ofj; = 1.87,0, = 2.07,g3 = 2.5. The second group consists of 2
lines of g4 = 4.4 andgs = 8.26 values. The other peak with = 10. When the
temperature decreases, the three more resonank® @ezur in the high magnetic field

region withg; = 1.37,0s= 1.19 andyp= 0.93 values.

, .
LaFeO3-LaGa03,
3 % of Fe
f=9.81 GHz

Amplitude (a.u.)

3 4 5 6 7 9 10
Magnetic Field (kG)

L
0O 1 2

Figure 5.14The temperature variation of EPR spectra of 8 mo
% of Fe ions in LaFe@LaGaQ below 300 K
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All observed peaks exhibit isotropic behavior witkcreasing temperature. The origin
of the first group is given as Feions (with g values ~2) in oxidic clusters in the
references [45-47]. This result is in accordandé Wie cases reported by T. Seiyama et
al [13]. When we compare the line width of resoreapeaks around g~2 with a very
broad resonance peak registered by A.Tavman e47] [t is possible to say that

polycrystalline ordering is the major case tharsigting.

As the paramagnetic source of second group, likerétical simulation and
literature investigation studies show that the aidraving the g= g5 = 4.4 value is the
well-pronounced perpendicular component and theldleo with g = g;= 8.26 value is
the parallel component of paramagnetic peak ariiomg the F&" jon possessing penta
or hexa coordinated with rhombic crystal field [@8}. In some cases a parallel
resonance component negr~g.0 are reported having well resolved shouldeosirad
go = 4.2 [48, 51]. No such signal is observed in mgorded spectra. When *éons
are located in a crystal field environment, f8eground state splits into three Kramer

doublets | +1/2 ), |+3/2) and |+5/2). The resonance peak with g 5 g 4.4 arises
from |+3/2) doublet [52]. The origin of all other peaks is givas F& ions in the
study performed by T. Castner et al [53].

The temperature dependence of absorption interesiy inverse absorption
intensity for 3 mol % of Fe ihaFeOs;-LaGaO; solid solution are given in the Figure
5.15. We observe a magnetic phase transition regetwveen 25 K and 100 K
especially around 98 K. The deviation from idearapaagnetic behavior can be
attributed to the ferromagnetic interactions.
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CHAPTER 6

CONCLUSION

X-band room and low temperature paramagnetic resmnemeasurements have
revealed the heterovalent structure for both swidtions of LIMnQ-LiGaO; (2 mol %
of Mn) and La 755r 29VINO4-LaSrAIO, (2, 4 mol % of Mn) that include Mn (I, I, 1V)
ions. The spectrum recorded from LiMpOGaO, has a single, symmetric and
Lorentzian resonance peak which originates from?Man until 80 K. Below this
temperature, an additional, very broad and intengeak that arises due dipolar
interactions between mainly Mhand Mri*ions. The three magnetic phase transitions
were detected around 26, 51 and 80 K due to cotigretietween ferromagnetic and
antiferromagnetic exchange interactions. In additio these exchange correlations,
dipolar interactions between like and unlike Mndgplay important role at the line
shape, line width and absorption intensities witsrdasing temperature. Moreover, the
spin-glass like behavior due to cluster formatiard anagnetic disorder has been
detected.

Two intensive resonance peaks, one is shoullerdiiginates from the M
ions in rhombic symmetry and other is arogd (2 originates mainly from M ions
in the axial symmetry are recorded from the solautson of L& 755n 29MNO4-
LaSrAlO,. The peak around = [2 value includes hyperfine features for the 2 mad®o
Mn but hyperfine lines disappear for 4 mol % of Mue to dipolar interactions. Two
remarkable magnetic transitions were recorded ard@h and 105 K. In addition to
allowed transitions of Mt ion, the forbiddemMg=2 transitions originate from the
Mn** ion were registered below 120 K. By decreasingpenmature, the intensity of
forbidden transitions increases due to increasspat-lattice () and spin-spin (J)
relaxation times. The exchange and dipolar intevastbetween M, Mn** and Mrf*
ions were detected strongly in the temperaturegafg30-110 K and caused to large

broadening effects on the spectra.
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Also for ferrate and perovskite structure solidusiohs of LiFeQ-LiGaO, (5 mol % of
Fe), LiFeQ-LiScO, (5 mol % of Fe) and LaFeaGaQ (3 mol % of Fe), x-band
room and low temperature paramagnetic resonanceurezaents have been studied. A
very strong resonance peak with g ~ 2 has beemassaround room temperature and
some minor peaks in the low magnetic field region lfiFeOQ-LiGaO,. According to
the theoretical fit studies, by using the SimFairaulation program, a transition from
cubic to orthorhombic symmetry which originatednfré-€* ions have been observed
[54]. For all ferrate and perovskite type solidutmins, magnetic phase transitions were
detected between 25 K and 100 K, because of thenfiegnetic and antiferromagnetic
interactions. From the spectra of LaRd@GaQ, it can be seen that polycrystalline

ordering is the major case than the clustering.
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