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Preface

Advances in a 3d-4f oxides are one of the most interesting subjects in the field
of materials science which has attracted the scientific community and up till now
we found ourselves in front of a new progress and a new applications for these

materials.

There is a lake in the text books that deal with these important topics so the
idea of this book jumped to me and started working with and I hope to present

some of the basics related to these materials.

It is important to highlight on the physical properties of these materials,
besides its potential applications. All the presented work and results in this book
belong to the keen efforts of the scientists from different places and here in this

book, it is collected and presented.

Jhah Abdel- Lot

/VW, November 2075.
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Manganites, Ferrites and coblates are the materials which composed of
manganese, iron and cobalt respectively so any material in its content
manganese is so called manganites. There are many types of compounds in their
content exists manganese, for example manganese oxides. In the recent years, a
lot of interest has been devoted to research on rare earth manganese oxides,
within perovskites-like structure. These rare earth manganese oxides have
exciting properties such as the colossal magnetoresistance (CMR) [1] and
multiferroic effects [2]. These compounds could be used as a magnetic storage
media and magnetic sensors [3-4]. The great attention increased due to the
potential applications in spintronics [5-6] and in ferroelectromagnets [7-8].

Perovskites have the general formula ABO; where A and B are metallic
cations and O is a nonmetallic anion [9]. A is a large cation, similar in size to O?;
B is a small cation such as Mn®" or Mn**, octahedrally-coordinated by oxygen.
In the present case A is rare earth element (Nd, Eu, Sm, ...), B is 3d transition
metal element (Mn, Fe, Co, ...) and O is oxygen. The ideal cubic structure is
shown in Fig. 1.1 One can say that the ideal perovskite structure is considered
as a cubic close-packed array formed of O anions and A*® cations with small
B*® cations in octahedral interstitial sites. Partially replacement of rare earth
element by divalent element in this compound (a divalent element like Ca, Sr,
Ba, ...) has been extensively investigated [9]. The ideal, cubic perovskite
structure is distorted by cation size mismatch and the Jahn & Teller effect,
whereby a distortion of the oxygen octahedron surrounding the B site cation
splits the energy levels of a 3d ion such as Mn*", thus lowering the energy. The
distorted structures are frequently orthorhombic. So one can say crystal
structure of these materials not only has cubic structure but also is found to be
in the orthorhombic, rhombohedral, hexagonal.
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Fig. 1.1 The ideal, cubic perovskite structure.

Mixed-valence manganites are solid solutions based on AMnO; where A is a
rare earth ion. [10] In the ABO; perovskite structure, Mn is on the B site in
octahedral oxygen coordination, with crystal field splitting A between the ty

and e orbitals.
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Fig. 1.2 Schematic band structure of LaMnO3 and Ry 7A¢3MnOs.
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Chapter 1 Introduction

The simple cubic perovskite structure undergoes a double distortion in the
end member, reducing the symmetry to orthorhombic (O~ structure). There is a
buckling of the MnOsg octahedral array to accommodate the size discrepancy
between R** and O, and a chequerboard distortion to the octahedral in the
basal plane that is due to the Jahn -Teller effect for Mn®, which splits the eTg
orbitals (dz? and dx?*—y?). The Jahn-Teller splitting & is slightly greater than the
eq bandwidth W [11]. LaMnOs is an insulator, with a small activation energy ca.
0.1 eV. LaMnO; is A-type antiferromagnet with a Neel temperature of 130 K. [9]

In particular, the neutron data revealed a very rich magnetic phase diagram
where, for different doping levels, antiferromagnetism can take different
configurations (A, C, G types) and can even coexist with ferromagnetism
(B type). The magnetic structures are indicated on Fig. 1.3. There are three main
regions: for small amounts of Mn* the compounds have essentially
antiferromagnetic properties. For x around 0.3, they become ferromagnetic but,
for x > 0.5, they revert to antiferromagnetism up to the end-member CaMnOs.
From magnetization and susceptibility results, Jonker [9] concluded that the
exchange is weakly positive (ferromagnetic) between two 3d4 Mn*® ions,
negative (antiferromagnetic) between two 3d3 Mn4 ions and positive between a
3d4 Mn** and a 3d3 Mn*™ ion. These measurements provided the first clear
evidence of a ferromagnetic exchange interaction in an oxide. Moreover,
resistivity measurements revealed a strong correlation between electron
transport and magnetic properties in these oxides. The resistivity is lowest for
the x = 0.3 composition corresponding to the best ferromagnetism, whereas
high resistivities are associated with the antiferromagnetic compositions.

http://www.sciencepublishinggroup.com 5



Advances in 3d-4f Transition Metal Rare Earth Perovskite Oxides

R [ e
type ‘A J,
type B type G
T ) T
7 g
Yty )
LA 107
type E type Cl
3+ L+ 3+ 34
b 34 3 3
ba 3. 3 3-
3. e / 3- =

Type B Ndg 5515 s MnO5

4 - be
s 4 —
Ls 4
L- L

Type G CaMnOj

3+ FAe

Type A Ndﬂ_gSl‘o_ngO3

Fig. 1.3 Magnetic ordering in Perovskites.
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Chapter 1 Introduction

.y 7=0
Mnspins__ 1/, @ Yb(ab)site

Fig. 1.4 Symmetry allowed Mn spin orders in hexagonal RMnO; [12].

Double exchange concept for rare earth manganites doped with divalent
element was developed and explained by Zener in 1951 in terms of his theory of
indirect magnetic exchange between 3d atoms was discussed [9]. He considered
that the intra-atomic Hund rule exchange was strong and that the carriers do not
change their spin orientation when hopping from one ion to the next, so they
can only free energy of the system, Zener found that ferromagnetic interactions
are favored when the magnetic atoms are fairly well separated and conduction
hop if electrons are present. The theory was applied to the manganese
perovskites the spins of the two ions are parallel (see fig. 1.5). On minimizing

http://www.sciencepublishinggroup.com 7
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the total with the aim of explaining the strong correlation between conductivity
and ferromagnetism, and the value of the zero-temperature saturation
magnetization which corresponds to the sum of all the unpaired electron spins.
Starting from the insulating antiferromagnetic LaMnO; end member where
electrons are localized on the atomic orbitals, Zener showed how the system
should gradually become more ferromagnetic upon hole doping [9].

Mn** 02" Mn3+ Mn3* 0Z I‘J‘Ir‘rr
e} p6 a4 d4 pG d3

Fig. 1.5 Schematic diagram of the double-exchange mechanism. The two states
Mn**-Mn** and Mn**-Mn** are degenerate if the manganese spins are parallel [9].

T T T T T
230 231 232

Unit cell volume, (Angestram)’

Fig. 1.6 The activation energy E, as a function of unit cell volume of
Ndo ¢5Sr0.35F€,Mn1,O3.
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Fig. 1.7 Effect of Magnetic field on resistivity (Magnetoresistance).

The correlation between crystal structure and its physical properties plays an
important role in understanding and interpretation these interesting phenomena.
An example for this correlation between crystal structure and electrical
activation energy in NdgesSrossFexMny O3 is is represented in Fig. 1.6 which
reported by Abdel-latif et al., [3]. It is clear that the volume of unit cell is
directly proportional to activation energy. Many ferromagnetic elements display
an intrinsic negative magnetoresistance in the vicinity of their ferromagnetic
transitions. This is because in the vicinity of the ferromagnetic transition,
conduction electrons are scattered by magnetic fluctuations. Switching on a
magnetic field suppresses such fluctuations and this results in a reduction of
such scattering and consequently, a reduction in the electrical resistivity.
Magnetoresistance MR is defined as the change in the electrical resistance
produced by the application of an external magnetic field. It is usually given as
a percentage [1].

http://www.sciencepublishinggroup.com 9
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MR = [(pn - po) / po] X 100%

Where pg is resistivity with no applied magnetic field and py is resistivity
with o applied magnetic field. For rare-earth cations smaller than Tb** (R = Ho,
Er, Tm, Yb, Lu) as well as Y* and Sc*, in the rare earth manganites RMnO;
with perovskite structure becomes metastable and a new hexagonal polytype
stabilizes (space group P6scm). In the hexagonal phase, a ferroelectric behavior
has been described to coexist with magnetic ordering at low temperature. The
ferroelectricity in hexagonal RMnO; was discovered by Bertaut, Forrat, and
Fang in 1963 [12].

All these interests were the main goals to continue in research in this
interesting field and the presented review deals mainly with studying different
classes of the rare earth manganites; Orthorhombic distorted perovskites and
hexagonal perovskites.

10 http://www.sciencepublishinggroup.com









The rare earth manganites are synthesized using different methods. The well
known methods for fabrication manganites are solid state reaction,
co-precipitation method, hydrothermal reaction method, sol gel method.

2.1 Solid State Method

Solid state reaction method is called conventional method of preparation
manganites. In this method pure oxides or carbonates of transition metal and

rare earth are mixed together with the proper ratio [13-20].

Let us take an example how to synthesis SmMMnO;?

The steps of solid state reaction method could be represented in the schematic
diagram shown in Fig. 2.1. First of all, the reaction which is used to get
SmMnO; could be written as follow;

05(Sm203) + 05(Mn203) — SmMMnO;

We need to calculate the atomic weight of each oxide to know how much
oxides needed to get SmMnO; (From periodic table see Fig. 2.2
Atomic Wt (Mn) = 54.93805, Atomic Wt (O) = 15.9994, Atomic
Wt (Sm) = 150.36). This is so called calculations step and results are shown in
table 2.1.

Table 2.1 Calculations of initial Oxides.

Initial oxides 0.5 Initial oxides 0.5 Final oxides
(Sm,053) (Mn,03) SmMMnO;
Atomic Wt 174.3591 78.9372 253.2963
(Initial oxides/ Final oxides) 0.6884 0.31164
Mass 0.6884 g 0.3116 g 1.0000 g

Let us return back to our example to get 1g of SmMnO; we need to weighting
0.688369 of pure Sm,0; (99.9%) and 0.31164g of pure Mn,0O3 (99.9%) to mix,
then grinding carefully using agate mortar to get homogenous and well mixed

http://www.sciencepublishinggroup.com 13



Advances in 3d-4f Transition Metal Rare Earth Perovskite Oxides

powder. Next step is to press the well mixed powder from initial oxides into
disc form or into any other forms (pressure range 2-3 ton). The pressed pelt
(disc) is place inside furnace and setting the temperature of the firing at the
calcinating temperature of rare earth manganites which in our case starts from
1000°C. The calcinating firing process talks 12h - 24h and could be done in
environmental or in the presence of oxygen gas. The obtained disc is grinded
again and repeating firing but with increasing firing temperature up to 1100°C
in environmental condition or in the presence of oxygen gas. Each time we must
test the fired powder using X-Ray diffraction in order to know how much from
our phase is formed. The calcination process may be made for the well mixed
and grinded powder form without pressing. The last step is to fire the disc
formed from our powder at sintering temperature (Tsintering = 1200°C - 1400°C).
The instrumental equipments which are used in solid state reaction method are
shown in Fig. 2.3. The sintered disc is examined again with X-Ray diffraction
to define the structural parameters and carrying out different characterizations
(optical, electrical and magnetic transport).

14 http://www.sciencepublishinggroup.com



Chapter 2 Synthesis of 3d-4f Oxides
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Fig. 2.2 Periodic table of elements.
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Electronic Balance Agate Mortar

Furnace

Fig. 2.3 Experimental equipements for solid state synthesis.
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2.2. Co-precipitation Method

The synthesis of manganites using chemical reaction methods are widely used
in fabrication nano-sized manganites. Co-precipitation [21-30], hydrothermal
reaction, sol gel are the well known example chemical reaction method, where we
are using chlorides, nitrates or phosphates as initial chemical to start our reaction.

Let us take the same example (synthesis SmMnO; which we discussed before
using solid state reaction) but in this case we apply co-precipitation reaction.
Looking at the schematic diagram of chemical reaction process shown in
Fig. 2.4, one can realize that we need first to make calculations for how much
starting precursors required for beginning our reaction.

Calculations step: 1mol of SmCl3.6H,O and 1mol MnCl,.4H,0 react with

5mol Na(OH). The chemical reaction could be represented as:

1mol SmCIl;.6H,O0 + 1mol MnCl,.4H,O0 + 5mol Na(OH) —
1mol SmMnO; + 5mol NaCl + 10 mol H,O +2.5mol H,0O

The details of calculations are required for chemical reactions are represented
below in this table 2.2.

http://www.sciencepublishinggroup.com 17
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Fig. 2.4 Schematic representation of the chemical reaction process.
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Electronic balance pH meter Magnetic stirrer with hot plate

Agate mortar Furnace

Fig. 2.5 Experimental equipements for chemical synthesis.
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Table 2.2 Calculations details of chemical reaction.

SmCl, SmCl;.6H,0 NaCl H,0
=256.7181 =364.8099 =58.4425 =18.0153
MnCl, MnCl,.4H,0 SmMMnO; H,0
=125.8435 =197.9047 =253.29625 5NaCl -180.153
Na(OH) 5Na(OH) =292.2125 +45.0383
=39.9971 =199.9855 =225.1913
Input Output
Total =762.7 770.7

According to our calculation, to get 1g of SmMnO; we need to take the
following weights of starting precursors; 1.4403g of SmCl;.6H,0, 0.7813g of
MnCl,.4H,0 and 0.7895g Na(OH). One can ask reasonable question; why there
is difference in atomic weights of input and output of reaction? The difference

in weights is of 0.5 of oxygen weight which equal 8 and it is taken from air.

Following the schematic representation of synthesis process, the next step is to
weight starting precursors with the calculated values. Taking into consideration
all starting precursors must be of high-purity compounds. After weighting our
initial powders the 1.4403g of SmCI;.6H,0 and the 0.7813g of MnCl,.4H,0 are
dissolved in distilled water (200 mLiter). The 0.7895g Na(OH) is dissolved in
distilled water separately to give us alkaline solution. Then this alkaline solution
is slowly poured into the solution of metal ion until the pH of the suspension
reach ~ 13 to avoid differences in precipitate composition. Digital pH meter is
used and you can use any other pH indicators, all experimental equipments
required to sensitize our manganites are shown in Fig. 2.5. Looking at the solution
when adding alkaline solution we can see the color of solution is changing we see
small particles in this solution. The aqueous mixture stirred magnetically for
180-300 minutes at 85T using magnetic stirrer. The precipitated Powder
composed of our SmMnO; compound and NaCl compound so we need to

dissolve NaCl in water and get red of this NaCl which is dissolved in water. This

20 http://www.sciencepublishinggroup.com



Chapter 2 Synthesis of 3d-4f Oxides

step is so called washing process and we are washing for several times using
distilled water until the pH value of the solution became neutral, or until get rid of
sodium chloride. Finally, the precipitated powder is dried at 90<C for 3h in air
using hot plate. The obtained powder grinded using agate mortar to get well
disperse SmMMnO; powder and testing it with X-Ray diffraction. After this step
you may need to thermal treatment for this powder to form required SmMnO;
structure. The powder is pressed into a disk- shaped form of 13 mm diameter to
be sintered in air for 12 hours at different temperatures 650<C, 750<C, 850<C and
1000<C. The sintered pellets constituted the final sample and has certain shape
(disc, rectangular, or torrid) to examine (electrical, magnetic, optical, ... etc.)
properties of our synthesized material according to certain conditions (either heat

treatment or chemical reaction).

2.3 Hydrothermal Method

The hydrothermal reaction [31-35] is also one of the well known examples of
chemical reaction method, where we can use chlorides, nitrates or phosphates as
the initial chemicals to start our reaction. Looking at the schematic diagram of
hydrothermal reaction process shown in Fig. 2.6, one can realize that next step
after calculations is weighting starting precursors; 1.4403g of SmCls.6H,0,
0.7813g of MnCl,.4H,0 and 0.7895g of Na(OH). After weighting our initial
powders the 1.4403g of SmCI;.6H,O and the 0.7813g of MnCl,.4H,0O are
dissolved in distilled water (200 mLiter). The 0.7895g Na(OH) is dissolved in
distilled water separately to give us alkaline solution. Then this alkaline solution
is slowly poured into the solution of metal ion until the pH of the suspension
reach ~ 13. The solution is placed inside the hydrothermal reactor and closed
tightly and put them together inside furnace with temperature 200°C for 3h.

http://www.sciencepublishinggroup.com 21
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J
e 8 ]
Reactor Washin. Dry powder
Solution inside reactor inside furnace £

Pressing Grinding
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pressed powder

Final ﬁug XRD test

required compound

Fig. 2.6 Schematic representation of the hydrothermal reaction process.

Return to our example (synthesis SmMnQ3) and let us see the difference in the
hydrothermal reaction method. For the calculation of how much of initial
materials are needed in hydrothermal reaction we can say the same procedure of
the co-precipitation method and the same materials could be used. So we can
take the same calculations shown in table 2.2 for hydrothermal reaction.
According to that calculation, we will repeat “we need to take the following
weights of starting precursors; 1.4403g of SmCl;.6H,0, 0.7813g of
MnCl,.4H,0 and 0.7895g of Na(OH) to obtain 1g of SmMnQO;”.
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The precipitated Powder composed of our SmMnO; compound and NaCl
compound so we need to dissolve NaCl in water and get red of this NaCl which
is dissolved in water. This step is so called washing process and we are washing
for several times using distilled water until the pH value of the solution became
neutral, or until get rid of sodium chloride. Finally, the precipitated powder is
dried at 90<C for 3h in air using hot plate. The obtained powder grinded using
agate mortar to get well disperse SmMnO; powder and testing it with X-Ray
diffraction. After this step you may need to thermal treatment for this powder to
form required SmMnQO; structure. The powder is pressed into a disk-shaped
form of 13 mm diameter to be sintered in air for 12 hours at different
temperatures 650<C, 750<C, 850<C and 1000<C. The sintered pellets constituted
the final sample and has certain shape (disc, rectangular, or torrid) to examine
(electrical, magnetic, optical, ... etc.) properties of our synthesized material

according to certain conditions (either heat treatment or chemical reaction).

2.4 Sol-gel Method

The Sol-gel method is very efficient for producing various functional
materials in which particle size, porosity, thin layer thickness, separation of
particles of different compositions and structure may be controlled [36-50].

For synthesize rare earth manganites; rare earth acetate hydrate, and
manganese (I1) acetate tetrahydrate were used as precursors in this method. [37].
For preparing perovskites Ry4SryMnO; (R= La, Er, Nd, Sm or Yb), [38] an
appropriate  amount of La(NOs); 6H,0, Er(NOs); 6H,O Nd(NO3); 6H,0,
SM(NO3); 6H,0 or Yb(NOs3); 6H,O and Mn(NOs), 6H,O were dissolved in
100 ml H,0, and then citric acid (the molar ratio of citric acid to nitrate salts is
2:1) was added with continuous stirring at 80<C for 60 minutes. Afterward, 19

of poly (ethylene glycol) was added to mixture with stirring at 80<C for

http://www.sciencepublishinggroup.com 23



Advances in 3d-4f Transition Metal Rare Earth Perovskite Oxides

two hours to get clear solution at pH = 8. The produced sol was aged at 80<C
for 24 hours to evaporate water until the gels formed. The produced gel was
calcined at 500<C for 2 hours and then annealed at 800<C fo 5 hours to obtain
R1.4SryMnO; (R= La, Er, Nd, Sm or Yb).

So we can say that the proper stoichiometric quantities of the nitrates or
chlorides are dissolved in water. This solution was mixed with citric acid solution
in 1:1 volume ratio. On heating this mixture in water bath at 80<C, a yellowish
transparent gel was formed on complete evaporation of water. Continued heating
caused the gel to swell and fill the beaker with a foamy precursor. Upon
subjecting it to a temperature of 400<C for 2h, the foamy precursor decomposed
to give very light, homogenous, black-colored flakes of extremely fine particle
size. Further, the powder obtained by crushing these flakes was subjected to final
sintering temperature of 800<C for duration of 2h. The powder was magnetically
filtered to ensure that there are no traces of carbon in the sample.
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Nitrates salts solution

Stirring at 80 °C for 60 minutes

Added 1 g poly(ethylene glycol)

Stirring the solution
at 80 °C for 120 minute

Aging at 80 °C for 24hours

R,,Sr,MnO, ( R=La, Er, Nd, Sm or Yb)

Fig. 2.7 Schematic representation of the sol gel reaction process.

Let us see some examples; how we prepared different compounds using
different methods. Solid state reaction was used to prepare Samarium [1, 51-52],
Europium [53-55] and a part of ytterbium manganites (YDgsSrosMnQOs,
YboSre4MngosFee 0,05 and Yy SrosMnges® Feos,0; samples) [56] while
chemical reaction was used to prepare nano crystalline size of ytterbium
manganites [57-58].
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2.5 Samarium Ferrimanganites

Samarium ferrimanganites SmFe,Mn,, O3 [11, 51] were prepared using solid
state method from pure oxides; Sm,0;, Fe,0s °'Fe,05 and Mn,O; with the
proper ratio. >'Fe,O; is used to enable measuring Mossbauer spectra which
given in ref. [51]. Strontium is doped to samarium manganite in ref [1] where
SMmosSre4sMnOs; was synthesized from initial pure oxides; Sm,0Oz;, Mn,0O3; and
carbonate SrCOs. These oxides and carbonate were mixed together within the
appropriate ratios then milled and pressed in disc form. The obtained disc was
fired at 950<C for 12h in air. The sample was fired again at 1350<C for 72h,
after repetition of milling and pressing process.

2.6 Europium Ferrimanganites

EUoes Sross MnyFe,O5 were prepared from the initial pure oxides (Eu,Og,
Fe,0;, Mn,O3 and SrO) using the solid state reaction method [52-53]. These
pure oxides were well mixed with appropriate ratios to be milled together using
agate mortar then pressed in disk form under a pressure = 15 ton/cm’. The
pressed disks were fired at 1200<C for 12h in air. The pre-sintered samples were
ground again and pressed under the same pressure in the form of disk with
12 mm diameter. All samples were fired again at 1350<C for 72h with an
intermediate grinding to ensure homogenization; this heat treatment was
followed by natural furnace cooling.

2.7 Ytterbium Manganites

The YbgsSrosMnOs, YboeSro4MngosFen 03 and Ybg ¢SroaMnges” Feg 0203
samples were prepared using standard solid solution method from pure oxides
(SrO, Yb,0;, Fe,05, *Fe,05, and Mn,05) [56]. The purity of the initial oxides
was 99.9%. These oxides were carefully mixed, milled and pressed then
calcined at a temperature of 1050<C for 25h. After that, obtained compound
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milled and pressed again to be burned at a temperature of 1250C for 12h.
Finally the last process was repeated but the firing (sintering) temperature was
1350<C for 40h. The burning was done at the air environment.

Chemical reaction method (co-precipitation method) was used to synthesize
YbMnO; and YbggSro:MnO; samples from initial pure Chloride solutions;
YbCl;.6H,0, SrCl,.6H,0, MnCl,.4H,0 [57]. These Solutions were mixed with
NaOH solution within the appropriate molar ratios. The resulting compounds
are milled and pressed in the disc form. The obtained discs were fired at 750<C,
850<C and 1000<C in air to give YbMnO; and Y ¢Sre1MnOs.
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Elemental analysis is very important step that enable us to test our compound
if it is formed in the proper way or we have strange elements in our compound.
Elemental analysis and microstructure micrographs were performed for both
ytterbium [56-57] and europium [54] managnites. The details of these studies
will be presented in the following sections.

3.1 Ytterbium Manganites

The elemental analysis using EDXS was carried out for europium and
ytterbium manganites in order to test the elements which constitute the
proposed compounds. The used accelerating voltage was 25KeV within
resolution of 128 eV of EDXS spectra for both YbgSr,sMnO; and
YboeSrosMnsFe, Oz The following standards; K quartz, K Mn, L SrF, and
YbF; were used for identifying the elements that constitute YbgeSrosMnO;
(Oxygen, manganese, Strontium and Ytterbium). The obtained peaks
correspond to Oxygen, Manganese, Strontium and Ytterbium which form the
YboeSro.4sMnOs are noted [16]. From analysis of the measured spectra it is found
that ytterbium, strontium, manganese and oxygen are the elements which form
YboeSrosMnsFe; Oz where X=1 while ytterbium, strontium, manganese, iron
and oxygen are observed for X=0.98 with the proper concentration. The
concentration of each element in the compound is in agreement with the
theoretically calculated concentrations (see table 3.1). For identification of the
elements constituting the YbggSrosMngggFeg 203 composite the same standards
for identifying the YbgSro4sMnO; were used in addition to KFe for identifying
iron. It is quite clear that the experimentally observed percentages of elements
(which constitute the proposed composites) are in agreement with those
calculated.
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Fig. 3.1 The particle size distribution of Ybg ¢St sMn,Fe; ,Os.

The elemental analysis reveals that the synthesized composites of the
proposed structure are in proper stoichometry. Particle size distribution of
YboﬁSfo_AMnOg, Yb0.68r0_4Mn0_9857Feo_0203 and Yb0_58r0.4Mn0_98F90.0203 was done.
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The obtained micrographs were analyzed according to digital imaging
processing method. The particle size distribution of the Ybg¢SrysMn,Fe;Os is
illustrated in Fig. 3.1. It is quite clear that the minimum observed size of the
composite where x=1 is of 1.665 um. Those particles represent 2.5%. The
maximum particle size was 8.33 um which is 3%. The maximum percentage is
20% for 3.76 um. In the case of x=0.98 (for *’Fe) it is noted that 2.05% of
minimum size of 0.955 um while 4.6% of maximum size of 4.88 um. 2.76 um
particle size is the peak of this distribution within 19.49%. The minimum size of
0.84 um represents 7.35% while 4.6% the maximum size of 6.83 um represents
0.41% and 2.756 um is the peak of this distribution within 21.63%. One can
note that the particle size of both YbgsSro. sMnges® Feoo,05 and YhggSro.
4aMng ogFeg 0,03 is identical and the difference in particle size is obtained in the
sample x=1.

The elemental analysis using EDXS was carried out for YbggSro. ;MnO; and
YbMnO; as shown in Fig. 3.2 and Fig. 3.3. The used accelerating voltage was
15KeV. The following standards; quartz, Mn, SrF, and YbF; were used for
identifying the elements that constitute Yb,oSro;MnO; (Oxygen, manganese,
Strontium and Ytterbium). The obtained peaks correspond to Oxygen,
manganese, Strontium and Ytterbium which form the YbgeSro;MnO; are
illustrated in Fig. 3.2 On the other hand the obtained peaks correspond to
Oxygen, manganese and Ytterbium which form the YbMnO; are illustrated in
Fig. 3.3. The concentrations of each element in both compounds theoretically
calculated and experimental are listed in table 3.1.
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Table 3.1 Elements identifications of Ybg ¢Srq sMn,Fe;Os.

X Element Exp. Percentage, % Cal. Percentage, %
Yb 41.84 (18) 4293
Sr 14.04 (11) 14.49

1.00 Mn 25.05 (11) 22.72
Fe 00.00 00.00
(0] 19.07 (16) 19.85
Yb 46.00 (19) 42.92
Sr 11.97 (11) 14.49

0.98 Mn 24.21 (12) 22.72
Fe 00.19 (60) 00.46
(0] 19.85 (19) 19.85

It is quite clear that the experimentally observed percentages of elements are
in a good agreement with those calculated. So one can say that, the elemental
analysis reveals that the synthesized composites of the proposed structure are in
the proper stoichiometry. The microstructure graphs YbgeSre:MnO; and
YbMnO; are taken using Field Emission Scanning Electron Microscope
FE-SEM — JEOL (JSM-5600) at 15KeV and magnification X - 43000, see
Fig. 3.4 and Fig. 3.5. From Fig. 3.6, it is clear that the particle size of
YbogSre1MnO; composite fired at 850<C at 12h are on the range of 80 nm. One
can say there is homogeneity in the size of particles all over the graph.

Looking at the microstructure of YbMnO; one can note that the composite
which fired at 750C has nano tube structure of size 60 nm. In the same
composite but fired at 1000<T the particles aggregated and the particle size
increased (110 nm).
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Fig. 3.2 EDX spectra of Ybg¢Srg1MnQOs.
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Fig. 3.3 EDX spectra of YoMnO3.
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Table 3.2 Element identification of Yb ,Sri., MnOa.

X Element Exp. Percentage, % Cal. Percentage, %
Yb 55.27 58.23
0g Sr 2.19 3.28
Mn 19.10 20.54
O 23.44 17.95
Yb 56.70 62.70
1 Mn 16.98 19.91
(0] 26.31 17.39
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WD 4.5mm 4:21:50

Fig. 3.4 Microstructure of the Ybg¢Sro ;MnO3; composite.
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(b)
Fig. 3.5 Microstructure of the YoMnO; composite; (a) fired at 1000 <C and
(b) fired at 750<C.
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The particle size of the composite as prepared is closed to 50 nm. Recently
reported by Rd3er et. al [58] that the morphology of thin films has a strong
influence on the local conductivities in manganite thin films. The magnetic
properties of manganites also depend on the morphology of these manganites. It
was reported by Marttinez et. al. [59], that the magnetoresistance and the
magnetization of ceramic La,sA13sMnO; (A = Sr, Ca) oxides have been studied
as a function of the grain size. It was found that [2] these ceramics become
magnetically harder when reducing the particle size exhibiting a large magnetic
anisotropy that increases when reducing the grain size.

3.2 Europium Manganites

The elemental analysis using EDXS was carried out for Eug gsSrg 3sMny..Fe,Os
(x=0.1 and 0.5) samples [54]. The following standards; SiO,, Mn, Fe, SrF and
EuF were used for identifying Oxygen O, manganese Mn, Iron Fe, Strontium Sr
and Europium Eu elements respectively that constitute Eug gsSrgssMnFe,Os.
The obtained peaks correspond to Oxygen, Manganese, Iron, Strontium and
Europium which forms the Euges Sro3s MnyFe,O5 that is good indication for
the absence of impurities in synthesized compounds (see table 3.3). This means
the quality of synthesis.

Table 3.3 Elements identifications of EuggsSry 3sMn;Fe,0s.

X 0.1 0.5

Element Exp. Weight % Cal. Weight % Exp. Weight % Cal. Weight %
(0] 18.67 20.65 28.49 20.62

Mn 21.05 21.27 10.41 11.80

Fe 3.56 2.40 11.26 11.99

Sr 7.05 13.19 11.38 13.17

Eu 49.67 42.49 38.46 42.43

Totals 100.0 100.0 100.0 100.0

38 http://www.sciencepublishinggroup.com



Chapter 3 Elemental Analysis and Microstructure of 3d-4f Oxides

The concentration of each element in the compound are in good agreement
with the theoretically calculated, see table 3.3. As it is quite clear that the
experimentally observed percentages of elements (which constitute the
proposed composites) are in good agreement with those calculated. The
elemental analysis reveals that the synthesized composites of the proposed
structure are in proper stoichiometry and this is in a good agreement with the
crystal structure analysis using X-ray diffraction which reported in ref., [53].
The microstructure graphs EugesSrozsMniFex0O; are taken at 15KeV and
magnification X-43000, see Fig. 3.2. From Fig. 3.2, it is clear that the grain size
of in the composite where x=0.1 is on the range of 2.5 — 3.5 um. One can say
that the homogeneity size of grains is not completely represented. Looking at
the microstructure of composite where x=0.5 one can note that the lower grain
size is quite clear compared with the grain size in x=0.1. The grain size in the

case of x=0.5 in the range 0.5 -1 um.

— lpm  JEOL
15.0kV SEI SEM WD 4.5mm 12:18:39
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10pm JEOL
15.0kV SEI M WD 4.5mm 11:47:33

X=0.1
Fig. 3.6 Micrographs of EuggsSrg3sMnyFe,03 (X= 0.1 and 0.5) measured at 15 kV.

3.3 Neodymium Manganites

The elemental analysis using EDXS was carried out for one sample
Ndo 6Sro4Mng7C00303 as shown in fig. 3.7. The used accelerating voltage was
15KeV. Looking at table 3.4, it is quite clear that the experimentally observed
percentages of elements are in a good agreement with those theoretically
calculated. So, one can say that the elemental analysis reveals that the
synthesized composites of the proposed structure (NdoeSro.4Mng7C0g303) are in
the proper stoichiometry.
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Flg 3.7 EDX spectra of Nd0_68r0_4Mn0.7C00_303.

v Electron Image 1

Fig. 3.8 Micrograph of Ndy ¢Sr4Mng 7C0q 305 annealed at 850 <C for 12h.
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Table 3.4 Element identification of Ndg Srg4Mng7C0g 30s5.

Element Exp. Percentage, % Cal. Percentage, %
Nd 38.81 38.34

Sr 10.25 15.53

Mn 16.42 17.04

Co 6.00 7.83

(0] 28.50 21.26

The microstructure graphs NdggSre4Mng;C0o305 are illustrated in
Fig. 3.8. It is quite clear that say there is homogeneity in the size of particles all
over the graph. The minimum particle size is 119.05 nm while the maximum
particle size is 190.48 nm. The mean value of the particle size is 150.80 nm
which in good agreement with the crystalline size deduced from XRD

measurements (147.4 nm).
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3d-4f has the perovskite -like structure, where a perovskite is any material
with the same type of crystal structure as calcium titanium oxide (CaTiOs,
known as the perovskite structure. Perovskites take their name from this
compound, which was first discovered in the Ural mountains of Russia by
Gustav Rose in 1839 and is named after Russian mineralogist, L. A. Perovski
(1792-1856). The general chemical formula for perovskite compounds is ABXa,
where 'A" and 'B' are two cations of very different sizes, and X is an anion that
bonds to both. The 'A" atoms are larger than the 'B' atoms.

The correlation between the electronic and magnetic transport and the crystal
structure is very important topics. Study crystal structure will help us to
understand very interesting physical phenomena represented by these materials.
Crystal structure in the present review has been studied using different
technique; X-ray diffraction, neutron diffraction and Raman scattering.

4.1 X-ray Diffraction

Crystal structure of europium manganites was investigated using X-ray
diffraction and reported in ref [13]. A distorted orthorhombic crystal structure is
noted in europium manganites. It was found that the Euges Sross MnyFeOs
samples with x = 0.1, 0.5 and 0.7 consist of one phase single perovskite of
orthorhombic system that matched with the ICDD card No. (82-1474). The
X-ray diffraction patterns of all samples were refined using Rietveld method to
calculate the accurate unit cell dimensions, using the space group Py, Z = 4
with A site cations (Sr/Eu) situated at Wyckoff position 4c¢ (x, y, 1/4), B-site
cations (M = transition metal cations Mn and/or Fe) situated at Wyckoff
position 4b (0.5, 0, 0) and two oxygen atoms O1 and O2 situated at 4c and 4d
Wyckoff positions, respectively. A full profile analysis included a refinement of
background, scaling factor, lattice parameters, Brag peak profile, positional and

thermal parameters were done. The overall good agreement between the
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calculated and observed patterns for Eug gs SrossMn;xFexOs, x = 0.1, 0.5 and 0.7
is illustrated in Fig. 4.1. The agreement factors show that the refinement
procedures are acceptable for all samples. All the crystallographic data obtained
after the refinement of the structure of the investigated samples are summarized
and reported in ref. [13]. It is obviously that the volume of unit cell is increased
with increasing the iron contents. This small increase seems to be due to the
difference between the ionic radii of iron (Fe* = 0.55A) and manganese
(Mn** = 0.53 A). The mean bond length of M — O increases linearly with
increasing the iron content x in the EugesSrossFex Mny,Os samples. This
increase in bond length may explain the increase in the resistivity of the
Ndo e5Sro.ssFexMn;,O3 with the increase in the iron content as reported by
Abdel-Latif et al. [3]. The octahedral tilt of the perovskite structure has a
significant meaning, which describes the charge and magnetic transfer.
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Fig. 4.1 XRD patterns of the Eug g5Sro.3sFe, Mn;,O3 composite.

The results of XRD analysis of SmggSro4sMnOs; showed that it has an

orthorhombic crystal structure of space group Pnma. The quality factors of the
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acceptable range. The Sm/Sr atoms have (X, 1/4, z) coordinates while the Mn
atoms have (0, 0, 1/2) coordinates. Concerning the oxygen atoms; four of them
occupy the (x, 1/4, z) coordinates and eight have (x, y, z) coordinates. The x and
z of Sm/Sr atoms have the values; 0.0170 and 0.0214 while their values for O (1)
atoms are 0.5290 and 0.0310, respectively. The lattice parameters and Mn-O
bond lengths of Smg¢Sry4MnQO; in the work presented in ref [20] are compared
with those for SmgeSro4MnOs that is prepared in different lab using the same
solid state reaction but with different conditions. It is clear that, there is a good
agreement between the lattice constants in both samples however, a difference
was found only in the bond length of Mn—O. This deviation in the result of the
bond length can be attributed to the different values of the octahedral tilting
(MnQg). The tilt of MnOg is calculated according to the well-known formula
given in Ref. [1]. The tilt angles of the sample under-investigation are
[b] tilt ~ 6.8755° and [c] tilt ~ 1.05725¢- and they have small values compared
with those calculated for Smy¢Sro 4sMnO; prepared with different conditions and
reported in Ref. [20] namely; [b] tilt ~ 10.65¢ [c] tilt ~ 10-. This is an indication
that in our sample there is less distortion on the MOsg octahedron than that in the
sample. The crystal structure research, here, is one of the most important
subjects because of the strong correlation between this crystal structure and

electromagnetic transport phenomena as we will see latter.
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Mn

Mn

Mn

Fig. 4.2 Crystal structure of SmSrMnOs.

X-ray diffraction pattern of Ndy¢SrosMn,Co;« Oz composites (x=0 and x=1)
which annealed at 850<C for 12h and (x=0.3 and 0.7) annealed at 750<C for,
measured at room temperature, is shown in Fig. 4.3. It is quite clear that all
reflections are corresponding to the orthorhombic crystal system of space group
Pnma (No 62). All the reflections which belong to the orthorhombic crystal
system of P, space group for NdgeSro4sMn,Co;,O3 Where x=0.3, and 0.7 are
represented in Fig. 4.4. The maximum refection intensity at 121 planes is
observed as illustrated in Fig. 4.4. The lattice parameters of this composites
resulting from fitting of the experimental XRD pattern using Fullprof program
[67] are listed in table 4.1. The crystalline parameters are calculated using the
well known Scherrer formula;
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Crystalline size = kA/(B sin®)

where B is FWHM and equal to Boys. - Bstg. (Bons: 1S FWHM of observed sample
and By is FWHM of standard sample).

One can note that the good agreement between the particle sizes deduced
from the SEM micrograph and the XRD diffraction.

Table 4.1 Lattice parameters and volume of unit cell of Ndy gSrg4Mn,C0;.,O3.

« a b c \Y Crystalline Size
A A A A (nm)

0.0 5.227 7.5388 5.4058 213.046 74.8

0.3 5.4479 7.6708 5.4080 225.999 1135

0.7 5.4417 7.7124 5.4400 228.309 147.4

1.0 5.4285 7.6850 5.4847 228.811 34.2
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Fig. 4.3 XRD pattern of Ndg¢Sro4Mn,Co;., O3 (x=0 and x=1) annealed at 850 <C for
12h and (x=0.3 and 0.7) annealed at 750 <C for 12h.
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Fig. 4.4 XRD patterns of NdgSrq4Mn,Co,.,03 where x=0.3, and 0.7 annealed

at 750 <C for 12h.

All XRD patterns of different concentrations of iron in Ndg gsSro ssFexMn; O3
compounds, measured at room temperature, are displayed in Fig. 4.4. Looking
at the observed reflections of the measured XRD it is found that they are
corresponding to orthorhombic crystal system.

The refined crystal structure of NdgesSro.35FexMn;O3 phases were deduced
by powder X-ray Rietveld analysis. One can say that all compounds crystallize
in the orthorhombic structure of space group Pnma (no. 62). The lattice
parameters of Ndo s5Sro.3sFexMn;.O3 are summarized in Table 4.2. The increase
of Iron concentration may lead to decrease in the volume of unit cell. The lattice
constants and volume of unit cell for the compounds where x=0.3 and x=0.6 are

closed. The lattice parameters of calculated for NdgsSro.3sF€06Mng 403 sample
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from XRD are in a good agreement with those calculated by Abdel-Latif et al

[24] from neutron diffraction.

Table 4.2 The lattice parameters of Ndg g5Srg 35FexMn;,Os3.

X a, A b, A c, A v, A
0.1 5.4636 7.7424 5.4662 231.2278
0.3 5.4555 7.7264 5.4595 230.1254
0.6 5.4638 7.7322 5.4595 230.6486
—x=0.1
121 —x=03
x=0.6
1 020 022 040 240 042
2
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Fig. 4.5 XRD patterns of different concentrations of iron in Ndg g5Srg.ssFexMn; 4Os.

Hexagonal crystal structure was observed for ytterbium manganites [17, 21].

X-ray diffraction pattern of the YbMnO; composite [17] is shown in Fig. 4.6.
The XRD of YbMnO; at different firing temperatures 750C and 1000<C
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spectra are refined according to space group P6szcm where the Yb/Sr atoms
occupy two positions 2a and 4b. Yb1/Srl has (0, 0, 0.2754) and (1/3, 2/3,
0.2274) coordinates while Mn atoms are in 6¢ (0.3518, 0, 0) [22-23]. The fitted
lattice parameters of hexagonal crystal system are in a good agreement with
those reported by H. A. Salama et al., [24], van Aken et al., [68] Zhoi et al., [69]
and Katsufuji et al., [70].
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Fig. 4.6 XRD patterns of the YboMnO; composite; fired at 1000 € and at 750 <. The
orthorhombic system is refined according to space group Pnma where the Yb/Sr atoms
have (x, 1/4, z) coordinates and the Mn atom has (0, 0, ¥2) coordinates. Concerning the

oxygen atoms; four of them occupy the (x, 1/4, z) coordinates and eight have (x, y, z)

coordinates. On the other hand the hexagonal system is refined according to space
group P6zc. [17].

The effect of strontium doping on crystal structure is showed in the present
review where the diffraction pattern of YbgyeSro:MnOs; showed that this

compound has mixed crystal structure phases (hexagonal and orthorhombic) [17].
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4.2 Neutron Diffraction

Neutron diffraction measurements for YbgSrosMnO5; and Ybg ¢Sry1MnOs in
the temperature range from 2.5K up to room temperature are shown in Fig. 4.7
(a-b). It is noted from the lattice parameters of Yy sSro4MnQ; that the volume
of unit cell of both hexagonal and orthorhombic depends on the temperature
where it increase with decreasing temperature see Fig. 4.7. Neutron diffraction
patterns were refined using Fullprof software [76] which based on Rietveld
method. According to refinement of neutron diffraction patterns of
YhosSresMnO; it is found that the crystal structure of YbgSrosMnO; is
possessing mixed orthorhombic/hexagonal phase with space group Pnma (62)
for orthorhombic phase while a space group P6scm (185) for hexagonal phase.
It is noted from the lattice parameters that the volume of unit cell of both
hexagonal and orthorhombic depends on the temperature; increase with
decreasing temperature. From the analysis of neutron diffraction patterns of
YhooSre1MnOs it has mixed orthorhombic/hexagonal phase with space group
Pnma (62) for orthorhombic phase while a space group P6s;cm (185) for

hexagonal phase as well as in the case of Ybg¢Sro4sMnOs.
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Yb0.6Sr0.4Mn0O3, T = 2.6 - 300 K, lambda = 1.752 A

Intensity (arb. units)

10 16 22 28 34 40 46 52 58 64 70
20 (%
Ybo.sSro1MnO3; T=2.5 — 300K, Lambda =1.752 A
Fig. 4.7 The neutron diffraction patterns of Yb, ¢Sro4MnQO;at different temperatures.
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Fig. 4.8 The neutron diffraction patterns of Yb,¢Sro1MnO; at different temperatures.
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The neutron diffraction patterns of the NdFe,sMny4O; at different
temperatures (114 K and 287 K) are showed in Fig. 4.10. The analysis of the
magnetic structure, of these diffraction patterns, shows that this compound has

non-collinear ordering (weak ferromagnetic ordering) at 114 K. temperature.

The component of magnetic moment at x-, y- and z-axis and the resulting
magnetic moment are given in table 4.3. It is clear that the components of
magnetic moment in y and z axis are constant with increasing the temperature
while the increase only in x-axis. The X-ray diffraction analysis as well as the
neutron diffraction and Maossbauer spectroscopy [7] analysis approved the
formation of a single phase structure of the samples. The experimentally
obtained density of such samples compared with those defined by X-ray is in
the range of 88-90%, thus the porosity is of the range 10-12%, (in the
acceptable range). The lattice parameters of all samples are given in Table 4.3
and the neutron diffraction pattern of NdggsSrossMngsFesOs is shown in
Fig. 4.7. All spectra are refined according to space group Pnma where the Nd/Sr
atoms have (x, 1/4, z) coordinates and the Fe/Mn atoms have (0, 0, %)
coordinates. Concerning the oxygen atoms; four of them occupy the (x, 1/4, z)
coordinates and eight have (X, y, z) coordinates. The x and z of Nd/Sr atoms
have values from 0.024 and0.002 to 0.071 and 0.033, respectively while their
values for O(1) atoms vary from 0.495 and 0.001 to 0.642 and 0.042,
respectively. The O(2) atoms coordinates X, y and z are in the range from -0.251,
0.001, 0.221 to -0.345, 0.033, 0.353, respectively. The refined thermal
parameters, obtained from the analysis of X-ray diffraction patterns, are
anisotropic for all x, see Table 4.3. The quality factors of the refinements are in
the range of acceptable values as listed in Table 4.4.
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The obtained lattice parameters, positional and thermal parameters are in a
good agreement with those given in the literature for similar compounds [8, 9].
The crystal structure does not change with changing the concentration of iron as

all the samples have the same space group.

Table 4.3 Cell parameters and Volume of Ndg gsSrg.3sMng 4F€603.

X a b c \%

0.2 5.4726(9) 7.6776(13) 5.4361(8) 228.406(3)
0.4 5.4527(9) 7.7283(10) 5.4441(8) 229.415(3)
0.6 5.4638(5) 7.7413(6) 5.4560(5) 230.772(2)
0.6* 5.4627(2) 7.7297(2) 5.4573(1) 230.435(1)
0.8 5.4249(14) 7.7210(17) 5.4622(17) 233.406(5)

* neutron diffraction

Channels
500 1000 1500 2000 2500 3000 3500
LI B LN R RN B B T T T
1200000 H i . .
o & * Experimental spectrum,
1° Theoretical calculated model,
1000000 o ¢ —— Difference between experimental
] and theoretical profile,
- .. I Allowed Bragg reflections.
g 800000 -8k
c ¥
2
5 600000 -
7]
=z 4
400000

200000+

C 14 16 1.8
D 7A

L

Fig. 4.11 The neutron diffraction patterns of Ndg gsSro.3sMng 4F€6O03.
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Table 4.4 Thermal parameters of Ndg g5Srg.35Mng 4sFeg 60s.

Uy X Nd/Sr Fe/Mn o1 02

0.2 0.0305 0.0121 0.0880 0.0701

0.4 0.0102 0.0880 0.0354 0.0657
Yu 0.6 0.0149 0.0937 0.0299 0.0960

0.8 0.0106 0.0601 0.0957 0.0710

0.2 0.0305 0.0121 0.0880 0.0701

0.4 0.0102 0.0880 0.1554 0.0657
Haz 0.6 0.0149 0.0937 0.0299 0.0960

0.8 0.0106 0.0601 0.0957 0.0710

0.2 0.0305 0.0121 0.0880 0.0360

0.4 0.0102 0.0880 0.1554 0.0327
Has 0.6 0.0149 0.0937 0.0299 0.0477

0.8 0.0109 0.0031 0.0470 0.0340

0.2 0 0 0 0

0.4 0 0 0 0.0058
UlZ

0.6 0 0 0 0

0.8 0 0 0 0

0.2 0.2787 0 0 0

0.4 -0.0365 0 0 0.0006
Uz

0.6 0 0 0 0

0.8 0 0 0 -0.0085

0.2 0 0 0 0

0.4 0 0 0 -0.0038
Uzs 0.6 0 0 0 0

0.8 0 0 0 0
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Table 4.5 The component of magnetic moment for NdFey ¢Mng 403 and
Ndg 65Sro.35F€0,6Mng 403 at different temperatures.

T,K  3d-atom H(X) M) uz)
Mn1/Fel 2.719(40) 0(0) 0.922(127)
ca Mn2/Fe2 -2.719(40)  0(0) 0.922(127)
Mn3/Fe3 -2.719(40)  0(0) 0.922(127)
Mn4/Fed 2.719(40) 0(0) 0.922(127)
NdFep sMng 403
Mn1/Fel 2.303(35) 0(0) 0.991(92)
S Mn2/Fe2 -2.303(35)  0(0) 0.991(92)
Mn3/Fe3 -2.303(35)  0(0) 0.991(92)
Mné4/Fe4 2.303(35) 0(0) 0.991(92)

Mn1/Fel -0.622(0) 0.113(0) 2.541(238)
Mn2/Fe2 -0.622(0) 0.113(0) 2.541(238)
Mn3/Fe3 -0.622(0) 0.113(0) 2.541(238)
Mn4/Fe4 -0.622(0) 0.113(0) 2.541(238)
Mn1/Fel -0.622(0) 0.113(0) 2.023(253)
Mn2/Fe2 -0.622(0) 0.113(0) 2.023(253)
287 Ndo 65Sr0.35F€0.6MNg 403
Mn3/Fe3 -0.622(0) 0.113(0) 2.023(253)

Mn4/Fed  -0.622(0)  0.113(0)  2.023(253)

120

Mnl/Fel  0.740(104)  0(0) 1.0(2)
520 Mn2/Fe2 -0.74 (10)  0(0) 1.0(1)

Mn3/Fe3  -0.74(10)  0(0) 1.0(1)

Mné4/Fe4 0.740(104)  0(0) 1.0(1)

Table 4.6 The Fe-O bond length for Ndg gsSrg asFexMn;,Os.

X 0.2 0.4 0.6 0.8
Fe-O, 1.9954 1.9347 1.9451 1.9413
Fe-O, 1.7124 1.7704 1.2207 1.4931
Fe-0O, 2.2182 2.1164 3.2971 4.3408
<Fe-O1> 1.9753 1.9754 2.1543 2.5917

The neutron diffraction patterns of the Ndg g5Sro.ssFe0sMng 4Oz sample, using
multi detector diffractometer, at different temperatures (120 K, 287 K and
520 K) are illustrated in Fig. 4.9. The magnetic structure analysis of these
diffraction patterns shows that this compound has ferromagnetic character at
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120 K and 287 K temperatures. The analysis allows to determine the projections
of the magnetic moment at x-, y- and z-axis and the resulting magnetic moment
(see Table 4.5). The resulting magnetic moments at 120K and 287 K are 2.6 uB
and 2.1 uB, respectively. The projections of the magnetic moment in x and z -
directions have the same value and orientation (0.1 uB and —-0.6 uB) while there
is a difference only in the value of magnetic moment in y-projection where it
takes 2.5 uB at 120 K and 1.9 uB at 287 K. In the case of the T =520 K, there is
a change in the magnetic ordering where non-collinear magnetic ordering of
1.2 uB resulting magnetic moment is obtained. The projection of magnetic
moment in x-axis is equal to zero and in y-axis is equal to 1 uB while in z-axis
there are two opposite values 0.7 uB between them angle of 73< From the
above, one can say that phase transition, from the pure ferromagnetic ordering
into the non-collinear ordering (weak ferromagnetic), occurs near the
520 K temperature.

4.3 Raman Scattering

Raman spectra of EuggesSrossFexMny,O; (x=0.1 and 0.5) are shown in
Fig. 4.10 and Fig. 4.11, where the frequencies of the experimental peaks of are
illustrated. With lower Fe content (x=0.1) in EuggesSrossFexMn;,Os, the
spectrum is exhibiting new spectral features. First, the A,y mode is shifted
toward lower frequency 210 cm™ compared with Aqg in EUgSrosMnO; which is
238 cm™, see ref., [29]. With increasing the iron content the Aiqy mode in x=0.5
is shifted toward higher frequency 216 cm™. As well as in lower iron
concentration the B,y(1) mode is shifted toward lower frequencies, Byy(1) mode
shift at frequency equal to 488 cm™, while it is shifted toward higher frequency
491 cm™ with increasing iron concentration (x=0.5). For Byy(3) mode it is found
at frequency equal to 610 cm™ for samples of x=0.1. This By, (3) mode of
Raman spectrum for x=0.5 is shifted to higher frequency than in the case of
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x=0.1 to give frequency equivalent to 632 cm™. The low-frequency mode at
210 cm* and 216 cm* have been attributed to the Ay mode, which is the in
phase rotation of the oxygen cage about the y-axis to adjacent MnOg octahedra.
The two high-frequency modes at 488 and 610 cm™ for x=0.1 and at 491 and
632 cm ™ for x=0.5) are associated with the out-of-phase bending of the MnOg
octahedra (By(3)) and the symmetric stretching of the basal oxygen ions
(B2y(1)), respectively. According to the Martin—Carron et al. [30], the peak
corresponding to Byy(1) mode correlated with the Jahn —Teller distortion for
compounds with large ionic radii. The increase in the distortion may lead to the
increase of the frequency that is the same in our case the distortion of
Euge5SrossFexMn,, O3 increases with increasing the concentration of iron as
reported by Farag et al., in ref [13]. The tilt angle increase with increasing the
iron concentration. The tolerance factor are the same for both x=0.1 and x=0.5
(t=0.96).

The rare-earth manganites RMnO; where R with smaller ionic radius like Ho,
Er, Tm, Yb, Lu of hexagonal structure and of space group Pescm (C’,) With Z=6
can be converted to the orthorohombic phase of space group Pnma (D',,) with
Z=4. The results of group-theoretical analysis for the I'-point phonons of
orthorhombic gives the irreducible representations for the R, Mn and O atoms in
the orthorhombic structure that occupy 4(c), 4(b) and 4(c), respectively (they are
12 for each Wyckoff position) [32]. For R atoms I' = 2A + Byg + 2By + By + A,
+ 2By, + By + 2Bg,, for Mn atoms I" = 3A, + 3By, + 3B, + 3B, and for O atoms
in 4(c) position I = 2A; + B,g + 2B,g + Bsg + A, + 2By, + By, + 2Bg,. For 8(d)
oxygen atoms I" = 3Ay + 3Byy + 3Byy + 3B3y + 3A, + 3By, + 3By, + 3B3,. From
the total 60 I'-point phonon modes, there are 24 (7Ag+5By4+ 7B,y + 5Bg,) are
Raman active, 25 (9B,,+7B,,+9B3,) are infrared-active, 8(8A,) are silent, and
3(By, + By + Bgyy) are acoustic modes [54]. According to Ghosh et al., [55] the
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hexagonal rare earth manganites (RMnOs; where R is Y, Yb, Ho or Er of Pgzn
space group) which contain six formula units per unit cell (Z=6) have 38 Raman
active phonon modes (9A;, 14E, and 15E,). From Fig. 4.10 one can note that
Raman modes of YbgsSro4sMnO; and YbyoSro;MnO; may correspond to both
hexagonal and orthorhombic symmetries. Raman modes for Yb,Sro4MnO; are
the observed at frequencies; 156. 178, 471, 526 and 678 cm™ while the observed
modes for those of YMnO; hexagonal structure reported by Yue-Feng [56] we
can find the consistency only with the following Raman modes; A; (152 cm™),
E, (308 cm™), E, (300 cm™), E, (412 cm™), A, (433 cm™) and A, (685 cm™) see
table 4.7. These modes exist in our case but shifted little bit because the
difference in the ionic radius of the elements constituent YMnO; and both
YbooSre:MnOs and YbggSrysMnOs. Comparing the remained modes with those
modes belong to the orthorhombic symmetry, like the case given in ref. [34-35]
for NdMnO; of the orthorhombic symmetry, may give interpretation for the
coexistence of the hexagonal symmetry with the orthorhombic symmetry in the
same time. The hexagonal symmetry are the predominated in both cases but the
orthorhombic symmetry in YbgeSro:MnOz; is more pronounced than in
YboeSro4MnO;
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these frequencies with.

Table 4.7 Raman modes of Ybg¢Srq1MnOzand Ybg Srg4MnOs.

Raman mode YMnO; NdMnO; O YbgeSre1:MnO3 YbgeSro4sMnO,
Al h 152 %3, - 156 (1
Ag 0 151 BY

E2 h 300 14 309 [ -

E2 h 412 13 379 A -

Al h 433 [ 476 24 471 24
Al h 665 1% 645 21 678 (A
Ag 018884 20084 180 124 178 A4
Blg 522 [ 540 21 526 21
B3g 282 %91 261 (24 -

B2g 601 @) 581 (24 -

h = hexagonal and O = orthorhombic
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The electric, magnetic and dielectric properties of 3d-4f oxides are very
interesting and give us possibility to use these oxides in the industrial scale and
understanding their unique properties which makes these materials under the
scopes of scientific interests. Let us take a look on some examples of these
oxides and some results and their analysis.

5.1 Electric Properties of 3d-4f Oxides

The DC resistivity — temperature dependence measurements of
EUg.65Sro.3sFexMny, O3 (x=0.1 and 0.5) after sintering at 1350 <C for 72 hours are
shown in Fig. 5.1. The temperature dependence of the resistivity curve of both
samples shows the semiconductor behavior where the resistivity of
EuoesSrossFexMn, Oz decreases with increasing temperature. The relation
between resistivity and temperature expressed in the exponential dependence
and the well known Arrhenius equation gives the best fitting of the
experimental measurements [36];

0 =0 perr (5-1)

where py is the resistivity at room temperature, E is activation energy, K is
Boltzmann constant and T is absolute temperature (see fig. 5.1 and fig. 5.2).
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The electrical conductivity is generally expressed as,
0 = nep (5-2)

where e is the unit charge, n is the concentration of charge carriers and fLis the
mobility of charge carriers. The concentration of charge carriers, n is given as

n = N.exp (;TE'i) = NC (5-3)

where Eq is the energy required to create cations of different charges by
separating an excited electron from the hole it leaves behind, [73] N is the
concentration per formula unit of lattice sites that are available to the charge
carriers and C is the fraction of the available lattice sites occupied by the charge
carriers.

The mobility of charge carriers, pLis given as

_ [(1-C)ea?v —E,

- [ KT ]exp ) (5-4)
where a is the lattice spacing, v is vibration frequency, k is the Boltzmann
constant, T is the absolute temperature and E, is a hopping activation energy
[74].

The temperature dependence of conductivity is described in the expressions
of n and | For oxide semiconductors, n and p usually increase with
temperature. Nevertheless, at equilibrium condition and in air, the concentration
of charge carriers is maintained to be constant. Therefore, Eqg. (5-3) can be
rewritten as n = NC = Constant and thus the temperature dependence of
conductivity is described only by | as in Eq. (4.4). With Eq. (5-4) being
substituted in Eq. (5-2), the expression for the temperature-dependent electrical
conductivity of the small polaron material becomes

o= (@)oo

) (5-5)

Ea
KT
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where A is the pre-exponential factor, defined as

NC (1-C)e?a?v
K

A= (5-6)

The semiconductor-like transport behavior is characterized with three models.
(1) a band-gap model (An Arrhenius law), p = p, exp (%) is generally used
to describe the thermally activated behavior due to a band gap E or a mobility
edge; (2) Nearest-neighbor hopping model of small polarons,

p= (pO.T) exp (%); (3) If the carriers are located in random potential, Mott’s
B

1
a variable - range hopping model (MVRH) expression p = p, exp (%)Z is
appropriate [75]. Thus in order to understand the transport mechanism in

Ndo ¢Sro.4Mn,Co,.,O3, it is necessary to fit the resistivity curves based on these
three models.

It has been believed that the electrical properties are controlled by the motion
of an e, electron from Mn** (t3,e4:S = 2) to Mn** (£5,e0:S = 3/2) via the

intervening oxygen.

The influence of annealing on decreasing resistivity for NdgeSry4sCo0;
composition is shown in ref [76]. One can note high resistivity for as prepared
sample while resistivity vanished for sample heated at 850<C which is attributed
to the decrease of grain size relatively increases the insulating region due to the
enhancement of the grain boundary effects. This behavior is in agreement with

the earlier report [77].

The metal behavior for NdySre4Co0s;, which keeps a full metallic-like
behavior during temperature range 300-440 K is presented in ref [76]. No sharp
peak in p is observed at 440 K (T,) (Metal - insulator transition) but there is

accompanied a broad maximum around ~ 440 K T, which is attributed to
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oxygen deficient components having distribution of oxygen stoichiometry lead
to the broad maximum at T, [78] These compound has a distinct metallic phase
below the transition temperature (T,,) and above this temperature it becomes
semiconducting. The (M-S) transition is believed to arise from the increase of
Co-0-Co bonding angle. [79]

It is well established that cobalt exhibits different spin state. The low spin
(LS, t3,eg) state changes to either higher spin (HS, t75e2) or intermediate spin
(1S, tgge;) state with increasing temperature [89]. Therefore, the population of
Co(IS) changes to LS state at low temperature, which creates an additional
distortion in the lattice due to the smaller ionic size of the low spin Co® ion. A
a result, buckling of CoOg octahedral increases, which in turn affects the charge
transfer integral along the Co-O-Co bonds. This effect is probably the reason for
monotonous increase in the resistivity behavior of the Co-containing samples
[175] [75].

The linear fitting of In (p/ po) virius /T for x = 0 as prepared sample
according to band gap model (thermal activation conduction) (TAC). The
activation energy can be calculated using this model to be E, = 0.529 eV. It can
be observed that the semiconductor behavior covered all temperature range for
as prepared compound and a little resitivity dependence temperature is observed
for heated at 850<C compound, which is attributed to the increase of particles
size due to thermal treatments. Fig. 5.3 shows the DC resistivity — temperature

dependence of Ndg ¢Sro4C00:s.
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Fig. 5.3 DC resistivity — temperature dependence of Ndy ¢S 4C003.

Similarly, the relation between electrical resitivity and temperature for
X = 0.3 as prepared is shown where the semiconductor behavior is noticed in
low temperature range, the curve has a peak at T, = 90<C and beyond T = 90C
the resistivity is suppressed.

For thermal treatment samples the resistivity p(T) is so low and temperature
independence of the resistivity p(T) is noticed. The influence of thermal
treatment in decreasing resistivity for NdggSrosMng3zC070; compound is

attributed to the increasing of the particles size. [80]

This large variation in the electrical behaviour could be due to the different
annealing treatments which induce an important change in the crystallite and
grain sizes, as evidenced by SEM and the comparison of the Dy, values. It can be

considered that the increase of p with the reduction of grain size is mainly related
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to the increase of both the height and width of tunneling barriers. Evidently, with
the grain size decreasing the number of pores and consequently, the porosity
increase. The increase of p with the grain size decrease is a result of carriers
sampling and more grain boundary material. The large volume of grain boundary
material produces a greater electrical conductivity change. In these cases, the
influence on the electrical transport properties of the mixed valence manganese
ions is less important. In fact, it was found that for fine-particle perovskite
manganites, an increase in resistivity occurs as the particle size decreases and the
grain boundary contribution increases due to the broken Mn—O-Mn bonds at the
surface of the smaller articles that impede the conduction. This is a typical

behaviour in the case of nanoparticles of the manganite system. [81]
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Fig. 5.4 The DC resistivity — temperature dependence measurements of
Nd0A68r0A4MnxC01_XO3 (X = 03)
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The resistivity p increases systematically with decreasing grain size over the
whole range of temperature. This is not surprising considering that p is
increasingly influenced by the presence of grain boundaries, which act as
regions of enhanced scattering for the conduction electrons and disorder. Isaac
et al. and Sanchez et al. showed that the spin becomes heavily disordered at the
grain boundary due to the strain with the lowering of the grain size which may
result in a growth of the resistivity. It is also seen that the resistivity reduces
drastically with grain growth, as the bound- arise of the grains consist of more
magnetic disorder than the cores. Gupta et al. explain the variation in properties
with grain size as the reflection of magnetic disorder induced canting of Mn
spins near the surface of the grains.

From the DC resistivity — temperature dependence of NdggSrosMnO;
composite annealed at 850<C (see Fig. 5.5) it is clear that the semiconductor
behavior is well represented with the exponential dependence. According to the
well known formula given in equation (5.7) for resistivity — temperature
dependence;

-E
pP= Py exp () (6-7)
According to this formula one can calculate the activation energy which has the

value of E = 0.2154 eV which in good agreement with those reported in ref. [82]

76 http://www.sciencepublishinggroup.com



Chapter 5 Electrical and Magnetic Transport of 3d-4f Oxides

40 -

s " Nd,  Sr,,Mn Co, O,

20 n —m—X=1.0
m —Fit Curve 1

25 L_!
20 “u

P 42
-

n -‘.-
5 '-.._
Em gl TT .

T T T T T T T T T T T T T T T T T T T 1
300 320 340 360 380 400 420 440 460 480

T.K

Fig. 5.5 The DC resistivity — temperature dependence measurements of
Ndo 6Sro.4MnyCo;.,03 (x=1).

The DC resistivity — temperature dependence measurements (Fig. 5.5) of
NdgeSrosMn,Co,,O3 as prepared showed decrease of resistivity with the
increase of temperature which explains the semiconductor behavior of these
compounds. From the DC resistivity — temperature dependence measurements it
is clear that there are phase transition points at temperatures 338 K, 363.3 K,
358.5 K and 340 K corresponding to x = 0, 0.3, 0.7 and 1, respectively. The
semiconductor behavior was noted for all samples without annealing. The
observed resistivity for the samples as prepared are too high compared with
those annealed. This high resistivity of the sample after chemical reaction
without annealing is attributed to the small crystalline size. The crystalline size
of the samples without annealing (as prepared) are 15.5 nm, 43.4 nm and

45.6 nm for x =0, 0.3 and 0.7 respectively.

The DC resistivity — temperature dependence measurements of

Ndo6SresMn,Co,.,O; after annealing at 850C for 12 hours are shown in
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Fig. 5.4 and Fig. 5.5 (x = 0, 0.3 and 0.7). The temperature dependence of the
resistivity curve of the samples where x = 0 shows the metallic behavior and
there is transition to semiconductor at T = 443 K. The same behavior is
represented by the sample where x = 0.3 but the transition temperature is
observed at T = 333 K. In the case of x = 0.7 the behavior is completely
different because there is linear relation between the temperature and resistivity
indicating the metallic behavior without no transition point. This behavior is
ascribed to the presence of an appreciable concentration of Mn* which
introduces a large number of charge carriers (electrons) and facilitates the
movement of those charge carriers by hopping mechanism. So the electron
hopping between Mn®* and Mn*" can be responsible for both the metallic
behavior and the relatively low electrical resistivity exhibited by the substituted
phases. [24]

It was found that (p) always decreases with increasing temperature for the
two compositions. Obviously, the resistivity increases with Co doping. On other
hand, the figure shows that the peak transition (M-S) for x = 0.7 at T=313 K.
This compound (x = 0.7) has a distinct metallic phase below the transition
temperature (T,) and above this temperature they become semiconducting. The
(M-S) transition is believed to arise from the increase of Mn—-O-Mn bonding
angle [83] for composition with (x = 0.3), there are logarithmic decreasing in
resistivity with increasing temperature which is implied the semiconductor
behavior. Hence, the composition (x = 0.3) behaves as semiconducting material

(no transition).

The reported resistivity results in LaMn,,Co,O; reveal that p is increased
considerably due to the Co substitution where the value of p for x = 0.15 is one
order of magnitude lower than that of the value for x = 0. [85] The reported

results suggest that Co®* appears as a result of Co substitution which leads to the
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* + Co®* Thus, appearance of Co**

charge redistribution, Mn** + Co**—Mn
causes the increase in ratio of Mn** /Mn**, leading to the further enhancement of

DE mechanism. [86]

Finally the DE interaction is stronger for Mn**- O - Mn* in comparison to
that of Co**- O? -Co™. Then, the ratio of Mn*/Mn** decreases with Co content,
increasing Co**/Co™ ratio. The resistivity value increase as the concentration of

cobalt ion increases due to suppression of DE that leads to ferromagnetism. [86]

The spin- spin scattering increase as the concentration of Co increases. The
activation energy for polaron hopping as well as small polaron stabilization
energy is high in the case of Co-substituted system. The number of charge
carriers decreases with increasing Co content, as a result of which resistivity

values increase [87].

In the present observation, the considerable decrease of p due to the small Co
substitution might also be involved with the enhancement of DE mechanism
which is more dominating than that of the disorder introduced by the Co
substitution. The other plausible interpretation for the decrease of p is the
modification of the grain boundary region due to the Co substitution where Co
substitution weakens the grain boundary effect, leading to the considerable
decrease of p. At low temperature a minimum in the temperature dependence of
p is observed. The temperature at which minimum is observed, is shifted
towards high temperature as a result of minimal substitution.

Fig. 5.7 plots the electrical conductivity (log ¢7) as a function of temperature
versus 1/T, obtained for Ndg¢Sro4Mn,Co,,O3 (X = 0.3, 0.7) sintered at 750<C

temperature. The activation energy of electrical conduction calculated according
to Bottger and Bryksin model ¢ = (%) exp (_K—ETh) to be 0.142 and 0.6922 eV for

x = 0.3 and x = 0.7 respectively. The activation energy of conduction shows that
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these materials are oxide ion conductors. This emphases that the conductivity
increases and the activation energy decreases with increasing the manganese

concentration as in. [70]

In addition, it is well known that the mechanism of electrical conduction in
(R,Sr)Mn0O; (R = Nd, Ce, Ho, Eu, Sm) is by hopping of polarons [12, 16, 24-27,
30]. For conduction to occur, Mn®** and Mn** should be the nearest neighbours
and the electron jumps from Mn®*" to Mn** must be via O*" (i.e. Mn**~O-Mn**
bonding). As a consequence the activation energy of total conduction can be

evaluated using the Arrhenius equation:

o= (O)ew (=) 5

where o is the conductivity, A the pre-exponential factor, k the Boltzmann’s
constant, T the absolute temperature and Ea the activation energy of conduction.
Using Eq. (4.8) the activation energy of conduction values were estimated from
the slope of the linear portion of log (c.T) vs. 1/T.

The activation energies obtained for Ndg¢SresMn,C0o,1.403-5 (X = 0.3, 0.7) as
substituted samples increases monotonically with Mn content for both sintering
temperatures. The more substitution of Mn leads to a higher Mn®* content and,
as a consequence, the lowering of the energy barrier for polaron hopping. As
mentioned earlier, [87-88] some authors verified that the activation energy

values increase with decreasing grain size.

In fact, increasing grain size the interconnectivity between grains increases,
which enhances the possibility of conduction electrons to hop to the
neighboring sites, thereby decreasing the E, value. Furthermore, for the
Mn-substituted samples the activation energy increases slightly with manganese
content, which can be linked to the increase of structural distortions, owing to

the enhancement of energy barrier for polaron hopping. [89].
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The activation energies for sintering compositions at 850<C according to
band gap model p = py exp (_K—?’) are 0.141, 0.142, 0.133 and 0.2154 eV for

x = 0.0, 0.3, 0.7 and 1.0 respectively. One can note that the increasing in
sintering temperature lead to a reduction of the activation energy i.e the activation

energy decreases with increasing the manganese concentration as in [105].

The transport mechanisms such as nearest neighbour hopping, Mott’s
variable range hopping and Efrose - hklovskii’s variable range hopping
mechanisms can exhibit semiconducting behaviour. In the nearest neighbour
hopping process, the donor sites are randomly distributed in space and charge
carriers hop to nearest empty donor sites. It is found that the deviation for the
nearest neighbour hopping mechanism is the most suitable mechanism for
describing the p-T characteristics of manganite in the semiconducting region.
The obtained activation energies for four compositions are 0.529, 0.541, 0.466
and 0.327 eV for x = 0.0, 0.3, 0.7 and 1.0 respectively. The slight increasing in
activation energy E, with increasing Co content (decreasing Mn content) is
attributed to the Co substitution suppresses the DE interaction; hence, the higher

activation energy is required for hopping of the e, electrons. [75]

It is commonly accepted that the electrical conductivity is simultaneously
determined by the concentration of charge carriers and their mobility. Table (5.1)
shows that the E, value decline slightly with increasing Mn content. An
improved carrier’s mobility is confirmed by the decreased E, value, which
implies a decrease in the poloran binding energy or an increase in the bandwidth.
[90] As mentioned before, the tolerance factor decreased gradually with
increasing Mn doping ratio, which implies a decrease in the bending of

(Mn,Co0)-O-(Mn,Co) bond and a large degree of bond overlapping. This
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variation is beneficial for the Zener double exchange process, and thus

contributes to the lowered hopping energy E..

However, the slight change in E;’s magnitude is so small as to be neglected

influence. Thus it is expected that the enhanced electrical conductivity is

primarily attributed to the increased concentration of charge carriers.

Table 5.1 Activation energy and Mn content and thermal treatment.

X=0.3 Ep(eV) X (Mn content)
Eq(eV) Thermal treatment 0.5290 0.0
0.4840 As prep. 0.4840 0.3
0.1421 750C 0.4660 0.7
0.1420 850C 0.3270 1.0
0.56 -
2 "
LIJ(H
0.48 - n T
0.40 A
0.32 "
0.24
T T T T
0.0 0.5 1.0

X (Mn content)

Fig. 5.6 The relation between concentration of Mn and activiation energy of

82

Ndg 6Sro.4Mn,C01.,Os.
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Fig. 5.7 The effect of thermal treatment on the activation energy of
Nd0_68r0_4MnXC01.X03 (X = 03)

According to this formula one can calculate the activation energy which has
the value of 0.152 eV and 0.535 eV for x=0.1 and x=0.5, respectively. From the
linear dependence of the M — O bond length and the volume of unit cell of
Euoe5SrossFexMn; O3z on the iron concentration reported by Farag et al [13],
one can correlate the increase of increase in the bond length and activation
energy of EuggsSrossFexMn;Os with the increasing iron concentration. This
increase in bond length may explain the increase in the resistivity that is in good
agreement with the case of the Ndgg5SrqssFexMny, O3 in which the increase in
the iron content related to the increase in resistivity as reported by Abdel-Latif
et al [21].

The DC conductivity (c) can be obtained from the current-voltage (I-V)

characteristics at various temperatures ¢ = % where G being the slope of the

linear 1-V plot, t is the thickness of the sample and S the sample area. The

variations of the conductivity with temperature are usually expressed as
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o =o,e ¥/¥. o0 can be temperature dependent and another common equation for
iS; o =(B/T)e ®'¥T, where B is a constant, E is the activation energy defined as

the energy required to release an electron hopping from one ion to the next and
k is the Boltzmann constant. The variations of o with temperature in ferrites is
generally attributed to either an increase in the carrier concentration with
increasing temperature (band theory) or to a hopping mechanism of electrons
between ions of the same element but present in two or more valence states
(example Fe™ and Fe*®). In both explanations an increase in temperature should

lead to a consequent increase in conductivity.

Ln(c.T)

0002 0.004 0006 0008 0.010 0012 0014 0.016 0018
T (kY
Fig. 5.8 DC conductivity of Ndg g5Srg35F€,Mn;,O3 (x=0.1 and 0.3).
DC conductivity of NdyesSrossFexMn; O3z (x=0.1 and 0.3) as a function of
temperature is illustrated in Fig. 5.8. From the derived conductivities as a

function of temperature it turns out that the data is better fitted with the equation

o=(B/T)e ™",
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In fact, the Ln(c.T) versus 1/T plots for both samples (x=0.1 and x=0.3)
shown in figure 5.8 are perfectly linear except at very low temperatures (< 80K)
where there is a slight deviation and may be a tendency to exhibit a second
slope. It is quite clear that in both samples, the conductivity increases with
increasing temperature. It is quite remarkable, however, that the increase in ¢ is
by far much more pronounced in the case of the concentration of Iron at x=0.3
than in at the concentration (x =0.1). The activation energies (obtained from the
slopes of plots of figure 5.8 are very much different. The obtained activation
energy for the sample where x=0.1 is 0.063 eV while it is 0.115 eV for the
sample where x=0.3. These activation energies are relatively low which could
indicate that over the temperature range considered the samples are in the
ferromagnetic regime. It is generally accepted that activation energies are higher
in the paramagnetic regime than those in the ferromagnetic case [25].
Furthermore, in some ferrites two slopes are occasionally observed in the
Ln(c.T) versus 1/T plots over two temperature ranges corresponding to two

different activation energies [26].
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Fig. 5.9 Temperature variation of resistivity at 0 T magnetic field of Smg gSro4MnO;
polycrystalline sample (in heating as well as in cooling).

http://www.sciencepublishinggroup.com 85



Advances in 3d-4f Transition Metal Rare Earth Perovskite Oxides

The variation in resistivity—temperature dependence behavior of
SMmoeSre4MnO; at zero magnetic field in the case of heating from the cooling
process is shown in Fig. 5.9. The resistivity increases with decreasing
temperature, i.e., a semi-conducting behavior is predominant. At temperature of
71 K, a transition is observed on cooling. On heating this transition is shifted a
little bit towards higher temperatures. After this temperature (T~74 K) a
metallic behavior is observed. This behavior is similar to electron or hole doped
manganites [36-40]. A hysteresis between heating and cooling of p(T) is
characterized. The strontium deficiency leads to an increase in the value of p(T)
as well as a decrease in the electrical transition temperature. Because we deal
with granular materials where there is a possibility to get more or less insulating
barriers at the grain boundaries. These barriers will limit the residual resistivity.
This mechanism is well known in ceramics, in ferrite as well as in high T,
superconductors where insulating barriers cause the appearance of Josephson
junction below the transition temperature of the super-conducting grains. The
difference in resistivity is still obtained with applying magnetic field on the
sample during the heating and cooling measurements. The dependence of phase
temperature on strontium concentration in Smy_,Sr,MnO; was reported in
different papers [41-42]. There is a transition, which occurred for
SmoeSre4MnO; single crystal at T, » 107K (see Ref. [41]) and at T, ~ 123K.
which is given in Ref. [42].
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Fig. 5.10 Thermal dependence of the resistivity at applied magnetic fields of 0 T, 1 T, 2
T,3T,4Tand5T of SmggSre4MnO; for cooling runs.

For the polycrystalline Smq¢Sro4MnO; the transition temperature T, is 125K
while T, is 131K [43]. It was reported by Martin et al. [44] that a transition to
charge ordering phase occurred at Tco ~ 140 K. From the above mentioned, in
different works, the transition temperature is not the same for Smg¢Sro4MnOs.
The crystal structure which is obtained from different works is the same for
SmoeSre4Mn0Os. The lattice constants are identical but the oxygen atoms occupy
different positions as a result of the tilt of the octahedron. The magnetic and
electronic transport occur via oxygen atoms which construct this octahedron.
This may lead to the difference in T,. Also, the coexistence of the ferromagnetic,
the canted antiferromagnetic, the charge and the orbital ordering leads to the
appearance of the multicritical phase diagram. Looking at the
resistivity—temperature dependence in our case (cooling run), one can note the
transition from insulator to metallic behavior at T~74 K (see Fig. 5.11). In the
metallic state there are two transition temperatures at T~108Kand T~157 K.
This may be attributed to the coexistence of charge and canted
antiferromagnetic (weak ferromagnetic) ordering at 74 K> T < 108 K. The
ferromagnetic ordering predominates at T > 157 K. Similar behavior was

reported for SmgsSrosMnO; where the coexisting correlations of the charge or
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orbital ordering, ferromagnetic and layered-antiferromagnetic ordering were

observed [44].
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Fig. 5.11 Magnetoresistance of SmqSry4MnOs at different applied magnetic fields.

According to Abdel-Latif and EI-Sherbini [4], in spite of both SmgSre4MnO;
samples have the same structure (lattice constant are almost the same) and are
prepared using the same method (solid state reaction) they have different MR
values [1, 20] as shown in Fig. 5.21. The thermal treatment during preparation,
are not the same which may lead to the difference in the tilt of MnOg octahedra
and hence in the MR values. It is also well known that, the exchange interaction
between Mn eg and O2p orbital is governed by the Mn-O1-Mn and Mn-O2-Mn
angles which are the basic parameters in determining the magnetic and the
electronic behavior of this compound. So we can conclude that the less
distortion in the MnOG6 octahedra in sample No. 1 (prepared in Cairo University
[1]) leads to the increase in CMR value which became more than the

corresponding value in sample No 2 (prepared in PNPI [20]).

The DC resistivity — temperature dependence measurements of YbMnO; is
shown in Fig. 5.26. It is clear that as prepared sample has the semiconductor
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behavior of this compound as well as the sample which fired at 750°C. Both
have the semiconductor behavior but the difference only that as prepared
sample has higher resistivity than that one fired at 750°C for 10h. The activation
energy of (0.5742eV) of the sample as prepared is higher than the activation
energy (0.255eV) of that sample fired at 750°C.
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Fig. 5.12 The DC resistivity — temperature dependence measurements of
Ybg.oSro, 1MNOs.
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Fig. 5.13 The DC resistivity — temperature dependence measurements of
YbMnOs; as prepared.
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5.2 Magnetic Properties of 3d-4f Oxides

The temperature dependence of the magnetization curves of SmFe,_,Mn,O;
under an applied field H=50 Oe is shown in Fig. 5.15 sad. A
paramagnetic-to-weak-ferromagnetic transition with decreasing the temperature
is observed for all samples. The corresponding transition temperature, i.e., the
Curie temperature sTCd, monotonically decreases as the Mn content increases.
It was reported 6 that the parent compound SmFeOs; presents a spin
reorientation sSRd at low temperatures Tk=433 Kd from weak-ferromagnetic
SWFd ordering to antiferromagnetic SAFd ordering transition as the temperature
decreases. The critical temperature sTkd corresponding to this WF-AF
transition principally decreases except for the sample with x=0.1d as Fe ions are
substituted by Mn ions. For the sample with x=0.3, the transition from WF to
AF seems to be almost total with the magnetization less than 0.004 emu/g for
T,Tx s=176 K. For the sample with x =0.2, the AF ordering is not totally
established and it seems there is a competition between the WF and AF
orderings below T,=350 K since the magnetization is not totally vanished sM,
0.04 emu/g at Tkd. The sample with x=0.1, at first glance, seems to present the
same behavior. However, one can observe from Fig. 5.12 sad the initiation of
spin reorientation at about T,=320 K and then WF takes over below 320 K. To
explain the changes of these critical temperatures ~T¢ and Ty, one has to
consider the energies involved corresponding to possible interactions between
different M—M, pairs M; and M, may be Fe ions or/and Mn ionsd. For the
samples with x=0.2 and 0.3, The M&sbauer data show that the samples contain
Fe** ions only, and the possible interactions are Fe**—Fe**, Fe**-Mn*, and
Mn*~Mn* pairs. The interaction Fe**~Fe®* is known to be antiferromagnetic. If
we assume that the interaction Mn**~Mn** is ferromagnetic as was observed in

La,,AMnO; A=Ca or Sr, the interaction Mn**-Fe** seems to be

92 http://www.sciencepublishinggroup.com



Chapter 5 Electrical and Magnetic Transport of 3d-4f Oxides

antiferromagnetic since the AF ordering is well established as the Mn content
increases. Moreover, this interaction may be weaker than that of Fe*—Fe®*
which may explain the decrease of TC as the Mn content increases. The
increases of magnetization for T,Tk for the sample with x =0.1 may be due to
the contribution from paramagnetic Sm** ions. However such contribution
should also be expected for the two other samples with x=0.2 and 0.3, since the

Sm3+

ions content was not changed and the interaction between iron
smanganesed 3d electrons and samarium 4f electron ions is much weaker. The
substitution of iron by manganese ions may generate different effective internal
fields sHid acting on the central paramagnetic samarium ion leading to different
magnetic contribution from Sm** ions. However the temperature dependence of
the magnetizations of the samples with x=0.1 and 0.2 in an applied field of
13 kOe are almost identical, as shown in Fig. 5.11 shd. This suggests that the
variations observed in MsTd at 50 Oe are rather connected to the interactions of
M1-M2 pairs. Unlike the samples with x=0.1 and 0.2, the AF magnetic ordering
for the sample with x=0.3 seems to be not totally broken at 13 kOe. The
existence of divalent ions Fe** - Fe?* being Jahn-Teller ions orbitally frustrated
in the sample with x =0.1, which yields necessary the presence of Mn** ions for
the charge compensation, may lead to multiple and complex interactions of
M;—M, pairs with possibly the existence of ferromagnetic configurations ssuch
as the ferromagnetic double-exchange interaction of Mn*~Mn®" and Fe?*—Fe®";
the interaction Mn*'—Fe** was demonstrated to be not strongl2d that may
explain the increase of magnetization at T,Tk for the sample with x=0.1. In
addition, the Jahn-Teller effect of Fe** could be small in the sample with
x = 0.1 which may reduce the AF coupling and enforce the ferromagnetic
coupling. The existence of ferromagnetic ordering is confirmed by the

coercivity for the sample with x =0.1 of H.=195 Oe as compared to that of the
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samples with x=0.2 and 0.3, with Hc=36 and 32 Oe, respectively. The shape of
the hysteresis loop at T=113 K sT,Tkd for x=0.1 shows that the magnetization
does not saturate up to an applied field of 13 kOe, with a characteristic slope
[M/], and slopes were taken in the linear variation of M with H, i.e., above H=5
kOe for all samplesd of 85 memu/g Oe. These features can be correlated to a
strong AF interaction dominated by the interaction of Fe**~Fe®" pairs. For the
sample with x=0.2, the slope [M/]y is of 30 memu/g Oe, indicating that the AF
coupling is weaker than that for x=0.1. This result suggests that the substitution
of Fe ion by Mn ions weakens the AF coupling M1-M2 pairs and may be
correlated to the weak AF interaction for Fe**~Mn**, as suggested above. The
hysteresis loop of the sample with x=0.3 shows a similar shape as that for x=0.2
with a slightly greater slope, [M/]4=40 memu/g Oe. However a substantial
decrease in the magnetization sat 113 K and maximum field of 13 kOe is
observed see Fig. 5.15. This result was expected since the magnetic moment of
the free Fe** ion s5.9mBd is larger than that of Mn®** s4.8mBd.13. The variation in
the magnetic properties of SmFe,,Mn,O; upon Mn ion content may also be

correlated to the differences in the hybridization of the t2g and O 2p electrons.
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Fig. 5.15 Temperature dependence of magnetization for the orthoferrites

SmFe;_,Mn,0; (x=0.1, 0.2, and 0.3) in the applied fields of (a) 50 Oe and (b) 13 kOe.

The resonant inelastic x-ray emission (RIXE) spectra have been measured at
the Bach beamline at Elettra synchrotron radiation for the Mn3d-2p3/2 and also

for Fe3d-2p3/2.
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Fe L3 excitation
horizontal polarisation \

Energy (eV)
Fig. 5.16 RIXE spectra of orthoferrite SmFey ;Mng 305 at room temperature.
Typical RIXE spectra at Fe L3 edges for orthoferrites SmFe;_,Mn,O3 (x=0.3)
are shown in Fig. 5.16. In all spectra, for both Fe and Mn thresholds, resonant

and nonresonant features can be easily identified. The nonresonant features
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appear at constant emission energy. These structures arise from photon
excitation and subsequent x-ray emission and are possibly due to a process in
which excitation and emission are incoherent. For instance, the onset of the Mn
2p3/2 3d excitation is located between 641.5 eV and 642 eV. Resonating
inelastic loss features appear at constant energy loss with respect to the elastic
peak. Two well-resolved inelastic emission peaks are observed at about 7 eV
and at about 2.5 eV below the elastic peak. As for Fe emission, the onset of the
Fe 2p3/2 excitation threshold is located between 709 and 710 eV. The electronic
structure of iron in these compounds seems to be similar to Mn, because the
inelastic emission peaks are observed at about 6 eV and at about 2.5 eV below
the elastic peak, as is the case for the Mn resonant excitation. As reported in ref
[11], Mé&ssbauer data show that the samples contain Fe** ions only, and the
possible interactions are Fe**—Fe**, Fe**-Mn*, and Mn*-Mn*" pairs. The

interaction Fe**~Fe® is known to be antiferromagnetic.

The multi-magnetic states appear either as a result of the inhomogeneity of
the iron distributions in the next near neighboring [11, 12] or as a result of the
coexistence of ferromagnetic and weak ferromagnetic ordering. The
ferromagnetic ordering appears as a result of the Mn**-O-Mn** and Fe**-O-Mn®*
interactions, while the antiferromagnetic ordering as a result of Fe**-OFe** and
Mn**-O-Mn*" interactions. As a result of the competition between both the
ferromagnetic and the antiferromagnetic ordering, the spin glass phase will
appear [13-15]. So one can say that the coexistence of the ferromagnetic and
weak ferromagnetic ordering is an indication for multi-magnetic states in such
compounds while for the sample with x = 0.8 there is only weak ferromagnetic
ordering with Curie temperature near 676 K. (See Fig. 5.15)
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Fig. 5.17 Magnetic susceptibility of the Ndg gsSro 35Mny4Fe,Ox.

In fig. 5.17 we present the variations of the susceptibility with temperature. The
figure reveals overall increase in magnetization as the Co contents increase. From
the magnetization temperature dependence that is illustrated in
Fig. 5.17, it is clear that for x = 0.2, 0.4 and 0.6 there are two phase transition
points. These temperatures are indicated by arrows in Fig. 5.17. These results
are in a good agreement with those obtained from neutron diffraction for x = 0.6,
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where there are two phase transition points; the first transition from
ferromagnetic into non-collinear ordering near 500 K and the second from
non-collinear into paramagnetic phase near 660 K. According to the M&sbauer
spectroscopy measurements at different temperatures for x = 0.4 and 0.6
samples the multi-magnetic states are confirmed [7].

The magnetization temperature dependence behavior of
Ndoe5Sr0ssMny«FexOz in the present case is in a good agreement with those
reported for LaggSro2MnggNip,Oz and Lag7SrosMnggNig.0Os [14], where the
antiferromagnetic order is existed in addition to ferromagnetic order and the
interaction between them leads to appearance of spin glass [14, 15]. The sample
with x=0.0, the magnetization is very weak. The susceptibility shows a low
temperature plateau that extends up to 10.5K, above which the susceptibility
decreases rapidly to another plateau that extends to 140K. Moreover, the
susceptibility shows a wide maximum that is centered around 40K.

As the Co-contents increase, the drop in the susceptibility seen at 140K
develops to a sharp peak in x=0.3, and its position shifts to higher Tc (165K).
For x=0.7 the peak occurs at 130K and for the Co-free sample, the peak is wide
and centered around 175K. The possible magnetic states along with Tc and Co
contents are given in Table 5.2.

Table 5.2. Magnetic phases of Ndg gsSro 3sMny4Fe,0s.

Co-concentration Tc (K) Possible Magnetic state
FM (1) below 10K

00 140 FM (2) between 10-140k
0.3 165 AF below 165
0.7 130 AF below 135
1.0 175 FM below 175

Md&ssbauer spectra at LN temperature show a superposition of a doublet and

magnetic sub-spectra, with increase in the contribution of the latter as Fe
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content increases. In the case of x=0.6 the ferromagnetic phase appear in LN
temperature which in a good agreement with the neutron diffraction results
given in ref. [24]. RT show dominant doublet spectra, but the magnetic sextet is
more pronounced on the x=0.6 sample but in this case represent the
non-collinear magnetic ordering. The distribution of the hyperfine fields reveals
different configurations of Fe®.
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Fig. 5.18 Magnetic susceptibility of NdgeSro4 Mn,Co1.,Os5.

From neutron diffraction patterns of YbgoSr:MnO; and YDy sSresMnO;
reported in ref [21] and shown where the antiferromagnetic magnetic ordering is
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clear because of the existence of magnetic peaks in these patterns which in good
agreement with those works [46] reported before for similar compounds.
Integrated intensity of magnetic peak (101) corresponding to antiferromagnetic
ordering in hexagonal structure phase of both YbggSr,;MnO; and
YboSre4sMnO; are shown in Fig. 5.19. Mn atoms in the hexagonal structure are
located at the center of the MnOs bipyramids and are linked by the
corner-sharing equatorial oxygens. The displacement of each atom occurs when
the temperature decreases below Ty and may lead to a tilt in the MnOs. [47]
From Fig. 5.19, Neil temperature Ty of YbogSro:MnO; near 87K and Ty of
YDbosSre4MnO;5 near 95K.
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Fig. 5.19 Integrated intensity of (101) representing antiferromagnetic ordering for
Yby.oSre1MNnO3 and YbgSrg4MnOs as a function of temperature.
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According to Capriotti et al., [106-107] the relation between Neil temperature
Ty and the nearest neighbor exchange integral J is given by the following formula;

Tn = 0.33(S-1/2)?
where S =2. The deduced values of the nearest neighbor exchange integral J for
YbooSro1MnO; and YhgsSresMnO; are 11.1meV and 12.1meV, respectively.
The DC resistivity — temperature dependence measurements (see Fig. 5.14) of
YhooSro1MnO; showed decrease of resistivity with the increase of temperature
which explains the semiconductor behavior of this compound at the temperature
range from room temperature up to 103°C. It is noted also that there is transition
at temperature t=103°C (or T=476K). From temperature of 103°C and up to
200°C the metallic behavior appeared. The coexistence of hexagonal and
orthorhombic crystal systems may lead to the existence of antiferromagnetic
and ferromagnetic magnetic ordering on the same for this composite. According
to Fabreges et al [27] Néel temperature of YbMnO; is at Ty~80 K while the
ferroelectric transition temperature is as high as T.~900 K. The
antiferromagnetic ordering is the predominant and at the temperature higher
than 90K and one can explain the magnetic ordering diagram as follow; at the
temperature lower than 90K the ferromagnetic phase will appear and a
competition between them lead to a frustration of the net magnetic moment. So
the super-paramagnetic semiconductor is the predominant on this temperature
range. At the temperature equal to 476 K the metallic behavior is the
predominant. The activation energy of first phase (the super-paramagnetic
semiconductor) in YbggSro:MnO; has the value of 0.2527 eV while the

activation energy of the second phase (the metallic) is 0.0014 eV.

The Mossbauer spectroscopy measurements were carried out for
SmFe,Mn,,O; samples at room temperatures [11]. The experimental spectra
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are shown in Fig. 5.20. All spectra are fitted using UNIVEM program [5]. The
basic M"0ssbauer parameters are given in Table 5.3. According to the isomer
shift 0 and quadrupole splitting _Eq values, the iron ions in the present
compounds are almost trivalent and occupy the octahedral sites [6].
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Fig. 5.20 Mossbauer spectra of SmFe,Mn;_,O3.
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Table 5.3 Mossbauer Parameters of SmFe,Mn,_,Os.

Compound Ci & (mm/s) AEq (mm/s)  H(KOe) Sgp%  Sca %
C, 0.38 20132 459 36 118
C 0.37 -0.091 433 34 303
SMFegMngs0;  C3 0.37 -0.091 404 22 32.4
Cs 0.25 -0.029 371 7 185
Cs 0.15 -0.460 204 1 6
C 0.38 -0.121 487 39 26.2
C 0.37 -0.090 465 35 393
SmFeosMnozOs g 0.37 -0.032 437 19 24.6
Cs 0.25 -0.029 405 5 8.19
Cs 0.21 -0.460 302 1 16
Cy 0.36 -0.090 498 33 53.1
C 0.36 -0.095 487 11 35.4
SMFegeMng;0;  C3 0.35 -0.083 475 31 9.8
Cs 0.36 -0.080 452 8 15
Cs 0.24 -0.043 405 17 0.1
SMFe0, o 0.54 -0.054 503 100 100

The results of the fitting of the experimental spectrum for x = 0.7 sample
show that there are five magnetic sextets C,—Cs. The isomer shift values of
C,—C, are close to each other and a good indication for the trivalent iron state
while the isomer shift of Cs are indicative of the divalent iron state [4]. The
intensity of the latter sextet 1% is very small and one may neglect it. The
guadrupole splitting values of C;—C, show that the iron ions occupy the
octahedral site. The hyperfine field Hin the first four sextets decreases
systematically within decremental fields of _H =~ 29 kOe (see Table 5.3). In
similar way, for the sample with x = 0.8, the hyperfine field decreases within
_H = 27 kOe in the first four sextets and in the case of x = 0.9 sample the

hyperfine field decreases in steps within _H =~ 17 kOe in the C1-C4 sextets.

The nonrandom cation distribution model, proposed by Bashkirov et al. [7] is

used in the present case to interpret the experimental spectra. This model is based
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on the contribution of several magnetically split sextets forming the obtained
spectra. Each one corresponds to a different iron concentration in the second
coordination sphere. According to this model, the monotonic decrease in the
hyperfine field is attributed to the decrease in the number of iron ions n(Fe) in the
octahedral site, where n(Fe) takes values from 6 to 0. So from the above results,
due to the replacement of iron ions by manganese in the next nearest neighbor
(2™ coordination sphere) various sextets were obtained. Every sextet has a
hyperfine field that depends on the number of iron cations in the surrounding

environments.

The probabilities of the various cation distributions Scal calculated using a
binomial formula [4] are given in the 7" column of Table 5.3. It is clear that the
experimentally obtained probabilities S do not agree with Scal so that the
distribution of iron ions in the octahedral sites is not governed by a random
distribution. Such cations are formed together in nonrandom way and these
results are in a good agreement with those for NdFe,Mn,_,O3 [8]. On the other
hand, in Table 5.3 we included the Mossbauer parameters of SmFeO; [3]. From
these parameters, it is clear that one sextet was obtained because there is only
one probability that the Fe ions occupy the octahedral site surrounded by six Fe
ions. The difference of hyperfine field (in the case of n(Fe) = 6) for x = 0.9, 0.8,
0.7 from the value of x = 1 may due to the effect of the 3rd coordination sphere
that may also contain Mn ions. This value of Mn ions increases with decreasing

the concentration of Fe cations.
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Fig. 5.21 Mossbauer spectra of NdFexMn,,O3 (x=0.4, 0.6 and 0.8).
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Table 5.4 Mossbauer parameters of NdFe,Mn 0.

Contents (of 3, ABo, H, S, % Sea, % n(Fe)
MM/c MM/c k2

NdFeg 4Mng 05 C; 0,34 0,07 390 11 - -

C, 0,36 0,56 = 58 - —

Cs 0,34 0,35 = 31 _ _
NdFeqMng 403 C; 0,37 -0,03 466 12 4.4 6

C, 0,36 -0,01 431 14 17,6 5

Cs 0,36 -0,02 394 20 29,2 4

Cy 0,37 -0,03 351 18 26,0 3

Cs 0,32 -0,11 289 21 13,0 2

Ce 0,39 0,88 - 10 - —

C; 0,31 0,73 = 4 _ _
NdFep gMng ;054 C, 0,38 -0,01 497 31 26,2 6

C, 0,38 0,00 475 33 39,3 5

Cs 0,38 -0,01 451 24 24,6 4

Cy 0,38 -0,02 423 12 8,1 3
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Md&ssbauer spectra at LN temperature show a superposition of a doublet and

magnetic sub-spectra, with increase in the contribution of the latter as Fe

content increases. In the case of x=0.6 the ferromagnetic phase appear in LN

temperature which in a good agreement with the neutron diffraction results

given in ref. [24]. RT show dominant doublet spectra, but the magnetic sextet is

more pronounced on the x=0.6 sample but in this case represent the

non-collinear magnetic ordering. The distribution of the hyperfine fields reveals

different configurations of Fe®*.
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Fig. 5.25 Mossbauer spectra of Ndg g5Sro 3sFe,Mn;,O3 at room (RT) temperatures.
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Fig. 5.26 Mossbauer spectra of Ndg gsSro.3sFexMn,,O3 at Liquid
nitrogen (LN) temperatures.

The magnetization measurements at 50 Oe show that the magnetic moment
per unit volume as well as the Curie temperature increase with increasing Fe
content. The magnetization at 13.5 kOe above T1=220K follow the same trend
above. Interestingly, the trend is reversed below that temperature with the x=0.1
sample showing highest magnetization.

There is an indication of antiferromagnetic to ferromagnetic spin
re-orientation below 200K (T2) in the x=0.1 sample only, but none observed for
the x=0.3 or 0.6 samples.
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Theoretical model for magnetisation and internal energy of
EUg 655r0.35F€Mn1, O3

If we consider the manganese atoms have spin-up and when we dope the
manganites with iron, Fe-ions substitute Mn-ions but with spin-down
orientation causing antiferromagnetic ordering. With increasing the Fe doping
the antiferromagnetic ordering increase and the ferromagnetic ordering decrease.
Now we have two states, Mn-sites with a spin-up configuration and Fe-sites

with a spin-down configuration.

The simplest theoretical description of that system is called the Ising model.
The Ising model which is described earlier in [50] is a simple model of
magnetism. The three-dimensional Ising model with two-states consists of N
sites (N = L®) where L is the number of sites for each dimension of the lattice.
Because we are interested in the simulation of the three-dimensional Ising
model for different temperatures and zero magnetic field, the Hamiltonian can

be expressed in the form,

Here, <I,j> refers to a sum over nearest neighbour pairs of atoms and S; and
S; are the spin in i and i sites. Furthermore, J is called the exchange energy. The
1/2 is to avoid the double counting. The Hamiltonian of the Ising model with
applied magnetic field, h, is given as follow;

J N N
H =—EZsi.sj—thi

<i,j> 1
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When we apply external magnetic field, the ordering of the spins increase,
namely, the magnetization increase with increasing the applied external
magnetic field.

The symmetry is broken at T¢ so that the Monte Carlo simulations give one
of the possible ground states and not an average of all of them, This model has
been studied using MC simulations on 3d finite lattices with periodic boundary
conditions (with size L* where L=12). All our simulations have made use of the
Metropolis algorithm with averaging performed 10° Monte Carlo steps per site.
Results were obtained by either cooling down from a high-temperature random
configuration as discussed by Banavar et al. [51] or heating up from the ground
state. The results from the two processes agree with each other.

The internal energy has ground state value equals to 6J/2 because each site
has three nearest neighbours, where J is the exchange interaction which is
equals to 1 for the antiferromagnetic interaction and to -1 for the ferromagnetic
interaction. The internal energy curves continue stable until the transition
temperatures, T, then, it goes down to an equal value for the whole doping. It
is shown that the internal energy for x=0 is the highest value compared with the
other x values which have nearly an equal ground state value, 2.7J. At a specific
temperature, T=1 J/K, where K is the Boltzmann constant, the internal energy
starts at high value at x=0, but it decreases with increasing Fe-doping, X to get
its lowest value at x=0.2. The internal energy starts to increase again in the
doping range 0.2<x<0.5.

The ground state of magnetization value decreases with the increase of
Fe-doping because the increasing of the spin-down with the increasing of
Fe-doping. The magnetization as function of the temperature decreases with
increasing of temperature in the range 1.0 > x > 0.5, while it increase with
increase of T for the range 0.5 > x > 0, this is results because the Fe-content in
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Euge5Sro 3sFe,Mn;.O3 becomes the dominant above x =0.5. We notice that the
magnetisation at high-T does not go to zero as usual that is because the
compound Eugg5Sro ssFexMn;O3 always has residual some ordered spins which
make the magnetisation has non zero values at high-T.

5.3 Dielectric Properties of 3d-4f Oxides

The dielectric constant ¢ (real part) in the investigated system is contributed
by several structural and microstructural factors. The real part of the materials
was calculated by using the measured capacitance values and dimensions of the
pellet by the following formula:

. Cd

g —_— —_—
EA

where C is the capacitance of the pellet in farad, d the thickness of the pellet in
meters,

¢, =8.85x10 2Fm™,

is permittivity of free space and A is the cross-section area of the cylindrical pellet
in m?. The imaginary part of the dielectric constant ¢” was calculated using the
relation: ¢” = ¢ tan 0 where: tan ¢ = tan (90 - ¢), is the dispersion of the dielectric
loss tangent. The plots of dielectric constant £ with frequency at room temperature
for the system Eug ¢St 35F€0.1Mng O3 are shown in Fig. 5.27. A decrease in & was
observed with increase in frequency because at lower frequencies the compound
exhibits different types of polarization (i.e. interfacial, dipolar, atomic, ionic and
electronic). The observed variation can be explained on the basis of space charge
polarization. At higher iron concentration (x = 0.5), the dielectric constant of the
sample depends strongly on frequency. The ¢ decreases with increasing frequency.

This shows that space charge polarization contributes more significantly to the
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observed dielectric parameters in these compositions. The high value of ¢
observed in EuggsSrossFexMn, O3 system shows the ferroelectrics nature of the
system. These values at low frequency may be due to voids, dislocations and
other defects [43]. High dielectric constant decreases the penetration depth of the
electromagnetic waves by increasing the skin effect. The frequency variation of
loss tangent (tan 0) of EugesSrossFexMn;Os at room temperature shows that at
relatively lower frequencies the values of tan ¢ is high and decreases rapidly with
increasing frequency. The decrease of tan ¢ with increasing frequency is
attributed to the fact that the hopping frequency of the charge carrier can not
follow the changes of polarity of the external field beyond a certain frequency
[43]. ¢ and saturated polarizations are dependent on grain size of the materials.
However, SEM micrograph shows a granular structure with a dense morphology
and little porosity can be seen, which offers much insulating grain boundary,
leading to an increase in dielectric constant with decrease in grain size. Broadly
speaking, these behaviors may be attributed to the reduced of grain size,

compactness and the structural quality of the material.
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Fig. 5.27 Dielectric constant £ with frequency at room temperature for the system
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Results show an increase of dielectric constants with increasing the iron
content and a decrease with changing the measuring frequency at room
temperature. This effect is attributed to the decrease in grain size, compactness
and the structural quality of the specimen.

From above results it can be explained that the increase of o, with
temperature may be attributed to the increase in the drift mobility and hopping
frequency of charge carriers with increasing temperature according to relation:
o = ney, where e is the electronic charge and ptis the mobility of charge carriers
and n is the total number of charge carriers per unit volume n = ne+ ny,, where e

and h refer to the n- and p-type charge carriers, respectively.

The variation of electrical conductivity with frequency at different
temperatures for NdqsSr,4C003 as prepared is obviously shown in ref. [76] in
which conductivity is increasing slowly at low frequency while increases
strongly at high frequency. However, as the frequency increases the
conductivity becomes more and more frequency dependent. Sharp drop in
conductivity is observed at f = 4.5 MHz which is called the cutoff region. The
very basic fact about ac conductivity in disordered solids is that o, is an
increasing function of frequency. In a hopping model, it is possible to
distinguish different characteristic regions of frequencies [11, 12].

At low frequencies where the conductivity is constant, the transport takes place
on infinite paths. For a region of frequencies where the conductivity increases
strongly with frequency, the transport is dominated by contributions from
hopping infinite clusters. Finally, the region where the high frequency cutoff
starts to play a role is encountered. The electrical conduction mechanism can be
explained in terms of the electron-hopping model. In other words, the conduction
mechanism could be due to the electron hopping between two adjacent octahedral
sites (B-sites) in the manganite lattice and a transition between Co**«—Co®" might
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take place. Consequently, the increase in frequency enhances the hopping
frequency of charge carriers resulting in an increase in the conduction process
thereby increasing the conductivity. Further, at high frequencies, the resistivity
remains invariant with frequency, because the hopping frequency no more
follows the external field and thus lags behind it [13].

The disappearance of the conductivity peak during the decreasing
temperature measurements can be attributed to the oxygen exhaustion from the
sample during the heating cycle.

This variation in the conductivity may be caused by the oxygen exhaustion
from the sample [92] The M-I transition behavior is observed at all frequencies,
and the T, is observed at 370 K at f = 50 Hz, it increases gradually with
increasing frequency to reach 420 K at f =5 MHz.

In the case of low-mobility semiconductors such as ferrites, the activation
energy is often associated with the mobility of charge carriers rather than their
concentration. The charge carriers are considered as localized at the ions or
vacant sites and conduction occurs via hopping-type process, which implies a
thermally activated electronic mobility. ([100])

The activation energies for all samples at selected frequencies and below
400 K (T<T,) are calculated. The calculated values of the activation energy are
listed in Table 5.3. It can be seen that the activation energy decreases with
increasing frequency for the studied ferrite which corresponding to
ferrimagnetic region. In the ferromagnetic region, the activation energy for
electric conduction decreases as the frequency increases corresponding to the
thermally activated mobility (hopping conduction model) and not to thermally
activated creation of charge carriers, while in the paramagnetic region of
disordered state, the increase in frequency has no effect on the conductivity
corresponding to thermally activated charge carriers (band conduction
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mechanism). [5] The conduction at lower temperatures or below Curie
temperature is due to hopping of electron between Fe?* and Fe®*, whereas at
higher temperature or above Curie temperature is due to hopping of polarons.
[16] Within the ferrimagnetic region of each sample, the activation energies of
the prepared samples are found to be in the range 0.32344-0.2415 eV at 100 Hz,
The values of Es in the low frequency region are greater than 0.2 eV in present
ceramics and suggests that conduction is due to hopping of charges [191].
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Research devoted to rare earth manganites (3d-4f oxides) leads to a wide
range of applications for example magnetic refrigeration (Environmentally
friend technology) and spintronics. Magnetic refrigeration is a revolutionary,
efficient, environmentally friend technology, which is on the threshold of
commercialization.

6.1 Magnetic Refrigeration

One of Man daily need is environmentally friendly technology, which helps
us to decrease pollutions in our world and keep our environment clean and safe.
As well known using Freon refrigerators is one of the main sources which
increases the Ozone hall and thus the harmful changes in climate. The progress
in materials science allowed the appearance of new materials which can be used,
in cooling system. Magnetic refrigeration is a cooling technology based on the
magneto-caloric properties of these advanced materials to attain extremely low
temperatures in ranges used in conventional refrigerators, depending on the
design of the system [108]. These new materials are clean and environmentally
friendly technology in order to reduce the harmful changing in the climate.
From technological point of view, magnetic refrigeration is a revolutionary,
efficient, environmentally friend technology, which is on the threshold of
commercialization. Magnetic refrigeration was the first method developed to
attain the temperature below about 0.3K (a temperature attainable by °He
refrigeration that is pumping on the *He vapors) [108].

When a magnetic material is subjected to a sufficiently high magnetic field,
the reorientation of magnetic moments is taken place as a result to this applied
magnetic field. If the magnetic field is applied adiabatically, the raise of
temperature of the material is obtained, and if the magnetic field is subsequently
removed, the decrease in the temperature is observed. This warming and
cooling which related to the application and removal of an external magnetic
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field is so called the magneto-caloric effect '"MCE'. The basic idea of magnetic
refrigeration is shown in fig. 6.1. When we apply a magnetic field on
magneto-caloric material, for example Gadolinium alloy [108-110],
thermodynamically process is occurred and resulting in the drastic decrease in
temperature as we will see in details. The magneto-caloric effect can be
mathematically represented in the following equation form, where AT is the
change in temperature, AH is the change in applied magnetic field, C is the heat
capacity of the working magnet (refrigerant), and M is the magnetization of the
refrigerant: [1]

@l H=H

Fig. 6.1 Gadolinium alloy inside the magnetic field and low temperature output.
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The change in magnetic entropy (ASy) can be defined as the adiabatic change
of temperature as a result of the application of the magnetic field. The
isothermal entropy change is described by the following relation [4]:

e (M
ASu (TH) = Su(T.H) - Su(T, 0)= [ (5, dH @

where Hp.x is the maximum external field. ASy, can be approximated from
magnetization measurements made at discrete field and temperature intervals
according to the following relation [5]:

M, —M,,
ASw= ) ———"LAH, &)

i Ti _Ti+1
where M; and M;,; are the magnetization values measured in a field H, at

temperature T; and Ti.4, respectively.

From the above equations one can say that magneto-caloric effect can be
enhanced by [108]: applying a large magnetic field, a magnet with a small heat
capacity and a magnet with a large change in magnetization vs. temperature, at
a constant magnetic field.

THERMODYNAMIC CYCLE

The thermodynamic cycle is performed as a refrigeration cycle that is in
analogous to the Carnot refrigeration cycle, where the magnetic refrigerator
cycle depends on the increases and the decreases in magnetic field strength in
instead of the increases and the decreases in pressure in which the Carnot
refrigerator cycle depends [108]. Comparison between magnetic refrigeration
and conventional refrigeration cycle is very important to evaluate the magnetic
refrigeration and understand how magnetic refrigerator work. As is shown in
schematic diagram in Fig. 6.2, there is an analogy between magnetic and
conventional refrigeration cycle. [108]
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Fig. 6.2 Conventional vapor refrigeration cycler and magnetic refrigeration cycle.

In adiabatic magnetization, a magneto-caloric material is placed in an
insulated environment, then, as a result of increasing an external magnetic field
(+H) the magnetic moments are aligned in the direction which leads to
increasing in the material temperature and decreasing in the magnetic entropy
and heat capacity of substance. The total entropy does not change because there
is no loss in energy and so heating up is observed (T + AT,q). [109-115]

For the conventional vapor refrigerator CVR cycle the gas is compressed by
applying pressure P and similarly there is no loss in energy and so heating up is
observed (T + AT,). In isomagnetic enthalpic transfer: The added heat can then
be removed (-Q) by a fluid or gas. To prevent the dipoles from reabsorbing the
heat the magnetic field is kept constant and once sufficiently cooled, the
magneto-caloric substance and the coolant are separated (H=0). In adiabatic
demagnetization: In this stage the total entropy remains constant as a result to
return to another adiabatic (insulated) condition. However, this time the
decrease in magnetic field is obtained, the thermal energy leads to the magnetic
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moments to overcome the field, and thus the sample cools, i.e., an adiabatic
temperature change. Energy transfers from thermal entropy to magnetic entropy
(as shown in Fig. 6.2, disorder of the magnetic dipoles is appeared). In
isomagnetic entropic transfer: The magnetic field is kept constant to prevent the
heating up again. Because of the difference in temperature according to our
design, heat energy migrates into the working material (+Q). [116-120]
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Fig. 6.3 Magnetic entropy dependence on temperature [6].

How to evaluate the relative cooling power RCP is an indication to the
magnetic cooling efficiency [112] of the magneto-caloric material and it can
be simply considered as the magnitude of AS,, or AT, multiplied by the
full-width at half maximum (5T, [110, 113]. AS,,, AT, and 8T, are
shown in Fig. 6.3 where the change in entropy is plotted as a function of

temperature. The change in entropy could be deduced using equation 3 from
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magnetization — temperature dependent measurements. On the time being the
conventional vapor compression refrigerators are used for cooling applications;

such as refrigerators and air conditioners AC. However, the low efficiency of
the compressing and expanding processes of a gas in these refrigerators costs
for 25% of residential and 15% of commercial power consumption [6]. In the
conventional vapor compression refrigerators, the usage of gases such as
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) s
dangerous because they damage our environment. Searching an alternative to
the conventional gas compression (CGC) technique is very important issue to
keep our environment safe and clean so that the development of new magnetic
refrigeration (MR) technology, based upon the magneto-caloric effect (MCE)
[114], has attracted the scientific interest. Now, the question is why MR is
promising task for cooling technology. The answer is given in the Phan
section in ref. [112] as following;

First, the cooling efficiency in MR is higher than CVR where the magnetic
cooling efficiency can be reached up to 30-60% while the cooling efficiency in
CVM according to a Carnot cycle is only 5-10%. Second, MR can be more
compactly built by using solid substances as working materials and thus does
not occupy big place. Third, the MR does not use any global-warming gases and
therefore is an environmentally friendly cooling technology. Our main goals in
the present proposal are introducing advanced and cheap materials with
enhanced properties for cooling systems and developing a new generation of
refrigerators and cooling systems environmentally friend to keep our
environmental clean and safe.

The data of several typical magnetic materials that could be used in magnetic
refrigeration are listed in table below in table 6.1 [121-127].
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Table 6.1 Typical magnetic parameters used for magnetic refrigeration.

B L B
Lag gCap,MnO4 230 5.5 15 Ref [121]
Lag 67Cag33Mn0O4 267 6.4 3 Ref [122]
Lag 6Cag4sMnO; 263 5.0 3 Ref [123]
Lag 65Cag.2sMng g Tig1 O3 103 1.3 3 Ref [123]
Lag 67Sr0.33MNg oCro1 O3 328 5.0 5 Ref [124]
Lag g7Srp.13Mn0O3 197 75 8 Ref [125]
Lag84Sro16MNO; 244 7.9 8 Ref [125]
Gd 294 42 1.5 Ref [121]
Gdo 73DYo.27 265 10 5 Ref [126]
Gds(Si,Ge,) 276 14 2 Ref [127]
Gds(Si,Gey) 300 7 5 Ref [127]

So the scientific efforts are devoted to get large (reasonable) magnetic entropy
at or near room temperature. Different chemical formula is suggested. Large
magnetic entropy change (ASuy~2.26J/Kg.K) at T.=354K is observed by
Mahn-Huong Phan et al [126] in Lag¢Sro,Bag,MnO; in magnetic field range from
0-10KOe. A large magnetocaloric effect in perovskites (Lai.xNd)q7SrosMnO; at
room temperature is reported by N. H. Luong et al. [127]. Magnetocaloric effect
in Nd doped perovskite Lag7xNdBagsMnO; polycrystalline near room
temperature was studied by Chen et al, [128]. The large ASy was found in
ref. [129] to occur around 300K for investigated manganese perovskites. The
manganese perovskites in this work [129] have the large magnetic entropy
changes induced by low magnetic field change, which is beneficial for the

household application of active magnetic refrigerant (AMR) materials.

The mixed valance manganite perovskites are applied in ref [130] as
magnetocaloric materials in a magnetic refrigeration device. The giant
magnetocaloric effect with isothermal field-induced entropy change beyond the
spin-multiplicity limit gave rise to some indistinctness regarding the
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applicability of fundamental thermodynamics in data analysis is one of the
important subject we found great number of research in the literature devoted to
this subject. Those misleading interpretations concerning, for instance, the
rigorousness of phenomenological thermodynamics are reported by Mukherjee
et al., [131]. They showed that the Maxwell relation incorporates contributions
from the spin degrees of freedom and potential lattice degrees of freedom into
the isothermal entropy change. A minimalist model involving pairs of
exchange-coupled, mobile Ising spins is investigated. It is explicitly shown that
lattice degrees of freedom can be activated via applied magnetic fields and the
integrated Maxwell relation contains this lattice contribution. A simple and
intuitive analytic expression for the isothermal entropy change in the presence
of field-activated lattice degrees of freedom is provided.

The electrocaloric effects accompanied with the ferroelectric to paraelectric
phase transitions are investigated in ref [132] within the Landau—Devonshire
theory. In this work they found that just changing the nature of the phase
transition from the first-order to the second-order reduces the isothermal
entropy change, adiabatic temperature change and refrigerant capacity. The
isothermal entropy change in the second-order transition is reduced to one half
of that in the first-order one, which is confirmed by experiments and is also
consistent with the magnetocaloric counterpart.

Understanding the heat transfer phenomena taking place in the regenerator
and the impact of the intrinsic properties of the magneto-caloric material will
help us to optimize the performance of an active magnetic regenerative system
[133]. Legait et al compared and tested three different materials
(ProesSrossMnOs, La(FeCo)134Siy, and gadolinium) using a permanent magnet
based device. They concluded that even with a low 08Ty, the oxide
ProesSro3sMnO; can provide interesting results and they noted that the layered

regenerator presents a better efficiency than the single layer. Moreover, a high
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thermal conductivity material allows a great temperature span at high frequency
to be obtained. The shape of sample they used in this work and isothermal

entropy change ina 1 T field of LaFeCoSi are shown in Fig. 6.4 and Fig. 6.5.

Fig. 6.4 (a) A block of PrggsSrg3sMnO5 (b) Oxide plates with their
dimensions after cutting [72].
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Fig. 6.5 (a) Isothermal entropy change ina 1 T field variation of the four compounds of
LaFeCosSi,. (b) LaFeCoSi regenerator with four different compounds [72].

Looking at the recent research one can found that there is ongoing work on
developing new materials that are both cost effective and operate in the
temperature range of normal refrigeration. A giant magnetocaloric effect induced
by sodium-deficiency in a Lanthanum manganites polycrystalline is recently
reported by Wali et al., [134] where they found that the ability to tune the
temperature transition close to room temperature is revealed to be possible by

changing the sodium-deficiency content. The most important results in this work
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are that a second-order magnetic phase transition from the ferromagnetic to the
paramagnetic state at the Curie temperature (T.) was found to be decreased from
335 to 260 K when the sodium deficiency rate increased. The change in the
magnetic entropy increased from 2.38 J kg™ K™ to 3.48 J kg K™ under a
magnetic field of 2 T when x increased from 0.00 to 0.15. Comparing the values
obtained by Wali et al [135] and the values reported before underlines that the
proposed oxide material has substantial advantages for magnetic refrigeration.
Magnetic, specific heat and magnetocaloric studies have been carried out by
Kalipada Das, Tapas Paramanik and 1. Das [136] on rare earth calcium
manganites; LnysCagsMnO; (Ln=Gd, Dy). They observed that the isothermal
magnetic entropy change is fairly large at low temperature which is attributed to
the magnetic precursor effect of rare-earth ions. The impact of the disorder on the
magnetocaloric effect in Ti doped manganites was investigated by El. Kossi et al
[136] where they found that the magnetic entropy change strongly depends on the
Ti concentration. The most promising results are observed by
I. A. Abdel-Latif et al., [137] where the NdySro4sMnO; nanocomposites showed
MR of 99.84% at room temperature that makes it is possible to use these

materials in fabrication of magnetic devices in the industrial scale.

Theoretical calculations will help us to design new materials with desired
properties. Spin-dimer systems are a versatile playground for quantum phase
transitions studies by using the magnetic field as the tuning parameter.
According to the study of Strafl [138] it is possible to observe a crossover
from the characteristic scaling near critical points to the behavior of a finite-
temperature phase transition. In this work they studied two-dimensional coupled
spin-dimer systems. Moreover, they found that the magnetocaloric behavior of
the magnetization with temperature can be used to determine the critical fields
with high accuracy. Gharsallah et al studied the magneto caloric effect for
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LageSro4MnO; and LagsCagsMnO; using theoretical calculations [139-140]
which showed large and tunable suggesting their possible applications in
moderate magnetic field and near room temperature.

It is quit clear that still great interest and effort that are devoted to studying the
magnetocaloric effect in order to develop clean, cheap and environmentally friend
refrigerator technology. The main challenge in the current magnetic cooling is
that efficiency of cooling needs high magnetic field which is out of use in the
industrial scale and very low temperature. So this work is a try to develop
magnetic refrigerator materials with reasonable conditions for environmentally
friend refrigeration based on the success of our recent work [137] and [134-135].

P

Fig. 6.6 The Berkeley Lab prototype of magnetic refrigerator.

(http://www.gizmag.com/giant-magnetocaloric-effect-in-fridges/15624/) [141]

The Berkeley Lab research was recently published in the journal Physical
Review (http://www.gizmag.com/giant-magnetocaloric-effect-in-fridges/15624/)
[142]

The magnetic rare earth materials are utilized as the magnetic refrigerants in
most cooling devices. Recently, some data on the magnetocaloric effect in
hole-doped manganites are reviewed. It is shown that the variation of interaction

exchange energy, taking place under the effect of a magnetic field in the vicinity
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of the phase transformation, provides a significant contribution to the change of
magnetic entropy. Essebti Dhahri et al., reported [143] that different results
found for electron-doped manganites La;.,Ce,MnO; (x = 0.3, 0.4 and 0.5).
These manganites present a large magnetic entropy change induced by low
magnetic change, which is beneficial for the household application of active
magnetic refrigerant materials. It is believed that the manganite materials with
the superior magnetocaloric properties in addition to cheap materials-processing
cost will be the option of future magnetic refrigeration technology. So this very
important application for perovskite will be one of the future works. Our plan is
to synthesize different compounds with different nano-crystalline sizes and

study magnetocaloric properties of the proposed compounds.

6.2 Magnetoresistive Random Access Memory (MRAM)

MRAM is a random access memory (RAM) technology (based on
Spintronics) that uses electron spin to store information. MRAM has been
called "the ideal memory", potentially combining the density of DRAM with the
speed of SRAM and non-volatility of FLASH memory or hard disk, and all this
while consuming a very low amount of power [144-146]. MRAM can resist
high radiation, and can operate in extreme temperature conditions, very suited
for military and space applications.

Transistors and other components with nanoscale dimensions, processors and
memories are becoming so dense that even their infinitesimal individual currents
are combining to produce scorching heat. Furthermore, quantum effects that were
negligible before are now so pronounced that they're threatening to render circuits
inoperable. The upshot is that we're fast approaching the point when moving
charge is not going to be enough to keep Moore's Law chugging along.
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Fig. 6.7 How a spin memory works (http://spectrum.ieee.org/image/MTcxODEYNQ).

In anticipation of that day, researchers all over the world are already working
on a promising alternative. We have set our sights on a different property of
electrons, which we hope to exploit for storing and processing data. This
property is spin.

Spin is a fundamental yet elusive quantum attribute of electrons and other
subatomic particles. It is often considered as a bizarre form of nano world
angular momentum, and it underlies permanent magnetism. What makes spin
interesting for electronics is that it can assume two states relative to a magnetic
field, typically referred to as spin up or spin down. In other words you can use
these two states to represent the two values of binary logic—to store a bit.

The development of spin-based electronics, or spintronics, promises to open
up remarkable possibilities in the field of electronics. In principle, manipulating
spin is faster and requires far less energy than pushing charge around, moreover
it can take place at smaller scales. Chips built out of spin transistors would be
faster and more powerful than traditional ones and, farther down the road, may
feature such new and remarkable properties as the ability to change their logic
functions on the fly. It is still decades away from being able to build such a
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thing. But chips that exploit spin in a more modest way are already available. At
least one company is now selling magnetoresistive random access memory, or
MRAM, a kind of spintronic memory. And many others—including Free scale,
Honeywell, IBM, Infineon, Micron, and Toshiba, as well as start-ups and
university research groups—are busy investigating MRAM technology. The
reason for all this interest is clear. Today's computers often use four kinds of
storage. Dynamic random access memory, or DRAM, has high density but
needs to be constantly refreshed and in addition to consuming lots of power.
Static random access memory, or SRAM is used in caches. It is fast to read and
write but from another side it takes up considerable space on a chip. Flash,
unlike SRAM and DRAM, is nonvolatile but is quite slow to write to. And then
there are hard disk drives; these have high density but rely on moving parts,
which impose size and speed limitations. MRAM is attractive because it could,
in principle, replace all other kinds of memory.

Rather than representing a bit as charge in a capacitor or as the state of an
interconnected set of transistors, MRAM stores data using the spin of electrons
in a ferromagnetic substance by creating a magnetic alignment in one direction
or the other. In a tiny region of that material, spin up T means 0, and spin down
J means 1. Proponents say that as MRAM improves, it could combine all the
advantages of SRAM, DRAM, flash, and hard disks—with none of their
shortcomings. MRAM would be a compact, speedy, low-power, and nonvolatile
"universal memory." Using MRAM, a computer wouldn't have to juggle data
between main memory, cache, and disk; instead, it could load all data into its
working memory. This capability would change the way we think about
computer architecture because it makes possible instant-on.

The challenge at the moment is that MRAM suffers from two problems: The
density of bits is low, and the cost of chips is high. The early MRAM designs
needed lots of current to change a 1 to a 0 or vice versa. This requirement
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prevented their further miniaturization. Improved designs might overcome that
hurdle using novel techniques and materials, but they would operate at only
liquid-nitrogen temperatures. This is not going to work for your PC. This
problem—the need for cryogenic temperatures to reduce the write current of
MRAM-—has been under the focus of the research. It's a major challenge, but
there is hope to significant breakthrough. Recently, a device that shows
potential as an MRAM memory cell was demonstrated. We can write using
conventional voltage levels and almost no current at all. The key is a material
called gallium manganese nitride, a semiconductor whose magnetic properties
we can manipulate electrically. And here's the best part: It works at room
temperature. Typical “classic” or “conventional” MRAM uses spin-dependent
tunnel junction memory cells and magnetic row and column write lines.
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Fig. 6.9 MRAM memory cell.

The spin-dependent tunnel junction produces a large change in resistance
depending on the predominant electron spin in a storage layer. The tunnel
barrier is as thin as a few atomic layers--so thin that electrons can “tunnel”
through the normally insulating material, causing a resistance change. Row and
column magnetic write lines allow data to be written to a selected cell in a
two-dimensional array.

Data are written by small electrical currents in the write lines that create
magnetic fields, which flip electron spins in the spin-dependent tunnel junction
storage layer, thus changing the junction’s resistance. Data is read by the
tunneling current or resistance through the tunnel junction.

Next-generation MRAM could reduce cell size and power consumption.
Potential next-generation designs include Spin-Momentum  Transfer,
Magneto-Thermal MRAM, and Vertical Transport MRAM. Spin-Momentum
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Transfer (also “Spin-Transfer,” “Spin Injection,” or “Spin Torque Transfer”)
MRAM is based on changing the spin of storage electrons directly with an
electrical current rather than an induced magnetic field. This method has the
potential to significantly reduce MRAM write currents, especially with
lithographic feature sizes less than 100 nanometers. M-T MRAM uses a
combination of magnetic fields and ultra-fast heating from electrical current
pulses to reduce the energy required to write data. Vertical Transport MRAM
(VMRAM) is a high-density type of MRAM that employs current perpendicular
to the plane to switch spintronic memory elements.

6.3 Magnetic Sensor

The earliest magnetic field detectors allowed navigation over trackless oceans
by sensing the Earth's magnetic poles. Magnetic field sensing has vastly
expanded as industry has adapted a variety of magnetic sensors to detect the
presence, strength, or direction of magnetic fields not only from the Earth, but
also from permanent magnets, magnetized soft magnets, vehicle disturbances,
brain wave activity, and fields generated from electric currents. Magnetic
sensors can measure these properties without physical contact and have become
the eyes of many industrial and navigation control systems. This paper will
describe the current state of several methods of magnetic sensing and how the
sensors are used—many with integrated functions. Finally, several applications
will be presented for magnetic sensing in systems.

Magnetic sensors have been in use for well over 2,000 years. Early
applications were for direction finding, or navigation. Today, magnetic sensors
are still a primary means of navigation but many more uses have evolved. The
technology for sensing magnetic fields has also evolved driven by the need for
improved sensitivity, smaller size, and compatibility with electronic systems.
This paper will overview various types of magnetic sensors and their
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applications. It is not intended as a how-to description of building sensor
systems but more of what is this sensor and how does it detect magnetic fields.
The newest types of silicon based magnetic sensors will be
emphasized—anisotropic magnetoresistive (AMR) and giant magnetoresistive
(GMR) sensors. Applications for AMR and GMR magnetic sensors are
presented.

A unique aspect of using magnetic sensors is that measuring magnetic fields
is usually not the primary intent. Another parameter is usually desired such as
wheel speed, presence of a magnetic ink, vehicle detection, or heading
determination. These parameters cannot be measured directly, but can be
extracted from Figure 6.8. Conventional vs. Magnetic Sensing changes, or
disturbances, in magnetic fields. Scheme 6.1 shows other sensors, such as
temperature, pressure, strain, or light that can be detected using an appropriate
sensor. The output of these sensors will directly report the desired parameter.
On the other hand, using magnetic sensors to detect direction, presence, rotation,
angle, or electrical currents only indirectly detect these parameters. First, the
enacting input has to create, or modify, a magnetic field. A current in a wire, a
permanent magnet, or sensing the Earth's magnetic field can create this field.
Once the sensor detects that field, or change to a field, the output signal requires
some signal processing to translate the sensor output into the desired parameter
value. This makes magnetic sensing a little more difficult to apply in most
applications, but it also allows for reliable and accurate sensing of parameters
that are difficult to sense otherwise. One way to classify the various magnetic
sensors is by the field sensing range. These sensors can be arbitrarily divided into
three categories—low field, medium field, and high field sensing. Sensors that
detect magnetic fields less than 1 microgauss will be classed low field sensors.
Sensors with a range of 1 microgauss to 10 gauss will be considered Earth’s field
sensors and sensors that detect fields above 10 gauss will be considered bias
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magnet field sensors for this paper. In scheme 6.1 the various sensor technologies
are listed and illustrates the magnetic field sensing ranges [1].

Magnetic Sensor Detectable Field Range (gauss)”
Technology 0% 104 10° 104 10°

Squid

Fiber-Optic

Optically Pumped
Nuclear Procession
Search-Coil

Earth’s Field
Anisotropic Magnetoresistive
Flux-Gate

Magnetotransistor
Magnetodiode

Magneto-Optical Sensor
—npe Giant Magnetoresistive

—p Hall-Effect Sensor

* Note: 1gauss = 10 “Tesla=10 5g:tmma
Scheme 6.1 Various sensor technology.

http://www.sensorsmag.com/sensors/electric-magnetic/a-new-perspective-magnetic-
field-sensing-855

temperature
pressure |
strain V/1 |

light

= output

variation
of a

magnetic

field
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processing
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Fig. 6.10 The magnetic field sensing.
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6.4 Hydrogen Storage

The use of hydrogen as the basis for a future sustainable energy economy
with low carbon emissions is one of the worldwide interest in the time being.
Production, Storage and utilization of hydrogen are the main factors for
considering the economy of using these materials. It is significant scientific and
technological challenges to satisfy these main factors. For hydrogen-fuel cell
transportation use a suitable material for on-board storage should be able to
store a high weight-percent and high volume density of hydrogen and rapidly
discharge and charge the same amount of hydrogen at acceptable temperatures
(typically around 50-100<C). This represents a particular challenging set of
credentials for an ideal storage material and at present no known material meets
these critical requirements.

According to Chen et al work [145] in 2002 the system LisN-Li,NH-LiNH,
could reversibly cycle hydrogen with a theoretical maximum of over 11wt% H,.
In practice, only cycling between lithium imide and amide is feasible at realistic
pressures and temperatures. Ammonia, NHs, is formed as portion of the H,

desportion process. This dispotion occurred in two steps:

2LiNH,+LiH =(Li,NH+NH)+LiH
LioNH+(NHs+LiH) =Li,NH+LiNH,+H,
NH; absorption by LiH is a rapid and efficient process. However, in practice
it is difficult to reduce NHjs levels to below 200 ppm, a value that still is high

enough to poison current fuel-cell operation.

David et al, [146] demonstrated from synchrotron X-ray diffraction
refinement that the mechanism of the transformation between lithium amide and
lithium imide during hydrogen cycling in the important Li-N-H hydrogen
storage system is a bulk reversible reaction that occurs in a non-stoichiometric

manner within the cubic anti-fluorite-like Li-N-H structure.
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The hydrogen desorption and structural properties of the Li—-Mg-N-H
systems with different LiH/Mg(NH,), ratios are systemically investigated by
Haiyan Leng et al. [147] The system with the LiH/Mg(NH,), ratio of
6/3 transforms into Li,NH and MgNH, and then, the mixture forms an unknown
phase by a solid—solid reaction, which presumably is the ternary imide
Li,Mg(NH),; the system with the LiH/Mg(NH,), ratio of 8/3 transforms into
4Li;NH and MgsN, after releasing H, at T < 400<C; the system with the
LiH/Mg(NH,), ratio of 12/3 transforms into 4LisN and MgzN after releasing H,
at T > 400<C, where the LiMgN phase is formed by the reaction between LisN
and MgsN,. The characteristics of the phase transformations and the thermal gas
desorption behaviors in these Li—Mg—N—-H systems could be reasonably
explained by the ammonia mediated reaction model, irrespective of the
difference in the LiH/Mg(NH,), ratios.

The combination of X-ray and neutron diffraction studies (see Fig. 6.11) led
to a precise determination of the full crystal structure, which has been
independently corroborated by computational studies as the most precise

determination of a number of recent studies [149].

The maximum available weight percentage and the hydrogen capacity per
volume are 10.6 wt.% and 96 kgm, respectively. Chen et al. [150] recently
showed that titanium chloride-doped LiAlIH4 lowered the decomposition
temperature of LiAIH4 which resulted from the enhanced kinetics for a
dehydriding cycle. Thus development of catalysts for the enhanced kinetics of
LiAlH4 is very attractive since it can eliminate the need for high temperature

and high pressure previously required for the rehydriding/dehydriding cycle.
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Fig. 6.11 X-ray and neutron powder diffraction patterns of Li,BN3H;,. Both datasets
are fitted simultaneously to high precision providing strong validation of all aspects of
the crystal structure including hydrogen positions.

Most promising future scenario is the hydrogen economy especial concerning
ideal replacement in the transportation application. Hydrogen is the ideal means
of energy storage, transportation and conversion in a comprehensive
clean-energy concept. [151] It is non-polluting as its combustion only generates
water. It is abundant and can be produced from a variety of conventional and
renewable energy resources, mainly water which covers 71% of earth planet
area. For these reasons, there is now world widespread agreement that hydrogen
will play a key role in the developed countries energy policy towards the middle
of the century. [152-154] However, the storage of hydrogen is still the
bottleneck problem which faces its commercial application. Inefficient storage

in liquid form is because of hydrogen very low boiling point around -250<C.
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Add to that, its low density in the gaseous state requires storage in risky
high-pressure vessels not accepted by safety regimes for mobile applications
and in particular in the future “zero-emission vehicle” [155-160].

Hydrogen car fueling Material hydride design

Fig. 6.12 Hydrogen fuel.

Alternative safe offer has been introduced by storing hydrogen storage in
matter for transportation. Several promising systems are under discussion:
adsorbed hydrogen on nano-structures (nano tubes, metal organic frameworks),
and hydrogen absorbed in metal hydrides (transition metal based hydrides,
complex hydrides). [156-159] Requirements for hydrogen fuel tanks to be used in
vehicles is put down by US Department Of Energy (DOE) which have been taken
as international target for onboard application, at least 6 mass% hydrogen has to
be stored (6.5 mass% and 62 kg H,/m?) in a time as short as 5-10 minutes which
allows the vehicle to cut a distance of about 500Km. [160-170] Qualification for
the carrier matter is to have high gravimetric and volumetric density, to be
suitable for the already designed transport technologies. Achieving all of these
targets in one hydrogen storage material system is not available in the present

nevertheless, studding different storage material systems with different treatments,
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like doping a catalyst and structure treatments already have improved some of
them that they become promising for application. [161, 163] Examples are
adsorbed nano-structures like carbon nanotubes and other carbon materials as
well as absorbed in transition metal-based materials. Recently, intense interest has
developed in light-weight complex hydrides such as alanates and borohydrides
beside the peroviskites which newly appear on the scene of the hydrogen energy
storage field. The above mentioned materials still need to adjust thermodynamics

and kinetics properties to technical needs for on board application.

The peroviskite crystal structure is associated with unique octahedral with
hydrogen atoms prefer to occupy. The noticed high mobility of hydrogen atoms
in the peroviskite crystal structure can be used to improve the slow
hydrogenation kinetics of some strongly bound light-metal-hydride system such
as MgH, and possibly to design new alloy hydrides with desirable
hydrogen-storage properties. [164-198]
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