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Abstract:

We report the results of crystal structure, magnetization and resistivity measurements of
Bi doped LaVOs. X-ray diffraction (XRD) shows that if doping Bi in the La site is less
than ten percent, the crystal structure of La,.«BiVO; remains unchanged and its
symmetry is orthorhombic. However, for higher Bi doping (>10%) composite
compounds are found where the XRD patterns are characterized by two phases:
LaVO;+V,0s. Energy-dispersive analysis of the x-ray spectroscopy (EDAX) results are
used to find a proper atomic percentage of all samples. The temperature dependence of
the mass magnetization of pure and single phase doped samples have transition
temperatures from paramagnetic to antiferromagnetic region at Ty=140 K. This
measurement for bi-phasic samples indicates two transition temperatures, at Ty=140 K
(LaVOs;) and Tx=170 K (V,0;). The temperature dependence of resistivity reveals
semiconducting behavior for all samples. Activation energy values for pure and doped
samples are extracted by fitting resistivity versus temperature data in the framework of

thermal activation process.
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Chapter 1

Introduction

Metal oxides, including perovskite-type related oxides (ABO;) have many interesting
properties which have been widely researched and studied [1-8]. These extraordinary
properties lead to their applications in various electronic devices, optoelectronic devices
and storage media [2]. Further, they are also potential candidates in emerging electronic
and spintronic technologies e.g. metal-oxide transistors (MOS), magnetic random access

memories (MRAMs), and discs or tapes for information storage [3].

Among the perovskites, orthovanadate is one of the important transition metal
oxide groups with chemical formula of RVOs;. The orthovanadates are semiconducting or
insulating. As an example, LaVO; and YVO; are Mott insulators, but they become
metallic by carrier doping [4]. All the orthovandates have pseudo-cubic symmetry and
paramagnetic ordering at room temperature [4-6]. At low temperature, they show
antiferromagnetic behavior which is influenced by structural phase transitions [4]. Past
studies show that it is possible to control the antiferromagnetic to paramagnetic
transition temperature (Néel temperature, Tx) by choosing the appropriate rare-earth
elements at R site [5-7]. These rare-earth elements are shown in Table 1.1. The phase
diagram of orthovanadates for variation of Néel temperature Ty as a function of ionic
radius (IR) of rare-earth elements, as reported in literature [5-8], is plotted in Fig. 1.1. It
shows that the value of T decreases significantly as we move across La to Lu rare-earth
elements in periodic table. For example, the change in the value of Ty from La’* to Lu’**
is as large as 30% while a change in value of ionic radius is only 15% [5-8]. The
decreasing ionic radius of R’" cation contracts the unit-cell of orthovanadates. This
contraction further induces compressive stress to the V-O-V bond length and bond angle.
This ultimately tilts the VO, array and increases the distortion to the pseudo cubic unit-

cell of RVO; [4, 9].
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Unlike the other members of the orthovanadates, LaVOs; has a higher structural
transition temperature and a large ionic radius at R site, leading to almost cubic
symmetry. These special properties of LaVO; have potential applications. Hence, many
research works have been carried out both in the experimental and the theoretical field.
These demonstrate the importance of the structural and physical properties of LaVOs.
Further, these properties can be varied by growing non-stoichiometric or doped LaVO;

in either polycrystalline, single-crystal or thin film form [1].

The crystal structure of LaVOs; compound has been studied as a function of
temperature. Bordet et al. [10] reported the crystal symmetry of LaVO; compound
changes below room temperature (about 140 K). Their results show that the structure of
LaVOs; changes from orthorhombic symmetry at room temperature (a=5.555, b=7.748,
¢=5.553 A) and space group Pnma to monoclinic symmetry and space group P2,/a with
the cell parameters a=5.594, b=7.759, ¢=5.565 A. This symmetry distortion of LaVOj is
accompanied with a transition from antiferromagnetic to paramagnetic behavior at 140 K
[10]. As a consequence, the distortion in octahedral VO¢ and V-O-V bond length and
bond angle accompanies the structural and magnetic phase transition at LaVO;
compounds [10]. LaVOsis Mott insulator [11] and shows semiconductor-like behavior at

high temperature with energy gap about E,=1.1 eV [12].

Seim et al. [13] studied the structural properties of non-stoichiometric La;VO;.
Their results show the unit-cell dimensions of La,«VOs; decrease by increasing x as the
structural distortion increases by increasing La deficiency in La,VO;. The oxidation
state of V enhances with an average value between +3.00 and +3.51 for 0.00 <x <0.17.
The multiple oxidation states of vanadium change the V-O bond lengths from 200.2 pm
for LaVOs; to 198.0 pm for LagsVO; [13]. Seim et al. also studied the temperature
dependence of the magnetic susceptibility of La;«VOs. As shown in Fig. 1.2 (a), Néel
temperature decreases from 140 K for LaVO; to 70 K for Lags.VOs. However, for the
Lag9VO; a paramagnetic behavior is observed with no observation of structural and

magnetic transition as shown in Fig. 1.2 (a) [13, 14].
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Gharetape et al. [15] reported the properties of LaV,O;. The crystal symmetry
remains unchanged and free from impurity phases for LaV.Os; for 0.92 < x < 0.98.
However, the lattice parameters of LaV,O; increase by decreasing x from 1 to 0.92
accompanied by multiple oxidation states of vanadium of V** and V**[15]. On the other
hand, the value of magnetic transition temperature for the vanadium deficient
compounds remains unchanged from that of the LaVO; as shown in Fig. 1.2 (b).
They also measured the temperature dependence of resistivity for V deficient LaV,O;
compounds (Fig. 1.3 (b)). They reported a semiconductor behavior with increasing in
activation energy as the V deficiency increased in LaV,Os[15].

The doping of Sr and Ca cations at La site in LaVO3 enhances the oxidation state of
V, because of different oxidation state of Ca** and Sr** in comparison to La*'.
Substitution of Ca at La site does not change the crystal structure significantly, as the
ionic radius of Ca®" {1.14 A} is very close to that of La* {1.17 A}, unlike the Sr doping
at La site [16]. Dougier and Hagenmuller [17] reported three different structures,
tetragonal, orthorhombic, and hexagonal. They obtained these differences in symmetries
for different ranges of Sr doping (0.6 < x < 1.0). The difference between the ionic radius
of La*{1.17 A} and Sr**{1.32 A} causes these structural changes. The magnetic
susceptibility of doped LaVOs; is quite different from the deficient compounds. The
works done by Mahajan et al. [18] on La,Sr«VO; compounds exhibit decreasing
susceptibility and antiferromagnetic phase transition temperature with increasing Sr
content. A similar magnetic properties are also observed in La,;Ca,VO; [16] Fig. 1.2
(c, d). Temperature dependence of resistivity in La,SrxVO; shows metallic behavior by
doping more than x=0.2 [12]. Resistivity measurements performed for La,Ca,VOs; by
Maiti and co-workers, show a similar metal-insulator (M-I) transition for doping of
x > 0.3 [15]. These results are shown in Fig. 1.3 (¢, d). The M-I transition is explained by
presence of strong electron-electron interaction and charge transfer through the multiple
oxidation states of V ions in the V**-O-V*" bonds [11, 16].

Similar to carrier doping, the epitaxial growth of La, Sr,VOs; thin films may
affect the structural phase transition, because of the strain effect. Lekshmi ef al. [19]

studied the changes in crystal structure of La«Sr,VOs thin films. Their results show the
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decreasing of the cell parameters by increasing Sr content. The incorporation of Sr**ions
in the La’*" sites of La,Sr,VO; thin films leads to the partial conversion of oxidation
state of vanadium from the greater ionic radius of V** (=0.64 A) ions to the smaller ionic
radius of V* (=0.54 A) ions. These average V oxidation states and compressive strain
effects accompany to the contraction of lattice parameters in La;..Sr,VOs thin films. The
rotation of VOs octahedron increases the V-O-V bond angle in La,Sr,VOs thin films [19,
20]. Dao et al. [21] also reported the strain effect of LaAlOs on the Lag75Sr025sVO; thin
films. The decreasing of the film thickness reduces the lattice parameter (c-axis), because
of the increasing of octahedral VOg rotation as a consequence of epitaxial growth. The
electrical behavior of La;«Sr,VOs thin films on LaAlOs; substrate is in close agreement
with bulk La;.Sr,VO;[18, 19]. The La;«Sr,VOs thin films remain insulators for doping
range 0.1<x<0.175. However, the electrical behavior significantly changes from
0.2<x<0.42 range, and the film remains metallic in the whole temperature range, as
shown in Fig. 1.3 (d) [9, 19].

From the above discussion on properties of LaVOs, it is clear that the properties
of LaVO; are sensitive to the three important factors: (i) composition, (ii) crystal
structure, and (iii) chemical pressure (i.e. chemical doping). The purpose of this research
project is based on the study of the structure, magnetic, and electrical properties of Bi
doped LaVOs;. We chose bismuth as the doping element because its oxidation state and
ionic radius are approximately the same as that of Lanthanum ions (La**=1.16 A and
Bi*=1.17 A) [22]. Thus, we expect to see no changes in the structural symmetry and
oxidation states of V site by doping Bi. Further, the atomic configuration Bi*" is
[Xe]4f,5d"°,6s*. The Bi*" has two extra electrons (lone-pair electron) which are not
chemically bonded to the other atoms in the lattice. It was speculated that the effect of
6s” electrons at the La site, may produce interesting structural and physical properties for
LaVOs. The atomic number of bismuth (Z=83) is higher than lanthanum (Z=57). It is
clear, the number of protons in Bi are higher than La. Therefore, Bi has more tendency to
attract electrons than La (electronegativity). These two factors, lone-pair electron and
higher electronegativity of Bi’* than La*, can change the V-O bond length and bond

angle by inducing stress and chemical pressure to the lattice by doping Bi. In our study,
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we have attempted to understand the different magnetic and electrical properties
produced by this particular chemical doping and furthermore will consider other factors

involved for these properties.

The outline of my thesis is as follows:

* Chapter 2 presents the general structure, magnetic and electrical properties of
orthovanadates in detail by presenting theoretical models to understand

and analyze our measurements.

* Chapter 3 deals with the details of the measurement techniques and systems used

for this project.
* Chapter 4 reports the results and discussions of the given data.

* Chapter 5 summarizes the purpose and conclusion of this work.
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1 Atomic Number
2 Rare-earth ions
3 | Valence electron shell of rare-earth ions
1| 57 |1 581 59| 60 61 62 63 64 65| 66 | 67 68 69 70 71
2 La3+ Ce3+ Pr3+ Nd3+ Pm3+ Sm3+ Eu3+ Gd3+ Tb3+ Dy3+ H03+ Er3+ Tm3+ Yb3+ Lu3+
3| 4f°| 4f'| 42| 4f 4f 40 | 45| 4 | 4| 4| 4f°] 4| 42| 43| 4%
Table 1.1 Periodic table for rare-earth 4{" ions series.
150 - " d
Ce
L [ 3 @
. . La
I @ Pr 1
Y Gd :
¢ | " g “
; Eu
:Z L Lu @ O @ 8
100 (@~ Dy -
| 1 | | | | ‘ | | | | I | | | |
1.05 1.10 115 1.20

Tonic Radius (IR) (A)

Figure 1.1 Paramagnetic to antiferromagnetic transition temperature of orthovanadates
(Tn) versus ionic radius (IR) of rare-earth 4f" ion series, showing decreasing Néel

temperature by decreasing ionic radius from 140 K to 100 K, adopted from Ref. [5-8].
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Figure 1.2 Mass magnetization versus temperature of (a) La;,VOs;, adopted from Ref.

[13] and (b) LaV,0;, adopted from Ref. [15]. Molar susceptibility and molar

magnetization versus temperature of (c¢) La;Ca,VOs;, adopted from Ref. [16] and

(d) LasSri«VOs, adopted from Ref. [18]. x values are indicated in each panel. The

conversion of unites are given in Table 1.2.

Quantity symbol | cgs unit SI unit Gaussian unit
Mass susceptibility Ye emu/g 4x10° m'/kg 4t cm’/g
Molar susceptibility | ym emu/mol | 4wx10° m’/mol 4 cm®/mol

Table 1.2. Table of unit conversions for the magnetic susceptibility.
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Chapter 2

Properties of orthovanadates

2.1 Crystal structure

In order to interpret the properties of orthovanadates, it is critical to understand their
crystal structure in detail. The unit cell of an ideal perovskite RVOs3, where R is usually a
trivalent rare earth cation, is shown in Fig. 2.1. As illustrated, the large cations (R*") are
located at the corner of the cubic unit cell, the small cation (V**) is at its center position,
and the O* ions are located at face-centered position. In these oxides, V' is in 3d?
electronic configuration [2].

The structural distortion of RVOs, as shown in Fig. 2.2, is increased by tilting of
unit cells along the crystallographic axis from LaVO; to LuVOs;, causing the system to
adopt from almost cubic pervsokite symmetry to an orthorhombic symmetry. In contrast
to LaVOs, by choosing appropriate rare earth elements at R site, the structural transition
temperature and ionic radius of orthovanadates can decrease as much as 30% [7, 8].
These changes are a consequence of smaller ionic radius [3]. Substituting rare earth ions
at R site, with smaller ionic radius than La, induces compressive stress to the crystal
structure. Therefore the octahedral VOq tilts and changes the bond angle of V-O-V and
the bond length of R-O and V-O bonds. Thus, the structure becomes distorted [9]. The
variation of the bond angle (A8) of V-O-V bonds from perfectly aligned angle of 180°,
increases as ionic radius decreases. The bond angle of V-O-V is expressed by 6 =180°-
AO. As reported by Martinez-Lope et al. [4], the A0 is 11.6° for La’" and this value
increases to AB=19.1° for Lu’". Clearly the higher ionic radius of R ion of orthovanadates
can elongate the V-O-V bonds at higher bond angle 0 [2, 3].

Past studies show that LaVO; crystallizes in different crystal symmetry. According
to these studies, it possesses an orthorhombic crystal symmetry at room temperature (300
K) while it adopts to monoclinic symmetry at 140 K which is also the Néel temperature
(Tn). Typical orthorhombic and cubic unit cell of LaVO; are shown in Fig. 2.2 (a) and
(b), respectively.
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¥ QOctahedral VO6

Figure 2.1 A typical unit cell of perovskite crystal RVOs;, showing the octahedral VOs
array within unit cell, R=La ions with larger circle, and V ion with smaller circle that are

surrounded by oxygen ions.
orthorhombic modification
cubic modification

La

(b)

cell
edges

qll“"—h tilts

Figure 2.2 Schematic of crystal structure of perovskites, showing (a) cubic symmetry,
adopted from CrystalMaker 2.3, file section for BaTiO; and (b) orthorhombic symmetry,
adopted from Ref. [23].
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2.2 Magnetic properties
In the Bohr model of an atom, an electron rotates in the circular path around the nucleus
which induces a current loop. This current produces a magnetic field due to magnetic

dipole moment of size [2, 24]
ay=14=(ef )(nr). 2.1)

Where [ is the current of the orbiting electron, A is the area of the circular path with
radius of 7, e is the charge of the electron, and f'is the frequency of rotation around the
nucleus that produces the magnetic field [24]. The orbiting electron with mass m, and
tangential velocity of v produces the orbital angular momentum [24]. The relation

between magnetic dipole moment and orbital angular momentum is given in

Z:?'Xﬁ:rmev:rme@nrf):rme(—zﬂ):_zﬂﬁl (2.2)
er e
- e - N e
lul:_z_meL ‘ﬂ,‘zz—me\/LiL-i-lih (23)

In addition to orbital angular momentum, the electron also possesses an intrinsic spin

angular momentum that generates an additional spin magnetic moment u;

- __y_©¢ 3 o e
A, yzmeS @)=y 5 —VS(S+1)n (2.4)
The quantity y is gyromagnetic ratio. For the electron, its value is about y=2.00. The total
angular momentum (J) is a sum of spin and orbital angular momentum where the vector
relation is defined as J = L + S. Similarly, the total magnetic moment vector is expressed
as p= put ps

e (= 2 —eh
-__ e - _(=eh ]
= 7 e(L+2S) ‘,LLJ‘—(z 6)\/J(J g (2.5)

where quantity g is called spectroscopic splitting factor [24, 25].

J(J+1)+8(S+1)—L(L+1)
2J(J+1) '

g=1+ (2.6)
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If the magnetic dipole moments of each atom are placed in an external magnetic
field B, the interaction energy of the magnetic moments with applied field is quantized
[8]. This energy splitting of an atom in a external (applied) magnetic field B is explained

by “Zeeman effect”, as given by Hamiltonian operator [26]

—— 7 -B=—-% ©J.B
H=—ji, B 2m€gJ B. (2.7)
The energy eigenvalue of this operator is equal to
E,=——=—ghm,B
m = Ty 8 (2.8)

e

Where m;=1J, J-1,...,-J+1, -J.
The total magnetic dipole moments of N atoms per volume unit are defined as
magnetization.

gusJ(J+1) 5 (2.9)
3k, T

M=Z%=N

where B is applied magnetic field, 7 is temperature, J is total angular momentum
quantum number, and = eh/2m. is the Bohr magneton [2, 24, 25, 26]. The response of
the total magnetic dipole moment to the applied magnetic field causes various magnetic
behaviors in different materials. Magnetic materials can be grouped in five different
types [2, 3] as follows:

Diamagnetic materials are the type of materials which do not have a permanent
magnetic moment. By applying magnetic field, the interaction between dipole moments
and external field orient the magnetic moments exactly opposite direction to the applied
field which induces negative magnetization.

In paramagnetic materials the orientations of magnetic moments are random.
Therefore, by applying a magnetic field, a small fraction of the moments align to applied
field direction. The magnetization is positive and small. Because the exchange
interaction between dipoles is almost zero large magnetic field should be applied for

partial alignments of magnetic moments.
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Ferromagnetic solids have permanent magnetic moments that are naturally
aligned. Most of the magnetic moments align parallel to the direction of applied field
causing very large and positive magnetization. Interactions between the magnetic
moments are strong. Thus, by applying small magnetic field, large net magnetization is
induced in the material.

In antiferromagnetic materials the interaction between magnetic moments align the
moments anti-parallel to each other. These materials can be considered as two identical
sub-lattices of same magnetic ions, but with anti-parallel orientation of magnetic
moments which exactly cancel out. Therefore, the net magnetic moment is zero.

Ferrimagnetic materials have two sub-lattices of aligned anti-parallel moments.
The ferrimagnets are microscopically similar to the antiferromagnetic materials. The
sub-lattices have opposite magnetic moment alignment to each other. But the net
magnetization of ferrimagnets is a non zero value because of the different magnitudes of
the magnetic moments in the two sub-lattices. These materials have large positive or
negative susceptibility. The magnetic dipole moment alignments and variation of the

magnetization by applied field are shown in Fig. 2.3 for magnetic materials.
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Figure 2.3 Ordering of the magnetic dipole moments in the different types of magnetic

materials. The magnetization versus magnetic field graphs are shown for magnetic

materials, adopted from Ref. [2].
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2.2.1 Temperature dependence of susceptibility (Curie-Weiss Law)

The magnetization of a material is defined as the total magnetic moment per unit
volume. Due to the interaction of magnetic moments with the external field the
magnetization can be varied. The response of the magnetic moments to the applied field
(H) 1s called susceptibility, given in Eqn. 2.10 [2].

(2.10)

SIS

X:

The magnetic susceptibility is generally expressed as ¥ = ¥4 +YorbtXdaia Which is the
sum of the interaction between d-spin (transition metal ions), orbital paramagnetism
(induced magnetic field from unpaired electrons) and diamagnetism (the magnetic field
generated by paired electrons in inner shells), respectively [12]. The unit of susceptibility
in ST unit is dimensionless and in cgs units is emu/cm’. Weiss localized moment theory is
described for three kind of magnetic materials that are antiferromagnets, paramagnets
and ferromagnets. This theory shows the temperature dependence of the susceptibility

above the appropriate magnetic transition temperature to be: [2, 3]

_ﬂ_ C . (2.11)
H T+6

X

Here O is the Weiss temperature and C is the Curie constant. The value of O is different
for each magnetic material. For ferromagnets ©>0 and ©=T., where T. is a critical
temperature for ferromagnetic material is called Curie temperature (T.). Below this
temperature the moments order ferromagnetically. For antiferromagnets, the spin of
magnetic moments disorder above the Néel temperature (Tn) and below this temperature
the moments have antiparallel spin orientation. © is negative and Ty # ©O. For
paramagnets, there is no transition temperature and ©=0. Different values for Weiss
temperature are shown in Fig. 2.4 (a), which illustrates inverse susceptibility versus
temperature. The curve of susceptibility versus temperature for an antiferromagnet
shown in Fig. 2.4 (b) has a sharp cusp and a maximum value at Tx [2, 25].

At T=0 K, the moment can easily align with applied magnetic field H, but at

higher temperature thermal energy randomizes the moment alignment and the effective
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magnetic moment decreases [27]. The temperature dependence of the susceptibility of

effective magnetic moments in cgs units is given in Eqn. 2.12 [25].

C _Ng'JU+Vps _ Nug sy
T-0 3k, (T-0) 3k, (T-0) (2.12)

X:

Here the number of magnetic ions, g-factor, Bohr magneton, effective magnetic moment,
total angular momentum and Boltzman constant are N, g, us, i, J and kg, respectively
[2, 27]. The effective magnetic moment of an atom with total spin and orbital angular
momentum in the unit of Bohr magneton number is defined as u,,= g VI (J+1).
The magnitude of the effective magnetic moment can be obtained from paramagnetic
susceptibility region [27].

The effective magnetic moment (u.r), Curie-constant per unit of mass (C,), Curie-
Weiss temperature (®) can be found by linear fitting of inverse susceptibility (1/x) graph

versus temperature, from Néel to room temperature [2].

<
I

H_T o
M_Cg Cg (2.13)

1
H T-6 X

The slope of Eqn. 2.13 is (C, )" and the intercept represents ®/C,. Magnetic moment also
can be calculated by the following equations [28].

2 2
& 3k, m
C :_ﬂﬁﬁ"/‘é.ﬂ
£ 3k, m
3ky m 2.15
:ueﬁ’:\/_z.ﬁ'\/ﬁg (2.15)
B
-N N
"M and ! m M, M
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3k, M, —
= 5. m, C
Hey \/ﬂz NG (2.16)

B

Here N, is the Avogadro number = 6.02x10% , M,, is the molecular mass, and ks is the
Boltzmann's constant = 1.38x107° erg/K. The simple form of the effective magnetic
moment (u.) is usually in the number of Bohr magneton in Eqn. 2.8 (uz= 0.927x10%
erg/Oe) in cgs units [29].

For the multi-phase materials, the Eqn. 2.16 should be modified. For example for a

bi-phasic sample, the equations are changed to the following two expressions:

m(phasel)+(1_X)Mm(phaseZ) (217)

Here M, is combined molecular mass of two phases, x is the amount of the

concentration of each phase.

3k, M, —
ro_ —".C
M g \//139 N, J g (2.18)
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Figure 2.4 (a) Inverse susceptibility versus temperature for paramagnets (6=0),
ferromagnets (©>0), and antiferromagnets (6<0). (b) Temperature dependence of
magnetic susceptibility for antiferromagnet, showing transition from paramagnetic to

antiferromagnetic at Ty [25].



Chapter 2. Properties of orthovanadates 18

2.2.2 Effective interaction in orthovanadates (RVO5)

As can be seen in Fig. 2.2 and discussed in section 2.1, the decreasing of ionic radius
(IR) of rare-earth ions in orthovanadates is accompanied with increasing rotation of
octahedral VOg in orthorhombic perovskite structure. Therefore, the effective net change
of Ty is strongly dependent on the bond length and the bond angle of V-O-V in RVO;
compounds. This mismatch between the bond lengths and the bond angles can induce a
distortion in the system [7], causing a significant change in the Néel temperature.

The magnetic properties of the orthovanadates depend on the various ions that are
located in the crystal lattice. The ions with unfilled electron shells are involved in
magnetic behavior, because each unpaired spin carries a magnetic moment [2]. The
transition metal ion in orthovanadates is vanadium with two unpaired electrons 3d?
(S=1). The two unpaired spins of each vanadium ion (V*") couple with another V** ion
through the chemical bonding in the lattice to form spin alignment (parallel or anti
parallel) which is described by the exchange interaction. In orthovanadate compounds
(RVOs), the exchange coupling between metal ions (V) can not take place directly
through the electrostatic (Coulomb interaction) energy (e*/r;) between electrons of V-V
bonds because the ions are too far apart. However, the unpaired cation spins couple
through the anion orbital (oxygen ion) state to create indirect coupling [2, 3]. This
indirect coupling is called “superexchange interaction” that corresponds to virtual spin
transferring (spin coupling) between V>* ions through the occupied 2p orbitals of oxygen
ions. The cation-anion-cation arrangements (V-O-V) in orthovanadates produce
particular spin alignments that are the most important factors for magnetic properties, as

shown in Fig. 2.5 [2, 25].
A\ o> \ A

Figure 2.5 Geometry of the indirect interaction in RVO; metal-oxide along V-O-V bonds,
adopted from Ref. [2].
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For orthovanadates RVOs;, the superexchange interaction induces antiferromagnetic
behavior between the spins of the two V*" ions. This interaction is along the nearest
neighbor ions of the octahedral VO, array and strongly depends on the bond angle and
the bond length of V?*-O*-V*". This interaction becomes effective around magnetic
transition temperature (Tn). The antiferromagnetic alignment of V-O-V increases by
decreasing temperature (below Néel temperature). The superexchange interaction has a
largest interaction and greatest stabilization energy when the V-O-V bonds aligned
perfectly antiparallel (180°) [2]. This exchange coupling is well described by the

antiferromagnetic Heisenberg Hamiltonian in Eqn. 2.19 [28, 30].

HSP""=—2; J S-S, (2.19)
Here H”" is a Hamiltonian of exchange interaction energy between the magnetic ions
that is the most responsible interaction for antiferromagnetic magnetic ordering. J; is the
exchange coupling constants (coefficient), J is positive for ferromagnetic and negative
for antiferromagnetic interactions, which is proportional to the superexchange energy
[2, 3]. For example, the V-O-V bond angle of LaVO; is about 158° and this angle
decrease to 144° for YVO; [31]. The bond angle of V-O-V is changed due to the

structural transition of these compounds below room temperature.
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2.3 Electrical properties

Electrical properties of materials can be classified into three types: Insulators,
semiconductors, and metals. The differences among all these materials are related to how
the electrons are distributed in energy bands (conduction and valence bands). The
valence band is filled by electrons, and the conduction band is vacant at 0 K for band
insulators and semiconductors. The band gap (E,), difference in highest energy state of
the valence band and the lowest energy state of conduction band, is very large in
insulators [25]. Unlike the insulators, the semiconductors have a small band gap. It is
therefore possible to excite electrons from the valence band to the conduction band at
finite temperatures (T). The resistivity of the semiconductors decreases by increasing
temperature and is controlled by E, /kzT factor [25]. If the crystal is very pure, the
number of conduction band electrons is equal to the number of valence band holes, and it
is called an intrinsic semiconductor. However, if impurities contribute to the carrier
densities, it is called an extrinsic semiconductor [27]. In contrast, the band gap is zero in
metals, so the electrons can travel freely. Resistivity increases by raising the temperature,
because higher temperature increases the lattice vibrations (phonons) and collisions of

free electrons [25].

) Conduction band

Fermi level

R R — — — = = = = = = = = = = = = —=————————

Bandgap

Electron Energy

——) Valence band

Metal Semiconductor Insulator

Figure 2.6 Electronic band structure of metals, semiconductors, and a typical insulators.
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Another type of electronic materials are “Mott” insulators which are often found
in the metal-oxides [32]. In these materials the electrons transfer between transition
metal ions through the oxygen 2p shell [32]. In RVO;, the metallic cations V** is
surrounded by the six octahedral O* anions. The narrow bands of the unfilled 3d electron
orbitals of V*" in the VOy octahedral, with bandwidth of W, are not able to conduct
electric current. If the electrons want to transfer between the neighboring ions of V-O-V
bonds, the Coulomb repulsion energy of d-d electron correlation (U= < €*/r12>), should
be less than the bandwidth energy (W) [32]. But in Mott-insulators Ugqis greater than W,
therefore the electrons are non-conducting (insulator) [33]. Also according to the Band
theory of the solids, any unpaired electron in solid is free to move. Therefore, LaVO;
compounds with two unpaired electrons in 3d state of the metal ions of vanadium site
should have metallic behavior. But the experimental results show the insulator behavior
(“Mott” insulator), this is due to higher Coulomb repulsion potential energy than

bandwidth of V-O-V bonds in LaVO;.

2.3.1 Temperature dependence of resistivity

Resistivity measurement for polycrystalline orthovanadate samples may give different
and more complicated results than on single crystal. It is possible that the measured
resistivity of these polycrystalline materials shows higher, lower or even similar
resistivity compared to single crystals [34]. Also, the resistivity behavior of these
compounds is strongly influenced by either the structural and the magnetic phase
transition or growing them in the form of the doped orthovanadates [35]. The majority
of orthovanadate compounds, with unfilled 3d bands, are semiconductors or insulators.
The electrical properties of RVO; materials depend on the two factors, one is the charge
carriers, as harbored by unpaired electrons (outer shell electrons), and another is a
mechanism to enable the charge carriers to be free or activate from ionic bonds [2].

It is believed that the low mobility current carriers in the orthovanadates are small
polarons. The polaron is the trapping of the electrons or holes by the local lattice

polarization [27, 33]. The charge carriers are dressed in a “phonon cloud” producing a
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lattice distortion of radius r,. Polarons are “small” when r, < a, where a is the lattice
constant [36]. The small polarons are localized at lattice sites at low temperature,
therefore they can not move freely and can not conduct electricity, thus showing
insulating behavior [36, 37]. The localization of polarons can be broken up by increasing
the temperature and lattice distortion. Therefore, the polarons can move from one site to
another by thermally activated hopping process [36] and the carriers excited along bonds
and increase the conductivity [27, 31, 34, 37].

The activation energy between the carriers of the t%,—2pn—t, states in V-O-V

bonds can be determined by using Arrhenius equation [9, 27, 37]. This dependence is

described in the following equation

(=)
p=p,e"" . (2.20)
Where p corresponds to the resistivity of the samples at temperature 7, kz is the
Boltzmann constant and £, is the activation energy [31, 34].

Ondo et al. [12] reported the temperature dependence of electrical resistivity for
perovskite system RVO;. They showed that the resistivity increased with decreasing the
ionic radius of R*" ions in orthovanadates. Because, the decreasing of ionic radius of R**
ions from La to Nd distort the symmetry of RVO; compounds and reduce the effect of
hopping integral. Their results show that the LaVO; has higher conductivity than other
orthovanadates. Also, as reported in many works [3, 4, 23, 24], the LaVOs;is known as a
Mott-insulator that the transition between its insulator to metallic behavior is not sharp
[20]. Therefore, it is also described as a semiconductor with an activation energy and

band gap of 0.12 eV and 1.1 eV, respectively [16, 35].



Chapter 3. Experimental procedures and methods 23

Chapter 3

Experimental procedures and methods

3.1 Sample preparation

High-temperature solid-state reaction is wusually used for synthesizing many
orthovanadates. Bulk polycrystalline La,Bi,VO; samples were fabricated in a two step
process: First, polycrystalline samples of La,;Bi\VO, were synthesized by a high-
temperature solid-state reaction in the air. The chemical reaction is as follows:

1_
( 2x)La203+%V205+§Bi203—>La1xBixVO4.

The stoichiometric amounts of La,03 (99.99 wt% purity) were preheated in the furnace
for three hours at 1223 K to remove any hydrated or carbonated species to form a pure
powder. Appropriate proportions of V,0s and Bi,0O; powder were added to lanthanum
oxide. The mixture of powders were ground up and pressed into pellets, 15 mm in
diameter and 2-4 mm in thickness, under 12 tons pressure, as illustrated in Fig. 3.1. The
solid state reaction usually does not complete on the first annealing step, regrinding and
reheating processes are necessary [35]. The prepared tablets were annealed in the air at
1123 K in a furnace for 3 hours. The pellets were reground, repelletized and annealed
again at 1223 K for thirty (30) hours.

In a second step, the perovskites La;«BixVO; samples were prepared by reduction
reaction for La,«BiyVO,4 samples in a furnace at 1323 K for ten hours in flowing Argon
(90%) and Hydrogen (10%) gases. This step is shown with details in Fig. 3.2. The Argon
gas is usually used for diluting the Hydrogen gas through the entire system. The
reduction of La;«Bi,VO, to form La,Bi,VO; is shown below.

La,_.Bi VO,+H,—La, .Bi VO, +H,0
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Bismuth Oxide Lanthanum Oxide Vanadium Oxide

Grinding

Figure 3.1 Steps of the precursor mixture, (a) the initial high purity of Bi,0s;, La,0s, and
V,0s powders, (b) thoroughly mixing, using mortar and pestle to obtain homogeneous
mixtures, (c¢) hydrostatic pressure under 12 tons, and (d) tablet form of the samples by 15

mm in diameter.

Flowing
Argon
and
Hydrogen
gases

Figure 3.2 Set up for reduction of La;Bi,VO, to La,Bi,VOs. This was achieved by
sintering the samples in a reducing ambient, namely 90% Ar + 10% H,. The sample was

placed inside a quartz tube; flow-meters were used to ensure gas ratio, as shown at inset.
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Compositional and structural properties of the prepared products were obtained
via two techniques. First, energy-dispersive analysis of x-ray (EDAX) method was used
to monitor the exact elemental compositions of each sample. Second, x-ray diffraction
(XRD) was used to determine the crystal symmetry and the crystal structure of the
samples. Also, the magnetic and the electrical properties of the samples were measured
by using the magnetic property measurement system (MPMS) and the physical property

measurement system (PPMS), respectively.

3.2 Energy dispersive analysis of x-rays ( EDAX)

Bombardment of any unknown sample with an electron beam generates many emitted
x-rays. The penetration depth of the electron beam depends on the electron beam energy
and density of the sample. The interaction volume extends to the highest penetration
depth, as shown in Fig. 3.3 (b). Among these emitted rays, characteristic x-rays are used
to identify the elemental composition of the unknown samples. The principles of the
EDAX technique are based on analyzing the properties of the characteristic x-rays [34].
The energy of the incident electron beam should generate enough energy to excite an
electron of an atom from the inner-shell (K-shell) in a specimen. Electron transitions
from the outer-shell to the inner-shell result in x-ray emission as shown in Fig. 3.4 (a).
As indicated in this Figure, the transition from L-shell to K-shell is called K, x-ray and
from M-shell to K-shell produces Kg x-ray. K, beams have a higher intensity than K
beams. Each of these x-rays offers a unique signature for each atom that is present in the
sample [34], as shown in Fig. 3.4 (b).

The emitted x-rays are collected by a detector, which is usually made from a high-
quality doped Si single crystal. The detector is able to sort all collected x-rays by
separating them into the energy spectrum from energy range of 1-20 keV. The Si single
crystal is doped with lithium. The lithium is used to create a large and uniform carrier
concentration through the crystal [34]. The scattered x-rays interact with the silicon
atoms and excite the electrons from the valence band. Therefore, the crystal generates an
electrical charge and becomes conductive while the detector electronics convert the

energy of individual absorbed x-ray into the output voltage [38, 39, 40].
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Figure 3.3 (a) EDAX measurement that electron beam incident to the sample and emitted
x-ray count by detector and (b) Interaction or analysis volume is generated by

bombardment of a sample by an electron beam (www.phi.com).
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Figure 3.4 (a) Interaction of the electron beam with the K-shell electron and emission of
characteristic x-ray by falling electron from outer to inner shell and (b) interaction of the

electron beam with each atom in a sample produces the characteristic x-rays.
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3.3 X-ray diffraction (XRD)

X-ray diffraction is an important method for characterization of materials in order to
identify the crystal structure and crystal symmetry. The peaks in the x-ray diffraction
patterns are related to atomic interplane distance in the crystal lattice and explained by

Bragg's Law.

Zdhkl'SiHGZI’l)L (3.1)

In Eqn. 3.1 A is the wavelength of the x-ray, 0 is the Bragg angle between the incident
beam and the crystal plane, # is the integer representing the order of diffraction, dj is the
inter-planar spacing. The Bragg condition is valid when A < 24. For a system with

orthorhombic symmetry, the d-space factor can be calculated by using Eqn. 3.2 [41].

=t et (3.2)

Where a, b, and c are lattice parameters. /4, k, and [/ values are the indices of the planes as
shown in Fig. 3.5.

The x-ray source is usually a particular metal target, for example Cu, located in
the x-ray tube. The x-ray tube is shown in Fig. 3.6 (a). The electron beam is generated at
the cathode by a filament. The electrons bombard the Cu-target (anode) and produces
different emitted radiations. The mixture of characteristic x-ray and continuous x-rays
travels out the tube windows. There are several ways to make monochromatic x-rays.
One is to use Ni filter at the tube windows for the Cu-target. By choosing Ni, only the
desired Cu radiation, usually K,, is collected by the detector [34, 42]. Constructive
interference creates a scattering when Bragg's Law is satisfied. The scattered x-rays are
counted by the detector. The detector is able to sort all collected x-rays by separating
them to the different Bragg angles (20) [34]. The diffracted x-rays are detected by a
photon counter. The counter has the ability to measure the energy of individual x-ray
photons. A typical x-ray system is shown in Fig. 3.6. The detector and sample are

rotating to capture all diffracted beams.
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Scattered

X-ray beams

Figure 3.5 Cell parameters and d-space are shown for an unit cell (left side). The
incident x-ray beam scattered from each atom which indicates Bragg's Law (right side).

Angle marked “1” is the 6 of Equation 3.1.
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Figure 3.6 (a) X-ray tube, showing (1) anode (Cu-target), (2) filament that generates an
electron beam (cathode), (3) tube window, and (4) cooling water to protect the tube from

over heating [www.chemwiki.com]. (b) A typical detector configuration, the anode is

fixed, the sample and detector are rotating by 0 and 28, respectively
[http://pd.chem.ucl.ac.uk/pdnn/inst1/optics1.htm].
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3.4 Magnetic property measurement system (MPMS)

The MPMS is widely used in research and technology for exact measurements of the
magnetic properties of materials. Superconductivity is the most important property of all
the components of MPMS that enable the system to have highest sensitivity to detect a
weak magnetic moment of a sample in a temperature range or applied magnetic field
[29]. The SQUID device is shown in Fig. 3.7. This device is connected to two sets of
detection coils. The Pickup coil and Input coil induce external flux into the SQUID [29]
while SQUID electronics convert the magnetic flux to a voltage signal at the output of
the SQUID [43, 44, 45, 46]. The dependence of the output voltage to the sample position
1s shown in Fig. 3.7 (7).
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Figure 3.7 Magnetic property measurement system set up, (1) sample rod, (2) sample
transport, (3) airlock, (4) superconducting magnet, (5) detection coils, (6) sample,
and (7) output voltage. (a), (b), (c), and (d) are indicated the superconducting
components of MPMS.



Chapter 3. Experimental procedures and methods 31

3.5 Physical properties measurement system (PPMS)
The PPMS is a multifunctional system in order to study the physical properties of
materials. The PPMS is an advanced design instrument with the ability to measure
resistivity, specific heat, thermal transport and AC/DC electrotransport. One of these
applications used in this project is temperature dependence of resistivity measurement.
The principles of this measurement are based on the four-probe technique. As shown in
Fig. 3.8, there are four wires that are pinned on the surface of the sample [34]. A current
is passed between the two outer wires and voltage is measured across two inner wires.
By using this method “the errors due to current crowding near a wafer edge and to pin
wobble can be minimized” [47]. The voltmeter in this measurement has a very high
impedance that minimizes the drop in voltage amplitude across the applied current. The
exactness of this technique helps to measure a very small voltage and a current drop
during cooling or heating of the sample [34].

The DC resistivity is calculated by using Ohm's Law where resistivity is defined

as:

p=R(%) (33)

Here R is resistance, 4 is cross-section area of the sample, and L is the distance of the
inner wires that are connected to the voltmeter. The sample holder (puck) has three
bridges, each of which provides four independent channels (four-probe resistance
measurements) as shown in Fig. 3.8. This design enables PPMS to make measurements
of up to three samples simultaneously. All of these measurements are performed in the
dewar shown in the Fig. 3.9 (a), which contains a superconducting magnet immersed in
liquid helium. The inside photographic view of PPMS is indicated in Fig. 3.9 (b).
The rest of the system is the computer equipment which is used for controlling the

experiments.
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Figure 3.8 Sample in a rod form which is placed on a puck with four connections, L is

the distance between two inner probes and A is the cross-section area of the rod.
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Figure 3.9 (a) Physical property measurement system [48] and (b) internal schematic of
dewar in the physical property measurement system [48]. The details of the set up are

indicated in the image.
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Chapter 4

Results & discussions

The elemental composition of prepared samples are analyzed by EDAX technique as
discussed in section 3.1. The surface images of all prepared samples are shown in Fig.
4.3. EDAX were taken at the three points of the surface of each specimen. The three
scanned points are to examine the homogeneity or inhomogeneity of each sample. The
results are reported as the atomic percentage with exact amount of the composition for
each sample, as given in Table 4.1. The measured oxygen concentration for all samples,
as give in Table 4.1, have a large error. The goal is to determine whether or not the
percentage of La,V and Bi elements in La;.\Bi,VOs; compounds is in agreement with
those obtained by stoichiometry analysis [49, 50]. The EDAX spectra are plotted for x-
ray intensity versus electron beam energy, as shown in Fig. 4.4.

As illustrated in Fig. 4.3 and Table 4.1, for the samples where x=0, 0.04, and 0.07,
bismuth was successfully doped in the La site. However, no Bi was found for the
samples prepared with x > 0.1. This may be due to the low melting temperature of Bi,0;
and its high volatility. Thus, bismuth melted and most likely evaporated. Higher
percentage of Bi in the sample might be possible through the lower annealing
temperature, various annealing time, or alternative synthesis methods. High Bi content
has been achieved in the synthesis of BiMnO; [51] or BiCoOs [52] using high pressure,
sol gel, Pechini method synthesis routes, etc. Our detailed structural and properties
analysis exhibit that for x < 0.1 we have the doped samples, whereas above x > 0.1 there
1s a higher amount of vanadium present which indicates the presence of a second phase.

For a prepared sample with x > 0.1, there might be a possibility of having either
one of the vanadium oxide phases (VO,) or composite phase of vanadium oxides.
According to the phase diagram of Magnéli phases of VO, that was proposed by Kachi
et al. [53] and Kosuge [54], as given in Fig. 4.1, there are a numerous different vanadium
oxide phases (single phase or composite phase) with very narrow boundary conditions
between each phase. The actual phase of the segregated samples was determined by

using x-ray diffraction analysis. The phase stability diagram of all samples is shown in
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Fig. 4.2. The percentage of each phase in bi-phasic samples are calculated in Table 4.1.
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: =10pm Sklr Imae 1
Figure 4.3 The surface image of the samples at different scales. The measurements were
taken at the different points to ensure the chemical homogeneity or inhomogeneity of (a)

LaVO3, (b) La o6 Bio,()4V03, (C) La o9 Bi0404VO3, and (d), (e), (f) bi—phasic samples.
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Expected (a) 60.00  20.00 20.00 40
Spectrum In stats. O A" La Lat+V
Spectrum 1 Yes 55.90 21.42 22.68
Spectrum 2 Yes 54.70 22.16 23.14
Spectrum 3 Yes 55.27 22.01 22.72
Mean 5529 2186  22.85 44.71
Max. 5590 2216  23.14
Min. 5470  21.42  22.68
22.85 _?(La) eme
4471 100 La=30%
ase_r) 1. LaVO;

44.71 100 T

Expected (b) 60.00  20.00 19.00 1.00 20
Spectrum Instats. O A% La Bi La+Bi
Spectrum 1 Yes 58.62 2143 19.20  0.75
Spectrum 2 Yes 59.21 2126 18.80 0.73
Spectrum 3 Yes 5861 2146 19.18 0.74
Mean 58.81 2138 19.06 0.74 19.8
Max. 59.21 2146 1920 0.75
Min. 58.61 2126 18.80  0.73
19.06 _ ?(La) .

198 100 La=9%% .

0.74 _?(Bi) 2. LagyBioosVOs3
Expected (c) 60.00  20.00 18.00 2.00 20
Spectrum Instats. O A% La Bi La+Bi
Spectrum 1 Yes 5424 2423 20.14 1.39
Spectrum 2 Yes 51.88  25.02 2142 1.68
Spectrum 3 Yes 5335 2450  20.69 1.46
Mean 53.16 2458 20.75 1.51  22.26
Max. 5424 2502 2142 1.68
Min. 51.88 2423 20.14 1.39
20.75 _ ?(La) e
2226 100 Lax93% ,

_ ?(Bi) 3. LageBiper VO3

Py YA Bi= 7%

2226 100
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LaVvO; VO,
Expected 60.00 20.00 0.00 20.00 40.00
In \4 M v
Spectrum stat. 0 (Total) La Bi belong to belong to

LaVOs;phase VO, phase
Spectrum 1 | Yes 54.33 27.24 1821 0.23
Spectrum2 | Yes 52.86 28.43 18.71  0.00
Spectrum 3 | Yes 56.07 26.65 17.28  0.00

Mean 5442 27.44  18.07 0.08 18.07 9.37
Max. 56.07 28.43 1871  0.23
Min. 52.86 26.65 17.28 0.00

18.07 _ 2V

2744 100 66% Vbelong to LaVO;
03 oy 4. [66%] LaVOs + [34%] VO,
27..44 - ﬁ 34% V belong to VO

LaVO3 VOx
Expected 60.00 20.00 0.00 20.00 40.00
In v \% \%
Spectrum stat 0] (Total) La Bi belong to belong to

. LaVOs;phase VO phase
Spectrum 1 Yes 50.76  34.26 1498 0.00
Spectrum 2 Yes 50.43 34.03 15.53  0.00
Spectrum 3 Yes 47.72 35.48 16.79  0.00

Mean 49.64 3459 1577 0.00 15.77 18.82
Max. 50.76 3548  16.79  0.00

Min. 4772 3403 1498  0.00

1577 2V

34.59 100 46% V belong to LaVOs

18.82 2V 5. [46%] LaVO; + [54%] VO,
34:59 :W 54% V belong to VO,
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LaVO3 VOx
Expected 60.00 20.00 0.00 20.00 40.00
In \% v M
Spectrum stat 0] (Total) La Bi belong to belong to
) LaVO;phase VO, phase
Spectrum 1 Yes 58.10 33.22  8.68 0.00
Spectrum 2 Yes 59.29 32.56  8.15 0.00
Spectrum 3 Yes 55.12 35.60 9.28 0.00
Mean 57.50 33.79 870 0.00 8.70 25.09
Max. 59.29 35.60 9.28 0.00
Min. 55.12 32.56  8.15 0.00
870 7V
3379 100  26% Vbelong to LaVO;
6. [26%] LaVO; + [74%] VO,
2509 2V [26%] LaVO; + [74%]
3379 100 4% V belong to VO,

Table 4.1 Elemental composition of the prepared samples, showing the different atomic

ratios of La, B1,V, and O.
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The x-ray diffraction measurement was carried out to study the crystal structure

and crystal symmetry of the samples. The measurement was performed at room

temperature for CuK, radiation (A= 1.54056 A). The scattered x-rays were counted at
angle range of 20 =20° to 80°. The generator voltage and the tube current were set at 32
V and 23 mA, respectively. All the measured x-ray patterns were compared with
international standard database data of LaVO; and VOy phases. In Fig. 4.5, the database
data is shown for LaVO;. The database data of V,Os is also illustrated in Fig. 4.6. Miller
indices (Akl values) corresponding to the each peak can be determined by comparing the
diffraction patterns of all samples to the standard database data of LaVO; and VO
phases. The lattice parameters were calculated by CrystalSleuth program to determine
the crystal structure. The lattice parameters of the doped and the bi-phasic samples are
given in Table 4.2 and Table 4.3.

The diffracted beams of the prepared LaVO; correspond to the diffracted peaks of
the database data of pure LaVO; are shown in Fig. 4.7 and Fig. 4.8. The agreement
between these two graphs illustrates that we achieved a single phase pure LaVO; sample
with no impurities. The lattice parameters values of LaVO; are calculated in Table 4.2.
According to the database data and the t-factor which is defined as a tolerance factor, we
were able to indicate the crystal symmetry of this sample. In perovskite structure
(ABO:), the possible mismatch that may lead to a non-ideal crystal structure is defined in
the following equation which is called tolerance factor [55]

(R, +Ry)

Here, t is tolerance factor, (Ra- Ro) and (Rs-Ro) are average ionic radii between A and
oxygen ions, and B and O ions, respectively. The t factor can define the crystal
symmetries of perovskite oxide, t=1 corresponds to cubic symmetry, t>1 is related to
hexagonal formation, and t<1 indicates the orthorhombic or tetragonal structures. When
the t factor is less than one, it is accompanied by the rotation of octahedral VOs. This
rotation causes the changes of the bond angle in V-O-V from 180° to (180°-A0) [9, 55].

The angular changes of the V-O-V bonds are the important reason for the different
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physical behaviors of LaVO; compound. The mismatch between ionic radii of V, La, and
O ions were measured at room temperature for the parent compound. The bond lengths
of La-O and V-O were calculated by using of the standard table for radii of the ions [22].
The value of t was calculated to be 0.86 for LaVOs. This value shows that the crystal
symmetry of LaVOs should be orthorhombic or tetragonal. By comparing the measured
lattice parameters (a#b#c), the LaVOs has to be in orthorhombic symmetry.

Diffraction patterns for La,;«BixVO; samples are indicated in Fig. 4.9 and Fig.
4.10. By comparing x-ray diffraction of the parent compound and La,Bi,VOs; samples,
we deduced the crystal symmetry did not change. This shows the bismuth was
substituted in La site and we had made the two single phases of Lag¢BioaVOs and
Lao93Bi007VO; samples. The measured lattice parameters of the doped samples shown in
Table 4.2. The t factor also can be determined for La, Bi,VO; samples. For doped
samples that the La site is partially occupied by Bi ions for x=0.04 and 0.07, the Eqn. 4.1

is modified to the following equation

(( 1 _x)RLa+(x)RBi>+(RO)
T RRoR) 2

The value of t is about 0.86 for the LagsBio0sVOs3 and La+3Bi0;VOs which equal to the
LaVO;. According to the value of t, the crystal symmetry remains unchanged for
La,«Bi,VO;samples (orthorhombic). The lattice parameter values are given in Table 4.2,
there is a slight increase in lattice parameters and volume for the doped (La,BixVOs)
samples in comparison to LaVOs;, since the atomic number of bismuth (Z=83) is greater
than that of lanthanum (Z=57).

Bi-phasic samples were also characterized by x-ray technique. X-ray patterns
intensity versus 20 of these samples are shown in Fig. 4.12. Comparing three sets of x-
ray patterns of bi-phasic samples indicates an increasing in intensity of some additional
peaks especially at (0 1 2), (1 1 0), (3 0 0), and (1 1 6) indices by increasing
concentration of vanadium oxide. All or some of these peaks can belong to the impurities
or VO phases. The XRD international database data of some VO, phases were compared

to the x-ray patterns of bi-phasic samples as shown in Fig. 4.11(a). We found out that all
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the extra diffracted beams are exactly corresponding to V,0O; phase (Fig. 4.11 (b)). The
lattice parameter values are given in Table 4.3. The bi-phasic samples of LaVO; and
V,0; are presented in different ratios. Orthorhombic and hexagonal symmetries were
obtained respectively for LaVO; and V,0s. The similarity between the lattice parameter
values of the samples with the partial V,O; phase to the results of McWhan et al. [56] for

pure V,0; compound proves the synthesizing of V,0; phase in bi-phasic samples as

given in Table 4.3.
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Figure 4.5 Intensity of x-rays versus Bragg angles for database data of LaVO; (JCPDS
Card No: 001-6533).
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Figure 4.6 Intensity of x-rays versus Bragg angles for database data of V,0O; (JCPDS
Card No: 001-1293).
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Figure 4.7 Comparison of measured x-ray diffraction pattern of LaVO; sample and

standard database data of LaVOs;.
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Figure 4.8 X-ray diffraction pattern of polycrystalline LaVO; sample, showing peak's

positions correspond to the particular reflection indices (hkl).
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Figure 4.9 X-ray diffraction pattern of LagsBi04VO; sample.
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Figure 4.11 (a) Comparing additional peaks in bi-phasic sample with some VO phases,
showing all the extra peaks correspond to V,0s; phase and (b) comparing measured x-ray

diffraction pattern of the single phase LaVO; and the bi-phasic (x)LaVO;+(1-x)V,0;

samples.
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Sample Name a(A) b(A) c(A) Volume (A%)
LaVO; 5.528(2) | 7.827(7) | 5.531(1) 239.313(4)
La 0.96 Bi 004VO3 5.538(1) 7.834(5) 5.539(7) 240.307(8)
La00:sBi o0y VO3 | 5.541(5) 7.850(2) || 5.547(2) 241.277(2)

Table 4.2 Lattice parameters of pure and doped samples.

Sample Name a(A) b(A) c(A) Volume (A%)
0.66 LaVO; 5.549(5) || 7.828(2) || 5.539(3) 240.600(7)
0.34 +V203 4.91(4) 4.91(4) 13.74(6) 330.705(8)
0.46 LaVOs; 5.549(4) || 7.837(1) || 5.544(2) 241.094(7)
54%+V203 4.93(1) 4.93(1) 13.97(6) 339.82(3)
26% LaVvO; 5.556(3) | 7.844(1) || 5.551(1) 241.919(5)
74%+V203 4.96(2) 4.96(2) 13.95(2) 342.57(7)
Pure V,0;

by McWhan ef al. 4.95 4.95 14 343.04
[56]

Table 4.3 Lattice parameters of bi-phasic samples.
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Magnetization measurements were accomplished for all samples by using MPMS
to study the magnetic properties of samples with exact control of the sample temperature
in the range of 5 to 300 K. The applied magnetic field of H=5 kOe was used.
Magnetization results are presented as a mass magnetization versus temperature for all
samples from Fig. 4.14 to Fig. 4.18. The inverse susceptibility versus temperature is also
plotted in Fig. 4.19 to calculate the magnetic parameters for each sample. The values of
the Néel temperature Ty, antiferromagnetic Curie temperature O, and the effective
magnetic moment g for all samples are listed in Table 4.4 and Table 4.5.

The M-T curve for LaVOs, shown in Fig. 4.14 exhibits a cusp peak at 140 K. The
magnetization is not infinite at this temperature. The temperature dependence of
magnetization above this temperature is paramagnetic. Therefore, the alignment of
magnetic moments are randomized and the magnetization decreases with increasing
thermal energy. Below 140 K the spin interactions start to align the magnetic moments
anti-parallel to each other in two different sub-lattices which can cancel out gradually.
This interaction leads the magnetization to become almost zero at low temperature. This
indicates that LaVO; has a transition point from antiferromagnetic-to-paramagnetic
behavior which is called Néel temperature (Tn). The antiferromagnetic behavior in
LaVO:s arises due to the increasing superexchange interaction between V-O-V bonds, as
proposed by Goodenough and coworkers [9], as discussed in Section 2.2.2. This
interaction leads to the localization of magnetic moment at t»,> configuration as the bond
angle of V-O-V increases [9]. The different magnetic parameters of LaVO; were
calculated and given in Table 4.4. the effective magnetic moment ([.s) of the Curie-
Weiss paramagnetic susceptibility is 3.82 pg. This value is different in comparison to the
effective magnetic moment of a spin only (V**) 2.82 us [25]. This difference is due to
oxygen deficiency in LaVO; sample. The effective magnetic moment p.s= 3.82 g, the
Neéel temperature of 140 K, and Curie temperature ® = -710.5 K for LaVOs; are in good
agreement with the results of Goodenough et al. [9, 57], Mahajan et al. [18], and
Gharetape et al. [15], respectively.
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The experimental values for doped samples are also plotted in Fig. 4.14 and Fig.
4.16. The bend of plot of mass magnetization versus temperature and inverse
susceptibility versus T are the characteristic feature of a antiferromagnetic to
paramagnetic behavior. The transition temperatures of LagsBig04VO; and Lag9:Big07VOs
samples decrease to Tn =137 K and 136 K, respectively. By doping bismuth at La site,
the local effect of the unpaired electrons (6s?) that are not bonded can change the
interaction of the magnetic moments at V-O-V bonds, the Néel temperature decreases by
three to four Kelvin and slightly decreases the net magnetization.

Magnetization curve for bi-phasic samples are given in Fig. 4.15 and Fig. 4.16.
Presence of multiple phases in our samples are clearly reflected in their magnetic
properties. Phase segregated compounds have two transition temperatures. The two kink
points at 140 and 170 K are related to the transition temperature of LaVO; phase [18]
and V,0; phase [54, 58], respectively. The second transition temperature that expects to
be for the V,0O; phase (XRD results section 4.2), was also verified with the measurement
of Kosuge [54] as illustrated in Fig. 4.13. The magnetization versus temperature
measurements (M-T curve) can be considered as a technique to identify phases in
multiphasic samples which is more accurate and easier than x-ray diffraction method
[54]. The combined magnetic moments of LaVO; and V,0; cause net magnetization.
A transition at Néel temperature (170 K) for V,0; phase exhibits the changes of physical
properties, which affects magnetic properties [58]. Surprisingly, the value of ® for the bi-
phasic samples, as tabulated in Table 4.5, are significantly higher than that of LaVO; and
V,0s. This difference arises either due to the extraneous reasons that are unknown to us
at this point, or due to the possible vacancies or structural defects. The latter requires
further probing of our samples with techniques such as transmission electron
microscope.

Mass magnetization at low temperature (5 K<T<65 K) are shown in Fig. 4.16 and
Fig. 4.18 for pure LaVO;, the magnetization is independent of temperature, but for
doped and bi-phasic samples, the magnetization increases by decreasing temperature.
This increase is purely arise from the paramagnetic behavior of LaVOj; in case of oxygen

deficiency at low temperature [18].
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Figure 4.14 Temperature dependence of the mass magnetization of La,Bi,VO; at H=5
kOe, in temperature range of 4 K to 330 K.
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Figure 4.15 Temperature dependence of the mass magnetization of bi-phasic samples at

H=5 kOe in temperature range of 4 K to 330 K.
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Figure 4.16 Mass magnetization versus temperature for all samples, showing a transition
temperature at 140 K for LaVOs;, 137 K, and 136 K for doped samples. Two transition

temperatures at 140 K and 170 K are measured for bi-phasic samples.
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Figure 4.17 Normalized mass magnetization versus temperature for all samples in which

to find exact transition temperatures (Néel temperature Tx), showing two transition
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Figure 4.19 (a) Inverse mass susceptibility versus temperature for all the samples (b)

Linear fittings above Néel temperature (Tx=140 K and 170 K) show the Curie-Weiss

temperature values (®<0) of the samples at the intercept points.
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Sample (emu?lé. o) 0 (K) T~ (K) Resr (Lg)

LaVO; 7.6441E-03 -710.5 140 3.819
La 996 Bi .04 VO3 8.0373E-03 -785.6 137 3913
La 93 Bi 007 VO3 8.2515E-03 -865.1 136 3.965

Table 4.4 Calculation of Curie-constant (C,), Curie-Weiss temperature (©), transition

temperature (Ty), and effective magnetic moment for pure and doped samples.

Q) 0
c, | (ureLaVOy)| (pureV:0;)
Sample N - Tn(K)
(emu.K.g") -710.5 K -720 K[54]
®T0tal (K)

66% LaVO;+ 34% V,0; || 1.12E-002 -1055.9 140 & 168+2
46% LaVOs+ 54% V,0;5 ||1.64E-002 -1187.6 140 & 168+2
26% LaVOs+ 74% V,0s || 1.64E-002 -1059.9 140 & 168+2

Table 4.5 Calculation of Curie-constant (C,), Curie-Weiss temperature (®), and transition

temperature (Ty) for bi-phasic samples.
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The temperature dependence of resistivity (p) was measured from T = 70 to 350
K by PPMS for all samples as explained at Section. 3.5. For all samples, the resistivity is
low at high temperature. But as the temperature decreases, the resistivity increases
drastically (Fig. 4.21). The inset graph of Fig. 4.21 represents the Ln(p) as a function of
temperature. Ln(p) versus reciprocal temperature curves are plotted in Fig. 4.22 then
replotted in inset graph of Fig. 4.22 from 250 to 350 K to calculate the activation energy
by linear fitting of Ln(p) versus 1/T curves. The value obtained for activation energy of
the samples are given in Table 4.6.

For pure LaVOs;, p-T curve indicates the low resistivity at high temperature, but it
increases sharply around transition temperature of LaVOs;. The localization of d spin in
sub-lattices increases by decreasing temperature. The decreasing of the resistivity for
LaVO; by increasing temperature is accompanied with the delocalization of the t,*
electron at unfilled 3d* shells of vanadium ions [27]. The gradual transition from
intrinsic to localized electronic behavior leads the LaVOs; to be semiconductor or “Mott”
insulator as discussed in Section 2.3 [9]. The activation energy was calculated and given
in Table 4.6. The value of E, =0.11 eV for LaVOs; is in agreement with the previous
works done for this compound [16, 35].

As the doping increases in LaVOs;, the variation of resistivity with temperature
has a similar behavior with pure LaVOs, as shown in Fig. 4.21. But the resistivity of
La;«BixVO; samples increases with decreasing temperature at lower temperature than
LaVOs. The activation energy slightly decreases by doping bismuth at La site as given in
Table 4.6. Bismuth substitution in the La site changes the activation energy and the
resistivity. Generally, the chemical substitution gives distortion to the lattice and
delocalizes d spins of V-O-V bonds at doping site [59]. Bismuth ions (Bi**) have an
electron configuration 6s®> with two electrons that are not bonded. The exchange
interaction energy between the bismuth 6s® and vanadium 3d* orbital can be a main
reason for increasing the electrical conductivity of the doped samples at higher

temperature in comparison to the pure one [27].
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The electrical resistivity measured as a function of the temperature for the
composite samples with V,0; and LaVOs phases is shown in Fig. 4.21. We can see a
slight discontinuity at Ln(p) versus 1/T graph (Fig. 4.22) for the samples with 34% and
54% of V,0sphase. This discontinuity become sharper for 74% V,0; sample. Comparing
resistivity behavior of 74% V,0; sample with the pure V,0; predict the similar metal-
insulator transition as reported by Kuwamoto et al. [60] and McWhan et al. [61] shown
in Fig. 4.20. The metal-insulator and phase transitions of V,0; are accompanied with the
spin and orbital dependence of the 3d-3d Coulomb energy [62] and a simultaneous
change in the structural transition by temperature [62, 63]. The curvature of Ln(p)-1/T
graph increases with enhancing V,0; phase, because the 3d-3d Coulomb energy of V-V

bonds increases. This energy is an important reason for metal-insulator transition [64].
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Figure 4.20 Log of resistivity versus reciprocal temperature for pure V,0s, showing a

metal-insulator transition as a function of temperature, adopted from Ref. [60].
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Figure 4.21 Resistivity measurement versus temperature (70 - 400 K) of La,BiyVOs;

(x= 0, 0.04, 0.07) and bi-phasic samples of (x)LaVO;+(1-x)V,0; phases (x=0.66, 0.46,
0.26).
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Figure 4.22 The graph of In(p) versus 1000/T in the temperature range 50-400 K. The
pure and the doped samples show linear behavior but bi-phasic samples show electrical
transition from metallic to insulator. This is especially noticeable for the 74% V,0;
sample. The inset shows the linear fitting for pure and doped samples. This fitting at

high-temperature is used in order to calculate activation energy in the range of 250 - 400

K.
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X Equation E. (eV)
0.000 In(p) = 1.323 (1000/T) — 3.635 0.114
0.040 In(p) = 1.080 (1000/T) — 7.085 0.0931
0.070 In(p) = 1.055 (1000/T) - 6.634 0.091

Table 4.6 Activation energy of pure LaVO; and La,Bi,VO; samples was obtained from

Ln of Arrhenius equation (Eqn. 3.3).
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Chapter S

Conclusions:

In this project, we successfully synthesized LaVOs; and Bi-doped LaVOs polycrystalline
samples. We studied the crystallinity, magnetic, and electrical properties of these samples
with a specific focus on the impact of Bi-doping in LaVO;. We attempted to substitute
bismuth with high percentage at La site; however, we were only successful for
substitution of less than ten percent Bi. Bismuth was an interesting doping candidate
because the effect of unpaired (lone-pair) 6s® electrons decreased the transition
temperature. It is to be noted that the difficulties of the preparation of La,Bi\VO;
samples might lead to the further work in order to to achieve a higher percentage of Bi-
doping of La,Bi,VO; samples. The synthesis condition used in this work might be
modified through the lower annealing temperature or a variation of annealing time.
Alternative synthesis methods may be required to obtain a single phase La;.«Bi,VOs; for
x>0.1.

The parent and the doped samples were found to exhibit the orthorhombic
distortion at room temperature, which were characterized by XRD measurements. In bi-
phasic samples, the orthorhombic and hexagonal symmetries were characterized for
LaVOs;and V,0s; phases, respectively. We confirmed the two magnetic transitions for bi-
phasic samples, one at Ty=140 K for LaVO; and the second one at Tx=170 K for V,0s.

Magnetic properties measurement using SQUID magnetometer showed the
paramagnetic to antiferromagnetic transition for all samples. We confirmed the magnetic
transitions (Néel temperature) at 140 K for LaVOs;, however, this temperature was
dropped to 137 K for LagsBipesVOs and 136 K for Lage;Bioo;VOs. The two magnetic
transition temperatures, one at Ty=140 K and another at Ty=170 K, were identified in bi-
phasic samples with LaVO; and V,0; phases, respectively.

The resistivity results showed a semiconductor behavior for all samples that was
observed by four probe resistivity measurement. The activation energy decreased slightly
from 0.11 to 0.09 eV for pure and doped samples. The discontinuity in log of resistivity
versus inverse temperature graph manifested a metallic to insulator transition for the

sample with 74% V,0;.
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