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Abstract

Abstract

A series of LaVi^xOs compounds (x=0.00, 0.02, 0.04, 0.06, 0.08) were prepeired using the

standard solid reaction. The samples were chareicterized by X-ray diffraction (XRD), four-

probe resistivity, smd magnetic susceptibility studies.

Powder X-ray diffraction analysis indicated the formation of a single-phase sample with a

orthorhombic structure which was first found in GdFeOs (space group Pnma) . The Unit Cell

program was used for calculating lattice peirameters from XFID data. The XRD spectnim

could be indexed on a cubic lattice with Og = 2ap ~ (7.8578 to 7.9414 A). The lattice

parameter was observed to increase as the Vanadium vacancy increased.

Four-probe resistivity measurements exhibited semiconductor behavior for all sajnples

from room temperature down to 19K. The resistivity of samples increased with increasing

Vanadium vacancy. The resistivity of samples demonstrated activated conduction with an

activation energy of approximately 0.2 eV. The activation energy increased with increasing

lattice parameter.

Field cool magnetic susceptibility measurements were performed with field of 500 G from

300 K to 5 K. These measurements indicated the presence of an antiferromagnetic transition

at about 140 K. The data was fitted above Neel temperature to Ciurie-Weiss law yielding a

negative parameignetic Curie temperature. This implies that antiferromagnetic ordering is

present.
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Chapter 1. Introduction

Chapter 1

Introduction

There have been many studies of transition-metal oxides(TM)' ABO3, both experimental

and theoretical, due to their wide variety of electronic and magnetic properties. The discovery

of high-Tc superconductivity in layered cuprates has attracted attention on the electronic

state of TM oxides [6]. The oxides with perovskite-related structures, Fig. 1.1, have been

studied intensively because the layered-perovskite structure is beheved to be responsible for

high-Tc superconductivity. It is now well known that the high-Tc superconductivity occurs

when extra holes or electrons are introduced into the parent antiferromagnetic insulators

by the cation substitution or by controlling the oxygen content. This is usueJly c«Jled

"carrier doping". Fig. 1.2 [22]. Most of the transition-metal oxides have the perovskite

structure which allows for doping of charge carriers by chemical heterovalent substitutions

over a wide range of compositions without breaking the structural network. It has sdso been

found that most of the latest TM insulating oxides such as Ni and Cu oxides 8u:e so-ceJled

charge-transfer insulators where the lowest charge excitation is from oxygen 2p to metal 3d

state [33]. This is contrasted with earlier TM oxides such as Ti or V oxides where the band

gaps are mostly Mott-Hubbard insulators. In a Mott-Hubbard insulator, the lowest energy

gap is between upper and lower Hubbard bands [14]. Both Hubbard bands are transition-

metal based d states that arise from Electron-Electron correlation. An equivalent description

using the Goodenough model [16] attributes the gap in a Mott-Hubbard insulator to valence

fluctuation or charge disproportionation of the transition metal ions; cf -|- tf —> d""*"' -|- rf""'.

'An element whatie atom has an incomplete d sub-shell, or which can give rise to cations with an incom-

plete d sub-shell.
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The energy of this process is defined as the electron correlation energy.

LaVOs has attracted great scientific interest for more than fifty years [7]. After many

studies of electronic and magnetic properties of LaVO^, the exeict description of these prop-

erties has not been found. In all the experimental €md theoretical works, it is agreed

that LaVOz is an insulating antiferromagnet with the Neel Temperature,T/v, of 135-140

K, Fig. 1.3 [23, 30, 27]. The basis for all theories is the description of the V^+ ion (2 d elec-

trons) and their electronic structure in the perovskite crystaUographic structure. Fig. 1.4.

The compoimd LaVOz has a distorted perovskite structure having the orthorhombic ar-

riingement first found in GdFeOz ( Space group Pbnm) above Tf^. In the perovskite based

structure of LaVOs the vanadium ions are placed in a distorted oxygen octahedron. Fig. 1.1-

b.

The antiferrometgnetic (AF) order of V moments was confirmed using neutron scattering

experiments [6] and ^^V NMR measurements. [21, 20, 23]. A Curie-Weiss fit to the data

above Tn yields a negative paramagnetic Curie temperature indicative of suitiferromagnetic

ordering. The satiuration moment at 4.2 K, as obtained from a neutron-diflrraction investi-

gation [23] was found to be 1.3±0.1 hb, which is much less than the spin-only moment(2/XB)

expected for a S=l system such as V^, with g=2. Dougier and Hagenmuller[23] found

that LaVOj exhibited weak ferromagnetism below T^- Several authors have reported that

LaVOi shows a large negative remanence below T^ if the samples are cooled in an external

magnetic field below IkG. [23, 27, 21]

The study of Metal-Insulator(M-I) transition in transition-metal oxides is of current

interest to the solid-state chemistry and physics conununities. It is known that LaVOs

exhibits a M-I transition by substitution of Sr for La at a Sr concentration of about 0.2 ^

and substitution of Ti for V at Ti concentration of 0.1-0.25 ' as seen in Fig. 1.5 and Fig. 1.6,

respectively.

'[24]

'(121
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Figure 1.1: Perovskite structure ABO3. The ideal ABO3 perovskite structure is cu-

bic(a), but other structure types such as tetragonal, orthorhombic (b) etc. are

also possible due to distortion of the octahedra BOe (c) itself or tilting of the

octahedra. [1]
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Figure 1.2: High-7c superconductivity occurs when extra holes or electrons are introduced

into the parent antiferromagnetic insulators. [2]
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Figure 1 .4: Lowest part of the electronic structure of the (P orbitals in LaVOz in the strongly-

correlated limit, a) Hund's rules ground terms, b) effect of the octahedrad Crys-

talline Electric Field(CEF) interactions, c) the many-electron CEF states in the

octahedral CEF in the presence of the intra-atomic spin-orbit coupling, d) Sim-

plified electronic structures. [30]
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Figure 1.5: Temperature dependence of the resistivity in Lai-xSr^VOa [24]





Chapter 1. Introduction

T(K)

Figure 1.6: Plots of resistivity versus temperature for representative LaTii-xKrOa

phases [12]

Four-probe resistivity measurements on single crystals exhibited activated conduction

with an activation energy of 0.14 eV [25]. It should be noted that this estimate of the

transport gap is about one order of magnitude smaller than the intrinsic Mott-Hubbard gap

in LaVOz which is 1.1 eV estimated from optical spectroscopy [17].
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Method of preparation

2.1 Preparation of the ceramic samples of LaVi-xOs

Polycrystalline samples of LaVi-xOs (x=0.00, 0.02, 0.04, 0.06, 0.08) were prepared by stan-

dard solid reaction. S«imples were synthesized by mixing stoichiometric amounts of high-

purity La^Os (99.998% Alfa Asear) and V2O5 (99.998% Alfa Asear) powders by using mortar

and pestle. This mixture was then pressed into pellets by applying a force of approximately

10 metric tons using a stainless steel dye with 13mm diameter. The pressed pellets with a

thickness of approximately l-4mm, were typically sintered at 950 °C for 2 hoiu^ in flowing

He(95%) and //2(5%). The pellets were reground, repelletized, and sintered again for about

30 hours at 1100 °C in flowing He(95%) and H2{5%). LaVi-xOs samples were obtained

by hydrogen reduction of these LaV\-x04 samples by heating at 950 °C for 12 hours an

atmosphere of 8.5% H2 and 91.5% He.

2.2 X-ray diffraction

To characterize the samples and ascertedn their quahty. X-ray powder diffraction was per-

formed on all the samples using Cu Ka radiation. In this work we used The Internation£d

Center for Diffraction Data (ICDD)' PDF files and the data that we generated by the Powder

Cell Program*, Fig. 2.1, to find the (hkl) indices of the peaks. Fig. 2.2.

'1131

M281
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Figure 2.2: hkl indices of the peaks for LaVOs
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Chapter 3

Resistivity

3.1 Temperature dependence of resistivity

Measuring the temperature dependence of resistivity reveals important differences between

metals, insulators, sind semiconductors. Different properties of the material, such as the band

gap energy. Eg, can be extracted by an«Jyzing resistivity data. Materials can be categorized

in three different groups according to their band structure eind band gap energy.

3.1.1 Metal

In a metal, there are plenty of charge carriers to carry a current. The factor that determines

the resistivity, p, is their ability to move freely through the materied. The factor hmiting con-

ductivity is the lattice vibrations which scatter moving electrons; as temperature decreases,

these vibrations also decrease. The quantum of energy of a lattice vibration is a Phonon, and

there are only certain phonon modes allowed in a crystal. The average niunber of phonons

in a given mode is described by Eq 3.1,

<">= eW)_i (3-1)

The density of these modes is given by

where V is the volume of the solid and V, is the speed of sound in the material. The total

average number of phonons in the lattice is given by

gpiu) <n><L} (3.3)
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The relationship between resistivity and temperature for a pure semiconductor is

p{T) a T-3/2g5^ (3 5)

where the exponential behavior dominates at low temperatures.

3.2 Experimental Procedure

3.2.1 Four probe resistivity measurement

The four point probe method was used to determine bulk resistivity. When two contacts are

used to measure resistivity, the thermal resistances of the contact points are also measured.

Typically the thermal resistance of the point contact for a sample with large resistance

is very sm£Lll thus it can be ignored. However, when one is measuring a very smeill saunple

resistsmce, especially measuring resistance versus temperature, the contact thermal resistance

can dominate and completely obscure changes in the resistance of the sample itself. By

using four point probe method, the effect of contact thermd resistsince can be ehminated.

A schematic of the four point probe is shown in Fig. 3.2. In this diagram four wires have

been attached to the sample. A consteint current is passed the length of the ssunple through

probes labeled 1 and 4 (Current Probes) in Fig. 3.2. This can be done using a current source

or a power supply. If the sample has emy resistance to the flow of electrical current, then

there will be a voltage drop as the current flows along the sample. The thermsil voltage

of the contacts is not dependent on the direction of the current. So by switching current

polarity and measuring voltage drop, the thermal voltage can be eliminated.

V = -^j— (3.6)

V
R =

j (3.7)

By knowing the dimensions of the sample, resistivity of the sample can be measured.

P=Rl (3.8)
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Figure 3.2: Schematic diagram of the four probe method

3.2.2 Preparation for resistivity measurement

The resistivity measurements were performed on the sjimples with rectangular shape with

dimensions of approximately 2mm 1mm * 1mm. To make good connections between the

sample and wires, gold evaporation was used to make foiu strips of a thin layer of gold

on the sample's surface and the wires were connected to these strips with silver paste. A

turbo molecular pump was used to make a vacuum up to 10~* Torr and a cryostat cooled

the samples from room temperature to 14 K. In this study we passed 10 /xA through the

samples.

3.3 Resistivity of LaVi-xOs

All the samples exhibited semiconductor behavior in the whole temperature range studied.

Fig. 3.3. The resistivity of the samples was observed to increase when the Vanadium vacancy

increased. The Energy gap that was calculated from the resistivity measurements varied

from 0.2 eV to 0.3 eV as seen in Fig.[ 3.4- 3.8]. It should be noted that these energy gaps

are about one order of magnitude smaller than the intrinsic Mott-Hubbard gap(l.l eV) in

LaVOi estimated from optical spectroscopy [7].
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Figure 3.3: Resistivity measiirement of LaVi-^Oa with different concentration of Vanadium.
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Figure 3.8: Resistivity measurement of LaV0.92O3 and its Energy gap
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The activation energy gap was observed to increase with increasing lattice par«imeter.

Fig. 3.9, Table 3.1.
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Chapter 4

Magnetization

4.1 Magnetism

The origin of magnetism lies in the orbital «uid spin motions of electrons and how the electrons

interact with one another. The best way to introduce the different tj^jes of magnetism is to

describe how materials respond to magnetic fields. When a field (H) is appUed to a material,

it responds by producing a magnetic field which is caUed magnetization (M). For most

materials (A/) is proport;ional to H by Ekj. 4.1:

M = xH (4.1)

The proportionality constant, x , is the magnetic susceptibihty. All materials can be classified

into one of five categories depending on their magnetic susceptibility:

1. Diamagnettsm

2. Ptiramagnetism

3. Ferromagnetism

4. Ferrimagnetism

5. Antiferromagnetism

4.1.1 Diamagnetism

Diamagnetism is a very weak form of magnetism that is only exhibited in the presence of

an external magnetic field. Under the influence of an applied field (H) the spining electrons
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M
+ M=xH

x<o

H
N, sbpe=x

X = constant

^Diamagnetism

Figure 4.1: Magnetization Versus Magnetic field and Susceptibility Versus Tem-

perature. The susceptibility is negative and temperature independent for

diamagnetism .

precess find this motion, which is a type of electric current, produces a magnetization (M) in

the opposite direction to that of the applied field (atomic version of Lenz's law). The induced

magnetic moment is very small and the direction is opposite in direction to the applied field.

The value of susceptibility is independent of temperature . Typically, x= — l*10~®eTnu/moZ.

Figure 4.1 [32, 4]

4.1.2 Paramagnetism

Paramagnetism refers to the material having a small and positive susceptibility to magnetic

fields. In this class of materials each atom has a magnetic moment due to unpaired electrons

which is randomly oriented as a result of thermal fluctuation. The application of a magnetic

field creates a slight alignment of these moments and causes a low magnetization in the same

direction as the appUed field. As the Temperature increases, the thermal fluctuation will

increase and higher magnetic field is required to aUgn the atomic magnetic moment. As a

result of this, susceptibiUty will decrease with increasing temperature as seen in Fig. 4.2. This
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Figtire 4.2: Variation of susceptibility with temperature for Nickel-paramagnetic material-

(Sucksmith and Pearce, 1938)

behavior, known as the Curie law, is shown in Eq. 4.2, where C is the Ciu-ie Consteint. [32,

8,4]

Xp = C/T (4.2)

In fact the Curie law is a special case of the more general Curie-Weiss law(Eq. 4.3):

x = c/{T-e) (4.3)

9 is the Curie Temperature and it is indicative of intermolecular interactions among the

magnetic moments.

UT > 6 , Paramagnetic interactions exist

If T < , ferromagnetic interaction for ^ > and anti-ferromagnetic behavior where

e<o.
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Figure 4.3: Typical behavior of magnetization of ferromagnetic material as function of tem-

perature.

4.1.3 Ferromagnetic

Ferromagnetic materials have a large and positive susceptibihty to an external magnetic field.

They exhibit a strong attraction to a magnetic field and are able to retaun their magnetic

properties after the external field has been removed. Unlike paramagnetic materials, the

atomic moments in ferromagnetic materials exhibit very strong interactions. These interac-

tions are produced by electronic exchange forces and result in a parallel afignment of atomic

moments-which are called magnetic domains. The exchange force is a quantum mechanical

phenomenon due to the relative orientation of the spins of two electrons. When a ferromtig-

netic material is in an unmagnetized state, the domains are nearly r«mdomly organized and

the net magnetic field for the part as a whole is zero. When maignetizing force is applied, the

domains become aligned to produce a strong magnetic field within the parts. As ferromag-

netic materials are heated then aUgnment of the atomic magnetic moments will be decreased

by thermal fluctuation. Eventually the thermal fluctuation becomes so great that the mate-

rial becomes paramagnetic, the temperature of this transition is the Curie Temperature 9.

Above 6 the susceptibility varies according to the Curie-Weiss law. Figure 4.3. [32, 8, 4]





Chapter 4. Me^netization 32

Tv-pe of magnetism
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Figure 4.4: Type of magnetism: (A) Paramagnetism (B) Ferromagnetism (C) Antiferro-

magnetism (£)) Ferrimagnetism. [3]

4.2 Experimental procedure

4.2.1 SQUID

The SQUID (Superconducting QUantum Interference Device) which was invented in 1962

when B.D Josephson* developed the Josephson junction is one of the most sensitive instru-

ments for magnetometery measurements. It uses a combination of superconducting materials

and Josephson junctions to measure magnetic fields with resolutions up to ~ 10"^'* kG or

greater. [5j

Electron-pair Waves

In superconductors electron pairs are charge carriers, known as Cooper Pairs. The electron-

electron coupUng is weak and can be destroyed by thermal motion of the lattice. For this

reason superconductivity exists only at low temperatures. The Cooper pairs do not have

spin 1/2 and therefore do not follow Pauli's principle (1 electron per state). A large number

of Cooper pairs can populate one collective state. This state is stable and requires some

'Brian D. Joeephaon. Nobel prize 1973.
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additional energy input (thermal energy) to be destroyed. The binding energy of Cooper

pairs in the collective state is severed meV. The formation of the collective state of Cooper

pairs takes place at T < Tc- Each pair can be represented by a wavefunction of the form

Eq. 4.4 [5]

$p = $e*(^-^)/'^ (4.4)

where P is the net momentum of the pair whose center of mass is at r. In a uniform current

density all the electron wavelengths will be equal with the superposition of these coherent

waves producing a single wave of the same wavelength, meaning all of the electron-pairs in

a superconductor can be described by a single wavefunction Eq. 4.5

*P = Vlre*(P'-)A (4.5)

This electron-pair wave retains its phase coherence over long distances and it is this cheir-

acteristic which leads to interference and diffraction phenomena. As they are macroscopic

mtinifestations of quantum interactions the phenomena are collectively termed "Qusjitum

Interference"

.

Josephson Tunnelling

If two superconducting regions are kept totally isolated from each other the phases of the

electron-pairs in the two regions will be unrelated. If the two regions axe brought together

then as they come close electron-pairs will be able to tunnel across the gap and the two

electron-pair waves will become coupled. As the separation decreases the strength of the

coupling increases. The tunneling of the electron-pairs across the gap carries with it a super-

coaducting current as predicted by B.D. Josephson [19] and is called "Josephson Tunnelling"

with the junction between the two superconductors called a "Josephson Junction".

Like a superconductor this gap has a critical current. If a supercurrent, t,, flows across

a gap between regions with a phase diflFerence, A(p, it is related to the critical current, ic, by
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Eq. 4.6

ig = ic sin A4> (4.6)

so that the maximum current flows across the gap when there is a phase diflFerence of 7r/2,

where t, = ic-

The Josephson Tunneling Junction is a special case of a more general t3T)e of weak link

between two superconductors. Other forms include constrictions and point contacts but the

general form is of a region between two superconductors which has a much lower critical

current and through which a magnetic field can penetrate. [5]

SQUID

In the original form, the SQUID consists of two Josephson tunneled junctions connected in

parallel on a superconducting loop. Figure 4.5. The total current I = Ii + I2 is a periodic

function of the flux through the ring.

Itotai = 2* Jo* 5tn(do) * Cos{2ne(i>/h) (4.7)

The current varies with «^ and has maxima when

{2i:e/h)4> = mr (4.8)

where n is an integer.The quantity $o=h/(2e) is called the flux quantum. A change in the

magnetic field will cause a change in the flux through the SQUID, by counting the number

of oscillations N the overall change in flux can be calculated by Eq. 4.9:

4>UHal^N*4>o (4.9)

There are two main kinds of SQUIDs; DC and RF SQUIDS. The DC SQUIDs usually have

two or more Josephson junctions. This makes them more sensitive but difficult and expensive

to produce. The RF SQUIDs consist of a single junction interrupting a superconducting loop.

Figure. 4.6 shows schematically how a SQUID responds for a dipole and also it shows the

movement of the sample within the SQUID pickup coils.
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Figure 4.5: Superconducting quantum interference device as a simple magnetometer
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Figure 4.6: SQUID SCHEMA. This picture shows the ideal SQUID response for a dipole

and also shows the movement of the sample within the SQUID pickup coils. [5]
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Figure 4.7: Typical MPMS SQUID device. [9]

4.2.2 DC Magnetometery

DC magnetic measurements determine the equilibrium value of the magnetization in a sam-

ple. The sample is magnetized by a constant magnetic field and the magnetic moment of

the sample is measured, producing a DC magnetization curve M(H) . The moment is mea-

sured by force, torque or induction techniques, the last being the most common in modern

instruments. Inductive measurements are performed by moving the sample relative to a set

of pickup coils, either by vibration or one-shot extraction. In conventionsJ inductive magne-

tometers, one measiu'es the voltage induced by the moving magnetic moment of the sample in

a set of copper pickup coils. A much more sensitive technique uses a set of superconducting

pickup coils and a SQUID to measure the current induced in superconducting pickup coils,

yielding high sensitivity that is independent of sample speed during extraction. Inductive

magnetometers can also be used to perform AC magnetic measurements. [26]





Chapter 4. Me^Detization 38

4.2.3 AC Magnetometery

In AC m«ignetic measurements, a small AC drive magnetic field is superimposed on the

DC field, causing a time-dependent moment in the sample. The field of the time-dependent

moment induces a current in the pickup coils, eillowing measurement without sample motion.

The detection circuitry is configiu-ed to detect only in a narrow ft-equency band, normally at

the fundamenteil frequency (that of the AC drive field). [26]

4.3 Magnetization of ceramic sample LaVi-xO^

The magnetic susceptibifity of LaVi-xOs Fig. 4.8 with different Vanadium concentration

exhibited a peak at 140 K, indicative of antiferromagnetic ordering. In general, the observed

susceptibihty xi^) is written as the sum of spin, orbitad and core-diamagnetic contributions

as Eq. 4.10 [21];

X{T) = X>pin{T) + XVV+Xcare (4.10)

Here Xspin{T) is the d-spin susceptibility, xvv is the Van Vleck orbital susceptibihty and

Xoore is the diamagnetic susceptibihty of inner-core electrons, xvv and Xcore are generally

considered to be T independent. The Curie-Weiss fit to the data above T/v yields a nega-

tive paramagnetic Curie temperature indicative of £in antiferromagnetic interaction Fig. 4.9.

Table 4.2 lists the Neel temperature Tn, the paramagnetic Curie temperature 9 and molar

Curie constant Cm, for LaVi-xOa as obtained by this work and other workers. For finding

these values, we use Xcore = -0.66* 10~*cm^/mol [23] and Xvv = 2.1 * lO'^cm^/mol (same

as in V2O3, which has trivalent vanadium [18]). In light of the uncertainty in determining

the temperature-independent terms in the susceptibility, the values obtained for 9 perhaps

might not be very meaningful. Our value of TV is close to that obtained by Zubkov et al.^

from neutron diffraction.

[341
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Figure 4.8: Susceptibility Versus Temperature. The magnetic susceptibility of aJl

LaVi-zOs with different Vanadium concentrations exhibit a peak at ~ 140A',

indicative of antiferromagnetic ordering.
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Figure 4.9: Inverse of Susceptibility Versus Temperature. Curie-Weiss fits to the

data above Ts yield negative paramagnetic Curie temperatiures indicative of

antiferromagnetic ordering for all the samples.
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Chapter 5

Conclusions

Rxx)in temperature powder X-ray diffraction data showed all the LaVi-xOs perovskites were

orthorhombic belongs to space group Pbnm which is isostructursil with GdFeOi. The lattice

parameters are listed in Table 2.1. It's reported by other workers that there is a structure

transition from orthorhombically-distorted perovskite structure with space group Pnma to

monocUnic structure with space group P2i/a. The lattice peirameters increase with increas-

ing Vanadiiun vacancy.

All the samples show semiconductor behavior in the whole temperature range studied.

Resistivity of the samples increase with increase in Vanadium vacancy. The energy gap

calculated from resistivity measurements varies from 0.2 eV to 0.3 eV. It is to be noted

here that these energy gapys are about one order of magnitude smaller than intrinsic Mott-

Hubbard gap(l.l eV) in LaVOs estimated from optical spectroscopy [4]. We believe that the

smaller energy gap arises due to the excitation to the localized doped holes states above the

valence band, and we call this energy gap the activation energy. The activation energy gaps

increase with increase in lattice parameters.

The susceptibihties exhibit maxima at T^r~140 K and exhibit Curie-Weiss Like decrease

above Tn- There is no observable change in the positions of the peaks regarding the amount

of vacancy in Vanadium. The T dependence of x below TV looks Uke the one in usued

antiferromagnets.
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