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Abstract

CrO: is a well-known half metallic ferromagnet with Tc ~ 400K. In granular form, surface
layer CrO; contains another oxide Cr2Os, which is an insulator. Due to the presence of
insulating surface layer, granular CrO: is known to exhibit activated transport, as metallic
grains are separated by insulating surface layer, leading to tunneling and consequently a large
tunneling magnetoresistance. Here we show that depending on the crystallite size and
connectivity, (i) activated transport region along with a metallic region is observed in the
electron transport measurement. (ii) In addition to a large tunneling magnetoresistance,
significantly large electro resistance has also been observed in these samples. Thus, the
electrical transport is not only influenced by ultra-thin surface layer of Cr.03 which is
antiferromagnetic and insulating, but also data suggest that the magnetoelectric character of
Cr203 plays a significant role in transport. It is noteworthy that the % MR in 5 Tesla field is
similar in magnitude to electro-resistance in few mA of current applied. The influence of
magnetoelectric and antiferromagnetic nature of grain boundary is further corroborated by the
changes in lattice parameters observed in X-ray diffraction data, which have been analyzed
using Rietveld profile refinement. Rietveld Profile Refinement data of X ray diffraction data
has been obtained in the temperature range from 300 K to 100 K. This enables us to plot lattice
parameters of both CrO2 and Cr.Oz as a function of temperature. These data reveal an anomaly
in lattice parameters of Cr,0Os3 in the vicinity of the magnetoelectric transition of Cr20Os. These
data bring out the role of magnetic state of insulating Cr.Oz in electronic transport. The specific
heat data in the low temperature region on the granular CrO2 is also been analyzed for obtaining
electronic contribution to specific heat.

This thesis extensively examines the mesoscopic and well-defined crystallites of CrO», placing
a central focus on employing X-ray diffraction (XRD) techniques. The analysis of XRD data
utilizes Rietveld refinement, offering in-depth insights into the structural characteristics of the
sample. Additionally, this thesis highlights the importance of size and interface effects in
granular CrO, especially the observation of electro-resistance. This has the potential to propel
the development of magnetic tunnel junction technology, with additional tunability.
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Chapter 1

Introduction

1.1 A Brief History of CrO;

Chromium Dioxide (CrO), also known as chromium (IV) oxide, is a compound with an
interesting history in experimental physics due to its unique magnetic properties and its
applications in early magnetic recording technology. In 1956, Norman L. Cox, a chemist
working at E.l. DuPont, successfully created acicular chromium dioxide by subjecting
chromium trioxide to high temperature (900°F) and pressure in the presence of water. The
resulting magnetic crystals took on a slender, glass-like rod shape, making them ideal for use
as a magnetic pigment in recording tapes. This breakthrough led to the commercialization of
acicular chromium dioxide as a recording medium by DuPont in the late 1960s, under the
tradename "Crolyn." In the 1950s, researchers began to investigate the magnetic properties of
CrOo.. It was found to be useful for the development of high-density magnetic tapes and disks.
This led to the creation of more efficient and compact magnetic recording devices. While CrO-
was widely used in the 1960s and 1970s in magnetic tapes and floppy disks, it gradually lost
its commercial significance due to the development of alternative materials and technologies,
such as hard disk drives and solid-state storage devices. level. Despite its decline in commercial

applications, research on CrO2 continued [Ref. 1, 2, 3].

In the late 20th century, with the emergence of spintronics, which focuses on the manipulation
of electron spin for data storage and processing, CrO2 became a subject of interest due to its
half metallic character. Researchers explored its potential in spin valve devices and as a
magnetic tunnel junction material. The experimental work on CrO, was complemented by
theoretical studies. Quantum mechanical calculations were used to understand its electronic
and magnetic properties at a fundamental It has b also been studied for its potential applications
in magnetic sensors, magneto-resistive devices, and as a material for magnetic nanoparticles in
various other fields, including biomedical applications. The development of nanotechnology
in the late 20th and early 21st centuries opened up new avenues for the manipulation and
understanding of CrO, at the nanoscale. Researchers explored the properties of CrO;

nanoparticles and thin films for various applications.
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1.2 Crystal Structure

Fig. 1.1 Crystal structures of tetragonal rutile CrO2 (a) and rhombohedral Cr.0s3 (b). The blue
ball represents chromium atom and the red ones are oxygen. This schematic crystal structure

is obtained using vesta software.

CrO2 exhibits a rutile crystal structure and belongs to the tetragonal P4./mnm space group. The
cell lattice parameters a, b, ¢ are 4.410 A, 4.410 A, 2.910 A respectively [CrO, COD database
code: 1516110]. The tetragonal lattice has all of its angles equal to 90°. Within this crystal
lattice, each Cr**(blue) ion is bonded to six equivalent O>(red) ions, giving rise to a distinctive
arrangement of CrOg octahedra. These octahedra exist in a combination of corner-sharing and
edge-sharing configurations, with corner-sharing octahedral tilt angles measuring 50°,
introducing a notable distortion from the ideal octahedral geometry. The compound showcases
two distinct Cr—O bond lengths: two of these bonds are shorter, measuring approximately 1.89
A, while the other four are longer, with lengths of around 1.91 A. Furthermore, the O* ions in
the structure assume a distorted trigonal planar coordination geometry, being bonded to three

equivalent Cr* ions [Ref. 4].

Cr203 a corundum crystal structure within the R3¢ space group. The cell lattice parameters a,
b, c are 4.9607 A, 4.9607 A, 13.599 A respectively [Cr.0; COD database code: 9008084].
Lattice angles a, B, y are 90°, 90°, 120° respectively. The central chromium ions Cr** (blue)
exhibit intricate bonds with six equivalent oxygen ions O%(red), forming corner-sharing, face-
sharing, and edge-sharing CrOs octahedra [Ref. 5]. The corner-sharing octahedral tilt angles
span a range from 47 to 60 degrees, indicating a degree of distortion from ideal octahedral
symmetry. This distortion gives rise to three shorter Cr—O bond lengths, each measuring

approximately 1.97 A, as well as three longer bonds at around 2.02 A. Additionally, the oxygen
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ions (O*") are bonded to four equivalent Cr** atoms, shaping a mixture of distorted corner and

edge-sharing OCr4 trigonal pyramids [Ref. 5].

1.3 Exchange interactions:

Exchange interactions stem from electrostatic forces, as similar charges incur energy costs
when close but save energy when apart. When two electrons in an atom exhibit antiparallel
spins, they can share the same atomic or molecular orbital. However, this setup amplifies
Coulombic repulsion between electrons. Consequently, it is energetically advantageous for
electrons to possess parallel spins and, adhering to Pauli's exclusion principle, occupy distinct
orbitals. These interactions, crucial for establishing long-range magnetic order, come in various
types hinging on the distance and arrangement of magnetic ions. Expressing energy through
the dot product of spins and the magnetic field, we can encapsulate these interactions in a

Hamiltonian:
H=-3 )8 S;
ij

In this equation, Jij signifies the exchange constant between the it and j™ spins, denoted as S
1.3.1 Direct Exchange Interaction:

In cases of direct exchange, electrons on adjacent magnetic atoms engage in exchange
interactions without requiring the involvement of an intermediary atom.

1.3.2 Double Exchange Interaction:

This form of interaction is possible in oxides, particularly when magnetic ions at distinct
lattice sites exhibit varying valencies. There is also indirect exchange with two magnetic ions
separated by a nonmagnetic one. This leads to a ferromagnetic ordering observed in CrO>
[Ref. 7,8, 9].

1.3.3 Superexchange Interaction:

This form of interaction operates between two magnetic ions that are not adjacent, facilitated
by a non-magnetic intermediary ion. This leads to antiferromagnetic ordering observed in
Cr20s3 [Ref. 10]

13



1.4 FElectric and Magnetic Properties

1.4.1 Paramagnetism:

Paramagnetic materials have atoms or molecules with unpaired electrons in their electron
configuration. These unpaired electrons give rise to magnetic moments. When placed in a
strong external magnetic field, the magnetic moments of the unpaired electrons align
themselves with the field, causing the material to be weakly attracted to the field. The strength
of paramagnetism decreases as temperature increases. This is because at higher temperatures,
the thermal energy disrupts the alignment of the atomic or molecular magnetic moments. The
random thermal motion of particles counteracts the alignment caused by the external magnetic
field. In some cases, such as certain metallic elements like sodium and other alkali metals, the
paramagnetism is relatively weak and remains nearly independent of temperature. This is
because the unpaired electrons in the conduction band are responsible for the paramagnetic
behaviour, and their motion is relatively unaffected by temperature [Ref. 6].

1.4.2 Ferromagnetism:

Ferromagnetic materials display a phenomenon of long-range atomic-level ordering, resulting
in the alignment of unpaired electron spins within specific regions known as domains. In these
domains, the magnetic field is notably strong. However, in a bulk sample of the material, it
typically remains demagnetized because the domains are randomly oriented in relation to each
other. This distinctive behaviour of ferromagnetism becomes evident when a minor external
magnetic field, such as one generated by a solenoid, induces the alignment of magnetic
domains within the material, rendering it magnetized. This external magnetic field is then
significantly amplified, often expressed as the material's relative permeability. Ferromagnetic
materials tend to retain some degree of magnetization even after the external magnetic field is
removed, which is referred to as remanence. The fraction of the saturation magnetization
retained when the driving field is discontinued is termed the remanence of the material and
holds significant importance in the context of permanent magnets. Ferromagnetic materials
possess a maximum temperature, known as the Curie Temperature, beyond which their
ferromagnetic properties vanish due to the effects of thermal agitation. In CrO,, the localization

of the dyxy orbital (due to the distortion of the CrOg octahedral symmetry) and the involvement
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of two different types of orbitals in the electron hopping process (using double exchange

interaction) are crucial for the ferromagnetic behaviour of CrO; [Ref. 6, 7, 8, 9].

1.4.3 Anti ferromagnetism:

Anti ferromagnetism is a magnetic behaviour where the neighbouring ions, acting as miniature
magnets, spontaneously arrange themselves into opposing, or antiparallel, configurations. In
antiferromagnetic materials, the magnetic alignment of atoms or ions in one direction is
effectively cancelled out by those aligned in the opposite direction since the exchange constant
Jjx IS negative below certain temperature This natural antiparallel arrangement of atomic
magnets is disrupted as the material is heated and completely disappears above a specific
temperature known as the Néel temperature, which is unique to each antiferromagnetic
substance. In Cr203 indirect exchange interaction leads to antiferromagnetic ordering below
307K [Ref. 6, 10].

1.4.4 Linear magnetoelectric effect:

The linear magnetoelectric (ME) effect is the linear response of the magnetization of a material
to an applied electric field, or the corresponding electric polarization induced by a magnetic
field,

toM; = a;;E;

PL' = a:”H]

where a;; denotes the magnetoelectric tensor.

Notably, this phenomenon is observable solely in materials where both space-inversion and
time-reversal symmetries are broken. Cr20s is a notable example of a material exhibiting this

intriguing magnetoelectric effect [Ref. 12].
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1.4.5 Metallic behaviour:

The electronic band structure of CrO> have bands primarily composed of oxygen 2p character
crossing the Fermi level. These bands are distinct from the typical p states that arise from d-p
hybridization seen in other transition metal oxides. The presence of almost pure p states near
the Fermi level acts as electron or hole reservoirs, causing a nonintegral occupation of the d
bands. This effect is termed "self-doping”. The self-doping effect plays a crucial role in the
ability of CrO2 to exhibit metallic behavior since it allows the material to behave as a metal
even in the presence of relatively large values of the Hubbard U parameter, which usually leads
to insulating behavior in other materials (Mott insulators). Here the d band is split into two
parts. One is below the Fermi level, leading to localized spin and second is itinerant d band
hybridized with p band. That reduces the effect of on-site d-d Coulomb interaction and hence
CrOy is a ferromagnetic metal, rather than antiferromagnetic insulator. We clearly observe

metallic behavior in thin films of CrO2 grown on substrates like TiO [Ref. 9, 11].

250

200

150

100

p (uQ2em)

50

00 E:O 160 1SlO 260 2.‘1:0 360 3&0 . 460
Temperature (K)
Fig 1.2 Transport measurement on CrO- thin film [Ref. 11]

1.4.6 Half metallic behaviour:

A half metal has an electronic structure that is unusual in the sense that it exhibits different
behaviours for electrons with different spin states. For one spin direction (usually the majority
spin), it behaves like a metal, with a Fermi surface. However, for the opposite spin direction
(usually the minority spin), there's a gap in the spin-polarized density of states, making it
similar to a semiconductor or insulator. One of the distinctive features of half metals is their
differential response to external fields. They typically have electric conductivity because one
spin direction behaves like a metal, allowing for charge transport. However, they exhibit no
high-field magnetic susceptibility, which means their magnetization doesn't respond strongly
to magnetic fields, particularly at low temperatures. This is because one of the spin directions
already has a gap in the density of states, and the available states are fully occupied. Many
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metal Oxides including CrO; are Type 1 Half metal, having less than 5 d electrons. In such
compounds unpolarized 4 s states are shifted above fermi level level due to hybridization with

2p oxygen states.

a) b)
Fig 1.3 Schematic density of states for half metal, (a)Type la and (b)Type Il [Ref. 13].

1.4.7 Spin Polarization:

It’s a measure of alignment of spin in a particular direction

Ny - N
po =Ny
Ny + Ny

where (N;,N,;) represent the densities of states for electrons with spin "up” and "down"

orientations at the Fermi level, respectively.

Density of states (1/¢V)
o

Minority Spins \b

-4

-10 ..5 6 5
Energy (eV)

Fig 1.4 Spin polarization in of CrO> [Ref. 13].
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1.4.8 Magnetoresistance:
The variation of resistance in presence of magnetic field is known as magnetoresistance.

R(B) — R(0)
R(0)

AR(B) =

Its functional form depends on multiple factors. Here we show resistance as a function of
Temperature for granular CrO.. Here the sample consists of micron size crystallites of CrO.,
containing a surface layer of insulating Cr.Os. This leads to resistance decreasing with
temperature and hence activated transport, instead of metallic behaviour expected from CrO;

phase.

0.9{"  Purecro, 120 l"ﬂm%

Fig 1.5 CrO2 magneto-transport [Ref. 17]

The magneto-transport measurements were done on the pressed pellet of granular CrO. These
samples are synthesized using a synthesis technique, which does not need pressure as a control
parameter [ref. 35]. It is noteworthy that CrO; is not known to form in ambient pressure. In
addition, this compound is metastable in nature, which means it even more difficult to stabilize
pure CrO phase. Commercially available CrO», synthesized using high pressure synthesis
technique form, in needle shaped grains, which are 100-400 nm long. However, the CrO>
samples discussed in this thesis are micron size grains. In the following section, we discuss key
differences between CrO2 samples presented in this thesis vis a vis commercially available
CrOa.

18



1.5

Comparison of commercially available CrO; with

micron sized sample:

(Micron sized samples were synthesized using technique described in ref 35)

At 5 K, commercial powders exhibit a magnetic saturation (Ms) within the range of
100-110 emu/g, while our sample demonstrates a higher Ms of 127-135 emu/g under
the same conditions, which is close to theoretically predicted value. Similarly, at 300
K, commercial powders show an Ms of 80 emu/g, whereas our sample presents a
heightened value ranging from 100 to 110 emu/g [Ref 35].

The coercivity (Hc) of commercial powders stands at 1 kOe at 5 K, contrasting with our
samples indicating a lower H¢ of 50 Oe. At 300 K, commercial powders have an Hc of
600 Oe, while our samples show decreased Hc of 10 Oe [Ref 35].

Remanence (MR) values also differ, with commercial powders ranging from 75 to 80
emu/g, while our sample shows a reduced MR of 10-20 emu/g [Ref 35].

In terms of grain characteristics, commercial powders typically feature a grain size of
0.1-0.4 pm, whereas our sample shows a broader range of 1-10 um. Additionally, the
grain shape and aspect ratio vary; commercial powders have needle-shaped grains with
an aspect ratio of 9:1, whereas our sample contain rod-shaped grains with a variable
aspect ratio [Ref 35].

Magnetoresistance in the pressed pellet (containing micron-size rods of CrO.) is
observed to increase by approximately 25% at 230 K [Ref 17], whereas in commercial

powders, it is noted to be less than 1% around room temperature.

In the upcoming chapter, we delve into various methods and tools employed to comprehend

the morphology, structure, and transport properties of our sample (Chapter 2). Moving forward,

Chapter 3 provides a thorough examination of sample morphology through SEM, while also

exploring its structure through XRD and Rietveld Refinement. Additionally, we explore the

temperature-induced transformations in cell parameters. The following chapter, Chapter 4,

delves into the measurement of specific heat data for our sample. Chapter 5 focuses on transport

measurements conducted using Linkam, CCR and CFMS setups. Finally, Chapter 6 wraps up

the thesis with conclusions and outlines future prospects.
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Chapter 2

Characterization techniques and instruments

2.1 Scanning Electron Microscope:

When a high-energy electron beam is directed onto a sample, it causes the emission of
secondary electrons with relatively low energy. These secondary electrons provide information
about the sample's topography. Some of the incident electron beam is scattered backward by
the atomic electron cloud of the sample, resulting in what is known as backscattered electrons
(BSE). The scattering cross-section of these BSE is influenced by the atomic density of the
sample. Samples with higher atomic density produce more BSE, resulting in a brighter image
with improved contrast resolution. Additionally, when secondary electrons are emitted from
the inner electron shells of atoms, the outer shell electrons fill the emptied inner shells, leading
to the emission of characteristic x-ray photons with energy levels corresponding to the energy
difference. The wavelengths of these emitted x-ray photons are unique to the atom, allowing
for the determination of the sample's elemental composition.

A typical SEM setup involves directing a focused beam of high-energy electrons at the sample's
surface, where it interacts with the sample's atoms. Detectors collect the emitted electrons to
create an image and provide information about the sample's composition. The electron beam is
manipulated by scanning coils and deflector plates, resulting in a raster scan of the sample's
surface. Detectors and amplifiers process the emitted electrons' intensity distribution to
generate an image. It's important for the sample to be conductive, allowing the beam to scan
its surface for conventional imaging. Non-conductive samples can be coated with a conducting

material using techniques like sputter coating or high vacuum evaporation [Ref. 37, 38].

20



Scanning Electron Microscope (SEM)
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Fig 2.1 A) Schematic diagram of SEM [Ref. 34] and B) FESEM setup

2.2 X-ray Diffraction:

X-ray powder diffraction is a rapid analytical technique used to determine information of

crystalline material such as phases, cell dimension, atomic spacing etc

Crystalline materials comprise of regular array of atoms. Monochromatic X-rays get scattered
due to such atomic arrays of the target material which produce constructive and destructive

interference obeyed by Bragg’s law.

nd = 2dsin @
Where,

o dis lattice spacing,
e 0Oisincident angle
e )is wavelength

e nisany integer
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The X rays diffracted from the sample are collected at the detector. XRD pattern intensities
provide information about the arrangement of atoms in the crystal structure. Polycrystalline
samples contain tiny crystallites oriented in all possible directions. When such a sample is

exposed to the X-ray beam, the XRD pattern will contain all possible planes and hence the

sample scanning is done through a range of 20 angles.

The diffraction patterns were recorded in the Bragg-Brentano geometry. This geometry offers
the advantages of high resolution and high beam intensity analysis at the cost of very carefully
prepared samples. To identify various phases, present in sample, recorded data was compared

with data available on AMCS and COD [Ref. 39, 40].

MODIFIED FROM
CULLITY (1956)

DIFFRACTOMETER
CIRCLE

POWDER
SPECIMEN

D8 ADVANCE

A B

Fig 2.2 (A) Schematic diagram of X ray diffractometer [Ref. 36], (B)Bruker D8 advance and (C)

PANalytical Instrument.

22



2.3 Rietveld Refinement:

Rietveld refinement is a technique devised by Hugo Rietveld for crystalline materials. The
Rietveld method refines user-selected parameters to minimize the difference between data
observed and a hypothesized/theoretical crystal model. The observed diffraction pattern is

refined using least square method.

In XRD pattern intensities y; are recorded at various incremental steps i (angles). The quantity

to be minimized is the residual function S,, given by:

Sy = Ziwi(Yi = Yei)?
where, w; = 1/y;,
y; = observed intensity at the i" step,
y.; = calculated intensity at the i step.

A typical powder diffraction pattern comprises multiple reflections, each characterized by peak
height, peak width, peak position, and an integrated area, all of which are related to the Bragg
intensity Ix. In this context, K denotes the Miller indices (h, k, 1), and I is directly related to
the square of the absolute value of the structure factor Fy. Generally, the observed intensity
y; results from contributions of various Bragg reflections. The calculated intensity y,; is
determined based on |Fy|? derived from the structural model. The formula for calculating y,;

is as follows:

Yei =S Z Lk |FK|2§0(2191 — 20x) PxA + vy,
K

where,

e "s" denotes the scale factor.

o "K" represents the Miller indices (h, k, I), for a particular Bragg reflection.
e "Lk" stands for the Lorentz-Polarization factor.

o "Fk" refers to the structure factor associated with the Kth Bragg reflection.
o "¢" represents the reflection profile function.

o "Pk" signifies the preferred orientation factor.

« "A" represents the volume absorption factor.
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ypi is the background intensity at the i*t step. The background intensity value, denoted as y,,;

at the i*t step, can be determined through various methods. These methods include:

1. User-Supplied File: Users can provide a file containing background intensity values.

2. Linear Interpolation: The background intensity can be obtained by linearly
interpolating between user-selected points.

3. Specific Background Function: A specific background function is used to calculate the
background intensity. This function is typically a fifth-order polynomial function.
Alternatively, users can provide a custom background function in the form of a user-

generated .BGR file, which may have refinable parameters for background heights.

The reflection profile function, denoted as ¢, is responsible for approximating the effects of

both instrumental features and sample features.

In the data presented in this thesis, a pseudo-Voigt function was employed for refining. The
width parameter "H" in the reflection profile is modeled using Caglioti's formula, which is

expressed as:
H?2=U tan?6 + V tan6 + W

The parameters U, V, and W in the formula are adjustable parameters used to fine-tune the
width and shape of the reflection profile during data refinement.

In the default calculation model, it is assumed that there is an equal number of crystallites
contributing to each diffraction peak. However, these crystallites are randomly oriented, and
there may be a preference or tendency for them to align in a specific way. This preferred
orientation can lead to distortions in the peak intensities. To correct for these distortions, a

March distribution function is employed.
Py =[G, cos?(aK) + Gy sin?(aK)]73/?

This function is used to correct for the effects of preferred orientation, ensuring that the analysis

accounts for the real distribution of crystallite orientations.

The structure factor Fy is given by:
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Where,

"N" represents the total number of atoms.

e "(Xn, Yn, Zn)" are the coordinates specifying the position of the nth atom.

o "fy" corresponds to the atomic structure factor.

o "By" refers to the Debye-Waller factor, which is also known as the temperature factor.
This factor is used to account for the thermal vibrations and displacements of atoms

within the material.

The Lorentz-Polarization factor Ly takes into account instrumental factors, specifically the
polarization of the X-ray beam due to the scattering of light from the atom and the diffraction
from the monochromator. These factors are included to address the polarization effects that can

occur during the X-ray diffraction experiment [Ref. 41].

2.4 Linkam stage:

Linkam stage is used for electrical transport measurement, where four metallic probes are
available to make connections. Using Liquid N2 flow in the Linkam stage, we reach -120
degree Celsius. Linkam stages can be equipped with electrical connections or gold-tipped
tungsten needle probes, enabling measurement of a sample's electrical properties and their
temperature-dependent variations. Linkam systems can integrate with various optical and
spectroscopic techniques, such as Raman. For electrical measurement, the design of Linkam
stage is more suitable for probing resistance of thin film samples or devices, which are larger
in area. For cold pressed pellets of the size few mm?, it requires lot of care so that metallic
probes in the form of sharp needles do not short with each other during the course of

measurement [Ref. 42].
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Fig 2.3 Linkam setup

2.5 Physical Property Measurement System:

The PPMS is a computerized system designed for ppus prose
conducting measurements on materials at low temperatures

and in the presence of a magnetic field. It allows for the
assessment of various material properties, such as specific

heat, magnetic susceptibility in both alternating and direct

current, as well as electrical and thermal transport
characteristics, including the Hall Effect, thermoelectric

figure of merit, and the Seebeck-Effect [Ref. 43].

PPMS with optional
liquid nitrogen-jacketed
helium dewar

Fig 2.4 (A) PPMS setup and (B) PPMS probe
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2.6 Closed Cycle Refrigerator:

Closed cycle refrigerators (CCRs) are electrical machines designed for cooling purposes,
utilizing the Gifford-McMahon cooling cycle. The refrigeration process begins by turning the
valve disk, which in turn opens the high-pressure pathway. This allows high-pressure helium
gas to flow through a regenerating material and enter the expansion space, starting the cooling
process. Instead of employing a mechanical piston, a pressure difference is used to move the
displacer. This pressure difference pushes the displacer "up,"” causing the gas at the bottom of
the system to expand and cool. The rotation of the valve disk also opens the low-pressure
pathway, enabling the now colder, lower-pressure gas to pass through the regenerating material
and absorb heat from the system, further enhancing the cooling effect. Once the pressure
difference is established, the displacer returns to its original position, completing the cycle
[Ref. 44].

/ Vacuum Pump
——
Q 7| «— VacuumValve

Expander
Radiant Heat Shield by
(attach to 1st stage heat station) _l (aeach %0 sidrr)
s[—3a| |19

\_ \- Sample Holder (attach to 2nd stage heat station)
Instrumentation Skirt (fixed to cylinder assembly)

Expander Electrical —
Power Cable

GasLines

O o — <«—  Temperature

Controller

=~ Compressor

< (Cooling Water
> Supply & Drain)

Fig 2.5 Schematic diagram of CCR setup
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2.7 Cryogen Free Measurement Systems:

The system consists of a pulse tube cryocooler, a cryostat equipped with a superconducting
magnet (upto 7 Tesla), an adjustable temperature sample area, a range of specialized probes for
diverse physical property measurements, along with electronic components, computer
interfaces, and measurement software. Both the magnet and the sample space are cooled using
the cryocooler. High resolution 20-bit power supplies Ensures precise and stable magnet
operation [Ref. 45].

Fig 2.6 CFMS facility for Magneto-transport measurement
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Chapter 3
SEM, XRD and Rietveld Refinement

In this chapter we present preliminary characterization of the CrO2 samples using SEM, XRD
and temperature variation of XRD. We also present Rietveld profile refinement of XRD data.
A number of CrO, samples were investigated in powder as well as pellet form. Pellets were
further classified into two categories. In first case as-prepared powders were cold-pressed into
the form of a pellet. It is known in literature that cold pressed pellets of granular CrO; is
susceptible to generating micro-cracks which makes transport measurements difficult. Unlike
other oxides, it is difficult to sinter CrO. pellet at high temperatures as it is a metastable
compound. While commercially available CrO2 powders or of needle shape are reported in
cold -pressed form, we present data on cold -pressed pellets of micron-size crystallites. In the
second case, the precursor was pelletized during synthesis procedure and hence the CrO, were
formed in the pellet form, with its granular structure intact. This leads to soft pellets, however
it is easy to do transport measurements in such as-prepared pellets. The details of the synthesis

procedure can be found in reference 35.

3.1 SEM Observation

We successfully observed micron-sized crystals of chromium dioxide (CrOz) using scanning
electron microscopy (SEM). Furthermore, we observed that when the sintered samples were

crushed and cold-pressed, it led to the fracturing of individual grains within the material.
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Table 3.1 Features of CrO2grains

Sample name | Code Form Shape
Al Cr 27 Dry | Powder Micron sized hexagonal and
octagonal CrO» rods
Sample consists of both thick and
A2 Cr41 Dry | Pellet thin-rods of CrO;
A3a Cr43 Dry | Pellet Micron sized CrOz rectangular rods
A3b Cr43 Dry | Cold pressed pellet Irregular shaped fractured small CrO>
grains
A4 R2 Pellet Cuboid shaped CrO; grains
3.11A1

2pm EHT= 300kv  Signal A=InLens Date 6 Dec 2022
WD= 34mm  Mag= 13.12KX  Time :9:48:30

i WD= 34mm  Mag= 40.33KX Time :9:46:48

EHT= 300kV  SignalA=InLens Date 6 Dec 2022
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3.1.3 A3a:

. L

2um EHT= 300kv  SignalA=inlens Date 1 Feb 2023 h
WD= 3.3 mm Mag= 10.00KX  Time :12:32:36

EHT= 3.00kV Signal A= InLens  Date :1 Feb 2023 |
WD= 33mm Mag= 500KX  Time :12:29:55

3.1.4 A3b:
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3.2 Procedure for Rietveld Refinement of XRD data:

A brief fitting procedure is listed below.

1. Scale factor.

2. Scale factor, zero point of detector, background parameter and instrumental parameters.
The background was fixed using linear interpolation with a set of pre-decided points
provided by user.

Refine the lattice parameters

Refine full width half maximum/shape parameters

Refine atomic positions

Add preferred orientation.

N o g &~ w

Add the overall Debye-Waller factors.

3.3 Room Temperature XRD:

In this section, we present Rietveld profile refinement of lab XRD data at room temperature on
two samples (Al and A3). The measurements were done on the Bruker d8 setup (G1, IISER
Pune). The sample, in powder form, was evenly distributed on a glass cover slip positioned
within the sample holder space of the XRD setup. The CrO2 phase possesses a P4o/mnm
structure, and its standard cell lattice parameters, represented by the lengths a, b, and c, are
4410 A, 4.410 A, and 2.910 A, respectively [Ref. 4, CrO, COD database code: 1516110].

Cycle: 1 ChiZz: 1.12 Cr27Dry.dat
-
B»
=
o]
a1
W
"U.
kL
B»
A
n
o] -
1] U I | 11 | [ [ i i I I (. mn
2 n i A -
g eiba il st e L
H
20 30 40 S50 &0 70 g0 90
Z2ZTheta

Fig 3.1 XRD and Rietveld Refinement for sample Al
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Cycle: 1 Chi2: 1.11 Cr43DryData.dat

unitcts)

(arb.

O I | 11 I [ I i i [ I I -

Intensitcy

Z2Theta

Fig 3.2 XRD and Rietveld Refinement for sample A3a

Figures 3.1 and 3.2 show the results of Rietveld refinement. Here the red dots are
experimentally observed data and the black line is the fitted data. The green vertical lines
represent Bragg peak corresponding to CIF files obtained from COD database [COD database
code 1516110]. The blue line represents the difference. It is noteworthy that Cr.Os phase,
which appears as an ultra -thin surface layer of 2-3 nm [Ref 20] is not picked in lab XRD mostly

due to glass background noise. Hence, very good x? value was achieved for the samples.

3.4 Low Temperature XRD:

In this section, we present Rietveld profile refinement done on Panalytical Empyrean
instrument setup (Chemistry wing, Main Building, IISER Pune) for sample Al. We performed
low temperature XRD in the temperature range of 300 to 50 K. The sample, in powder form,
was evenly distributed on a quartz glass cover slip positioned within the sample holder space
of the XRD setup. The CrO2 phase possesses a P4>/mnm structure, and its standard cell lattice
parameters, represented by the lengths a, b, and c, are 4.410 A, 4.410 A, and 2.910 A,
respectively [CrO, COD database code: 1516110]. The Cr.03 phase possesses a R3¢ structure,
and its standard cell lattice parameters, represented by the lengths a, b, and c, are 4.9607 A,
4.9607 A, and 13.599 A respectively [Cr.0s COD database code: 9008084]. In this setup we
could detect CrO2, Cr.O3 and Quartz (sample holder) peaks. XRD data were fitted with two-
phase as well as three phase model. The two-phase model contains CrO2 and Cr.03 phase,
which is expected in these samples. However, the additional phase originated from the quartz
glass cover-slip which is basically the sample holder signal. Including this phase led to

significant improvement in the quality of the fit. During the three-phase refinement, we
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observed small but clear peaks in certain regions of the XRD pattern. To avoid force-fitting

and unphysical refined parameters, we initially excluded these regions. We considered the

possibility that these peaks might be related to impurities like CrgO21, Cr20s that could be

present due to the high-pressure synthesis process [Ref. 35]. We weren’t able to detect peaks

of those impurities during refinement. We also introduced a preferred orientation parameter

during the three-phase refinement. This parameter helped improve the chi-squared values,

indicating better fitting of the data to the model.

Table 3.2 Comparison of y 2values for 2 phase and 3 phase refinement

T(K)
Cr0,,Cr,04 Cr0,, Cr,03, Quartz
50 2.78 1.98
100 2.94 2.05
150 2.89 2.07
200 2.96 2.06
230 2.77 1.96
235 3.01 1.99
240 2.94 2.18
245 2.98 1.91
250 3.54 2
256 2.94 2.02
260 3.07 1.91
266 3.05 2.08
280 2.74 1.95
298 3.19 2.16
Cycle: ChiZ2 1.9 Cr27DryvS0kfrom2Z0.dat
o S000 - .
o 4500 —
g 4000
- 35004
N 3000 -
W 2500 -]
" 2000 -
o 1500 —
it 1000
o 500
o 04
;lJ: —500 —
h 10004

2Theta

Fig 3.3 XRD and Rietveld Refinement at 50K for sample A3 for 3 phase
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Cycle: 1 ChiZ: 1.91 Cr27Dry2Z4a5Kfrom20.dat
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unitcs)
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oo g gl Ty o
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Fig 3.4 XRD and Rietveld Refinement at 245K for sample A3 for 3 phase

Cycle: 1 ChiZ: 2.1le Cr27Dry298Kfrom2Z0.dat

units)

Intensity (arb.

Fig 3.5 XRD and Rietveld Refinement at 298K for sample A3 for 3 phase

Figures 3.3, 3.4, 3.5 shows the results of Rietveld Refinement for 3 phases (CrO2, Cr.O3 and
Quartz). Here CrOz phase is fitted using P4./mnm structure (CrO, COD database code:
1516110), Cr203 was fitted using R3c structure (Cr.03 COD database code: 9008084) and
Quartz was fitted using P 31 2 1 structure (Quartz COD database code: 9012601). Here the red
dots are experimentally observed data and the black line is the fitted data.
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3.4.1 Variation in cell parameters

In this section we compare temperature variation of lattice parameters, as obtained from 2 phase
as well as 3 phase model discussed above.

29172
4419 Cro, , Cro, —— 2phase
» » —— 3 phase
¥/ 2.9170 1 _—
." y
44184 ¥/ X .
g‘" 2.9168 . ¢ el ™
4417 4 '4 rd AR
2" :,- g 1
© o 0291864 '\" ’
4416 W |
s 29164 I | ‘
= i
44154 & '
/,_//"”} —e— 2 phase l | i
« ——3 phase 2.9162 9 ]
4414 T T T T T T T ‘ . ; ; ; : .
5 10 150 200 250 300 50 100 150 200 250 300
T(K) T(K)
a b
Fig 3.6 a and b Temperature variation of lattice parameters for CrO> phase
—+— 2phase Cr,0, . 135854+ 2phase Cr,0,
4981 . 3 phase {—=— 3 phase 1
1 /. 13.580 N ool 3
f\“ ’:"’ 4 / [ fi /)"_/,»J
4.9% 1 I wsts{ W AR v
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° S © 13.565 - &
4952 4 ,,,/3:;'. 13.560 4
—" 13.555 - '.
49504 ] |
13.550 -
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T (K) T(K)
a b

Fig 3.7 aand b Temperature variation of lattice parameters for Cr.Oz phase
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Observation and analysis:

The “a” and ““c” lattice parameters of CrO2 and Cr.Os are plotted as a function of temperature.
In case of CrO,, the lattice parameter "a" increases with increase in temperature, which is
expected. This trend is similar in case of 2 phase and 3 phase model. Lattice parameter “c”
shows some anomaly above 200 K. These changes are seen in both 2 phase and 3 phase model.
More data in this temperature range is needed to confirm these anomalies. The “a” parameter
of Cr203, on the other hand shows a clear anomaly above 200 K. Here the lattice parameter
reduces as a function of temperature and then increases again. For bulk Cr.0Os, the ME
transition is expected near 260K, where anomaly is seen the lattice parameter. However, in this
case, Cr203 appears as ultra-thin layer. There is no structural or magnetic transition expected
for CrO2 in this temperature region. Hence the anomaly observed in lattice parameters of both
CrO2 and Cr203 appear to arise from strain at the interface. Temperature variation of lattice
parameters of bulk Cr.Oz is needed to compare and associate this anomaly with magneto-

electric transition.

To sum up, the examination of temperature-dependent lattice parameters highlights intriguing
behaviours in both CrO2 and Cr20s. when it appears as a surface layer in CrO2. It is noteworthy
that magnetoelectric effect in granular CrO2 have been experimentally measured earlier. These
enhanced magnetoelectric effects are attributed to interface effects [Ref 20] as CrOz is not a
symmetry allowed magnetoelectric material but Cr.O3 is a known magnetoelectric. Further
exploration, particularly with complementary data in the crucial temperature range, will
contribute to a deeper understanding of these anomalies and their significance, especially
concerning the magneto-electric transition in Cr20s. The subsequent chapter delves into the
analysis of specific heat data conducted on CrOa.
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Chapter 4
Specific Heat

Specific heat, a fundamental thermodynamic property, plays a pivotal role in our understanding
of heat transfer and energy exchange in materials and systems. This extensive property
quantifies the amount of thermal energy required to raise the temperature of a substance by a
unit degree, and as such, it has profound implications across various scientific disciplines and
practical applications. The study of specific heat is not only integral to our comprehension of
thermal processes but also indispensable in the design and optimization of diverse technologies,
from efficient energy storage and conversion systems to the development of advanced
materials. In this thesis, we delve into the multifaceted realm of specific heat, exploring its
underlying principles, measurement methodologies, and its far-reaching implications in fields

such as materials science, engineering, and environmental science.

4.1 Low Temperature specific heat:

Low T Specific Heat:
C = Cetectron t+ Cphonon + Cmagnon [REf 28]

4.1.1 Debye Specific heat (Phonon contribution):

The Debye specific heat is a theoretical model used to describe the heat capacity of a solid as
a function of temperature. It was developed by Peter Debye in the early 20th century and is
based on the idea of treating the vibrational modes of a solid as quantized phonons, similar to

the way Einstein-Bose statistics are applied to particles.

dx

T
_9NAKBT4fTD x3
T ), er—1

where,

Tp is Debye Temperature

In the low temperature limit
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4.1.2 Electron contribution to specific heat:

In a metal, the electrons responsible for electrical conduction are close to the Fermi level, which
is the highest energy level that electrons can occupy at absolute zero temperature. This region
of electron energy levels near the Fermi level is referred to as the "Fermi Sea.” These electrons
are often depicted as if they form a sea of electron states, with the Fermi level being the surface
of this

Using Fermi-Dirac statistics, only a small fraction of the electrons is available to participate in
specific heat. This fraction contributes a specific heat and is only relevant at very low

temperatures

_ mPNuKj
V' 2Eg

4.1.3 Magnon contribution to specific heat:

The approach for determining the magnon contribution to the specific heat of a magnetic solid
closely resembles the widely recognized method used to calculate the phonon contribution to

the specific heat in non-magnetic solids.

’ _ KT (KT \*? f’@n 2

A+Dsu'ffk2

Where, x =
KgT

Since specific heat is obtained by temperature derivative for long spin waves:

c Kpg KgT 3/2 J'Oo x5/2 d
=— —— dx

C=1yT+pT3+ aT? (1) [Ref. 28]
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4.2 Low Temperature Specific Heat measurement:

Specific Heat measurement is done on Physical property measurement system (PPMS) of prof
A.K Nigam lab in TIFR Mumbai. Specific heat data is recorded from 2 K to 300 K and curve
fitting is done below 15K.

C(mJ/mol.K)
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e C 184
60000 16 -
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50000 -
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00
‘o"‘ 4 -
10000 & 5] e ClTv/sT?
/ Curve fitting
0 n T T T T T T 0 T T T T
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T.(K) T2 (K3
a b

Fig 4.1 Specific Heat data recorded on PPMS setup a) C v/s T data recorded in the range 2K to 300K,
b) C/T vis T2 where solid line is fit to Eq.(1)

Table 4.1 Calculated specific heat contributions and constants

mmm

v mJ/molK? 1.605 0.231
B mJ/molK* 0.04 0.001 0.028
mJ/molK?>/? 1.469 0.109
mm
D.O.S at Fermi Level states/eV 0.681
Debye Temperature K 365 593

We can clearly observe that our D.O.S at Fermi level calculation matches very closely with
theoretical value of 0.69 states/eV [Ref. 28]. The calculated Debye Temperature for our sample
is 365K.
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Chapter 5

Transport measurements

Electrical and magnetic transport measurements are essential tools in understanding the
behavior of materials, but they are subject to a myriad of influencing factors. One critical
consideration is the sample size, as it can introduce quantum effects in smaller samples, leading
to distinct electrical or magnetic behavior, while larger samples may present different
conductive or magnetic properties. Additionally, the sample's shape plays a pivotal role, with
thin films and nanoparticles often displaying unique characteristics compared to bulk materials.
The sample's morphology, defects, grain boundaries, and crystallographic orientation can
significantly influence transport properties. Materials that exhibit anisotropic behavior
introduce another layer of complexity, where properties vary depending on the measurement

direction,

For sample such as granular CrOz, in which the grain is ferromagnetic and the surface layer of
each grain is antiferromagnetic and magnetoelectric, the electrical transport is likely to be
influenced by magnetic field, electric field as well as temperature. The large magnetoresistance
and magnetoelectric effect has been measured in these samples [Ref 17]. In this chapter we
present electrical transport in granular CrO» with different morphology, such as shown in the
SEM data presented in chapter 3. Here, we have explored R vs T in different magnetic field.
In addition, we have also measured R vs T using different bias current and observed significant

electro resistance.
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5.1 Linkam:

A B

Fig. 5.1 A and B. Four Probe connections on the Linkam stage

5.1.1 Low temperature measurement:

a) A2:

R(02)

T d T T T T T T T T
160 180 200 220 240 260 280 300
T (K)

Fig 5.2 Electrical transport Measurement for cooling run done on Linkam

This sample exhibited an unexpected metallic response during a four-probe measurement
conducted on a Linkam stage. This behaviour was observed even during the second
measurement run. Typically, metallic behaviour is associated with transport measurements of
thin film CrOg2, but this marks the first instance of such behaviour being observed in a bulk

sample during transport measurements.
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Since metallic behaviour is not typically observed in granular CrO, especially the R vs T data
in needle-like commercial powders [Ref 26] as well as similar samples consisting of micron
size rods of CrO> [Ref 17], it was surprising to see metallic region in wide temperature range
of 180 K to 300 K as shown in Fig 5.2. Since this measurement involves adjusting 4 metallic
probes in constrained sample area of less than 2mm X 2mm, there is a possibility of probe
shorting. Hence, we repeated this measurement and could still find signatures of metallic
conductivity in sample A2. Since this sample contained inter-connected thin rods of CrOg, in
addition to micron size rods, the possibility of metallic contact between CrOz grain may also
lead to observed metallic behaviour. At this point, the data on sample needs to be repeated
using PPMS or CCR.

b) A3a:

1.05
110 4 +—2mA ——1mA|
.00 -—2mA

+~— 5mA

R/R1ss

R(Q2)

70 - ‘:‘ = T Tv —1 T T T T
160 180 200 220 240 260 280 300

T(K)

a b
Fig 5.3 Electrical Transport data was recorded for cooling cycle (300K to 164K)

a) R v/s T for 2mA current, b) R/R1es /s T for different currents

In the electrical transport measurement for 2mA current, we can observe a slight change in
slope around 241 K. This may be due to magnetoelectric transition of Cr.O3 surface layer
phase. We also observed a correlation with current. Although we couldn't discern a significant
alteration in the slope when applying 1mA and 5mA currents, the general trend in the graph
remained similar across various current levels. It's important to highlight that, despite the
metallic behaviour exhibited by thin CrO. films, sintered bulk sample demonstrates activated
transport characteristics. This can be primarily attributed to the presence of an insulating Cr20s

surface layer on each CrO; crystal within the sample.
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Fig 5.4 Comparison of R/R293x for sample A2 and A3a

In fig 5.4 we clearly observe that change in sample morphology affects electron transport.
Although both sample A2 and A3a contained micron sized crystals, sample A2 also contained
very thin interconnected rods. Sample A3a showed activated transport behaviour while sample
A2 showed metallic behaviour in temperature range of 180K to 293K,

Using linkam stage, we could not go below 160K due to experimental limitation. Hence, we
repeated the same measurement using closed cycle refrigerator, down to 5K. Here one uses
silver contact on the sample, rather than metallic needles, which are more appropriate for thin-
film based devices that are larger in size. As shown in Figure 5.2, the electrical contacts are

well separated from each other in a small pellet of granular CrOa.
5.2 CCR:

5.2.1 Sample preparation:

e GE Varnish is used to stick CrO2 pellet on
sapphire.

e Four probe contacts were made on sample
using scratched copper wires, silver
conducting paste and Kapton tape

e Sapphire was stuck on gold plated copper
holder of CCR using GE varnish

e Wires from the sample were then soldered

to wires of CCR Fig 5.5 CCR sample holder connections
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5.2.2 CCR measurements:

a) A2:
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Fig 5.6 Electrical transport measurement on CCR

Below 150K, a tendency for activated region has been observed while above this temperature
unexpected metallic behaviour was observed similar to Linkam measurements. Furthermore,
we have observed a distinct change in slope occurring around 250K, which could be attributed
to the magnetoelectric transition of the Cr.O3 surface layer. We did not have sample A2 in
large quantity to further probe this particular sample. However, these data provided us

motivation to perform R vs T in different bias current in other samples.

5.3 CFMS measurement:

For measuring R vs T in presence of magnetic field from room temperature down to 5K, we
used CFMS facility in which magnetic field upto 7 Tesla can be applied, using a

superconducting magnet. The measurements were performed on sample UNK.

Initial cooling and heating run with bias current of 1ImA and no magnetic field was done on

sample to observe remanence.
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I=1mA —— Cooling
B=0T —— Heating
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Fig 5.7 Cooling and heating curve

In fig 5.8, we first did cooling and then heating for fixed bias current 1m A and no external

magnetic field. This sample showed activated transport upto 200K followed by metallic

behaviour. Above 200 K, there was slight difference in heating - cooling cycle, which could

not be better resolved, due to noise. However, a change of slope was detected above 250 K in

both cycles.

I-V measurements were recorded at 3 different temperatures during cooling cycle

V(Volts)

0.018

0.016 -
0.014 -
0.012 H
0.010 —
0.008 -
0.006 -
0004

0.002 4

0.000

—— 10K
—— 50K
+— 250K N IS

0.{1‘02 I 0.{;04 I 0.(;06 I 0.(;08 ‘ 0{;10 ‘ 0‘0|12 ‘ 0.014
I (A)
Fig 5.8 I-V at different temperatures

In fig 5.9, we observe that at 10K I-V curve isn’t perfectly linear while at both 50K and 250K

I-V curve is very linear
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In the magnetotransport runs, magnetic fields of 1T and later 5T were applied under a bias
current of 1ImA. The data was compared with initial cooling run with no magnetic field and

same bias current

—1T

R ()
1""4’
M.R%

: ——— : —
0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK) T(K)

Fig 5.10 Magnetoresistance measurement for cooling curves: a) R v/s T data, b) M.R% data

As shown in fig 5.11 b, we observe significant magnetoresistance in this sample. Value ranges
from -1.5% at 298K to -7.24% at 3.4 K for 1T field. For 5T field, value ranges from -1% at
298K to0 -13.2% at 3K.

We observe 2 distinct regions. Below 150K we observe activated transport behaviour due to
insulating grain boundary. Above 150K, we start observing an unexpected metal metallic

behaviour with a change in slope in the region between 250K to 300K.

Electrotransport measurements were done after magnetotransport measurements. In the first
electrotransport run 0.1m A and the next run 10m A bias current was used. Both these runs

were compared with initial first cooling run (bias current 1m A).
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Fig 5.9 Electroresistance measurement for cooling curves: a) R v/s T data, b) E.R% data

As shown in fig 5.10 b, we observe significant electroresistance in this sample. Value ranges
from 1.06% at 298K to 6.6% at 3.3K for 0.1mA bias current. For 10mA bias current, value
ranges from -2.2% at 298K to -11% at 3.8K.

We observe a significant current dependence (electroresistance) in the sample. Upto 150K,
activated transport behaviour is observed. Above 150K, we observe metallic behaviour with a

slope change in region between 250K and 300K.

Thus, in the electric and magnetic transport measurements on sample UNK, A2 two distinct
regions are noticeable. As anticipated, the first region displays non-metallic behaviour,
attributed to the presence of an insulating surface layer of Cr.Os. However, with increasing
temperature we observe metallic behaviour similar to what is observed in thin film transport
studies. Additionally, significant magnetoresistance and electro-resistance effects are also
observed in sample UNK which are of comparable values. In sample A3a, activated transport
behaviour was visible at higher temperatures also. These findings indicate that the bulk
transport properties of CrO; are influenced by a combination of the magnetoelectric and

insulating properties of Cr.O3 (nature of grain boundary) and morphology of sample.
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Chapter 6

Conclusion

In conclusion, we have successfully conducted electric and magnetic transport measurements,
as well as temperature-dependent Rietveld refinement of X-ray diffraction (XRD). The data
analysis revealed valuable insights, particularly in understanding the magnetoelectric transition
of the Cr.0Oz surface layer and its potential impact on transport measurements.

In our study, we have discovered that the electrical transport properties of our samples depend
on crystallite size and connectivity. Depending on the crystallite size and connectivity, our
electron transport measurements reveal the presence of both an activated transport region and
a metallic region within the material. This intriguing coexistence suggests complex electronic
behaviour. Our findings extend beyond conventional expectations. We have observed not only
a remarkably large tunneling magnetoresistance but also a notably significant electro-resistance
in these samples. This combination of effects in our transport measurements is indicative of

the multifunctional nature of the material's electrical behavior.

Hence, our research indicates that the electrical transport properties are influenced not only by
the ultra-thin insulating surface layer of Cr.O3 but also by the magnetoelectric characteristics
of Cr20s. This dual influence highlights the intricate interplay of factors contributing to the
transport properties, making our study an important contribution to the understanding of these

materials.

6.1 Future prospect:

Our findings indicate presence of electroresistance which is as significant as magnetoresistance
and hence this data needs to be repeated on different samples with the same morphology. In
addition, it would be interesting to see if grains aligned in magnetic field lead to larger

magnetoresistance in these samples.
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