Advance Physics Letter

—
/1%

Archives available at journals.mriindia.com

Advance Physics Letter

ISSN: 2349-1094
Volume 8 Issue 01, 2019

Study of Magnetic and Electrical Properties of Transition Metal Oxide

Thin Films

1Edvinas Chaisiri

1Department of Computer Science and Engineering, Caspian Institute of Industrial Engineering , Iran

ledvinas.chaisiri@ciie-ir.edu

Peer Review Information

Submission: 19 April 2019
Revision: 03 May 2019
Acceptance: 18 Jun 2019

Keywords

transition metal oxides,
thin films,
magnetoresistance,
magnetic properties,
electrical transport

Abstract

Transition metal oxide (TMO) thin films exhibit strongly coupled charge,
spin, orbital, lattice, and defect degrees of freedom, enabling electrical and
magnetic responses that can be engineered by composition, strain, oxygen
stoichiometry, thickness, and processing conditions. This methodology
paper presents a compact experimental framework for studying
representative NiO, iron-oxide, and La0.7Sr0.3Mn0O3 (LSMO) thin films
deposited by radio-frequency magnetron sputtering and subsequently
optimized by controlled annealing. The workflow integrates X-ray
diffraction and surface characterization with vibrating-sample
magnetometry, four-point-probe/Hall measurements, temperature-
dependent resistivity, and magnetoresistance. The approach is designed to
correlate crystalline phase and defect structure with saturation
magnetization, coercivity, carrier transport, resistivity, metal-insulator
behavior, and field-dependent electrical response. Literature up to 2019
demonstrates that oxygen pressure, epitaxial strain, preferred orientation,
film thickness, and interface quality can substantially alter the transport
and magnetic states of oxide films. The results section therefore provides
literature-consistent, illustrative values to demonstrate the proposed
analysis; these values are not presented as newly measured laboratory
data. The methodology offers a reproducible route for screening TMO thin
films for magnetic sensors, spintronic elements, resistive devices, and
oxide-electronic applications.

Introduction

(Imada, Fujimori, & Tokura, 1998). When these

Transition metal oxides are among the most
versatile condensed-matter systems because
partially filled d orbitals produce competing
electronic interactions and multiple accessible
oxidation states. Consequently, relatively small
changes in crystal symmetry, oxygen content,
cation distribution, or external fields can switch
a material between insulating, semiconducting,
metallic, antiferromagnetic, ferrimagnetic, and
ferromagnetic states. The broader physics of
correlated oxides is rooted in the competition
between electron localization and itinerancy,
which underlies metal-insulator transitions and
many coupled magnetic-transport phenomena

© 2019 The Authors. Published by MRI INDIA.

materials are fabricated as thin films, substrate-
induced strain, interface chemistry, finite
thickness, and defect gradients add additional
control parameters unavailable in bulk samples
(Rondinelli & Spaldin, 2011).

Oxide thin films are technologically attractive
because functional electrical transport can
coexist with magnetic order. In cobalt-doped
TiO2, for example, room-temperature
ferromagnetism and magnetoresistance were
reported in a transparent oxide semiconductor,
motivating extensive work on oxide-based spin
electronics (Matsumoto et al.,, 2001). At the same
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time, oxide magnetism is highly sensitive to
defects and secondary phases, so structural and
chemical verification must accompany magnetic
measurements. Coey et al. (2010) emphasized
that defect-related magnetism can complicate
interpretation in dilute oxide systems,
reinforcing the need for a methodology that
couples phase analysis to magnetometry and
transport.

Thin-film growth has also enabled electronic
states and coupling effects at oxide interfaces
that are not observed in the corresponding bulk
compounds. Mannhart and Schlom (2010)
described oxide interfaces as a platform for new
electronic functionality, while Hwang et al.
(2012) reviewed how charge, spin, orbital, and
lattice reconstruction at interfaces can generate
emergent behavior. These concepts are directly
relevant to  magnetic and  electrical
characterization because film quality, buffer
layers, substrate mismatch, and oxygen
vacancies may shift the Curie temperature,
metal-insulator transition temperature, coercive
field, carrier density, and resistivity.

The objective of the present paper is to provide a
step-by-step methodology for studying magnetic
and electrical properties in representative TMO
thin films using a common analytical framework.
NiO is included as an antiferromagnetic, p-type
oxide whose electrical response depends
strongly on non-stoichiometry and preferred
orientation; iron oxides provide
ferrimagnetic/antiferromagnetic phases with
oxygen-sensitive transport; and LSMO
represents a correlated manganite in which
ferromagnetism and electrical conduction are
coupled. The emphasis is not on claiming new
experimental data but on defining a defensible
procedure, analysis sequence, expected trends,
and reporting format suitable for a 6-7-page
methodology paper.

Literature Review

Early work on correlated oxides established that
electrical conduction can be governed by strong
electron-electron interactions rather than by
simple band transport. Imada et al. (1998)
reviewed the mechanisms of metal-insulator
transitions in transition-metal compounds and
showed why carrier bandwidth, electron
correlation, structural distortion, and magnetic
ordering must be considered together. This
foundation is particularly important for thin
films because strain and oxygen vacancies can
modify bond angles, electronic bandwidth, and
carrier concentration.

Matsumoto et al. (2001) demonstrated
ferromagnetism above room temperature in Co-
doped anatase TiO2 films and also reported
conductive behavior and positive
magnetoresistance at low temperature. The
study helped establish the prospect of combining
semiconducting transport and magnetic order in
oxide films. Subsequent discussion of defect-
related ferromagnetism made clear that
magnetization alone is insufficient evidence for
an intrinsic magnetic semiconductor; phase
purity and defect chemistry have to be evaluated
in parallel (Coey et al., 2010).

For NiO films, Chen and Yang (2008) showed that
RF sputtering conditions and crystallographic
orientation influence electrical properties. Their
work linked oxygen ratio, substrate temperature,
preferred (111)/(200) orientation, sheet
resistance, resistivity, and carrier density. This
provides a direct methodological precedent for
combining XRD with four-probe and Hall
measurements. Later studies of thermally
processed NiO demonstrated that film thickness
and annealing environment can also influence
the observed magnetic response, including
ferromagnetic contributions associated with
decomposition and Ni/NiO exchange -effects
(Ravikumar et al., 2016).

Iron-oxide films illustrate an even stronger
dependence on oxygen activity. In molecular-
beam-epitaxy growth on MgO, the oxygen
pressure selected between Fe304 and gamma-
Fe203-rich films and simultaneously changed
roughness, magnetism, and electrical transport
(Dung et al, 2015). In 2019, Robbennolt,
Nicolenco, and Sort demonstrated electric-field-
driven modification of magnetic properties in
nanoporous iron-oxide films, highlighting
oxygen-ion migration as a route to magneto-ionic
control. Stadler et al. (2019) likewise showed
that a magnetic field applied during chemical
vapor deposition could alter iron-oxide phase
selection, crystallinity, morphology, anisotropy,
and coercive behavior.

Manganite thin films provide a well-established
model for correlated magnetotransport. Xiao et
al. (2017) deposited LSMO films by RF
magnetron sputtering and observed thickness-
dependent changes in Curie temperature, metal-
insulator transition temperature, saturation
magnetization, conductivity, and
magnetoresistance. Integration with silicon is
also feasible when the interface and buffer layer
are carefully engineered. Vila-Fungueirifo et al.
(2018) reported epitaxial LSMO on SrTiO3-
buffered Si with strong magnetic and electrical
performance, demonstrating that substrate and
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mosaicity control can be used to tune coercivity
and transport. These studies support the
proposed strategy of treating structural,

magnetic, and electrical measurements as a
single correlated dataset rather than as
independent characterizations.

Table 1. Selected literature basis for the proposed methodology (references through 2019)

System / study Processing Key properties linked | Methodological
variable implication

NiO (Chen & Yang, | 02 ratio; substrate | Orientation, resistivity, | Pair XRD with four-

2008) temperature carrier density probe/Hall data.

Iron oxide (Dung et al,, | Oxygen pressure Phase, magnetism, | Control oxygen

2015)

transport, roughness

activity and verify
phase.

NiO (Ravikumar et al, | Thickness; Magnetic response; | Treat annealing and

2016) annealing ambient | exchange effects thickness as factors.

LSMO (Xiao et al., 2017) | Film thickness TC, TMI, Ms, | Measure

conductivity, MR temperature-

dependent M and
rho.

LSMO/Si (Vila- | Interface/buffer Coercivity, MIT, | Document substrate

Fungueirifio et al, | quality ferromagnetism and mosaicity.

2018)

Iron oxide (Robbennolt | Electric field / | Magnetic moment, | Consider

etal, 2019) oxygen migration coercivity defect/ion-motion
contribution.

Methodology

1. Research Design and Materials

Selection

A comparative experimental design is proposed
using three representative TMO film classes: NiO,
Fe304-rich iron oxide, and La0.7Sr0.3Mn03. The
materials are selected to span
antiferromagnetic/defect-mediated,
ferrimagnetic, and ferromagnetic-correlated
transport regimes. The central independent
variables are film type, nominal thickness
(approximately 50, 100, and 150 nm), oxygen
partial pressure during deposition, and post-
deposition annealing condition. The dependent
variables are phase/orientation, crystallite size,
surface roughness, saturation magnetization
(Ms),  coercive field (Hc), remanent
magnetization, room-temperature resistivity,
carrier density/mobility where measurable,
temperature-dependent resistivity, and
magnetoresistance.

2. Substrate Preparation and Thin-Film
Deposition

Glass or thermally oxidized Si substrates are
suitable for room-temperature electrical
screening of NiO, while MgO(001) is
recommended for phase-controlled Fe304
growth and SrTiO3(001) or SrTiO3-buffered Si is
recommended for high-quality LSMO. Substrates
should be ultrasonically cleaned for 10 min each
in acetone, isopropanol, and deionized water,

then dried with nitrogen. Immediately before
loading, substrates may be treated by UV-ozone
or oxygen plasma to remove residual organics.
The chamber base pressure should be recorded
for every deposition.

RF magnetron sputtering is selected as the
common deposition platform because it provides
controllable oxygen/argon ratios and has been
widely used for NiO and LSMO thin films (Chen &
Yang, 2008; Xiao et al., 2017). A practical starting
condition is 100-200 W RF power, 2-8 mTorr
working pressure, and a target-to-substrate
distance of 60-90 mm. Oxygen fraction should be
systematically varied rather than treated as a
fixed parameter because oxygen stoichiometry
can determine both carrier transport and
magnetic phase. For iron oxide, the literature
shows that oxygen pressure can shift phase

composition between magnetite- and
maghemite/hematite-related states (Dung et al,,
2015). For LSMO, elevated substrate

temperature or post-deposition crystallization is
required to form the perovskite phase.

3. Post-Deposition Annealing

Post-annealing should be conducted under
controlled oxygen, air, vacuum, or inert
atmosphere according to the target phase.
Suggested screening windows are 400-600 C for
NiO, 350-550 C for iron oxide, and 650-800 C for
sputtered LSMO, with a heating/cooling rate of
about 5 C min-1 and a dwell time of 1 h. These
temperatures are starting points and should be
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refined from XRD results. Annealing can improve
crystallinity but may also change oxygen-vacancy
concentration or induce partial reduction, so
magnetic changes must be interpreted together

with phase analysis. Thickness-dependent NiO
magnetism after thermal treatment reported by
Ravikumar et al. (2016) illustrates why this step
must be tightly documented.

1 2 3

Substrate Ing -
cleaning

RF sputter
deposition

Post-annealing
/ oxygen control

-

4 5 6
Structural g Magnetic g Electrical /
characterization measurement magnetotransport

Figure 1. Step-by-step workflow used to correlate processing, structure, magnetism, and electrical
transport in transition metal oxide thin films.

4. Structural and Surface

Characterization

Phase purity and preferred orientation should be
determined by X-ray diffraction using Cu Kalpha
radiation. A 2theta scan from approximately 20
to 80 degrees is sufficient for screening, followed
by rocking-curve or reciprocal-space
measurements when epitaxy is relevant.
Crystallite size can be estimated from peak
broadening using the Scherrer relation D =
Klambda/(beta cos theta), after instrumental
broadening correction where possible. Surface
morphology and thickness should be measured
by SEM, profilometry, or cross-sectional imaging;
AFM is recommended for root-mean-square
roughness. These measurements are essential
because nanoscale roughness, grain boundaries,
and lattice strain can change carrier scattering
and magnetic anisotropy.

5. Magnetic Measurements

Magnetic hysteresis loops should be recorded
with a vibrating-sample magnetometer (VSM) or
SQUID magnetometer. Measurements at 300 K
and at a low temperature such as 10-50 K are
recommended over a field range adequate to
reach saturation. The substrate/background
signal should be measured separately and
subtracted. From the corrected M-H loop, Ms,
remanence (Mr), and Hc are extracted.
Temperature-dependent magnetization under a
fixed field is used to estimate a Curie or
blocking/ordering transition where present.
Because dilute or defect-related signals can be
small, blank substrates and replicate films are
mandatory. This precaution follows the broader
concern that apparent ferromagnetism in oxide
films may originate from defects or secondary
phases rather than a single intrinsic phase (Coey
etal, 2010).

10

6. Electrical and Magnetotransport
Measurements

Room-temperature sheet resistance is measured
by a four-point probe and converted to resistivity
using the measured film thickness. Van der
Pauw/Hall measurements should be used when
contacts are ohmic and resistance is within
instrument range, yielding -carrier type,
concentration, and mobility. For correlated films
such as LSMO, resistivity should be measured
from about 10 to 350 K to identify metallic (d
rho/dT > 0) and insulating-like (d rho/dT < 0)
regimes and to estimate the metal-insulator
transition temperature. Magnetoresistance is
calculated as MR(%) = [R(H)-R(0)]/R(0) x 100
using the same contact geometry while varying
magnetic field. LSMO studies demonstrate that
thickness and interface quality can move the
magnetic and metal-insulator transitions and
alter conductivity and MR (Xiao et al,, 2017; Vila-
Fungueirino et al., 2018).

7. Data Analysis and Quality Control

Each deposition condition should be reproduced
at least three times. Report mean and standard
deviation for thickness, roughness, resistivity,
Ms, and Hc. One-way or two-way ANOVA can test
the effects of film type, thickness, oxygen ratio,
and annealing condition, followed by a multiple-
comparison test when appropriate. Pearson or
Spearman correlation can evaluate links such as
crystallite size versus resistivity or oxygen-
sensitive phase fraction versus Ms. The strongest
interpretation is obtained when an electrical or
magnetic change is accompanied by a structural
or chemical change. This integrated approach is
consistent with the view that functional oxide
properties are controlled by coupled structural
and electronic degrees of freedom (Rondinelli &
Spaldin, 2011; Hwang et al,, 2012).

Results

Because this paper is methodological rather than
a report of newly performed laboratory
experiments, Table 2 provides a compact
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illustrative dataset that demonstrates how
results should be organized and interpreted. The
numbers are synthetic, literature-consistent
examples and must be replaced by actual

measurements before experimental publication.
The intended outcome is to show the relationship
among phase, resistivity, magnetic response, and
characteristic transition behavior.

Table 2. [llustrative results format for optimized ~100 nm TMO films

Film Dominant | Crystallite | rho at 300 K | Ms at 300 K | Key behavior
phase size (nm) | (ohm cm) (emu cm-3)
NiO CubicNiO | 24+2 128+ 1.1 24+03 High-resistivity p-type;
weak defect-related FM
Fe- Fe304- 31+3 0.012 +0.002 | 345+18 Ferrimagnetic; low-
oxide rich spinel temperature transport
anomaly
LSMO | Perovskite | 38 £ 3 0.0048 + 41020 FM metallic; TMI ~330 K;
LSMO 0.0005 negative MR
Note. Values are synthetic examples for magnetization, and conductivity, while Vila-

methodology demonstration only; they are not
new experimental measurements.

The expected structural trend is that optimized
annealing narrows diffraction peaks and
increases crystallite size while excessive
reduction or oxidation changes the dominant
phase. For NiO, orientation and oxygen-rich
growth are expected to influence hole
concentration and resistance, consistent with the
sputtered-film results of Chen and Yang (2008).
A weak ferromagnetic component, if present in
nominally antiferromagnetic NiO, should be
treated cautiously and cross-checked for metallic
Ni or other secondary phases, especially after
reducing anneals (Ravikumar et al., 2016).

For iron oxide, a Fe304-rich film is expected to
show substantially higher magnetization and
lower resistivity than hematite-rich material.
Oxygen pressure is therefore both a growth
parameter and a functional control variable.
Dung et al. (2015) directly linked oxygen
pressure during MBE growth to phase selection,
roughness, magnetism, and transport. The strong
sensitivity of iron-oxide magnetism to oxygen
motion is further supported by voltage-
controlled magneto-ionic behavior in
nanoporous films (Robbennolt et al, 2019).
Moreover, field-assisted growth can influence
phase selection and coercivity, demonstrating
that the magnetic state may be engineered during
synthesis itself (Stadler et al., 2019).

The most pronounced coupled magnetic-
electrical response is expected for LSMO. A high-
quality film should show a ferromagnetic M-H
loop, relatively low resistivity, a temperature-
dependent metal-insulator crossover near the
magnetic transition, and negative
magnetoresistance. Xiao et al. (2017) found that
film thickness affected Curie temperature, metal-
insulator transition temperature, saturation
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Fungueirifo et al. (2018) showed that epitaxial
LSMO integrated on buffered Si can retain strong
electric and magnetic performance when
interface quality is controlled. Therefore, any
shift in TMI or Ms in the proposed experiment
should be interpreted against thickness, strain,
oxygen stoichiometry, and interface structure
rather than as an isolated transport effect.

Conclusion and Discussion

This methodology establishes a concise route for
studying transition metal oxide thin films by
integrating deposition control, structural
verification, magnetometry, and
electrical/magnetotransport measurements. The
literature up to 2019 consistently shows that
magnetic and electrical properties in oxide films
cannot be separated from growth conditions.
Oxygen stoichiometry can alter carrier density
and even stabilize different iron-oxide phases;
preferred orientation can change NiO electrical
properties; thickness and strain can modify
LSMO magnetization, conductivity, and
transition temperatures; and defects or
interfaces can create responses that differ
substantially from bulk behavior. The proposed
experimental sequence therefore begins with
reproducible  substrate  preparation and
controlled sputter deposition, followed by phase-
sensitive annealing. XRD, thickness, and
roughness measurements are then used to
establish the physical state of each film before
magnetic and electrical properties are
interpreted. VSM/SQUID measurements provide
Ms, Mr, Hc, and magnetic-transition information,
whereas  four-probe, Hall, temperature-
dependent resistivity, and magnetoresistance
measurements quantify electrical transport. The
most reliable conclusions arise from cross-
correlation: for example, a reduction in
resistivity should be discussed alongside phase,
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grain size, and oxygen history, and an increase in

magnetization should be checked against
possible secondary phases. For future
experimental work, X-ray photoelectron

spectroscopy is recommended to quantify
oxidation states and oxygen-vacancy-related
changes, and reciprocal-space mapping or
transmission electron microscopy may be added
for epitaxial systems. The methodology is readily
extendable to doped TiO2, cobaltites, ferrites,
manganites, and multilayer oxide
heterostructures. Its principal advantage is that
it treats structural, magnetic, and electrical data
as coupled evidence, which is essential for
avoiding  over-interpretation in  strongly
correlated and defect-sensitive oxide thin films.

References

Chen, H.-L, & Yang, Y.-S. (2008). Effect of
crystallographic orientations on electrical
properties of sputter-deposited nickel oxide thin
films. Thin Solid Films, 516(16), 5590-5596. DOI:
10.1016/j.tsf.2007.07.035

Coey, ]J. M. D, Stamenov, P, Gunning, R. D,
Venkatesan, M. & Paul, K. (2010).
Ferromagnetism in defect-ridden oxides and
related materials. New Journal of Physics, 12,
053025. DOI: 10.1088/1367-
2630/12/5/053025

Hwang, H. Y, Iwasa, Y., Kawasaki, M., Keimer, B.,
Nagaosa, N, & Tokura, Y. (2012). Emergent
phenomena at oxide interfaces. Nature Materials,
11,103-113. DOI: 10.1038/nmat3223

Imada, M., Fujimori, A, & Tokura, Y. (1998).
Metal-insulator transitions. Reviews of Modern
Physics, 70, 1039-1263. DOI:
10.1103/RevModPhys.70.1039

Ravikumar, P., Kisan, B., & Alagarsamy, P. (2016).
Thickness dependent ferromagnetism in
thermally decomposed NiO thin films. Journal of
Magnetism and Magnetic Materials, 418, 86-91.
DOI: 10.1016/j.jmmm.2016.02.091

Dung, D. D., Feng, W., Van Thiet, D., Kim, Y., & Cho,
S. (2015). Iron oxide thin films: MBE growth in
low oxygen pressure and electrical and magnetic

12

properties. Materials Letters, 161, 343-347. DOI:
10.1016/j.matlet.2015.08.122

Mannhart, J., & Schlom, D. G. (2010). Oxide

interfaces-an  opportunity for electronics.
Science, 327(5973), 1607-1611. DOL:
10.1126/science.1181862

Matsumoto, Y., Murakami, M., Shono, T,

Hasegawa, T., Fukumura, T., Kawasaki, M., Ahmet,
P., Chikyow, T., Koshihara, S.-Y., & Koinuma, H.
(2001). Room-temperature ferromagnetism in
transparent transition metal-doped titanium
dioxide. Science, 291(5505), 854-856. DOI:
10.1126/science.1056186

Robbennolt, S., Nicolenco, A, & Sort, J. (2019).
Electric field control of magnetism in iron oxide
nanoporous thin films. ACS Applied Materials &
Interfaces, 11(40), 37338-37346. DOI:
10.1021/acsami.9b13483

Rondinellj, J. M., & Spaldin, N. A. (2011). Structure
and properties of functional oxide thin films:
Insights from electronic-structure calculations.
Advanced Materials, 23(30), 3363-3381. DOI:
10.1002/adma.201101152

Stadler, D., Mueller, D. N., Brede, T., Duchon, T,
Fischer, T., Sarkar, A., Giesen, M., Schneider, C. M.,
Volkert, C. A., & Mathur, S. (2019). Magnetic field-
assisted chemical vapor deposition of iron oxide
thin films: Influence of field-matter interactions
on phase composition and morphology. The
Journal of Physical Chemistry Letters, 10(20),
6253-6259. DOI: 10.1021 /acs.jpclett.9b02381

Vila-Fungueirino, ]J. M., Gazquez, ]., Magen, C,
Saint-Girons, G., Bachelet, R, & Carretero-
Genevrier, A. (2018). Epitaxial La0.7Sr0.3Mn03
thin films on silicon with excellent magnetic and
electric properties by combining physical and
chemical methods. Science and Technology of
Advanced Materials, 19(1), 702-710. DOI:
10.1080/14686996.2018.1520590

Xiao, L., Chen, Y., Liy, Z., Wang, G.-S., Wen, Z.-Y., &
Dong, X.-L. (2017). Growth, magnetic and
electrical transport properties of
La0.7Sr0.3Mn03 thin films on PLZST ceramics.
Journal of Inorganic Materials, 32(3), 326-330.
DOI: 10.15541/jim20160332


https://doi.org/10.1088/1367-2630/12/5/053025
https://doi.org/10.1088/1367-2630/12/5/053025
https://doi.org/10.1038/nmat3223
https://doi.org/10.1103/RevModPhys.70.1039
https://doi.org/10.1016/j.jmmm.2016.02.091
https://doi.org/10.1016/j.matlet.2015.08.122
https://doi.org/10.1126/science.1181862
https://doi.org/10.1126/science.1056186
https://doi.org/10.1021/acsami.9b13483
https://doi.org/10.1002/adma.201101152
https://doi.org/10.1021/acs.jpclett.9b02381
https://doi.org/10.1080/14686996.2018.1520590
https://doi.org/10.15541/jim20160332

