
 

ABSTRACT 

AKOUALA, CHRISTER RAJIV. Planar Hall Effect in Magnetic Conducting Oxides. (Under 

the direction of Dr. Frank Hunte). 

Magnetic semiconductors are of interest for use in non-volatile memory device read 

heads, magnetoresistive sensors, and other spintronic devices. Research in this area has 

mostly focused on generating magnetic semiconductors by doping non-magnetic 

semiconductors with magnetic ions. This work has instead taken advantage of the defect-

induced magnetism in several semiconducting oxides. The planar Hall effect (PHE) is a 

phenomenon that can be used for characterizing magnetic semiconductors. Along with the 

anisotropic magnetoresistance (AMR), PHE has the potential to provide insight into the 

mechanism for magnetic behavior in magnetic conducting oxide thin films that are undoped.  

PHE has therefore been studied in undoped ZnO, SnO2, CdO, and CuO using 

magnetotransport and magnetometry techniques. The measurements included both AMR and 

PHE taken at various temperatures from 300 to 4.2K in a Quantum Design Physical Property 

Measurement System (QD-PPMS) and in a custom-built magnetotransport set-up. 

Complementary measurements include XRD, and resistivity measurements. Resistivity vs. 

temperature, Hall effect, and magnetoresistance measurements were performed in the 

PPMS.   Magnetic hysteresis and magnetization vs. temperature were acquired using a 

Quantum Design Magnetic Properties Measurement System (QD-MPMS).  
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CHAPTER 1: PHE and AMR 

1.1 Introduction 

In 2003, the giant planar Hall (GPHE) effect was projected as the next major 

technological advance in magnetic memory beyond the highly successful applications of 

giant magnetoresistance (GMR). GPHE failed to deliver on its promise at that time because 

GaMnAs ferromagnetic semiconductors, in which it was demonstrated [1, 2], had a low 

Curie temperature of 45 K which rendered it impractical for applications. A decade later, 

based on lessons learned from the Zener, Mean Field Approach and Dietl models, several 

ferromagnetic semiconductors were identified which were predicted to maintain 

ferromagnetism at or near room temperature [3-8]. This presented an opportunity to revisit 

the GPHE, which was thought to be universal to magnetic semiconductors at this time. 

Ferromagnetic conducting oxides are systems in which both charge and spin transport can 

potentially be utilized in a single device. The influence of a magnetic field on both transport 

mechanisms can be probed and used as a mechanism for sensing and data storage.  

GPHE at room temperature would offer tremendous potential for the functionality of 

novel nonvolatile memory and magnetic sensor devices. A material that exhibits both 

ferromagnetic and semiconductor properties at room temperature offers the prospect of 

combining nonvolatile magnetic storage and conventional semiconductor electronics in a 

single device.  In addition to the potential for impact on the next generation of data recording 

and sensor devices, this study will help to establish a basis through which to begin to explain 

the coexistence of two important fundamental phenomena in a single material.  
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1.2 Motivation (scientific objective) 

The overarching experimental research goal of this project was to demonstrate and 

understand the origin and mechanism of the planar Hall effect (PHE) at room temperature in 

defect-engineered metal oxide magnetic semiconducting thin films. Since high-Curie 

temperature ferromagnetism was predicted to be achievable in transition metal-doped ZnO 

[9], the hypothesis which drove this research was that the giant planar Hall effect could be 

demonstrated at room temperature in defect-engineered ferromagnetic conducting oxides. 

This study helped to elucidate the specific material conditions (of processing, structure and 

properties) under which the planar Hall effect could be observed at room temperature. There 

were two main pathways towards achieving the right conditions for the PHE studies: 

1. Controlling the growth environment to achieve oxygen or metal cation vacancies, 

which then made the sample semiconducting and magnetic (undoped samples). 

2. Doping with magnetic ions in addition to careful control of the growth environment 

(doped samples). 

This project investigated a number of materials in undoped and doped form. The materials 

studied included undoped ZnO, cobalt doped ZnO, SnO2, CdO, dysprosium doped CdO, and 

CuO. The materials growth aspect of this project was done by collaborators. This dissertation 

focuses on the characterization of the samples through magnetometry and various 

magnetotransport techniques with the aim of identifying materials that display planar Hall 

effect and the necessary conditions for its observation. 
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1.3 Planar Hall Effect 

In ferromagnetic conductors, the magnetoresistance is anisotropic due to the 

asymmetric scattering of conduction electrons. The planar Hall effect (PHE) is the 

transversal manifestation of this planar resistivity anisotropy. PHE is a misnomer since its 

origin is different from the normal Hall effect. The conventional Hall effect is due to the 

Lorentz force on conduction electrons which generates a transverse (Hall) voltage across a 

conducting material and normal to the applied magnetic field. The origin of the PHE is 

attributed to the interaction between magnetization and current in the plane of the film. As a 

consequence, the resistivity in magnetic conductors is very dependent on the direction of the 

magnetization with respect to the current flow. In fact, the anisotropic magnetoresistance 

(AMR) and the planar Hall effect can be described as the longitudinal and transverse 

components of the anisotropic resistivity [10]. They are described by their characteristic 

dependence on the angle between magnetization and current (as shown in Fig. 1), which can 

be described by the equations below for the AMR and PHE resistivities. 

 

 
Figure 1.3.1: Geometry of PHE/AMR measurements 
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For the current parallel to the magnetization, resistivity has a value of ρ//, and ρ┴ for the 

perpendicular case.  

Both PHE and AMR have their origins in the dependence of the resistivity on the 

orientation of the magnetization. Spin dependent transport then gives rise to different 

scattering when changing the angle between magnetization and electric current direction. 

Although the exact parameters underlying anisotropic magnetoresistance are not yet fully 

understood, three microscopic theories [11, 12] have contributed to further understanding the 

resistivity anisotropy in ferromagnetic materials: 1) Mott’s two current model, 2) Smit’s 

addition of spin-orbit coupling and 3) Potter’s model with exchange splitting of energy 

bands.  

Mott considered a model in which two independent channels of 4s electrons, spin up 

(majority) and spin down (minority) in ferromagnets, were responsible for the electrical 

conduction, with negligible contribution from the 3d electrons due to their large effective 

mass [11, 12]. According to this model, the conduction electrons undergo s-s or s-d 

transitions during which their spin remain unchanged and the spin exchange between s 

electrons is ignored. More frequent s-d transitions correspond to higher scatter, i.e. higher 

resistivity. This model explained the high resistivity and negative magnetoresistance of 

ferromagnetic metals such as Ni [11, 12]. Unfortunately, Mott’s assumption of spherical and 

parabolic, i.e. isotropic, bands leads to this model’s failure to explain the anisotropic effects. 

The assumption of isotropic bands leads to an expected isotropic resistivity, which is 

certainly not the case. This shortcoming was tackled by Smit’s suggestion of a contribution 

by spin-orbit coupling. 
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If s-d interband scattering is the dominant feature of transition-metal electronic 

conductivity, then the resistivity anisotropy in ferromagnetic conductors must be due to an 

anisotropic scattering mechanism. Smit, therefore, proposed that an isotropic scattering 

potential with lower-than-cubic-symmetry-wavefunctions, due to spin-orbit interaction, could 

be responsible for the resistivity anisotropy in ferromagnets [11, 12]. Spin-orbit interaction 

also makes a magnetization (i.e. spin) direction dependent contribution to the energy of the d 

states.  This explains magnetocrystalline anisotropy, which means that magnetization 

direction is more favorable in certain crystallographic directions. Therefore the d electron 

spin is coupled both to its orbital motion, which is then coupled to the lattice by the 

crystalline field. The spin-orbit interaction (Hspin-orbit=KL∙S; K is the spin-orbit coupling 

parameter) is treated as a small perturbation which results in a mix of states with parallel and 

antiparallel spins. Unoccupied parallel d states are always present but these holes are 

unequally distributed over the five possible d orbits; there is, however, a deficiency of hole-

orbits when electrons move perpendicular to the magnetization. The transition of an s 

electron to a d state, under the influence of a perturbing potential, is less likely if the s 

electrons moves perpendicular to the plane of the orbit (i.e. parallel to the magnetization 

since there are few hole-orbits in this direction). Therefore, it follows that the s electrons are 

more easily trapped when moving parallel to the magnetization rather than in a perpendicular 

direction. This leads to the expected conclusion that in ferromagnetic conductors the 

anisotropy constant Δρ is positive, i.e. ρ// >ρ┴.  

Another model, proposed by Potter suggested that Δρ could be either positive or 

negative depending on whether the anisotropy was due to minority-spin electrons (as in 

Smit’s case) or majority-spin electrons, respectively [11, 12]. The major difference with 
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Smit’s model is that Potter’s model assumed that the d bands were uniformly exchange split 

with some energy separations. Potter’s model is very useful because it suggests that the ratio 

of K, spin-orbit coupling parameter, to the splitting energy of the two uppermost d bands is 

important for the production of a large anisotropy constant. This would be useful in 

determining which materials would likely lead to PHE/AMR at room temperature to be used 

in future devices.  

The planar Hall effect is a phenomenon that can be used for characterizing magnetic 

semiconductors and has the potential to provide us with insight into the mechanism for 

magnetic behavior in magnetic conducting oxide thin films that are undoped. In addition, its 

observation would be a clear indication that there exists a definite ferromagnetic ordering 

within the undoped magnetic conducting oxide investigated herein. This phenomenon has 

been used in the study of exchange coupling between magnetic multilayers, such as 

NiFe/NiMn [13] and Co/Cu films [14]. Additionally, it has been used in the study of thin 

films of Ga(Mn)As [1], LSMO [13], and Permalloy [15].  PHE has also been studied for low-

field magnetic sensor applications [16]. In all cases where PHE was used to characterize 

thin films, it proved to be a powerful tool for studying the in-plane magnetization reversal 

processes because of its high sensitivity to the direction of magnetization. 
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CHAPTER 2: Magnetic Semiconductors 

2.1 Magnetism in materials 

It can be said that there exist three main types of magnetic materials; others fall 

within these three main categories. Magnetic materials are defined by their response to an 

applied magnetic field and their dependence on temperature. All elements on the periodic 

table can display the diamagnetic effect, but generally it is so small that other effects are 

more dominant. The diamagnetic effect is due to the induced currents within a material when 

a magnetic field is applied. According to Lenz’s law, these currents induce a magnetic 

response which is opposite to the applied field. In diamagnetic materials, there are no 

permanent magnetic moments, only induced moments which generate a weak and negative 

magnetic response. The second type of magnetic materials is a paramagnet. In these atoms, 

there are permanent magnetic moments present, but they are considered isolated and non-

interacting. When a magnetic field is applied, their response is to align with the direction of 

the applied field. Therefore the response in paramagnets is weak but positive. Diamagnets 

and paramagnets can be illustrated by the graphs of their magnetization (M) vs. applied 

magnetic field (H), the slope of which is called the susceptibility (χ).  

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1: Magnetization graphs for paramagnets and diamagnets.  
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A negative susceptibility indicates a diamagnetic response and a positive 

susceptibility indicates a paramagnet (Fig. 2.1.1). In general, the susceptibility of diamagnets 

has no explicit temperature dependence. However, the susceptibility of paramagnets is in 

many cases inversely proportional to the temperature, although there are metallic 

paramagnets, called Pauli paramagnets, for which the susceptibility is independent of 

temperature. Because they do not possess permanent magnetic moments, most paramagnets 

and diamagnets are not widely used in applications. A special case of diamagnets where χ is 

exactly equal to -1 are superconductors. 

 

 

 

 

 

 

Figure 2.1.2: Magnetization curves for ferri- and ferromagnets. 

 

By far the most useful and applicable of magnetic materials are ferromagnets. 

Ferromagnets are similar to paramagnets, since they also possess permanent moments. In the 

case of ferromagnets, however, the moments are strongly interacting. This strong interaction 

results in a very large and positive response when even a small magnetic field is applied. The 

existence of multiple regions with different magnetization directions, domains, causes the M 

vs. H behavior to be non-linear (Fig. 2.1.2). Even after the magnetic field is removed, a 
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ferromagnet can retain some remnant magnetization. Since ferromagnets are non-linear 

magnetic materials they cannot be easily described by the susceptibility. Instead, an 

important characteristic of ferromagnets is their Curie temperature. This is the temperature 

below which a material is said to be ferromagnetic, and above which it transforms into a 

paramagnet. In the ferromagnetic phase, the magnetic moments interact strongly, but above 

the Curie temperature, there is enough thermal energy to disturb the interaction and make the 

material paramagnetic. 

 

Figure 2.1.3: Magnetization vs. temperature of strong ferromagnet LSMO with Tc~350 K. 

(Courtesy of Raj Kumar) 

 

2.2 Electrical conduction in materials 

One of the most important characteristics of solid materials is their electrical 

properties. The ease with which materials can conduct electricity can be used to classify them 

as conductors or insulators. Materials that easily conduct electricity are called conductors 

while those which do not are called insulators. Between metals and insulators are materials 

for which it is less difficult to conduct electricity than insulators; these are semiconductors. 

Ohm’s law (V=IR) relates the current flowing through a material to the applied voltage. 
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Resistance is the degree to which the material opposes the passage of that electric current. 

Ohm’s law can also be written, as in eq. 4, to relate directly to a material property which is 

independent of the sample geometry.  

     (
 

 
)       (4) 

  
 

 
        (5) 

  
 

 
         (6) 

The conductivity σ is the proportionality constant between the electric field generated 

in the material and the current density. Most commonly the resistivity ρ, which is related to 

the resistance (eq. 7) and the inverse to conductivity, is used to specify the electrical 

character of a material. In eq. 7, A is the cross-sectional area through which the current flows 

and d is the distance between the points where voltage is applied. 

  
 

 
 
 

 
 
 

 
   

 

 
      (7) 

Metals, such as copper and gold are considered good conductors and have resistivities 

on the order of 10
-5

 Ohm-cm. At the other extreme are insulators, such as glass and rubber, 

which have large resistivity values on the order of 10
10

 Ohm-cm and greater. 

Semiconductors, like Si and Ge, have intermediate resistivities ranging from 10
-2

 Ohm-cm to 

10
8
 Ohm-cm.  These values originate from Ref [17].  

The concept of energy bands is the easiest way to distinguish between the different 

materials. For this concept, conduction and valence band are defined and separated by an 

energy gap and only electrons in the conduction band contribute to the overall conductivity 

of the material. Metals have no energy gap and there is a “sea” of available electrons for 

conduction. In semiconductors, the energy gap is small enough (~1 eV as in Si) that there is a 



 

11 

probability of some electrons scattering from the valence band to the conduction band. 

Insulators can be referred to as semiconductors with large energy gap (~5.5 eV as in 

diamond) and there are no electrons in the conduction band. There is temperature dependence 

to the conductivity in metals and semiconductors. There is an increase in conductivity for 

metal as temperature decreases, whereas for semiconductors, the conductivity increases with 

increasing temperature. Semiconductors are at the center of the technological advances of the 

21
st
 century. Most electronic devices that make use of transistors are made of multiple 

semiconducting materials. The reason why semiconductors are so useful is because their 

conductivity can be tuned through doping with impurity atoms.  

 

2.3 Ferromagnetism in Semiconductors 

Putting together magnetic properties and the tunable electrical properties of 

semiconductors opens up the prospects of spintronic devices, where the spin and charge of 

electrons are both utilized. A material that exhibits both ferromagnetic and semiconductor 

properties at room temperature offers the prospect of combining nonvolatile magnetic storage 

and conventional semiconductor electronics in a single device.   

 

2.4 Background of materials systems 

Several oxide materials were used for this research study. They were selected based 

on their electrical (insulators to conductors) and magnetic (diamagnetic to ferromagnetic) 

properties. The following is a brief summary about each oxide’s basic properties.  
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2.4.1 ZnO 

ZnO is a wide band gap semiconductor (~3.3 eV at room temperature) and is potentially well 

suited for electronic applications [18]. Doping ZnO with magnetic transition metal ions was 

predicted to yield room temperature ferromagnetism in p-type conducing Mn-doped ZnO [9]. 

Due to native defects, such as oxygen vacancies or zinc interstitials, ZnO is intrinsically an n-

type semiconductor [19, 20]. The room temperature electron Hall mobility in ZnO single 

crystal should be on the order of 200 cm
2
/V·s [17]. ZnO normally crystallizes in the 

hexagonal (wurtzite) structure, with lattice parameters a = 3.25 Å and c = 5.12 Å. Each Zn 

atom is tetrahedrally bonded to four O atoms, where the Zn d-electrons hybridize with the O 

p-electrons [21]. The structure contains alternating layers of zinc atoms with layers of oxygen 

atoms. Electron doping in nominally undoped ZnO has been attributed to Zn interstitials, 

oxygen vacancies, or hydrogen impurities [17]. The intrinsic defect levels that lead to n-type 

doping lie approximately 0.05 eV below the conduction band [17]. There have been a 

number of studies on the preparation of ZnO thin films deposition by various methods, 

including metalorganic chemical vapor deposition (MOCVD) [22], variations of molecular 

beam epitaxy (MBE) [8, 23, 24], reactive sputtering, ion implantation, and pulsed laser 

deposition (PLD) [19, 20, 25-27]. PLD is the most commonly used to produce ferromagnetic 

films and was one of the methods used in this study.  

Ferromagnetism above room temperature has been reported in ZnO but additional 

systematic microstructure and magnetotransport studies are needed in order to clarify the 

origin of ferromagnetism [19]. ZnO has emerged prominently among the class of materials 

known as diluted magnetic semiconductors (DMS) in recent years. The extensive work [28-

32, 33-44] on ZnO has shown that ferromagnetism can be induced by defect engineering as 



 

13 

well as doping with magnetic ions including Fe, Ni, Co, and Mn. Further, the magnetic 

characteristics of ZnO can be switched from diamagnetic to ferromagnetic in a reproducible 

manner by laser irradiation [30] and vacuum annealing [31]. Other attractive properties of 

ZnO include the band gap of 3.3 eV which is similar in magnitude to TiO2 while the electron 

mobility is an order of magnitude higher at 200 cm
2
V

-1
 s

-1
. Ferromagnetic ZnO also has a 

Curie temperature above 300K, which can be advantageous for room temperature device 

operation involving magnetic degrees of freedom. This is what led to the consideration of 

ZnO as a candidate material for the investigation of the planar Hall effect at room 

temperature.   

Much work has been done on transition metal oxide-based thin film heterostructures 

which are related to room temperature ferromagnetism particularly in zinc oxide however the 

origin of RTFM in magnetic ion-doped ZnO is still under debate. The focus has been on the 

origin of the weak magnetic moments of diluted magnetic semiconductor thin films since 

defect engineering and magnetic ion-doping can be used to achieve room-temperature 

ferromagnetism in ZnO heterostructures. The significant progress that has been made in 

understanding the role of defects on ZnO ferromagnetism has suggested that the magnetic 

moment observed in magnetic ion-doped ZnO samples displays a strong dependence on the 

oxygen stoichiometry of the sample while recent work reported a strong link between 

ferromagnetism and zinc vacancies and suggests that this type of defect may be more 

effective than oxygen vacancies at modulating ferromagnetism in ZnO [3, 45].  

Samples that are deposited in a low oxygen atmosphere resulting in low oxygen 

stoichiometry or samples subsequently annealed in a vacuum show significant magnetic 

characteristics.  On the other hand, samples deposited in higher oxygen atmospheres or 
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annealed at higher temperatures in oxygen have been found to be either only weakly 

ferromagnetic or nonmagnetic. Ferromagnetic behavior has been observed in oxygen-

deficient undoped ZnO while TEM studies show no presence of magnetic precipitates and 

second phases as the source of the magnetism. Whereas stoichiometric ZnO films show 

diamagnetic characteristics, oxygen-deficiency results in ferromagnetic behavior [28-32]. 

These types of films can be produced by careful control of growth conditions, i.e. oxygen 

partial pressure for manipulating oxygen stoichiometry or nitrogen partial pressure for Zn 

stoichiometry. 

2.4.2 SnO2 

SnO2 is a wide band gap semiconductor with an energy gap of 3.6 eV. Nominally undoped 

SnO2 has a carrier density of up to 10
20

cm
-3 

[46]. Tin dioxide in its pure form is an n-type, 

wide bandgap semiconductor. Its electrical conductivity is primarily due to its non-

stoichiometry [46]. SnO2 has an electron mobility as high as 240 cm
2
/V·s for bulk material. 

However, in thin films the reported mobilities are about an order of magnitude lower [47]. 

Either oxygen vacancies or interstitial tin atoms are expected to be donors in pure SnO2 

contributing to its n-type characteristics [48, 49]. SnO2 normally forms with tetragonal rutile 

structure. Its unit cell contains two tin atoms and four oxygen atoms. Each tin atom is at the 

center of six oxygen atoms placed approximately at the corners of a regular octahedron, and 

every oxygen atom is surrounded by three tin atoms approximately at the corners of an 

equilateral triangle. The lattice parameters are a = b = 4.737Å and c = 3.185Å [49]. Ogale et 

al showed that Co-doping of SnO2 leads to ferromagnetism with a Curie temperature as high 

as 650K and a giant magnetic moment of 7.5µB/Co, while still retaining its semiconductor 
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characteristics [50]. High temperature ferromagnetism has also been reported in SnO2 films 

grown by PLD [51-56].  

 

2.4.3 CdO 

CdO in its intrinsic form is a highly degenerate n-type semiconductor with room temperature 

bandgap of 2.18 eV [57]. It crystallizes in the rocksalt structure with a lattice parameter of 

a=4.689 Å [58]. It can be made to contain more metal than oxygen which then results in the 

presence of free electrons, making metal rich CdO an n-type semiconductor [59]. 

 

2.4.4 CuO 

CuO has been reported as being a p-type semiconductor with a bandgap of about 1.4eV [58, 

60]. It has an open d-shell (Cu
2+

 →3d
9
) and is an antiferromagnet with a Néel temperature 

(TNéel) of 230K [58, 61]. Its electronic and magnetic properties have been correlated with the 

presence of small amounts of copper Cu
3+

 [62] which increase the paramagnetic signal and 

also give rise to conduction by holes in non-stoichiometric samples. It has also been shown to 

be a low dimensional antiferromagnetic material, at T>TNéel [58] with strong in-plane 

coupling or coupling through chains in different directions [63]. The authors of ref. [63] 

suppose that this antiferromagnetism is due to large super-exchange interactions and large 

Cu-O-Cu bond angles.  CuO's crystal structure is monoclinic with lattice parameter a=4.692 

Å, b=3.4283 Å, c=5.137 Å, Beta=99.546(9) deg. Each copper is surrounded by four coplanar 

oxygens forming a parallelogram [58]. 
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2.5 Theories and observations of unexpected ferromagnetism in semiconductors  

Dietl et al predicted that room-temperature ferromagnetic semiconductors might be achieved 

by substitution of manganese ions in wide-band gap semiconductors GaN and ZnO [9]. Their 

mean-field Zener model predicted Curie temperatures above room temperature for magnetic 

semiconductors containing large concentrations of magnetic ions and carriers. Reports of 

RTFM have appeared for GaN, TiO2 and HfO2, however a challenge arises since the upper 

limit for the concentration of magnetic ion doping in ferromagnetic semiconductors is ~10%, 

yielding magnetic moments of ~ 10
-5

 emu [6]. Dietl’s prediction has not yet been completely 

proven by experiments [64]. ZnO is mostly found in n-type form and has been shown to 

exhibit robust room temperature ferromagnetism even without doping with magnetic ions. At 

the least, it can be said that doping with Mn- or Co- incorporate into the already magnetic 

ZnO matrix as paramagnetic moments. 

Typically, the n-type conduction and associated magnetic behavior in ZnO have been 

attributed to intrinsic defects, most commonly in the form of oxygen vacancies [65] and H 

interstitials [66-68]. Ferromagnetic behavior has been observed in oxygen-deficient undoped 

ZnO even though transmission electron microscopy (TEM) and secondary ion mass 

spectroscopy (SIMS) investigations revealed no presence of magnetic precipitates and/or 

second phases as the source of the magnetism [69]. Whereas stoichiometric ZnO films show 

diamagnetic characteristics, oxygen-deficient ZnO results in ferromagnetic behavior [31]. 

Thus, there is still controversy regarding the actual origin and mechanism of magnetism in 

this wide band gap semiconductor.  In addition to ZnO, there have been many reports of 

ferromagnetism in materials which contain no unpaired d electrons, i.e., d
0
 ferromagnetism 

[70]. This has been observed in irradiated graphite, hexaborides such as CaB6, and HfO2 [70]. 
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More recently, vacancies were reported as having magnetic moments in graphene [71]. The 

common feature in most of these materials is the presence of lattice defects. The difficulty in 

determining whether these samples are truly free of magnetic impurities lies in the choice of 

characterization technique. It seems clear that a single technique cannot resolve the question, 

and thus, a complimentary approach that incorporates structural, magnetic, and electrical 

characterization is essential for unraveling the underlying materials physics.  
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CHAPTER 3: EXPERIMENTS  

3.1 Sample preparation techniques 

ZnO thin films were epitaxially grown on single crystal c-plane sapphire substrates by 

pulsed laser deposition (PLD) and metalorganic vapor phase epitaxy (MOVPE). For PLD 

deposition, a KrF excimer laser (λ = 248 nm, pulse duration= 25ns) with pulse energy density 

of 2.8 J/cm
2
 at a repetition rate of 10 Hz was used. The target-substrate distance was 

maintained at 4 cm during the film deposition. A high purity ZnO target was prepared using a 

solid state reaction technique. Special care was taken to avoid any transition metal 

contamination, e.g., nonmagnetic plastic tweezers were used throughout the sample growth 

and characterization processes. Before deposition, the sapphire substrate went through a 

surface cleaning procedure which involved sonicating in acetone, methanol, and DI water, 

each for 5 minutes. The sample was deposited at room temperature (300K), at an oxygen 

partial pressure of 10
-3

 Torr. The deposition chamber was evacuated to a base pressure of less 

than 10
-6

 Torr before the introduction of oxygen. The MOVPE sample was grown in a 

vertical reactor at a pressure of 50 Torr in the temperature range from 480 to 490 °C with N2 

carrier gas. Diethyl zinc (DEZ) and nitrous oxide (N2O) are used as the precursors. In 

addition, 3% nitric oxide (NO) in N2 provides ions in the +2 oxidation state for doping. By 

alternating between steps of low Zn partial pressure and high Zn partial pressure, the 

formation of Zn vacancies and O vacancies were induced, respectively. The energetics of 

these reactions favor the formation of VO-NZn pairs, which are double donors. These two 

steps were repeated until the desired thickness (600 nm) is reached.  Further details on the 

MOVPE growth is discussed elsewhere [22]. The crystal structure of these films was 

characterized by X-ray diffraction (XRD) using a Rigaku X-ray diffractometer with Cu Kα 
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radiation (λ=0.154 nm). Single crystal SnO2 thin films were grown on r-sapphire substrates 

in a PLD chamber. CdO was grown on MgO substrates in an oxide-MBE system. CuO was 

grown on Si substrates in a magnetron sputtering chamber.  

 

3.2 Magnetoresistance and Hall effect 

Measurements of the resistivity variation with temperature over a range from 300 K 

to 5 K were conducted in the Van der Pauw geometry in a Quantum Design 9T Physical 

Property Measurement System (PPMS) with base temperature ~2K. Hall effect 

measurements were also performed in the PPMS using the same geometry. 

The van der Pauw configuration was used for Hall effect measurements at room 

temperature and for MR at all temperatures. Samples were approximately squares with 0.5 to 

1cm sides. From Hall effect (transverse voltage) measurements, the majority carrier type, 

concentration, carrier mobility were calculated. From longitudinal voltage measurements, 

magnetoresistance (degree of spin ordering) can be calculated, and resistivity vs. temperature 

can be acquired.  

3.3 Magnetometry 

Magnetometry was carried out using a superconducting quantum interference device 

vibrating sample magnetometer (SQUID-VSM, Quantum Design). 2mm by 2mm samples 

were mounted a quartz holder using VG-varnish and dried. The dried sample was then loaded 

into the SQUID-MPMS. Measurements were of magnetic moment vs. field and temperature 

were acquired. Magnetic moment (emu) was normalized to magnetization (emu-cm
-3

) using 

the volume, area times thickness, of each sample.  
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3.4 PHE and AMR 

Some PHE measurements were carried out in a custom-built setup for AMR-PHE 

characterization consisting of a cryostat attached to a GMW 3T electromagnet. The majority 

of AMR-PHE measurements were carried out in the PPMS. In all transport measurements, 

including PHE, ohmic contacts with the sample surface were made using gold plated pogo 

pins. DC magnetron sputtering was used to deposit gold contacts on the MOVPE sample. For 

PHE measurements, a constant in-plane magnetic field was applied while the orientation of 

applied current (i.e., the sample) was rotated counterclockwise.  

The same 0.5-1cm samples are used for PHE and AMR measurements. The sample 

was mounted parallel to the magnetic field direction. The sample surface defines rotation 

plane for the angle between magnetization (and magnetic field) and the current. The 

magnetic field is maintained at a constant value to provide sufficient magnetization to the 

sample and hence a clearer signal for the angular dependence of PHE and AMR. During the 

experiment, the current direction (i.e. the sample) is rotated from 0 to 360 degrees, while the 

PHE and AMR are simultaneously recorded. PHE and AMR are first measured at different 

fields from 0, 0.5, 1, 3, 5, 7, and 9T to find the field at which the highest signal is generated 

(7.5T), and then they are measured at that magnetic field at different temperatures from 5, 10, 

25, 50, 100, 200, and 300K. 
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CHAPTER 4: Data and Analysis 

4.1 Transport and Magnetism of Undoped and Cobalt Doped ZnO thin films 

The important results from part 1 indicated that undoped metal oxides were far more 

interesting to study for magnetotransport than their magnetic ion doped versions. Why was 

that? First, the undoped metal oxides studied were already soft ferromagnets. Second, they 

had lower resistivities and higher carrier concentrations. How was this determined? This first 

part of the results section will answer that question.  

The interest was to acquire samples that were room temperature ferromagnets and 

conducting enough to be used for the study of the planar Hall effect phenomenon, which is 

due to the interaction of mobile charge carriers with in-plane localized magnetic moments. 

According to Dietl’s model, room temperature magnetic semiconductors could be generated 

by doping non-magnetic semiconductors with magnetic ions, such as Mn, Co, Ni, and Fe. 

The theory suggested that doping GaN or ZnO with Mn would give localized magnetic 

moments and also generate holes (p-type charge carriers) within the samples. The resulting 

ferromagnetic behavior would then have the holes as mediators of a strong interaction 

between Mn ions. Aside from Dietl’s model there was also the observation of defect-induced 

ferromagnetism in undoped metal oxides such as HfO2 [72, 73], ZnO [3, 74, 30], SnO2 [75, 

76], In2O3 [77], and TiO2 [78].  

These are the two approaches towards achieving room temperature ferromagnetic 

semiconductors. The first approach is based on Dietl’s model of doping non-magnetic 

semiconductors with magnetic ions, and the second is to utilize defect engineered metal 

oxides. The following discussion will address the results of comparative experiments on the 

electrical transport and magnetic properties of Co doped ZnO and undoped ZnO thin films 



 

22 

grown by PLD. The samples used were of the same thickness and had carrier concentrations 

of 2.5x10
18

 and 7.3x10
19

cm
-3

 for the doped and undoped films. 

Looking first at the crystal structures, it was clear that up to 5% Co doping did not 

disrupt the crystallinity of films. XRD scans (Fig. 4.1.1) showed that the samples were highly 

c-axis oriented, both the undoped and doped samples. There were no peaks for magnetic 

impurities or secondary phases in the doped samples. As for the conducting properties, 

resistivity vs. temperature graphs (Fig. 4.1.2) showed that all samples, doped and undoped, 

were semiconductors with exponential dependence of resistivity with temperature: an 

indication of activated conduction. Hall effect measurements showed that the majority 

carriers were n-type (Fig. 4.1.3). Magnetization vs. field measurements showed that both 

doped and undoped samples were soft ferromagnets at room temperature (Fig. 4.1.4). At 

room temperature, the saturation magnetization Msat was 5.4emu-cm
-3 

for the doped sample 

D1 and 4.4emu-cm
-3

 for the undoped sample U1. At the lowest temperature (5K), there was 

an increase (Δ=1.8) in Msat to 7.2emu-cm
-3

 for D1, and 4.6emu-cm
-3

 (Δ=0.2) for U1. It can be 

clearly seen that the Co doped ZnO film has higher Msat than the undoped, which was due to 

the contribution from the Co ions. However, considering the fact that the only difference 

between the two samples is the Co doping, it was much more desirable to continue 

experimenting with samples like U1 which were undoped with high carrier concentration, 

stable Msat, and  lower resistivity. It has been reported through XMCD and EPR that Co ions 

in ZnO act as paramagnetic centers and do not contribute significantly to the ferromagnetic 

signal [79-81]. The higher resistivity in D1 was suspected to be due to the Co ions acting as 

additional sources of scattering for mobile charges.  
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Magnetoresistance (MR) is the change in resistance with increasing magnetic field. It 

can help to distinguish when there is magnetic ordering or not. If there is a high level of 

magnetic ordering, as in magnetic metals, then a negative MR is expected as electron spins 

are aligned by the magnetic field. If there is little or no magnetic ordering, as in non-

magnetic metals, then a positive and nearly parabolic (~B
2
) MR is expected [12]. At room 

temperature, it was found that both sample resistivities were not dominated by magnetic 

ordering, therefore the MR was linearly dependent on the magnetic field. For sample D1 

there was a negative MR from 200 to 50K, then a positive MR appeared below 50K (Fig. 

4.1.5a). At 5K, there was a greater than 60% positive MR.  From 200 to 5K for the undoped 

sample, there was a nearly parabolic negative MR (Fig. 4.1.5b). These results indicate that 

for the undoped sample, there was a continually significant magnetic ordering at low 

temperatures. However, for the doped sample, below 50K the magnetic ordering was no 

longer a significant factor. Although, the Msat was 7.2emu-cm
-3

, the positive MR suggested 

that electron scattering was much more dominant. Several authors [79, 81-82] have found 

that magnetic ions only behave as isolated paramagnetic centers in nonmagnetic hosts. It is 

quite possible that although the Co ions in D1 contribute to the large ferromagnetic signal, 

they have a much larger contribution to the strong scattering of mobile charges, which results 

in the large resistivity in D1. At 50K, the scattering seems to become much greater than the 

effect of ferromagnetic scattering. It can be seen that the [N] for D1 decreases significantly as 

the temperature decreases (Fig. 4.1.6a). It reaches around 5x10
17

cm
-3

 at 50K and 1x10
15

cm
-3

 

at 5K. The low [N] may be the most important factor in the large positive MR that is 

observed in D1. Both [N] and Msat for U1 are nearly constant as the temperature decreases 
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(4.1.6b). Similar results were obtained for two other doped and undoped ZnO thin films (D2 

and U2), the corresponding graphs are shown along with D1 and U1. 

In conclusion, both doped and undoped ZnO thin films were n-type semiconductors 

with soft ferromagnetic properties. However, the additional complexity of the magnetic 

ordering in Co doped ZnO would make it difficult to observe the planar Hall effect. The 

simplicity of undoped ZnO (i.e. no additional magnetic ions, stable magnetization and carrier 

concentration at different temperatures) made it a good candidate for the planar Hall effect.  
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Figures for Chapter 4.1 

      

 
Figure 4.1.1: θ-2θ XRD scans of (a) cobalt doped and (b) undoped ZnO. 
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Figure 4.1.2: Resistivity vs temperature of  (a) cobalt doped and (b) undoped ZnO. 
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Figure 4.1.3: Hall effect vs. magnetic field of (a) cobalt doped and (b) undoped ZnO. 
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Figure 4.1.4: Temperature dependence of magnetization vs magnetic field for (a) cobalt 

doped and (b) undoped ZnO. 
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Figure 4.1.5: Temperature dependence of magnetoresistance vs magnetic field for for (a) 

cobalt doped and (b) undoped ZnO. 
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Figure 4.1.6: Temperature dependence of carrier concentration and saturation magnetization 

for (a) cobalt doped and (b) undoped ZnO.  
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4.2 PHE in Cobalt Doped ZnO 

It was concluded from part 1, that the complexity of the magnetic ordering in Co doped ZnO 

would make it difficult to observe the PHE. This was indeed confirmed through the results 

acquired. As expected there was no visible PHE or AMR signal (Fig. 4.2.1), not at room 

temperature nor at lower temperatures. At 300 and 200K, there was nearly zero change in 

PHE. At 100 and 50K, there are large fluctuations in resistance and no visible angular 

dependence. From the MR graphs (Fig. 4.1.5 and Fig. A.1), there is negative MR at 100 and 

50K, which is the likely reason why there is a measurable PHE signal at those temperatures. 

Below 50K, however, there is an increasingly positive MR. At those lower temperatures 

neither PHE nor AMR could be observed.   
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Figures for Section 4.2 

 

  

 
Figure 4.2.1: Temperature dependence of (a) PHE vs angle and (b) AMR vs angle for D1 

cobalt doped ZnO. 
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Figure 4.2.2: Temperature dependence of (a) PHE vs angle and (b) AMR vs angle for D2 

cobalt doped ZnO. 
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4.3 PHE in Undoped ZnO thin films grown by MOVPE and PLD 

Figure 4.3.1 shows the θ-2θ scans of the XRD measurements for ZnO thin films 

grown on c-plane sapphire by MOVPE and PLD. For the MOVPE grown sample, the θ-2θ 

scan reveals only (002) and (004) reflections, which is indicative of highly c-axis oriented 

thin films with good quality. The PLD sample showed a weak intensity (002) peak, which 

suggests that the sample is nanocrystalline and/or highly textured. Within the detection limits 

of the XRD system, no secondary magnetic phases are present in the X-ray diffraction 

patterns. 

Figure 4.3.2 shows the variation of resistivity with temperature, which clearly shows 

characteristic semiconducting behavior expected for ZnO thin films. Although the XRD data 

of the PLD grown sample suggested a nanocrystalline or highly textured film, this sample 

exhibited an overall lower resistivity than the MOVPE grown sample over the entire 

temperature range from 5-300K. In addition, the resistivity of both the samples grown by 

PLD showed a well-defined exponential behavior which is consistent with simple thermal 

activation of charge carriers from an unintentional donor level within the band gap to the 

conduction band.  

The change in Hall resistivity with applied magnetic field is shown in Fig. 4.3.3, in 

which the negative slope observed for both samples, is indicative of n-type semiconducting 

behavior. In addition, measurements of carrier concentration gave high values at room 

temperature; 2x10
18

 cm
-3

  for the MOCVD ZnO, and 7x10
19

 cm
-3

 for the PLD ZnO. Since 

these samples are nominally undoped, this high carrier concentration is most likely an 

indirect indication of a high level of native defects, which have implications for the magnetic 

properties, as discussed below. The combination of temperature dependence of resistivity and 



 

35 

the magnetic field dependence of the Hall resistivity indicate that both films are n-type 

semiconductors. In terms of band structure and band filling, stoichiometric ZnO is a wide-

band gap semiconductor or might be considered an insulator since the two 4s electrons in Zn 

are transferred to the oxygen 2p-band, making the valence band completely full. If, however, 

oxygen vacancies or Zn interstitials are introduced into the crystal lattice through annealing 

in a reducing atmosphere (causing neutral oxygen to leave the crystal), then the valence 

electrons of these zinc interstitials can be easily excited and act as donors [17]. In addition, 

charge neutrality requires that there be a maximum of two electrons along with the oxygen 

vacancies in the place of the missing oxygen atoms. As a consequence then, in non-

stoichiometric ZnO we have a defect structure that has an oxygen vacancy with electrons 

from the conduction band localized on adjacent zinc sites in the form of Zn
+
 ions [83]. 

Therefore, non-stoichiometric ZnO is an n-type semiconductor [17]. Since nominally 

undoped samples are all n-type, it is likely that they are non-stoichiometric and contain many 

lattice defects. 

The magnetic field dependence of the magnetization of both samples showed 

hysteretic behavior with the saturation field occurring near 1000 Oe for the MOVPE sample 

(Fig. 4.3.4a), and 5000 Oe for the PLD-grown sample (Fig. 4.3.4b). The MOVPE shows a 

saturation magnetization of 0.4emu-cm
-3

 at room temperature with a slight increase of 

~1emu-cm
-3

 at the lower temperatures. The PLD sample shows a saturation magnetization of 

4.4emu-cm
-3

 at room temperature with a slight increase with decreasing temperature. The 

higher saturation field in the PLD sample most likely suggests that this sample has a higher 

concentration of O vacancies which results in defect-induced ferromagnetic behavior. Both 

samples have clear coercivity widths which expand with decreasing temperature as can be 



 

36 

seen in the insets of Fig. 4.3.4. Coercivity is considered the resistance of a ferromagnetic 

material to becoming demagnetized. There is an expected increase in magnetic ordering as 

the temperature decreases since thermal fluctuation effects are decreased. This increased 

ordering may be the reason why coercivity increases at lower temperatures, meaning that the 

magnetic ordering makes the sample more resistive to demagnetization. Since these samples 

are both nominally undoped, one must consider other sources for the magnetic behavior since 

XRD did not reveal the presence of any secondary magnetic phases. It is postulated that the 

origin of the magnetic behavior in these samples lies in the intrinsic defect structure of these 

ZnO thin films, specifically oxygen vacancies. Mal, et al previously showed that oxygen 

vacancies play a key role in the magnetic properties of ZnO [30]. In particular, they 

demonstrated that one could tune the ferromagnetic behavior in ZnO films by varying the 

oxygen vacancy content through various annealing steps. Ferromagnetic behavior was 

enhanced through an increase in oxygen vacancies by thermal annealing and/or laser 

irradiation [31] or suppressed, that is, it becomes diamagnetic by annealing in oxygen 

environment [30, 31].  

This phenomenon of magnetic behavior in materials that contain no magnetic ions has 

been called d
0
 ferromagnetism [70] since the atoms contain no unpaired d-electron spins. 

This is in contrast to the localized magnetism theory which attributes ferromagnetism to 

unpaired electron spins in d-orbitals. Such d
0
 ferromagnetism has been observed in irradiated 

graphite, hexaborides such as CaB6 and HfO2 [70]. Likewise, it is suggested here that the 

lattice defects in undoped ZnO thin films are the source of ferromagnetism. The defect 

structure (oxygen vacancies and Zn
+
 ions) mentioned above in the discussion of electronic 

properties provides a source of electrons to the conduction band. In addition, electrons can be 
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trapped at the effective positive charge on the vacancy itself [59], forming what are called F 

and F
+
 centers. The difference between the two is that the F center is comprised of a neutral 

oxygen vacancy with two trapped electrons whereas the F
+
 is a singly charged oxygen 

vacancy with only one trapped electron [84]. F and F
+
 centers are known to form in MgO 

[85].  One should note that defects have also been invoked to explain the room temperature 

ferromagnetism in MgO [86]. Mackrodt [83] states that the association energy of a localized 

electron to doubly charged oxygen vacancy is small (0.2 eV)  leading the defect structure of 

reduced ZnO to contain singly and doubly charged oxygen vacancies along with F
+
 centers, a 

complex (F
+
–ZnZn ) and conduction band electrons. ZnZn represents a Zn

2+
 ion on a normal 

cation site. Here is the possibility that oxygen vacancies can serve as both a source of 

conduction electrons as well as a localized F/F
+
 center for electrons. The F

+
 center, which 

consists of a single electron trapped at the oxygen vacancy, exhibits paramagnetic behavior, 

which can be studied by electron paramagnetic resonance (EPR) [86, 87]. In reduced ZnO 

then there is an interaction between localized (F
+
 center) spin-polarized electrons and 

conduction electrons which may lead to carrier-mediated ferromagnetism. Mal et.al [31] 

attributed the ferromagnetic behavior in their undoped ZnO thin films to polarization of 

trapped electrons by positively charged oxygen vacancy sites. Similarly, Gao et al. [88] used 

an “F-center exchange” mechanism to explain the origin of room temperature 

ferromagnetism in ZnO2 nanoparticles. They explained that electrons trapped in singly 

charged oxygen vacancies (F
+
) are strongly localized, and once the F

+
 center density reaches 

a critical value for magnetic percolation, these centers overlap resulting in long-range 

ferromagnetic ordering even in the absence of itinerant carriers.  
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Recently, Choudhury proposed an F-center mediated bound magnetic polaron to 

explain ferromagnetic behavior in Mn-doped TiO2 nanoparticles [89]. In their model, they 

suggested that the ferromagnetic ordering is due to the interaction of neighboring Mn
2+

 ions 

via an oxygen vacancy (F
+
 center). Since the samples studied here are magnetically undoped, 

it is proposed instead that the oxygen vacancy itself is the source of the magnetic moment 

with the conduction electrons acting as the mediators of the interaction between neighboring 

oxygen vacancies. This is similar to the carrier-mediated ferromagnetism known as the 

bound magnetic polaron, in which oxygen vacancies act as both electron donors and electron 

traps. The trapped electrons couple the local moments in the host lattice within their orbit 

ferromagnetically leading to a large net magnetic moment [90]. Since the ZnO thin films 

investigated here exhibited both magnetic and semiconducting properties, it was expected 

that the planar Hall effect phenomenon would be observed. Measurements were performed to 

investigate the interaction between magnetization and the current flow direction in our 

samples. The angular dependence of the PHE is given in Eq. (2) and predicts extrema at 

angles of 45, 135, 225 and 315
o
. As shown in Fig. 4.3.5a, these are exactly the angles at 

which we observe extrema in our nominally undoped films. The acquired data were fitted to 

a sin2θ curve displayed by the red line in Fig.4.3.5. PHE and AMR can be compared between 

samples by using the resistivity constant dρ=ρ// - ρ┴ . This constant is the difference between 

resistivity parallel (0°) and perpendicular (90°) to the magnetization. The resistivity (or 

resistance) constant for the MOVPE sample as measured from the PHE experimental fits is -

0.24 and -0.30 Ohms by AMR fit. For the PLD sample the values are -0.41 and 0.30 Ohms 

from PHE and AMR fits, respectively.  For each sample, the same value was expected from 

the experimental fits to the PHE and AMR equations. However, it can be seen that the values 
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are in the same order of magnitude with some deviation. Eqs. (1) and (2) are based on the 

assumption of uniform current; while these films could be inhomogeneous and the role of 

crystal anisotropy is yet to be studied. Nevertheless it can be see that the values are 

comparable. The magnetotransport properties of these samples are summarized in table 4.3.1.  

The planar Hall effect should only be observed in magnetic conductors since it 

depends on the orientation of magnetization in relation to the current flow direction. These 

samples are magnetically undoped, yet they exhibit magnetic properties attributed to 

magnetic moments of electrons trapped within F-centers. Although there have been 

numerous reports of ferromagnetism in undoped ZnO [65, 30-31, 91-94], it must be 

emphasized that this investigation is the first to report the planar Hall effect in ZnO. In 

addition, anisotropic magnetoresistance was measured on the same samples as discussed 

below. The PHE is a sensitive technique for the characterization of intrinsic magnetism in 

magnetic semiconductors since it depends only on the interaction between carriers and 

magnetization. It also provides insight into the mechanism for the magnetic behavior in ZnO 

thin films and clearly indicates the existence of definite magnetic ordering present within 

these samples. Both of the ZnO samples grown by quite different techniques exhibited the 

characteristic sinusoid of the PHE at 4.2K with a constant applied field of 1 Tesla, as shown 

in Fig. 4.3.5. Both sets of data are consistent with the expected sin2θ behavior for the PHE in 

Eq. (2) although the PLD sample may exhibit some deviation which could be associated with 

the nanocrystalline or textured nature of this sample as suggested above by the XRD data and 

scattering mechanisms within the crystal. These results, however, strongly suggest that the 

magnetic order observed via the PHE is intrinsic to ZnO and its defect structure.  
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Figure 4.3.6 reveals that there is no visible sin2θ behavior at very low fields; this 

suggests that there is a large randomization of the magnetic moments (very low remnant 

magnetization) below the saturation field leading to an overall constant resistance even as the 

direction of current is rotated. An applied field of 1 Tesla, however, is sufficient to produce a 

saturation magnetization which results in the expected sinusoid of the planar Hall effect. This 

can be correlated to the M vs. H behavior seen in Fig. 4.3.4, which showed that the 

magnetization of the MOVPE sample is saturated at ~1000 Oe (0.1 T). It is expected that the 

PHE angular behavior should be visible at an applied field greater than or equal to this value.  

In addition to the PHE, AMR data was acquired on these same undoped ZnO films. 

The angular dependence revealed the expected ~cos
2
θ behavior as illustrated by the fit of the 

data in Fig. 4.3.7 to Eq. (1). The AMR plots are complementary to the PHE data since they 

both originate from the same source, namely the interaction between the magnetization and 

current applied in the plane of the film as the angle between the two is modulated. 

Comparing Figs. 4.3.5 and 4.3.7, it was clear that the PHE was the more sensitive of the two 

anisotropy resistivity phenomena and followed its expected angular dependence much more 

closely than the AMR data. In terms of sensor applications based on the AMR/PHE, it would 

be beneficial to measure both simultaneously. Even when the AMR signal is weak and noisy, 

the PHE is expected to display a strong and clear signal.  

In conclusion, the angular dependence of the planar Hall effect, in addition to AMR, 

was observed in ZnO thin films grown by two different techniques without magnetic dopants 

for the first time. This behavior was attributed to the interaction between the direction of 

current flow and magnetization in these thin films. The PHE is expected in materials that 

have a robust permanent magnetic moment, which is associated with the intrinsic defects 
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present in nominally undoped ZnO. This is intriguing in light of the many reports of the 

seemingly counterintuitive “d
0
 ferromagnetism.” It was shown here that undoped ZnO thin 

films were n-type semiconductors and exhibited weak ferromagnetic properties. 

Measurements of angular dependence at different applied field values showed that a 

magnetic field greater than the saturation field is necessary in order to observe the PHE 

behavior. These measurements clearly demonstrate that PHE phenomenon is a useful 

technique for characterizing magnetic semiconductors.    
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Figures for Section 4.3 

 

 
Figure 4.3.1: X-ray diffraction θ-2θ scans of MOVPE (a) and PLD (b) thin films. 
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Figure 4.3.2: Resistivity vs. temperature of (a) MOVPE, and (b) PLD ZnO thin films. 
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Figure 4.3.3: Hall resistivity vs. applied magnetic field for (a) MOVPE and (b) PLD grown 

undoped ZnO thin films. 
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Figure 4.3.4: Magnetization vs. applied field for (a) MOVPE, and (b) PLD ZnO. 
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Figure 4.3.5: PHE vs. angle at 4.2K and 1T, for (a) MOVPE, and (b) PLD ZnO films. 
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Figure 4.3.6: PHE vs. angle at different magnetic field values for MOVPE grown ZnO. 
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Figure 4.3.7: AMR vs. angle at 4.2K and 1T, for (a) MOVPE, and (b) PLD ZnO thin films. 
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Table 4.3.1: Summary of magnetotransport properties of undoped ZnO 
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4.4 Effects of Annealing on ZnO Magnetotransport Properties 

Undoped ZnO grown by PLD and MOVPE was shown to display the planar Hall effect at 

temperatures of 100K and lower. For any viable device applications, this PHE must be 

demonstrated at room temperature. It has been shown by other researchers [30-31] that the 

conductivity and magnetic properties of ZnO can be controlled or tailored through post-

growth annealing procedures. Annealing in oxygen was shown to bring the thin films close to 

stoichiometric conditions by reducing the number of point defects responsible for 

conductivity and ferromagnetism. Annealing in vacuum, however, takes the films further 

away from stoichiometry by inducing the production of more point defects. ZnO thin films 

grown by MOVPE were grown with and without annealing in oxygen. Resistivity vs. 

temperature (Fig. 4.4.1) showed that both types of samples were semiconductors. Hall effect 

showed n-type majority carriers (Fig. 4.4.2). At room temperature the carrier concentrations 

were measured at 9.1x10
18

 and 5.8x10
18

 cm
-3

 for unannealed and annealed samples, 

respectively. The changes in carrier concentration with temperature are shown in figure 4.4.3. 

For the unannealed sample, the carrier concentration seems constant with decreasing 

temperature, but there are many fluctuations in the annealed sample, this is likely due to its 

high resistivity making it difficult to acquire stable measurements. The saturation 

magnetizations (Fig. 4.4.4) were 0.77 and 0.39 emu-cm
-3

 for the unannealed and annealed. 

Negative magnetoresistance (Fig. 4.4.5) was observed in both, but the unannealed sample 

had a maximum of -4% MR at 5K, whereas the annealed only a -1%. As mentioned before, 

negative MR is an indication of increased magnetic ordering. This difference in magnetic 

ordering between the unannealed and annealed samples seems to be reflected also in the PHE 
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(Fig. 4.4.6) and AMR (Fig. 4.4.7) signals. The maximum in PHE constant was observed at 

5K to be -1.13 Ohms for the unannealed sample and -0.28 Ohms for the annealed. There is a 

four times larger PHE signal in the unannealed than the annealed sample. This difference is 

also seen the three times larger AMR signal. At 300K there are large fluctuations in the 

measurements, these were also seen in other high resistivity samples, this could be caused by 

the addition thermal agitation at room temperature. The properties of both samples are 

summarized in table 4.4.1.  

This is a new direction for undoped ZnO, as well as all other metal oxides detailed in 

this research. The results obtained here seem to show that oxygen annealing is a pathway to 

reducing the PHE signal; however these results still need to be repeated in other similarly 

grown samples. In addition, if the results hold that oxygen annealing does indeed reduce the 

magnetotransport properties of ZnO, then it would be useful to also study the effects of 

annealing under vacuum with no oxygen flowing. It is expected that this would then enhance 

the conductivity and magnetic properties. This would be beneficial in leading this research 

towards the realization of room temperature planar Hall effect.  
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Figures for 4.4 

 

Figure 4.4.1: Resistivity vs. temperature of unannealed (a) and oxygen annealed (b) ZnO thin 

films.  
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Figure 4.4.2: Hall effect vs. magnetic field of unannealed (a) and oxygen annealed (b) ZnO 

thin films. 
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Figure 4.4.3: Carrier concentration vs. temperature for (a) unannealed and (b) annealed ZnO 

thin films. 
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Figure 4.4.4: Temperature dependence of magnetization vs. magnetic field at different 

temperatures for (a) unannealed and (b) annealed ZnO films. 
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Figure 4.4.5: Temperature dependence of magnetoresistance vs. magnetic field for (a) 

unannealed and (b) annealed ZnO films. 
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Figure 4.4.6: Temperature dependence of PHE vs. angle for (a) unannealed and (b) annealed 

ZnO thin films. 
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Figure 4.4.7: Temperature dependence of AMR vs. angle for (a) unannealed and (b) annealed 

ZnO. 
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Table 4.4.1: Summary of magnetotransport properties of unannealed and annealed undoped ZnO thin films 
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4.5 PHE in SnO2 

Following the successful observation of PHE in undoped ZnO, undoped SnO2 was the next 

metal oxide semiconductor to be studied. SnO2 is one component of the well-known 

transparent conducting oxide indium tin oxide. The SnO2 samples measured had high carrier 

concentrations as shown by figure 4.5.1. Resistivity vs. temperature (4.5.2a) and Hall effect 

measurements (4.5.2b) confirmed that these films were n-type semiconductors. 

Magnetization vs. magnetic field (4.5.3) showed soft ferromagnetic characteristics with Msat 

from 5 to 33emu-cm
-3

 at room temperature. Similar MR behavior to undoped ZnO was also 

observed (Fig. 4.5.4). The negative MR at 100K and lower was an indication of increasing 

magnetic ordering. The sinusoids of PHE and AMR were visible starting (Fig. 4.5.5 and 

4.5.6) at 100K, and the signals became stronger with decreasing temperatures. At higher 

temperatures, the angular dependence seemed to be diminished.  

The next set of experiments was aimed at studying the effects of annealing in vacuum 

and in oxygen. The goal was to see if, as shown for ZnO, annealing in oxygen would 

decrease the PHE signal and vacuum annealing would diminish the signal. Samples R26-28 

were used for these experiments. R26 was unannealed, R27 was vacuum annealed, and R28 

was oxygen annealed. A comparison of the sample properties can be seen in table 4.5.1. The 

unannealed sample was meant to be the standard and baseline by which the other two 

samples would be compared. However it can be seen that the carrier concentration and 

saturation magnetization of the unannealed and oxygen annealed sample were comparable. 

The vacuum annealed sample had the lower carrier concentration and saturation 

magnetization.  Surprisingly the PHE constant (Δρ) in the vacuum annealed and oxygen 
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annealed samples were in the same order of magnitude and the unannealed sample had the 

lowest Δρ. A correlation could not be clearly made between the electrical transport 

properties, magnetic properties, and the PHE based on these results. Further work needs to be 

done to pursue these questions. It is conclusive however that with its high carrier 

concentration and stable ferromagnetism, undoped SnO2 is still a material that exhibits the 

planar Hall effect.  
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Figures for section 4.5 

 

Figure 4.5.1: Carrier concentration vs. temperature for undoped SnO2 thin films 
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Figure 4.5.2: (a) Resistivity vs. temperature and (b) Hall effect for undoped SnO2 films. 
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4.5.3: Temperature dependence of magnetization vs. magnetic field at different temperatures 

for undoped SnO2 thin films a) R22 and b) R26. 
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4.5.4: Temperature dependence of magnetoresistance vs. magnetic field for undoped SnO2 

thin films a) R22 and b) R26. 
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4.5.5: Temperature dependence of (a) PHE vs. angle and (b) AMR vs. angle for undoped 

SnO2 sample R22. 
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4.5.6: Temperature dependence of (a) PHE vs. angle and (b) AMR vs. angle for undoped 

SnO2 sample R26. 
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Table 4.5.1: Summary of magnetotransport properties of unannealed and annealed undoped SnO2 

 

 

 



 

69 

4.6 PHE in CdO 

With the observation of planar Hall effect in undoped ZnO and SnO2, the question arose of 

whether PHE was intrinsic to conducting oxides. This is what drove the research into 

cadmium oxide. Interest in CdO came because one of the requirements for observing 

magnetotransport phenomenon is a satisfactorily conducting oxide. A recent publication by 

Sachet et al. [95] showed the excellent conducting properties in defect-engineered 

semiconducting dysprosium doped CdO. The authors showed that doping CdO with a 

sufficient amount of dysprosium significantly increased the carrier concentration and 

mobility to the point that it became a degenerate semiconductor with metallic conduction 

behavior. Because of the defect-engineering of these samples, the question arose of what 

would be the magnetic properties of Dy:CdO and subsequent  magnetotransport phenomena; 

would it also display planar Hall effect or not? 

 Elemental dysprosium is expected to be paramagnetic at room temperature with an 

antiferromagnetic transition at 176K, and then a ferromagnetic transition at 87 K [61]. As 

mentioned before, there have been reports of defect induced ferromagnetism in non-

stoichiometric metal oxides such as ZnO, SnO2, HfO2, TiO2, etc., only very recently has CdO 

been studied for this purpose [96]. Initial experiments looked at low Dy doped CdO. The 

expectation was that there might be mixed magnetic behavior because of Dy and intrinsic 

defects within CdO itself. It was not clear whether PHE would be visible in this material. 

Indeed it proved to be so, as PHE was not visible (Fig. 4.6.1a), but AMR was visible (Fig. 

4.61b). The appearance of AMR separated from PHE was surprising since, according to 

theory, they have the same origin, namely the resistivity anisotropy in ferromagnetic 

conductors.  This result brought up more questions than answers. Was PHE simply 
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suppressed by another phenomenon, perhaps the high carrier concentration? Was it possible 

to actually have AMR in a material without PHE? It seemed reasonable to assume to that 

AMR could be due to the paramagnetic dysprosium atoms, but it was necessary to break 

down this question by conducting a series of experiments with samples of different levels of 

dysprosium doping.  

For the second set of experiments, three types of samples were studied, all of which 

had the same thickness (300nm) but with different levels of dysprosium. The first was 

undoped, the second had a low of Dy (1x10
20

 cm
-3

), and the third had a high level of Dy 

(3x10
20

 cm
-3

). Resistivity vs. temperature (Fig. 4.6.2a) and Hall effect (Fig. 4.6.2b) showed 

that all the samples were degenerate n-type semiconductors. At room temperature undoped 

CdO had a carrier concentration of 1.8x10
20

 cm
-3

, low Dy CdO had 2.1x10
20

cm
-3

, and high 

Dy CdO had 2.9x
20

 cm
-3

. Undoped CdO had the highest saturation magnetization (1.6 emu-

cm
-3

) at room temperature (Fig. 4.6.3a) as compared to 0.15 and <0.1 emu-cm
-3 

for the low 

(Fig 4.6.3b) and high (Fig. 4.6.3c) Dy doped CdO. These results suggest that Dy doping 

reduces the FM signal at room temperature. The magnetoresistance behavior of CdO was 

also distinct between the degrees of Dy doping. This MR behavior was one of the 

distinguishing features from ZnO and SnO2. In those previous two materials, there was only 

negative MR at lower temperatures and even with decreasing temperature. The undoped CdO 

showed negative MR from 50 to 5K from -1 to 1T (Fig. 4.6.4a), at higher fields and 

temperatures there was only positive MR. It’s interesting that this MR behavior is only 

visible below 100K, which is also the onset of the resistivity increase at low temperature 

(Fig. 4.6.4b). Low and high Dy doped CdO do not show negative MR at any temperature. 

There is only positive MR for low doped (Fig. 4.6.5a), and a linear change for high Dy doped 
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CdO (Fig. 4.6.5b). It seems that the dynamics of magnetotransport in undoped CdO are very 

different from those in ZnO and SnO2. Another distinguishing feature of CdO is that all the 

samples have metallic conductivity, whereas ZnO and SnO2 are semiconducting. This may be 

the main reason why positive MR is prominent in CdO. Since it has such high carrier 

concentration (>10
20

 cm
-3

), higher magnetic fields result in a high degree of electron 

scattering (positive MR), whereas in ZnO and SnO2, it seems that the higher magnetic field 

only increases magnetic ordering (negative MR).   

Despite the differing MR behavior from undoped ZnO and SnO2, undoped CdO still 

showed the expected sinusoidal PHE/AMR behavior (Fig. 4.6.6). From 300 to 100K, there is 

increasingly positive maximum amplitude at 45 degrees, which becomes reversed at 50K and 

below. This behavior is possibly related to the resistivity increase below 100K (Fig. 4.6.4b). 

Low Dy CdO showed an angular dependence in both PHE and AMR (Fig. 4.6.7). The PHE 

angular dependence was not as expected, although the AMR was. High Dy CdO showed both 

PHE and AMR as expected (Fig. 4.6.8), but the sign of the PHE amplitude (PHE constant dρ) 

was reversed in a similar way to the undoped CdO below 50K. This sign reversal means that 

at 45 degrees there is a minimum in PHE. It is important to note that for every ZnO and SnO2 

sample that was measured dρ was negative at every temperature where PHE was observed. 

Only in CdO (and later in CuO, next chapter) is there appearance of changing signs from 

negative to positive. Tang et al., who first measured the giant PHE in Ga(Mn)As [Ref. 4.5.4], 

commented on the fact that dρ was negative in their material in contrast to ferromagnetic 

metals, where dρ is usually positive. These authors speculated that this may be due to the 

way that electrons and holes contribute differently to spin-orbit coupling in ferromagnetic 

materials. Future studies could look at how the sign of dρ varies between different materials; 
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this could in turn help to elucidate how electrons or holes contribute to the magnetization 

and magnetotransport properties of magnetic conductors.  Magnetotransport properties of 

CdO are summarized in table 4.6.1. 

It is concluded from these experiments that a high carrier concentration is a 

significant requirement for observing the PHE/AMR in CdO regardless of magnetization. 

Further studies could explore the conditions under which PHE can be enhanced and 

displayed at room temperature, perhaps through vacuum annealing. 
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Figure 4.6.1: Temperature dependence of (a) PHE vs. angle and (b) AMR vs. angle for 

lowest Dy doped CdO. 
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Figure 4.6.2: (a) Resistivity vs. temperature and (b) Hall effect for 300 nm CdO 
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Figure 4.6.3: Temperature dependence of magnetization vs. magnetic field for (a) undoped, 

(b) low Dy doped, and (c) high Dy doped CdO.  
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Figure 4.6.4: (a) MR vs. B-field and (b) resistivity vs. temperature of undoped CdO. Notice 

resistivity minimum near 120K.  
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Figure 4.6.5: Temperature dependence of MR vs. B-field for (a) low and (b) high Dy CdO 

thin films.  
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Figure 4.6.6: Temperature dependence of (a) PHE vs. angle and (b) AMR vs. angle for 

undoped CdO. 
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Figure 4.6.7: Temperature dependence of (a) PHE vs. angle and (b) AMR vs. angle for low 

Dy doped CdO. 
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Fig. 4.6.8: Temperature dependence of PHE vs. angle (a) and AMR vs. angle (b) for high Dy 

doped CdO 
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Table 4.6.1 Summary of magnetotransport properties of CdO 
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4.7 PHE in CuO 

The last material to be studied was copper oxide (CuO) on silicon substrates grown 

by magnetron sputtering. SEM images showed that these samples were nanocrystalline (Fig. 

C.1). These samples (50nm thickness) were p-type with very high carrier concentration, 

1x10
21

 cm
-3

, at room temperature. Hall effect (Fig. 4.7.1a) was used to determine the 

majority carrier type. This high carrier concentration is usually characteristic of degenerate 

semiconductors. That is, a semiconductor with such high carrier concentration that it begins 

to behave like a metal. The resistivity vs. temperature (Fig. 4.7.1b) confirmed this metallic 

conduction, but with the addition of a resistivity minimum around 100 K and a steady state at 

34K and below. There are two common explanations for the appearance of this resistivity 

minimum: electron-electron interactions and the Kondo effect.  The Kondo effect is due to 

the strong coupling between conduction electrons and magnetic impurities at low 

temperatures. Kondo explained this behavior as being due to spin-flip scattering between the 

conduction electrons and the localized spin [97-98]. The theory states that at low 

temperatures, each local spin becomes locked into a collective state (singlet) with the 

conduction band spins. At high temperatures, the spin-flip occurs due to thermal energy, but 

as temperature decreases, the spin-flips become frozen and the Kondo effect saturates. Both 

the resistivity minimum and saturation are characteristic of the Kondo effects [97, 99].  

As mentioned in the introduction, the electronic and magnetic properties have been 

correlated with the presence of small amounts of copper Cu
3+

 which increase the 

paramagnetic signal and also give rise to conduction by holes in non-stoichiometric samples. 

XPS of CuO shows a main peak, Cu 2p3/2 with binding energy of 933.2±0.2 eV, and a 

satellite peak at ~9eV greater than the main peak [60]. This satellite peak is reported to be 
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characteristic of materials having a d
9
 configuration in the ground state. CuO XPS was 

measured by collaborator Ed Mily, shown in appendix A with his permission (Fig. C.2). The 

presence of copper in Cu
2+

 and Cu
3+

 forms could lead to ferromagnetic interactions, as shown 

by Ref. [100]. The samples studied here showed soft ferromagnetic characteristics at room 

temperature, with a 1.5 emu-cm
-3

 saturation magnetization for sample 1. At 5K, this 

saturation magnetization increased to 2emu-cm
-3

 (Fig. 4.7.2a). Room temperature saturation 

magnetization for sample 2 was 6.65emu-cm
-3

 which did not change at 5K (Fig. 4.7.2b).  The 

theory of dilute magnetic semiconductors by Dietl predicted room temperature 

ferromagnetism in several material systems with Mn doping and concentration of holes 

greater than 10
20

 cm
-3

 [9]. In any case, the requirements of Dietl’s model are in effect 

demanding a degenerate semiconductor, which is what is seen in the measured CuO, albeit 

without the magnetic doping.  Testing these samples for the planar Hall effect, and AMR, at 

different temperatures showed the expected sinusoids at room temperature for both samples 

(Fig. 4.7.3 and 4.7.4). PHE has never been reported in CuO at any temperature. It can be seen 

from table 4.7.1 that the maximum value for the PHE constant (which occurs at 100K) is not 

very different between the two samples (dρ~2 Ohms).  There is visible asymmetry in the 

AMR angular scans which is likely due to the monoclinic crystal structure of CuO. The role 

of crystal anisotropy is yet to be determined. Further work is needed to fully understand the 

PHE and AMR in CuO but at this point it is conclusive that PHE/AMR can be observed and 

reproduced at room temperature in these p-type degenerate semiconductors with soft FM and 

nanocrystalline structure. 

 

 

 



 

84 

Figures for Section 4.7 

 
Figure 4.7.1: (a) Hall effect and (b) resistivity vs. temperature for 50 nm CuO  
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Figure 4.7.2: Temperature dependence of magnetization vs. magnetic field for (a) sample 1 

and (b).sample 2. 
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Figure 4.7.3: Temperature dependence of (a) PHE vs. angle and (b) AMR vs. angle for 

sample 1. 
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Figure 4.7.4: Temperature dependence of PHE (a) and AMR (b) vs. angle for sample 2. 
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Table 4.7.1: Summary of properties for CuO 
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CHAPTER 5: CONCLUSIONS 

  Magnetic semiconductors that display robust ferromagnetism at room temperature or 

higher can be useful towards the development of spintronic devices, i.e. devices that function 

by utilizing both charge and spin component of electrons for the transport and storage of 

information. The major challenge facing the development of such devices include finding 

materials with Curie temperature greater than or equal to room temperature (300K), and 

being able to distinguish between their intrinsic magnetic properties and 

extrinsic(contamination induced) magnetism. Magnetotransport methods are valuable 

techniques for characterizing thin film materials that are magnetic semiconductors. Since 

magnetometry only gives results from the bulk of the sample (including sub-layers, i.e. 

substrates and buffer layers), it becomes increasingly difficult to tell whether the 

magnetization is due to the thin film only or whether it is due to the sub-layers or 

unintentional contamination. Magnetotransport techniques are powerful because they provide 

a method for studying spin-dependent charge transport, whether in-plane or out of the plane 

of sample of interest.  

Commonly utilized techniques such as the Hall effect and magnetoresistance can be 

used to measure the charge transport within a thin film when a magnetic field is applied 

perpendicular and out of the plane of the film. These techniques are useful, as exhibited by 

their heavy use in the semiconductor industry, for acquiring the majority carrier type, 

concentration, and mobility. The addition of PHE and AMR can help complement the 

perpendicular field techniques and magnetometry. The usefulness of PHE and AMR come 

from the fact that they are only dependent on spin-order induced scattering; meaning that 

these measurement are due to the interaction between magnetization (spin-ordering) and 
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charge transport. PHE and AMR are techniques in which the magnetic field mainly serves to 

align the magnetization within the plane of the film. With this arrangement, it is then possible 

to study the angular dependence (anisotropy) of the magnetization. This phenomenon can be 

useful in the design of magnetoresistive sensors, especially as read heads for magnetic 

storage media. In order for these sensors to become useful, the PHE must be demonstrated at 

room temperature.  

PHE and AMR are known by their expected sinusoids. For isotropic materials, PHE 

is equal to (dρ/2)∙sin2θ, and AMR to ρ┴ + dρ∙cos
2
θ. This angular dependence can be used to 

detect the directions of magnetization of magnetic bits or stray magnetic fields within the 

sensing media. Planar Hall effect was studied and displayed in thin films of defect-

engineered magnetic conducting oxides ZnO, SnO2, CdO, and CuO. PHE and AMR were 

used as complimentary to magnetometry (bulk measurement) to ascertain the existence of 

charge and spin-dependent transport. Metal oxides, especially transition metal oxides, were 

chosen as the ideal system for the study of PHE because of the interesting changes in their 

magnetic and conducting properties due to their defect structures. Thin films of these samples 

are usually non-stoichiometric and the resulting lattice defects result in charge conducting 

behavior and different magnetic behaviors. ZnO, SnO2, and CdO have been shown to be n-

type semiconductors and exhibit room temperature ferromagnetism when they are in small-

dimensions (thin films, nanoparticles, etc.). CuO is an antiferromagnet with differing 

behavior as temperature decreases.  

The PHE was observed in undoped ZnO and SnO2 at the onset of 100K, and the 

signal increased with decreased temperature. The sign of the PHE constant dρ was negative. 

The temperature dependence was also exhibited by magnetoresistance measurements which 
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showed increased ordering at the onset of 100K and below. Although these samples showed 

ferromagnetic properties at room temperature, it seemed the magnetic ordering was not 

strong enough to display the PHE sinusoid at T>100K. This lack of strong ordering at higher 

temperatures is most likely due to the disruption by thermal agitations. When the undoped 

ZnO was annealed in conditions favoring the incorporation of oxygen, it was shown to have a 

reduced PHE signal. The incorporation of oxygen brings ZnO closer to stoichiometric ratio, 

and therefore reduces the amount of defects which are responsible for conduction and 

magnetism. Although cobalt doped ZnO was shown to have a higher magnetization than the 

undoped, due to the presence of Co ions, it also had very high resistivity. Its 

magnetoresistance showed a competition between magnetic ordering and increased carrier 

scattering. PHE was not observed in Co doped ZnO.  

Undoped CdO showed the PHE at 200K to 100K, although its magnetic hysteresis 

indicated a mixture of paramagnetic and ferromagnetic components. The sign of the PHE 

constant dρ at 200-100K was positive. At 50K and lower, dρ was negative though. This 

changing in sign could be linked to the appearance of a resistivity increase below 50K. This 

was reminiscent of the Kondo effect, which is due to the formation of collective states 

between magnetic impurities and conduction electrons. Doping CdO with Dy increased its 

carrier concentration, but it also clouded the PHE signal. There was a certain high amount of 

Dy that led to a visible PHE signal, but also with reversed PHE constant dρ as in undoped 

CdO at 200K.   

In CuO, PHE was observed with a positive dρ from room temperature to 5K. This 

was discussed as being due to the p-type conductivity within this semiconductor. The 

maximum in dρ was observed at 100K, which coincided with a visible resistivity minimum. 
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The R vs. T in CuO showed characteristics of Kondo effect with a resistivity minimum at 

100K and saturation in resistivity at the lowest temperatures (<34K). It was interesting to 

note that dρ diminished to a minimum at those low temperatures and became constant. The 

observation of mixed sign in CdO and only positive in CuO led to the conclusion that the 

sign of PHE may be a way to tell what role the majority carriers in a material play in the 

magnetotransport properties at different temperatures. It was discussed that dρ was negative 

in semiconducting Ga(Mn)As [1] in contrast to ferromagnetic metals, where dρ is usually 

positive. This may be due to the way that electrons and holes contribute differently to spin-

orbit coupling in ferromagnetic materials. Future studies could look at how the sign of dρ 

varies between different materials; this could in turn help to elucidate how electrons or holes 

contribute to the magnetization and magnetotransport properties of magnetic conductors.   

From these results it was clearly seen that undoped defect-engineering 

metal/transition metal oxides are a rich material system for studying spin-dependent charge 

transport. Doping with additional impurities seemed to add complexity to the properties of 

these materials. Further studies in both n- and p-type semiconductors can eventually lead to 

the observation of PHE at room temperature within a material that has strong magnetic 

properties at room temperature. This could then pave the way towards the development of 

sensor devices that utilize the PHE as their operating mechanism.  
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CHAPTER 6: FUTURE WORKS 

In order to further the PHE studies in ZnO, it would be advised for future works to 

look at different post-growth annealing conditions that could enhance the ferromagnetic and 

conducting properties of this material. Oxygen annealing was shown to reduce the PHE 

signal, and it is expected that vacuum annealing or laser annealing would enhance this signal. 

The same studies can be pursued for SnO2, since its results were similar to that of ZnO.  

For undoped CdO, more can be done towards studying its PHE when it is grown in 

different conditions. No work was done specifically towards exploring the effects of high or 

low carrier concentrations in undoped metal oxides, but CdO could be the ideal material for 

these studies. Additionally it would be interesting to study the effects of thickness on the 

strength of the PHE signal. 

Undoped CuO was the only material to show PHE at room temperature and is 

therefore the most interesting and the most promising for future device related studies. Since 

CuO is antiferromagnetic it would be useful to study whether its presence along with p-type 

conductivity in other samples could similarly lead to room temperature PHE.  

For all these materials, it would be interesting and beneficial to also study the direct 

relationship between in-plane directions (XRD phi scans) and the angular dependence of the 

PHE and AMR.  
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Appendix A: Additional Magnetoresistance of PLD Samples 

 

Figure A.2: Temperature dependence of magnetoresistance vs. magnetic field for PLD 

sample U2 from chapter 4.1. 

 

Figure A.2: Temperature dependence of magnetoresistance vs. magnetic field for PLD 

sample D2 from chapter 4.1. 
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Appendix B: Additional Temperature Dependent PHE and AMR 

 

Figure B.1: Temperature dependence of PHE (a) and AMR (b) vs. angle for PLD sample 

from chapter 4.3. 
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Appendix C: Microstructure and Phase Confirmation of CuO 

 

Figure C.1: SEM of CuO thin film by Ed Mily is reproduced here with his permission. 

 

Figure C.2: Copper Oxide Phase confirmation, XPS by Ed Mily is reproduced here with his 

permission.  

 


