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1. Introduction 

The magnetic properties of the 3d ferromagnets Fe, Co and Ni have been 
successfully described by the band splitting model incorporating collective 
spin excitations and the temperature dependence of the spin density of states 
(DOS) in terms of itinerant magnetism. While current research focuses on 
topics like spin dependent scattering at domain walls in thin films and nano-
scale spin polarized transport, little experimental attention has been given to 
the effect of high magnetic fields on the transport properties of strong 3d
ferromagnets. Raquet et al. [1-3] conducted high field longitudinal magne-
toresistance (MR) measurements on Fe, Co and Ni and attributed the de-
crease in the magnetic resistivity at high fields to a reduction of electron-
magnon scattering processes due to spin wave damping. This thesis presents 
transverse MR measurements of Ni thin films conducted at fields up to 10 T 
at zero pressure (papers I and II) and in the diamond anvil cell (DAC) at 
fields up to 6 T and pressures to 6 GPa (papers I and III).

A novel approach for sample preparation was developed in combination 
with an experimental apparatus for conducting magnetotransport measure-
ments in the DAC using the van der Pauw technique (paper I). Nickel thin 
film samples were manufactured with preexisting point contacts such that 
the placement of the leads in the sample chamber of the DAC did not affect 
the quality of the measurement. The thin film samples, characterized by 
scanning electron microscopy (SEM), x-ray diffraction (XRD), and electron 
spectroscopy for chemical analysis (ESCA), were found to be polycrystalline 
with no preferred orientation and a bulk concentration of at most 1.5% O. 
Magnetoresistance measurements above the ferromagnetic transition demon-
strate that O has a considerable effect on the band structure of the thin film 
samples, the Curie transition is found to occur at 507(3) K, and the sample 
chemistry is, thus, expressed as Ni0.985O0.015. The use of modular, accurately 
characterized, samples allows magnetotransport experiments conducted in 
the DAC to be prepared in a reproducible manner.

Experiments were conducted from 280 to 550 K at zero pressure and to 
316 K in the DAC. The temperature in both the zero pressure cell and the 
DAC was controlled by an integrated Pt furnace in combination with a water 
cooling system that allows temperature stability to within less than a degree. 
Transport measurements were conducted using the constant current method 
where current reversal was used to avoid thermoelectric offsets. Magnetic 
fields were applied to the thin film samples using a superconducting 10 T 
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magnet with an open bore. All instruments were connected to a personal 
computer using the general purpose interface bus (GPIB) bus and a program 
written to control the experiment as a function of magnetic field at constant 
temperature or as a function of temperature at constant field. Automated 
experiments were run continuously at each pressure until the field and tem-
perature ramps were completed. 

The high field transverse MR is found to be negative, linear and nonsatu-
rating. The magnitude of the field derivative, 0.010-0.018 µ  cm T-1 for 
temperatures between 280 and 316 K and pressures up to 6 GPa, increases 
with temperature and decreases with pressure. While the Lorentz force is 
negligible for MR measurements conducted in the longitudinal mode, the 
transverse mode, current perpendicular to the field, allows Hall effect meas-
urements to be simultaneously conducted. The Lorentz force was found to be 
negligible for magnetic resistivity measurements in the transverse mode for 
the temperature region considered while Hall voltage measurements reveal a 
negative extraordinary Hall coefficient (EHC). The magnitude of the EHC is 
considerably larger at pressure and increases with temperature. The correla-
tion between the EHC and the zero field resistivity can be expressed as a 
power law [4,5] and while side jump scattering dominates at zero pressure 
skew scattering becomes increasingly important with pressure.

Experimental results were analyzed using the theory of Raquet  et al. [3] 
describing the magnetic resistivity as originating from spin flip transitions 
via electron-magnon diffusion. The theory allows an accurate determination 
of the collective spin excitations in a temperature range where electron-
phonon scattering, inter electronic collisions and collective spin excitations 
coexist. The zero temperature magnon mass, 535(14) meV Å2 at 0 GPa, is 
found to be a slightly increasing function of pressure and the magnitude of 
the field derivative of the magnetic resistivity increases and decreases with 
temperature and pressure, respectively. At zero field, the magnetic resistivity 
can be expressed as an increasing function of the DOS at the Fermi level and 
the effective mass of the d band electrons, as well as the effective spin and 
the magnon mass [3]. Total energy electronic band structure calculations 
(papers II and III) were conducted to investigate the effects of pressure and 
oxygen on the DOS at the Fermi level. The DOS of Ni0.985O0.015 is found to 
increase by 27% between 0 and 10 GPa while the average magnetic moment 
on Ni decreases from 0.683 µB to 0.655 µB. Compared to pure Ni, the DOS 
of Ni0.985O0.015 at 10 GPa is decreased by 23% while the average magnetic 
moment increases from 0.638 µB to 0.648 µB. The decrease in the magnetic 
resistivity at high fields is attributed to spin wave damping of electron-
magnon scattering processes. The decrease in the slope of the magnetic re-
sistivity of the Ni0.985O0.015 thin films relative to the results of Raquet et al.
[1-3] is assigned to a 60% decrease in the DOS at the Fermi level while the 
decrease in the pressure derivative of the magnetic resistivity is attributed to 
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the interplay between the increase in the DOS and the magnon mass, and the 
decrease of the magnetic moment. 
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2. Experimental techniques 

2.1. Introduction 
The van der Pauw technique [6] is routinely used to characterize the trans-
port properties of semiconductors and ferromagnetic thin films. However, 
the difficulty of placing leads in the sample chamber of the DAC has limited 
the experimental study of transport properties at pressure. Generally, high 
pressure magnetic properties of 3d ferromagnets are considered theoretically. 
The van der Pauw technique allows for arbitrarily shaped samples but the 
quality of the signal is determined by the ratio of the average contact diame-
ter to the distance between the contacts. While the ability to use arbitrarily 
shaped samples would appear advantageous for applying the van der Pauw 
technique to the DAC, the difficulty of placing 4 leads on the periphery of 
the sample within the limited volume of the sample chamber has proved 
prohibitive. Nonetheless, experiments conducted in the DAC have the ad-
vantage that ultra high pressures, 100s of GPa, can be reached. Visual access 
to the sample allows the pressure to be determined from the ruby fluores-
cence scale [7] and the sample thickness can be calculated from its dimen-
sions and equation of state. Walling and Ferraro [8] applied the van der 
Pauw technique to the DAC by embedding tungsten leads into a polypropyl-
ene gasket. Their measurements of the electrical conductivity of Ag2HgI2

demonstrated the potential for experimental transport studies at high pres-
sures in the DAC. Subsequent work focused on developing suitably strong 
insulating gaskets that supported both the diamonds and the electrical leads 
[9-15]. Different approaches for maintaining contact between the leads and 
sample have been developed. Mao and Bell [9] as well as Tozer and King 
[12] embedded leads in, and drilled holes in the gasket such that the leads 
were in contact with the sample. Reichlin [10], Tozer and King [12] and 
Patel et al. [14] attached leads to the sample with silver paint while Yamau-
chi et al. [16] and Vaidya et al. [15] used the diamond anvil to maintain con-
tact between the leads and sample. A more elegant approach to precisely 
placing electrical leads in the sample chamber of the DAC involves sputter-
ing thin film leads on the surface of one diamond culet [11,17,18]. Nonethe-
less, the application of the van der Pauw technique to the DAC requires the 
precise placement of the sample relative to the leads such that the leads con-
tact the sample on its periphery. Electrical measurements in the DAC have 
yielded information regarding a phase transition in Fe [10], band overlap 
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metallization in BaTe [11] and the resistance of Ni to 42 GPa [19,20]. Four 
probe measurements of Fe [21] to 30 GPa as well and O [22] and CsI [23] to 
pressures above 100 GPa reveal superconductivity below 2 K. However, the 
difficulty in preparing such experiments has limited the accessibility of elec-
trical measurements at ultra high pressures. Magnetotransport measurements 
at pressure are further limited by the volume available within the magnet. 
Yamauchi et al. [16] conducted Hall effect measurements on metallic iodine 
finding a positive Hall coefficient that indicates holes as carriers. Recently, 
Môri et al. [24] and Nakanishi et al. [25] developed modified Bridgeman 
anvils that permit precise magnetotransport measurements under quasi-
hydrostatic pressure to 10 GPa between 1.5 and 300 K.

Magnetotransport measurements of Ni0.985O0.015 thin films presented in 
this thesis were conducted in a 10 T superconducting magnet with an open 
bore allowing the DAC to be easily positioned in the magnet or removed for 
pressure determination. The use of modular thin film samples ensures that 
the contacts between the leads and sample are a predetermined size and in-
dependent of the placement of the leads. Thus, the van der Pauw technique 
can be applied to magnetotransport experiments conducted in the DAC in a 
reproducible manner.

2.2 Van der Pauw technique 
The van der Pauw technique [6,26,27] allows determination of the electrical 
resistivity of arbitrarily shaped samples with uniform thickness. The tech-
nique is commonly used in the semiconductor industry to determine the mo-
bility and carrier density due to its simplicity and relatively low cost. Resis-
tivity and Hall voltage measurements can be simultaneously conducted by 
measuring the voltage drop along the edges or diagonals of the sample, re-
spectively. The resistivity was determined from 8 voltage measurements, 2 
along each side, where the direction of the current and the terminals of the 
voltmeter were reversed for each edge. The redundancy allows for consis-
tency checks on the quality of the contacts and sample uniformity. There are 
two sheet resistances, RA = R12,43 + R21,34 + R34,21 + R43,12 and RB = R14,23 + 
R41,32 + R23,14 + R32,41, corresponding to the average of the 4 resistances 
measured for each of the 2 opposite sides where the 8 permutations of the 
resistance are denoted Rij,lm = Vlm/Iij. The subscripts correspond to the termi-
nals the current is sourced into i, taken out of j, and the terminals the voltage 
is measured across, l (positive), m (negative), where the contacts are labeled 
counterclockwise starting in the upper left hand corner Fig. 5(b). The resis-
tivity, = RSd can then be determined from the two characteristic resistances 
by numerically solving the van der Pauw equation: 
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1/exp/exp SBSA RRRR      (1) 

where RS is the sheet resistance and d the thickness of the sample. To ensure 
the quality of the measurement the resistance determined for the current 
reversals along each edge, i.e. R12,43 = R21,34, and the sums of the resistances 
for opposite sides, i.e. R12,43 + R21,34 = R34,21 + R43,12, must correspond within 
3%. Magnetotransport experiments were only conducted on samples that 
satisfied these criteria, generally, the differences were found to be less than 
0.05%.

To avoid voltage offsets introducing noise in the Hall voltage, the 4 volt-
ages along the diagonals of the sample are usually measured in both field 
directions. The Hall voltage is then determined from the sum of the differ-
ence between the positive and negative field directions for the voltage de-
termined along each diagonal. However, Hall effect experiments conducted 
in superconducting magnets preclude reversing the field direction over a 
short time interval. Thus, the Hall resistivity, H, was determined at each 
field from 4 resistance measurements taken along the diagonals of the sam-
ple using a electromagnetic reciprocity theorem that states that switching the 
current and voltage sources is equivalent to reversing the direction of the 
applied field [28,29]. The average of the 2 resistances measured along each 
diagonal corresponds to the characteristic resistances and the Hall resistivity 
was calculated using Eq. (1). 

2.3. Experimental system 
2.3.1. Instrumentation 
The low level signals involved in magnetotransport measurements of 3d
ferromagnets require instrumentation with a high degree of precision. Nano-
volt resolution was achieved using a Keithley Instruments Inc., U.S.A., 2182 
Nanovoltmeter where current, typically 50 mA, was sourced by a Keithley 
2420 SourceMeter. The van der Pauw technique is a direct current method 
and thus thermoelectric offsets are a potential source of noise. The current 
reversal method was applied to negate thermal EMFs. Determination of the 
resistivity using the van der Pauw technique requires 8 resistance measure-
ments while the Hall resistivity is calculated from 4 resistances along the 
diagonal of the sample. Thus, the temperature and the applied field are re-
quired constant during the duration of each set of measurements. A Keithley 
7001 Switch System employing a 7168 nV Scanner Card and a Keithley 
7053 High Current Scanner Card were used to switch between the 12 con-
figurations. The 2182 Nanovoltmeter and the 2420 SourceMeter were con-
nected to the 7001 Switch System using untinned copper wire from the same 
batch to further prevent thermal offsets. The 7001 Switch System was in turn 
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connected, along with 2 Thurlby Thander, U.K., 1820P Power Supplies, to 
the experiment via a screened Cu wire data cable with twisted screened pairs 
ending in a bayonet locking multi pole connector. The leads from the sample 
and furnace were soldered to a mating connector. All solder contacts were 
made using Keithley 2812-325A Silver Solder. 

A predetermined number of readings, typically 5, were taken for each of 
the 12 voltage measurements and the average and standard deviation re-
corded. The entire sequence of 12 measurements required approximately 10 
s and was repeated at a specified interval, typically 20 s. For magnetotrans-
port experiments conducted as a function of applied magnetic field at con-
stant temperature, the field was ramped at a rate of 0.8 mT/s such that it was 
constant to 5 parts in 1000 during the course of the 7 s required to measure 
the 8 resistances required for the resistivity determination. The temperature 
was measured inside and outside the cell using K type thermocouples con-
nected directly to a Keithley 2700 Multimeter with a Keithley 7700 Multi-
plexer Module. The thermocouples were positioned parallel to both the ap-
plied magnetic field and the temperature gradient to minimize the Etting-
shausen-Nernst effect [30]. 

The temperature was controlled by application of constant voltage from 2 
Thurlby Thandar 1820P Power Supplies connected in series to a Pt furnace 
integrated into either the zero pressure cell or the DAC. The furnace was 
wound with a 30 cm length of 300 µm thick annealed Pt, 99.99% pure, wire 
manufactured by Goodfellow Cambridge Limited, U.K. About 50 W of 
power were required to generate temperatures up to 700 K in the zero pres-
sure cell. The bore of the magnet was maintained at constant temperature by 
a water cooling system consisting of copper tubing placed on either side of 
the cell connected to a Huber Mini Chiller. The Integrated Pt furnace in 
combination with the water cooling system allowed magnetotransport meas-
urements to be conducted from room temperature to 700 K with the tempera-
ture stable to within less than a degree at lower temperatures and several 
degrees at higher temperatures. The bore of the magnet was sealed to prevent 
temperature fluctuations resulting from changes in room temperature during 
the course of an experiment and high temperature experiments were con-
ducted in an Ar/H atmosphere to prevent oxidation. 

Samples were subjected to applied magnetic fields in the transverse mode, 
field perpendicular to the current, of up to 10 T in the zero pressure cell and 
6 T in the DAC. The 10 T superconducting magnet manufactured by Cryo-
genic Limited, U.K., has an open bore of 100 mm allowing the magnet to be 
operated at room temperature and both the zero pressure cell and the DAC to 
be easily inserted or removed. The field is homogeneous to within 0.02% for 
a 3 mm radius from the maximum field ensuring the sample experienced a 
uniform applied field. The 2700 Multimeter was used to determine the ap-
plied field, before and after each of the 12 sequences, from the voltage 
across the magnet power supply. 
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All of the instruments were connected to a personal computer via GPIB 
and a program was written in Visual Basic 6.0 and standard commands for 
programmable instrumentation (SCPI) to control the experiment. This al-
lowed magnetotransport measurements to be continuously conducted as a 
function of applied field at constant temperature or as a function of tempera-
ture at constant field. Experiments at constant pressure were run until both 
the field and temperature ramps had completed. Measurements at constant 
pressure in the DAC between 280 and 316 K required approximately 72 
hours. The van der Pauw equation was solved numerically after each se-
quence of voltage measurements and the results were recorded to an SQL 
Server 2000 database and simultaneously published to the world wide web 
(www) in real time. The experiment could thereby be monitored continu-
ously and remotely, and the experiment adjusted if required. 

2.3.2. Zero pressure cell 
Magnetotransport measurements at zero pressure were conducted in a Ce-
ramit 14 cell machined from the mineral pyrophyllite and heat treated to 
1525 K. Ceramit 14, supplied by Ceramic Substrates and Components Ltd., 
U.K., allows small parts to be machined with a high degree of accuracy and 
is an excellent electrical and thermal insulator. The cell, Figs. 1 and 2(a), 
was designed to facilitate magnetotransport measurements at high tempera-
tures, specifically in the region of the ferromagnetic transition of Ni, 627 K 
[31]. A furnace wound with a 30 cm length of 300 µm thick annealed Pt 
wire, Goodfellow, integrated into the cell allowed experiments to be con-
ducted at temperatures up to 700 K. The sample was placed in a modular 
holder and attached to 125 µm thick annealed Pt leads, 99.99% pure, Good-
fellow. Contact was maintained by pressure applied from a hollow square in 
contact with only the contact pads of the sample and glued in place with 
Zircar Ceramics Inc., U.S.A., Al2O3 glue. The cell was designed such that 
the sample could be placed in the modular sample holder and the leads in-
serted and connected to the sample under a microscope outside of the cell, 
thus, ensuring good ohmic contacts. The design also enabled the sample 
module to be easily inserted into or removed from the cell. Furthermore, 
uniform temperature across the sample was ensured in that the sample was 
located in the middle of the furnace and only the contact pads of the sample 
were in contact with the Ceramit 14 cell. Alumina paper, Zircar, was used to 
insulate between the furnace and the cell as well as between the lid and body 
of the cell. Prepared sample modules were placed in the cell, a K type ther-
mocouple inserted to within 1mm of the sample, the cell sealed with Al2O3

glue and mounted on an aluminum beam in the middle of the water cooler. 
The leads and furnace were soldered with Keithley silver solder to a bayonet 
connector and shielded by PTFE tubing covered with copper tape. The entire 
assemblage was then placed in the bore of the magnet and sealed to prevent 
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temperature fluctuations from changes in the room temperature during the 
course of the experiment. High temperature experiments were conducted in 
an Ar/H atmosphere to prevent oxidation. Magnetotransport experiments on 
Ni0.985O0.015 thin films were conducted at zero pressure between 280 and 700 
K in the Ceramit 14 cell.

Fig. 1. The zero pressure cell prepared for magnetotransport measurements. 

2.3.3. Diamond anvil cell 
Experiments conducted in magnetic fields necessitate that the experimental 
apparatus is constructed from nonmagnetic materials. To this end, nonmag-
netic stainless steel or BeCu DACs are used. The DAC allows for optical 
access to the sample chamber along the axis of the diamonds and is fre-
quently used for optical or XRD studies at extreme pressures. While multi 
anvil presses can reach pressures of 30 GPa and modified Bridgeman anvils 
have been integrated with superconducting magnets [24,25], allowing pre-
cise magnetotransport measurements up to 10 GPa, pressure of 100s of GPa 
can be generated in the DAC. The increased pressure range and the fist size 
volume of the DAC, the bore of superconducting magnets restricts the size 
of the cell, are advantageous for magnetotransport measurements at high 
pressure. Yamauchi et al. [16] measured the Hall effect of metallic iodine to 
74 GPa in the DAC. However, electrical measurements in the DAC have 
been limited by the small volume of the sample chamber, typically 0.001 
mm3. The experimental setup developed for this thesis used a BeCu DAC, 
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produced by Diacell Products Limited, U.K., 50 mm in diameter, in combi-
nation with a superconducting 10 T magnet with a 100 mm bore providing 
ample room for the cell. 

Fig. 2. The Ceramit 14 cell (a) showing from left to right, the body, Pt furnace, lid 
and modular sample holder. The thermocouple is inserted along the axis of the sam-
ple module. The DAC (b) showing, likewise, the lower half of the cell, rocker with 
300 µm culet diamond anvil, Pt furnace, Be2Cu98 gasket, upper half of the cell and 
bolts.

The experiment in the DAC, Figs. 2(b) and 3, was prepared by cementing 
300 µm culet diamonds on hardened nonmagnetic stainless steel rockers. 
The rockers were mounted on each half of the cell with the diamonds op-
posed such that the culets were parallel and aligned along the same axis. The 
diamonds were positioned relative to each other along the x and y axes by 
adjusting screws holding the rockers in place. The light fringe technique, 
fringes are observed under a microscope and the diamonds adjusted until 
only one fringe remains, was used for final adjustment and to ensure the 
culets were parallel. After diamond alignment, a 250 µm thick annealed 
Be2Cu98 gasket, Goodfellow, was mounted in a Ceramit 14 furnace wound 
with Pt wire, indented to 250 µm and covered with a thin layer of Al2O3 glue 
to isolate the gasket. The alignment of the diamonds was checked after each 
indentation and preparation of the cell continued if the diamonds remained 
satisfactorily aligned. The isolated gasket was remounted in the furnace and 
the Al2O3 glue compressed to ensure the sample chamber was isolated from 
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the gasket. The isolated gasket was then removed from the cell and furnace 
and 4 leads glued to the gasket. The leads consisted of 25 µm thick annealed 
Pt wire, 99.99% pure Goodfellow, soldered to either 125 µm thick annealed 
Pt wire, 99.99% pure Goodfellow, or 250 µm thick annealed Cu wire, 99.9% 
pure Goodfellow. Wire from the same batch of either Pt or Cu was used in 
each experiment. The 25 µm Pt wires ensured that the leads would only 
make contact with the contact pads of the sample while the larger wires were 
robust enough to be soldered to the multi pole connector. The leads, 25 µm 
ends, were placed in the vicinity of the sample chamber under a microscope, 
the gasket remounted in the furnace and glued in place using Al2O3 to secure 
the gasket and leads, as well as isolate the leads. The furnace was then 
mounted on the lower half of the DAC and the 25 µm Pt leads manipulated 
under the microscope such that they were situated on the edge of the sample 
chamber. The leads were pressed repeatedly to ensure they remained in the 
same location on closing the cell. The fragile leads were further secured and 
isolated outside the sample chamber with Al2O3 glue. Once the leads were in 
place the sample was loaded and placed with the contact pads over the leads.

Fig 3. The diamond anvil cell prepared for magnetotransport measurements. 

Ruby chips, 2-3 µm in diameter, used for pressure determination from the 
ruby fluorescence scale [7], were placed on the upper diamond culet and the 
cell closed. The ruby fluorescence is shown in Fig. 4 for selected pressures. 
Visual inspection confirmed that the leads were only in contact with the con-
tact pads of the sample and the leads and sample were held in place by the 
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diamond anvil. The circuit was checked using a handheld multimeter and if 
the resistance was approximately the same for the 6 permutations possible 
the DAC was mounted on an aluminum beam for magnetotransport experi-
ments. The large ends of the leads were soldered to the bayonet connector 
and the entire assemblage placed in the bore of the magnet. 

Fig. 4. Ruby florescence at pressure in the DAC. The pressure was determined from 
the change in the ruby florescence compared to its zero pressure value using the 
scale of Mao et al. [7] 

2.4. Samples 
The limited volume of the DAC has restricted electrical measurements at 
high pressures [8-23] due to the difficulty of inserting 4 leads into the sample 
chamber such that they are in contact with the periphery of the sample. 
Noise in the signal is on the order of D/L where D is the average contact 
diameter and L is the distance between contacts [27]. While previous re-
search has developed techniques for defining the placement of the leads by 
either embedding the leads in the gasket [9,12] or sputtering thin film leads 
on the surface of one of the diamonds [11,17,18] the placement of the sam-
ple relative to the leads and, therefore, the quality of the contacts has been 
determined by manual positioning. The method developed in this thesis for 
creating thin film samples defines the dimensions of the contacts, thereby, 
improving the quality of the signal and reproducibility of the experiment. 
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Fig. 5. Thin film samples for the zero pressure cell (a) and the DAC (b). The num-
bers in (b) correspond to the contacts for the van der Pauw technique. 

Thin film samples, Fig. 5, were designed so that the contact between the 
sample and the contact pads had a predefined geometry ensuring that the 
placement of the leads did not affect the measured signal. The leads were 
connected to the contact pads in each corner of the sample and, therefore, the 
contacts were unaltered by the sample preparation procedure. Samples were 
created for experiments in both the zero pressure cell, Fig. 5(a), and the 
DAC, Fig. 5(b). 

Fig. 6. The Ni0.985O0.015 thin film samples were manufactured by depositing (a) and 
patterning (b) a photoresist mold. Nickel was electroplated into the mold and the 
photoresist dissolved in acetone (c). Finally, the samples were removed from the 
substrate (d). 
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Nickel thin films were electroplated on standard 4 inch SiO2 wafers 
coated with a 100 nm thick buffer layer of Ti. The Titanium layer deposited 
on the carrier substrate served as a seed layer during the electroplating proc-
ess and the low adhesion between Ni and Ti allowed the Ni samples to be 
easily detached from the substrate when the fabrication process completed. 
Using a photoresist mold, an exact negative image of the geometry of the 
sample including leads and contact pads, a 30 µm thick photoresist layer, AZ 
4762, was spun onto the wafer, Fig. 6(a), and patterned using photolithogra-
phy, Fig. 6(b). Nickel was then electroplated into the photoresist mold using 
a Toolex Alpha MicroForm electroplater. The thickness of the nickel layer 
was found to vary between 10 and 15 µm across the wafer due to non uni-
form conductivity of the Ti layer. However, the thickness was found to be 
constant over the dimensions of the samples, 2000(1) x 2000(1) x 10(1) µm,
D/L = 0.02 for the zero pressure cell and 50(1) x 50(1) x 15(1) µm,
D/L = 0.04 for the DAC. The photoresist was dissolved in acetone, Fig. 6(c), 
the samples cleaned in ultrasonic ethanol, 95 vol. %, and released from the 
silicon substrate wafer, Fig. 6(d). The manufacturing process allowed a large 
number of almost identical samples to be created on a single wafer at the 
same time.

Fig. 7. The Curie temperature of Ni0.985O0.015, 507(3) K is substantially reduced 
compared to pure Ni 627 K [31]. Magnetotransport measurements to 550 K were 
conducted by ramping the field at each temperature increment. 

The composition of the thin films were found to have an oxygen content 
of at most at 1.5% and XRD and SEM micrographs demonstrated that the 
thin film samples were polycrystalline with no preferred orientation. The 
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lattice constant a = 3.5224(20) Å was determined from XRD using the CuK 
1 line with a wavelength of 1.54056 Å and found to be similar to published 

values a = 3.5238(2) Å for Ni [32]. Magnetoresistance measurements to 
temperatures above the ferromagnetic transition revealed a significantly re-
duced Curie temperature TC = 507(3) K compared to pure Ni 627 K [31], 
Fig. 7. Marian [33] found that the Curie temperature of nickel alloys exhib-
ited a systematic linear decrease with respect to the atomic percentage of the 
alloyed element. The decrease of TC in the nickel thin film samples is ex-
plained in terms of the oxygen content and the sample chemistry is, there-
fore, denoted Ni0.985O0.015. The development of modular thin film samples 
with materials properties quantified by standard analytical techniques re-
moved several uncertainties and allowed magnetotransport measurements to 
be conducted in a highly reproducible manner. 

Magnetotransport experiments conducted in the DAC were found to be 
sensitive to sample deformation and the resulting changes in the contact 
dimensions, Fig. 8. Therefore, experiments in the DAC proceeded by first 
subjecting the sample to compression. Samples were pressurized while ob-
serving the deformation to maintain the quality of the contacts. This ensured 
that the contact pads did not smear into the sample and the dimensions of the 
sample did not change on decompression or subsequent compression to the 
starting pressure P0. The absolute value of the resistivity at pressures above
P0 was found to be enhanced as the sample became increasingly deformed. 
However, the absolute value of the resistivity, for measurements starting at 
and less than P0, normalized to 1.7 GPa were found to be in excellent agree-
ment with previous multi anvil [34, 35] and DAC results [19,20], Fig. 9. 

Fig. 8. The Ni0.985O0.015 sample deformed with increasing pressure. To avoid changes 
in magnetotransport measurements due to sample deformation the samples were 
originally increased to a starting pressure and, thereafter, decompressed. 
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Fig. 9. Ni0.985O0.015 at 4.4 GPa in the DAC (a) and the relative resistivity, normalized 
to 1.7 GPa at zero applied field (b). The resistivity data is shown along with resis-
tance data for Ni from multi anvil [34,35] and DAC [19,20] experiments. The line is 
a polynomial fit to 10 GPa including the data of Bridgeman [34], Andersson et al.
[35] and Pu [19,20] / 1.7 = 1.033(3) – 0.022(2) GPa-1.P + 6(2).10-4 GPa-2.P2.
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3. High field magnetoresistance measurements 

3.1. Ni0.985O0.015 thin films 
The modular thin film samples were found to be polycrystalline with no 
preferred orientation from XRD and SEM experiments, however, ESCA 
revealed oxygen content of at most 1.5%. While, oxygen is found to signifi-
cantly reduce the Curie temperature of nickel, Fig. 7, the behavior of the 
magnetic resistivity in the room temperature regime is similar to the results 
of longitudinal experiments [1-3]. The addition of oxygen provides a unique 
insight into the effect of changes in the DOS at the Fermi level on electronic 
scattering mechanisms. To better understand the measured transport proper-
ties of Ni and the effect of O on the band structure, numerical calculations of 
the d-band DOS were conducted with a supercell of 64 atoms simulating the 
chemistry of the thin films. This combined experimental and theoretical ap-
proach allows magnetotransport in Ni to be addressed in a comprehensive 
manner.

3.1.1. High field magnetoresistance 
Scattering mechanisms in ferromagnets have been studied in depth, however, 
research at high magnetic fields has been limited [1-3]. Nonetheless, high 
field studies of ferromagnets in the room temperature regime provide a 
unique means of studying the s-d interaction. Electronic transport is gener-
ally considered in terms of the two current model [36], parallel conduction 
by spin up and spin down electrons, and the resistivity can be written as a 
function of the average electronic relaxation time  and its field dependence 

BTTTBTBn
lor ,,, magimpphe-edev              (2) 

where the various terms represent different scattering mechanisms. The 
Bn

lor ,  term corresponds to the positive MR with an n power law, ob-
served at low temperature [1-3], resulting from the well known Lorentz force 
while dev(T,B) represents deviations to Matthiessen’s rule due to interband 
mixing. Above the technical saturation of the magnetization the field de-
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pendence of electron-electron e-e(T) , electron-phonon ph(T), and impurity 
imp scattering is assumed weak [3]. Therefore, the change in the resistivity at 

high fields, once the Lorentz force is negligible, can be assumed to result 
solely from spin disorder (T,B) mag(T,B) - (T). The longitudinal data, 
applied field parallel to the current, of Raquet et al. [1-3] for Fe, Co and Ni 
epitaxial films demonstrates that the Lorentz force is negligible for Ni at 
room temperature. Furthermore, when the data for the three ferromagnets is 
plotted as a function of the normalized temperature T/TC the entire data set 
scales on a unique curve justifying the assumption that deviations to Matties-
sen’s rule are negligible and demonstrating that the change in the magnetic 
resistivity is of magnetic origin. 

Magnetotransport experiments conducted as a function of applied field at 
constant temperature were subject to temperature fluctuations in the cell, on 
the order of 1 K for temperatures in the vicinity of TC/2, due to varied loads 
on the compressor used to cool the superconducting magnet over the course 
of a field ramp. Thus, isothermal MR data 

expexp TT
dT

TdBB                                (3) 

was obtained using the zero field temperature derivative of the resistivity 
d (T)/dT where the exp subscript denotes experimental values. High field 
MR measurements of Ni0.985O0.015 thin films in the transverse mode, current 
perpendicular to the applied field, are shown in Fig. 10(a) and demonstrate a 
similar trend to the data of Raquet et al. [1-3] The change in the magnetic 
resistivity, in the saturated magnetic state, is found to decrease linearly with 
increasing field to the highest applied fields, 10 T.

The behavior of the longitudinal high field magnetic resistivity for ferro-
magnets was addressed by Raquet et al. [3] in terms of spin flip interband 
and intraband transitions resulting from electron-magnon scattering proc-
esses, assuming that high fields introduce a significant gap in the dispersion 
relation of long wavelength magnons. The theory, incorporating the magnon 
mass renormalization 

2/5
2

2
10)( TDTDDTD                       (4) 

and high field effects on spin flip diffusion can be written in a simplified 
form as 

Tk
B
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BTBT

B

B
mag ln
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, 2 .                     (5) 



25

The terms D0, D1 and D2 correspond to the zero temperature magnon mass, 
temperature dependence of the Fermi distribution and magnon-magnon in-
teractions, respectively, while µB is the Bohr magneton and kB Boltzmann’s 
constant. The proportionality constant was obtained by fitting Eq. (5) to the 
data of Raquet  et al. [3] for Ni at 284 K. Isothermal MR data was compared 
to the theory of Raquet et al. [3] in a two step process. Each temperature was 
fit using Eq. (5) where only D0, D1, and D2 were free parameters and, there-
after, the average value of the magnon mass determined at each pressure for 
T  300 K. At temperatures greater than TC/2 optical magnons and Stoner 
excitations become thermally populated and the theory underestimates the 
spin disorder, therefore, the magnon mass and its renormalization was de-
termined for T  300 K. Magnetoresistance data fit using the average 
magnon mass is shown in Fig. 10 and the average value of the zero tempera-
ture magnon mass is shown in Fig. 11 as a function of pressure. The error 
bars correspond to the standard deviation. While the experimental results 
presented here are in fair agreement with longitudinal data [1-3] the increase 
in the zero temperature magnon mass relative to MR measurements of epi-
taxial Ni films 390(20) meV Å2 [3] and single crystal neutron scattering 
results 395(20) meV Å2 [37] is explained in terms of the decreased DOS at 
the Fermi level nd(EF) for Ni0.985O0.015 compared to pure Ni. 

The application of pressure results in changes to the lattice constant as 
well as the dimensions of the sample. Thus, samples were compressed to a 
starting pressure and subsequentially decompressed to negate the effects of 
changing contact dimensions on the MR. The change in the area of the sam-
ple was accounted for by visual observation and the corresponding differ-
ence in the sample thickness from zero pressure was calculated using the 3rd

order Birch-Murnaghan equation of state (EOS) 
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where K0 = 181 GPa and 2.5'
0K  are the bulk modulus of Ni and its pres-

sure derivative [39], V0 is the zero pressure volume determined from XRD 
and V the volume at pressure. The MR at pressures up to 6 GPa, determined 
using the sheet resistance, Eq. (1), and the sample thickness, Eq. (6), was 
found to be linear and nonsaturating to 6 T with a field derivative similar to 
zero pressure measurements. The slight decrease in the slope of the magnetic 
resistivity with pressure is attributed to the interplay between the DOS at the 
Fermi level nd(EF), the magnon mass and the average magnetic moment. 
While nd(EF) is found to increase with pressure the competing effects of a 
decreased moment and increased magnon mass result in a net decrease in the 
magnetic resistivity at pressure, Fig. 10(b). 
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Fig. 10. The high field magnetic resistivity of Ni0.985O0.015 at zero pressure (a) and in 
the DAC at 280 K (b). Lines correspond to the theory of Raquet et al. [3] The lower 
and upper lines in (b) correspond to 1.1 and 4.4 GPa, respectively. 

Fig. 11. The zero temperature magnon mass determined from zero pressure and 
DAC magnetoresistance experiments. Each point represents the average value of the 
zero temperature magnon mass determined from fitting Eq. (5) to the isothermal MR 
data, T  300 K. Error bars represent the standard deviation. The line is a linear fit 
D0 = 530(7) meV Å2 +12(4) meV Å2 GPa-1.P to 4.4 GPa for MR data presented in 
this thesis. 
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3.1.2. The Hall Effect 
The Hall effect results from the Lorentz force when a current flows perpen-
dicular to an applied magnetic field. Carriers experience a force normal to 
both directions and accumulate on one side of the sample until a transverse 
electric field, the Hall field, balances the Lorentz force. The Hall effect is 
commonly used to characterize the carrier density and mobility in semicon-
ductors. In ferromagnets the Hall resistivity, Fig. 12, is known to be related 
to both the magnetic induction B and the magnetization MS of the sample 
[4,5,39,40]

SEH MRBR 00                          (7) 

where R0 and RE correspond to the ordinary (OHC) and extraordinary (EHC) 
Hall coefficients, respectively, and µ0 is the permeability of free space. The 
first term corresponds to the Lorentz force while the second is associated 
with a break in left-right symmetry during spin orbit scattering.  The correla-
tion between the EHC and the zero field resistivity

2baRE                              (8) 

provides information regarding the type of scattering mechanism involved. 
Homogeneous high resistivity ferromagnets are known to exhibit a n

ER
dependence where n  1 corresponds to classical skew scattering and n  2 to 
nonclassical side jump scattering. Measurements conducted in the zero pres-
sure cell and the DAC reveal that while side jump scattering is found domi-
nant n = 1.85(2) at zero pressure, skew scattering becomes increasingly im-
portant with pressure, Fig. 13. The value of the exponent n at zero pressure is 
expected to be slightly reduced due to impurity scattering resulting from the 
oxygen content in the sample. The decrease of n with pressure likely results 
from the combined effects of the decreased lattice volume and the increase 
of nd(EF) with pressure resulting in increased scattering involving oxygen. 

3.1.3. Band structure calculations 
Magnetism in ferromagnets arises from the differences in the spin up and 
spin down bands at the Fermi level. Thus, magnetotransport properties of 
ferromagnets are intricately connected to the DOS at the Fermi level and 
information regarding the DOS is invaluable in understanding experimental 
results. To better understand the effect of oxygen and pressure on 
Ni0.985O0.015 thin films, total energy calculations were performed ab initio
using a periodic supercell of 64 atoms. The cell size was chosen such that 
replacing 1 Ni atom with O corresponds to the sample chemistry as deter-
mined by ESCA. XRD measurements suggest that O replaces Ni in the face
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Fig. 12. The Hall resistivity for Ni0.985O0.015 at zero pressure (lower curves) and in 
the DAC (upper curves). 

Fig. 13. The correlation between the EHC and the zero field resistivity as a function 
of pressure. Open and closed symbols represent experiments conducted in the zero 
pressure cell and the DAC, respectively. The line is a guide for the eye. 

centered cubic (fcc) lattice. The thin film lattice constant a = 3.5224(20) Å is 
similar to published values for Ni a = 3.5238(2) Å [32]. Thus, the band 
structure for Ni and Ni0.985O0.015 were both calculated at 0 and 10 GPa using 
the nickel thin film lattice constant where the volume at pressure was deter-
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mined from the 3rd order Birch-Murnaghan EOS, Eq. (6). Total energy calcu-
lations were performed under purely hydrostatic conditions using the projec-
tor augmented wave (PAW) [41-43] method within the generalized gradient 
approximation (GGA) for exchange correlation [44]. The calculations em-
ployed PAW potentials with valence states 3p, 3d and 4s for Ni and 2s and 
2p for O with an energy cut-off of 400 eV. The geometry was optimized 
using the Hellmann-Feynman forces on the atoms and stresses on the super-
cell. The irreducible wedge of the Brillouin zone was sampled using k-point
grids of 3 x 3 x 3 for the geometry optimization and 8 x 8 x 8 for the final 
calculation.

Pressure extends the band structure and the Fermi energy is shifted to 
higher energies for both Ni and Ni0.985O0.015 while the average magnetic mo-
ment is decreased. The d-band DOS is shown in Fig. 14 at 0 and 10 GPa for 
both chemistries. The DOS at the Fermi level is virtually pressure independ-
ent for Ni whereas the DOS increases by 27% for Ni0.985O0.015 at 10 GPa. 
While the slope of nd(EF) is quite steep, the uniformity of the calculations 
ensures that the difference in nd(EF) will be maintained for a slight shift in 
EF. The decrease in the slope of the magnetic resistivity for Ni0.985O0.015 rela-
tive to Ni [1-3] at zero pressure is attributed to the drastic decrease, 60%, in 
nd(EF). However, the situation is more complicated at pressure, while nd(EF)
increases by 27%, the magnetic moment decreases and the magnon mass is 
found to be an increasing function of pressure, Fig. 11. The zero field mag-
netic resistivity is an increasing function of nd(EF) and the effective spin [3], 
however, Eq. (5) is inversely proportional to the square of the magnon mass. 
Thus, the effect of pressure on the MR is governed by competing factors for

Fig. 14. The d-band DOS for Ni (a) and Ni0.985O0.015 (b) at 0 and 10 GPa. The DOS 
for Ni0.985O0.015 is found to increase by 27% at the Fermi level between 0 (solid line) 
and 10 GPa (dashed line) while the average magnetic moment decreases from
0.683 µB to 0.655 µB. Arrows correspond to spin up and spin down bands. 
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Ni0.985O0.015. Apparently, the decreased moment and the increased magnon 
mass outweigh the increase in nd(EF). The increase in nd(EF) at pressure, as 
well as the decreased volume, results in more spin orbit scattering and, 
hence, a greater Hall resistivity, Fig. 12. Band structure calculations also 
reveal an induced magnetic moment on O, presumably, the itinerant nature 
of Ni polarizes O. 

3.1.4. Pressure effects 
The DAC can be used to generate pressures of 100s of GPa, thereby, allow-
ing the effects of pressure to be experimentally observed. The small external 
dimensions of the DAC allows the technique to be combined with a variety 
of equipment and the DAC is commonly used to investigate a wide range of 
phenomena in physics, materials science and the earth sciences including 
topics such as equations of state, phase transitions, chemical partitioning, 
superconductivity as well as electrical and magnetic properties, to name just 
a few. The development of a highly reproducible method for conducting 
precise electrical measurements in the DAC opens the door for high pressure 
transport and magnetotransport studies at pressures currently only consid-
ered theoretically. The ability to combine the results of experimental and 
theoretical investigations can only serve to further our understanding of the 
scattering processes in ferromagnets. Furthermore, the technique is not lim-
ited to ferromagnets and can be applied to any thin film sample. 

The magnetic resistivity in the saturated magnetic state is found to be 
negative and decrease linearly with increasing magnetic field while its field 
derivative decreases with pressure due to the change in the DOS at the Fermi 
level, Fig. 14(b), combined with a decrease in the magnetic moment and 
increase in the magnon mass, Fig. 11. The increase in nd(EF) is also respon-
sible for the increased EHC at pressure, Fig. 12. However, sample deforma-
tion and magneto elastic coupling due to nonhydrostatic conditions during 
cyclic compression complicate the data. The Ni0.985O0.015 thin film samples 
were found to flow under pressure, changing the predefined contact dimen-
sions. To avoid noise in the measured signal due to changes in the D/L ratio 
the sample was compressed to a starting pressure, thereby, limiting the 
maximum pressure for the sample. While magnetic hysteresis is not expected 
for experiments conducted above the technical saturation of the magnetiza-
tion, the difference between measurements during decompression and com-
pression is attributed to magneto elastic coupling in Ni [45-48] resulting 
from changes in the distribution of stress. The extraordinary Hall coefficient, 
shown in Fig. 15, as a function of pressure illustrates this effect and the re-
sulting difference during cyclic compression. While hydrostatic pressure 
media such as 4:1 methanol:ethanol [49] and 1:1 n-pentane:isopentane
[49,50]  can be used in the pressure range considered here, Al2O3 has several 
advantages as a pressure medium. Liquid pressure media have relatively low 
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hydrostatic limits, 10 GPa for the above examples, methanol:ethanol is 
slightly conducting due to an unavoidable water content, and the preparation 
method developed requires holding the sample in place with the diamond 
anvil. Introduction of a liquid into the sample chamber precludes placing the 
sample such that only the contact pads are in contact with the leads in an 
easily repeatable manner. Thus, Al2O3, which also acts as insulation between 
the gasket and the sample was used as a pressure medium. Correspondingly, 
the effect of magneto elastic coupling resulted in a modification of the mag-
netic properties during pressure increase and decrease. While the maximum 
pressure was limited to P0 due to sample deformation, the circuit continued 
to work and the leads and gasket were unaffected for pressures up to at least 
13.3 GPa.

Resistivity measurements at zero field were found to be in excellent 
agreement with resistance measurements of Ni in multi anvil presses under 
hydrostatic conditions [34,35] and in the DAC [19,20], Fig. 9(b). The elec-
tronic resistivity results from both interband and intraband spin flip transi-
tions as well as non-spin flip electron-phonon and electron-electron transi-
tions. Pu [19] and Pu and Ding [20] found the resistance of Ni to smoothly 
decrease to 28 GPa, where a discontinuity occurred in the slope, and sug-
gested that the observed decrease was due to dominant s-d intraband scatter-
ing and a decrease in the unoccupied 3d states at the Fermi level with in-
creasing pressure. They attribute the experimental discontinuity in the slope 
of the resistance at 28 GPa to a discontinuity in the DOS from zero pressure 
numerical calculations. However, the 0 K DOS calculations for Ni presented 
here, Fig. 14(a), exhibit a discontinuity at the Fermi level between 0 and 10 
GPa while experimental results, Fig. 9(b) find the resistance to be a smooth 
function. Furthermore, nd(EF) increases between 0 and 10 GPa for 
Ni0.985O0.015, Fig. 14(b), while the resistivity is found to smoothly decrease 
and is in excellent agreement with existing results for Ni. Apparently, the 
magnitude of the resistivity as a function of pressure is more complicated 
than the simplified picture of 4s-3d scattering at the Fermi level.

Magnetoresistance data was found to be in good agreement with longitu-
dinal data of epitaxial Ni thin films [1-3] at zero pressure after taking the 
effect of oxygen into consideration. Raquet et al. [1-3] found that the mag-
netic resistivity of Ni linearly decreased in fields up to 30 T for temperatures 
less than TC/2. Thus, based on the current experimental results available for 
Ni it is reasonable to assume that at temperatures where the Lorentz force is 
negligible but still less than TC/2, to avoid the scattering effects from ther-
mally populated optical magnons and Stoner excitations, the magnetic resis-
tivity should continue to decrease with increasing pressure to at least 28 
GPa.
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Fig. 15. The EHC as a function of pressure. Lines indicate the sequence of applied 
pressure starting at 4.4 GPa. Data above 4.4 GPa is shown to illustrate the effects of 
sample deformation. 

3.1.5. Geophysical implications 
The earth is modeled as being concentrically composed of a solid inner core, 
liquid outer core, rocky mantle and crust. The exact composition of the core 
is unknown, however, the density based on the preliminary reference Earth 
model (PREM) [51] is found to be about 10% less than pure iron [52]. Iron 
meteorites suggest that nickel constitutes about 4% of the core [53] while the 
lighter elements O and S are considered likely candidates, H, He, Mg and Si 
are also possible, to sufficiently reduce the density. The increase in density 
at the inner core boundary (ICM) is attributed to an increase in iron content 
due to solidification and the release of lighter elements from the iron alloy. 
The earth’s magnetic field is believed to result from the flow of the fluid 
alloy in the outer core resulting in a self-excited dynamo. However, attempts 
to model the geodynamo are dependent on knowledge of the electrical con-
ductivity  = 1/  of the core as well as the boundary conditions. The core 
mantle boundary (CMB) represents a laterally heterogeneous thermal and 
chemical boundary between the silicate rich mantle and the molten core. 
While convection is considered the dominant mode of heat transport in the 
lower mantle, thermal conduction across the CMB will effect convection in 
the mantle. The thermal conductivity K is related to the electrical conductiv-
ity through the Franz-Wiedemann law 



33

T
e

kK B
22

3
                           (9) 

where e is the electronic charge and the electronic and thermal relaxation 
times are assumed identical. Thus, transport measurements at pressure in the 
DAC provide an opportunity to probe the properties of thermal boundary 
layers such as at the CMB. Electrical conductivity measurements of 
perovskite and magnesiowustite, considered the dominant mineral phases in 
the lower mantle, conducted in the DAC [54-57] give varying results. While 
the results are undoubtedly influenced by the difficulty in preparing such 
experiments, it has been suggested that grain boundaries have a significant 
effect on the data [58].

The electrical conductivity at the CMB will also affect the observed geo-
magnetic field. Metallic regions in the CMB would partially screen varia-
tions in the geomagnetic field and alter the field near the CMB [59]. The 
electrical conductivity of both solid and liquid iron measured to 7 GPa in a 
multi anvil press [60,61] has been used to extrapolate the electrical conduc-
tivity of the outer core. The decay of the geomagnetic field is proportional to 
the resistivity in the magnetic induction equation from dynamo theory 

HvHH 2

0t
                     (10) 

where H = µ0B is the magnetic field and v is the velocity field. Thus, the 
uncertainty in the resistivity at outer core conditions limits knowledge about 
the energy sources required to sustain the geodynamo. Presumably, the geo-
dynamo is powered by thermal and compositional buoyancy from the growth 
of the inner core as the iron alloy freezes [62]. The release of latent heat 
during freezing [63] and lighter elements [64,65] is thought to be the mecha-
nism responsible for convection in the outer core as well as accounting for 
the change in density at the inner core boundary. Effectively, as the Earth 
cools, the solid inner core grows as iron alloy freezes releasing heat to drive 
the geodynamo. 

While the transport measurements presented in this thesis consider Ni thin 
films at pressures substantially less than lower mantle conditions the ex-
perimental technique developed provides the means for investigating geo-
physically relevant problems. Adaptation of the DAC setup to include leads 
sputtered on a diamond culet in combination with Fe-Ni alloy thin films with 
reduced thickness, to prevent sample deformation, would allow precise, re-
producible magnetotransport measurements to be conducted at outer core 
pressures. The conductivity of the lower mantle could be addressed through 
magnetotransport measurements of thin films with lower mantle chemistry. 
Minimizing the sample dimensions combined with the laser heating tech-
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nique would allow high temperature transport measurements, thereby, pro-
viding valuable information on the thermal, electrical and magnetic proper-
ties of the core. Thus, precise determination of the resistivity of materials 
thought to constitute the lower mantle and core would constrain thermal and 
geomagnetic models of the earth’s interior. 
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4. Concluding remarks 

The electrical conductivity in ferromagnets is a consequence of the scatter-
ing mechanisms and the magnetic state. This thesis considers scattering in-
volving collective spin excitations and the effect of an applied magnetic 
field. Experiments were conducted as a function of temperature and pressure 
to investigate the response of disorder on magnetic diffusion. The magnitude 
of the magnetic resistivity of nickel thin films was found to linearly decrease 
as a function of field with no trend toward saturation while its field deriva-
tive, 0.010-0.018 µ  cm T-1 for temperatures between 280 and 316 K and 
pressures to 6 GPa,  was found to increase and decrease with respect to tem-
perature and pressure. Magnetotransport experiments were conducted in the 
transverse mode enabling Hall effect measurements that suggest skew scat-
tering becomes increasingly important with pressure. 

Precise magnetotransport measurements were conducted using the van der 
Pauw technique in combination with modular thin film samples. Experi-
ments were prepared in a highly reproducible manner using nickel thin film 
samples fabricated with preexisting point contacts. Defining the geometry of 
the sample such that the quality of the contacts was independent of the 
placement of the leads allowed magnetoresistance and Hall effect measure-
ments to be conducted in the limited volume of the DAC. Furthermore, the 
manufacturing process allowed numerous samples to be created at the same 
time with known materials properties. While oxygen in the samples, at most 
1.5%, was found to significantly lower the Curie temperature 507(3) K, the 
room temperature zero field resistivity was in excellent agreement with ex-
isting results at pressure suggesting that oxygen does not significantly alter 
the scattering processes in the considered temperature range.

The effect of oxygen on the band structure of nickel was investigated us-
ing finite temperature ab initio total energy calculations at 0 and 10 GPa. 
Using a supercell of 64 atoms to simulate the sample chemistry, Ni0.985O0.015,
insight was gained into the magnetic resistivity as a function of composition 
and pressure from the density of states at the Fermi level and the average 
magnetic moment. Experimental magnetoresistance results were compared 
to the longitudinal theory of Raquet et al. [3] and the decrease in the mag-
netic resistivity was attributed to spin wave damping of electron-magnon 
scattering processes at high fields. The magnetic resistivity is expected to 
exhibit a similar trend to higher pressures, 28 GPa, and applied fields, 30 T, 
based on extrapolation of the experimental results in combination with longi-
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tudinal magnetoresistance measurements at zero pressure [1-3] and resistiv-
ity measurements as a function of pressure [19,20,34,35]. 

The technique developed for magnetotransport measurements is applica-
ble for the study of spin disorder in weak or strong ferromagnets as well as 
geophysical problems such as energy sources for the geodynamo and electri-
cal conductivity at the core mantle boundary. 



37

Summary in Swedish 

Magnetoresistivitet (MR) och Hall-effekt mätningar utförs rutinmässigt på 
halvledare för att bestämma intensiteten av elektronrörelserna. De magnetis-
ka egenskaperna hos ferromagnetiska multilager tunnfilmer studeras också 
intensivt i relation till nanoskalig magnetoelektronik. Denna avhandling 
redovisar en nyutvecklad teknik för att tillverka tunnfilmsprover som kan 
användas för exakta magnetotransportmätningar i diamantceller (DAC) un-
der höga tryck, upp till 100-tals GPa. DAC-tekniken möjliggör optiska och 
röntgendiffraktions (XRD) in situ studier som funktion av trycket. Det lilla 
utrymmet, 0.001 mm2, i provkammaren har dock visat sig vara begränsande 
för utvecklingen av transportmätningar, på grund av svårigheterna med att 
placera ledare på periferin av proven så att förhållandet mellan den genom-
snittliga kontaktdiamatern och avståndet mellan kontakterna är litet. 

Svårigheterna med att placera ledare i provkammaren undveks genom att 
proverna konstruerades med förplacerade punktkontakter. På så vis blev 
signalen oberoende av ledarplaceringen. Tunnfilmer av nickel tillverkades 
med hjälp av fotoresistenta gjutformar som definierade provets geometri. 
Elektronspektroskopi för kemiska analyser (ESCA), svepelektronmikroskopi 
(SEM) och XRD, användes för att karaktärisera proverna. Detta visade att 
tunnfilmerna var polykristallina utan någon kristallografisk orientering. Sy-
reinnehållet var som mest 1,5% och provkemin uttrycks därför som 
Ni0.985O0.015. Curie-temperaturen 507(3) K, visar sig vara signifikant lägre än 
för rent Ni, men resistiviteten överensstämmer väl med tidigare högtrycks-
press- och DAC-resistansmätningar under tryck, vilket tyder på att sprid-
ningsmekanismerna vid rumstemperatur inte märkbart påverkades av närva-
ron av syre.

Ett experimentellt system utvecklades för att utföra exakta magnetotrans-
portmätningar med hjälp av strömreverserings- och van der Pauw-teknikerna 
såväl vid noll tryck som vid ökande tryck. Påverkan på resistiviteten från 
magnetfält, upp till 10 T, studerades med hjälp av en supraledande 10 T 
magnet. Med en transversell strömriktningskonfiguration, med strömrikt-
ningen vinkelrät mot det yttre fältet, kan även Hall-effekten mätas. Den ex-
traordinära Hall koefficienten (EHC) visar sig öka med ökat tryck och korre-
lationen mellan nollfältsresistiviteten och EHC, motsvarande olika sprid-
ningsmekanismers inflytande, tyder på att stegvis ökad spridning dominerar 
vid noll tryck men att assymmetrisk spridning blir allt mer betydelsefull när 
trycket ökar. Den magnetiska resistiviteten, mag, i starka fält är klart över 
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den tekniska mättnaden för magnetisering och avtar linjärt med det pålagda 
fältet utan tecken på  någon mättnadsnivå. Fältderivatorn, 0.010-0.018 µ
cm T-1 för temperaturer mellan 280 och 316 K och tryck upp till 6 GPa, visar 
sig öka med ökad temperatur och minska med ökat tryck. Magnonmassan 
vid 0 K, 535(14) meV Å2 vid 0 GPa, bestämd utifrån Raquets et al. [3] longi-
tudinella magnetiska resistivitetsteori, visar sig vara en något ökande funk-
tion av trycket. MR-resultaten stämmer väl överens med tidigare longitudi-
nella resultat, om hänsyn tas till syrets effekt på bandstrukturen hos nickel.

Numeriska ab initio beräkningar av systemets totalenergi utfördes för en 
supercell bestående av 64 atomer för att undersöka effekterna av kemisk 
sammansättning och tryck på bandstrukturen hos ren Ni och Ni0.985O0.015.
Medan tillståndstätheten (DOS) på Ferminivån, nd(EF), inte märkbart ändras 
för Ni vid 10 GPa jämfört med 0 GPa, sker en ökning med 27% för 
Ni0.985O0.015, där en nickelatom är utbytt mot en syre. DOS på Ferminivån 
minskar med 60% och 23% för Ni0.985O0.015 jämfört med Ni vid 0 respektive 
10 GPa. Det genomsnittliga magnetiska momentet är ungefär 0.2 µB större 
för Ni0.985O0.015 både vid 0 och vid 10 GPa. Minskningen i den magnetiska 
resisitiviteten tillskrivs en spinnvågsdämpning av elektron-magnon sprid-
ningen orsakad av det pålagda fältet. Minskningen i mag med ökat tryck, 
samt jämfört med tidigare longitudinella nolltrycksresultat för Ni, tros vara 
ett resultat av förändringar i nd(EF), det magnetiska momentet och magnon-
massan. Magnetotransportmätningar och bandstrukturberäkningar påvisar en 
trend mot ökad ordning hos elektronspridningen vid ökat tryck. 
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