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Abstract

Magnetic oxides have become of interest source for spin transport devices due to

their high spin polarization. But the real applications of these oxides remains un-

satisfactory up to date, mostly due to the change of properties as a result of nano

structuring. Magnetite (Fe3O4) is one such a material. High Curie temperature and

the half metallicity of Fe3O4 make it a good potential candidate for spin transport

devices. Studies have shown that the nano structuring Fe3O4 changes most of it’s

important properties. This includes high saturation magnetization and drop of con-

ductivity by a few orders of magnitude in Fe3O4 thin films.

In this study, we have successfully grown Fe3O4 by reactive sputtering and studied

the effect of transition metal buffer layers on structural, transport, and magnetic

properties of Fe3O4. It is shown that the lattice strain created by different buffer

layers has major impacts on the properties of Fe3O4 thin films. Also for the first time,

the magnetic force microscopic measurements were carried out in Fe3O4 thin films

through Verway transition. MFM data with the magnetization data have confirmed

that the magnetization of Fe3O4 thin films rotate slightly out of the plane below the

Verway transition.

Fe3O4 thin films were also successfully used in fabricating spin valve structures

with Chromium and Permalloy. Here, the Fe3O4 was used to generated the spin

polarized electrons through reflection instead of direct spin injection. This is a novel

method that can be used to inject spins into materials with different conductivities,

where the traditional direct spin injection fails. Also the effect of growth field on

Fe3O4 and Fe3O4/Cr/Py spin valves were investigated. In Fe3O4 the growth field
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induced an uni-axial anisotropy while it creates a well define parallel and anti-parallel

states in spin valves.

Magneto thermal phenomenon including spin dependent Seebeck effect, Planar

Nernst effect and Anomalous Nernst effect were measured in ferromagnetic thin films

and spin valves. Spin dependent Seebeck effect and planar Nernst effect were directly

compared with the charge counterpart anisotropic magneto resistance. All the ef-

fects exhibited similar behavior indicating the same origin, namely spin dependent

scattering.
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1 Introduction

1.1 Spintronics

Spintronics stands for Spin transport electronics, where the electron spin is used

to fabricate a new generation of transport devices [1], [2], [3]. Even though the

idea of spintronics was used since 1970’s the real applications started only after the

invention of the Giant Magneto Resistance (GMR) by Albert Fert and Peter Grunberg

in 1988 [4], [5]. This invention revolutionized the magnetic recording industry by

producing hard drives with high capacity and won the Nobel price in 2007.

Similar to the electron charge in conventional electronics, in spintronics the in-

formation is carried by the electron spin, which can be detected by it’s magnetic

moment, −gµBs.Where“s” is the electron spin, “µB” is the Bohr magneton and the

“g” is the gyro-magnetic coefficient. In spintronics, the orientation of magnetic spin

(phase of the spin) with respect to an applied magnetic field or to a magnetic orien-

tation of a ferromagnetic film is used to store the information. In device fabrication,

orientation of the spin is used to manipulate other properties such as electrical current

and voltage in a predictable way. The most impactful applications of the spintron-

ics are in the magnetic recording industry [6]. Magnetic read heads in modern hard

drives and Magnetic Random Access Memories (MRAM) are among the main appli-

cations. Main advantages of spintronics technology over conventional electronics are

the non-volatility, high data storage density, high read/write speeds and low electric

consumption.The most important aspects of spintronics are the generation of spin

polarized current, optimizing the spin life time, transporting spin polarized current
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through materials without loosing the polarization, and the detection of the spins.

Most of the present day research on spintronics focuses on the above topics.

1.2 Generating spin polarized current

Spin polarization is defined as P=
N(↑)−N(↓)
N(↑) +N(↓)

, where N(↑) are the number of elec-

trons with spin up orientations and the N(↓) are the number of electron with spin

down orientation. Any non magnetic material has equal number of spin up and spin

down electrons giving zero spin polarization to the material. Injecting spin polarized

current into these non magnetic materials is a fundamental requirement in fabricating

spin transport devices. Spin polarized current can be generated by optical [7] and

electrical [8] techniques. But for device fabrication, electrical spin polarization tech-

niques are more desirable. In electrical spin injection, a magnetic electrode directly

connects to a non magnetic material and applies a current into the structure. This

current drives the spin polarized current into the non magnetic material creating a

spin accumulation in the non magnetic material. The spin accumulation and the spin

penetration depth [9] depend on various factors such as spin relaxation, where polar-

ized spins bounce back to their equilibrium un-polarized state, spin-orbital coupling

and the purity (relative residual resistance) of the material.

1.2.1 Direct spin injection from ferromagnetic to a non magnetic metal

Direct spin injection from a ferromagnetic material to a non magnetic (normal) metal

is the most commonly used method to produce spin polarized current. In a normal

metal, the density of states of spin up and spin down electrons are equal. When a

voltage is applied to normal metals both spin up and spin down electrons carry equal

amount of current, giving equal conductivities to both spin channels. This gives zero

spin polarization to the normal metal. To get a spin polarized current into the normal

metal we should be able to contact one spin channel and apply a different voltage to
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Figure 1.1: Density of States of a Ferromagnetic material and Non magnetic material

it. This is impossible to do just using a normal metal. The simplest way to do this is

to apply the current though a ferromagnetic contact, which acts as a spin dependent

resistor. Ferromagnets have different density of states for spin up and spin down

electrons at Fermi level (fig.1.1) . This provides different conductivities for two spin

channels. The Ohm’s law can be applied for each spin channel.

spin up electrons ~∇ µ↑= −e j
↑

σ↑

spin down electrons ~∇ µ↓= −e j
↓

σ↓

Where σ is the conductivity for each spin direction and ej is the current density

for respective spin species. The continuity of un-polarized current leads the Ohm’s

law and the Poisson’s equation to

~∇ ~j = 0.

For the spin polarized currents, the spin up and spin down components should be

taken into account separately. Since the spin up current can be transferred into spin

down current through spin flip

~∇ ~j↑↓ = -~∇ ~j↓↑

The spin transport across the Ferromagnetic/Non-magnetic (FM/NM) interface can

be treated with the diffusion equation,
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µ↑ − µ↓

τsf
=D∇2(µ↑ − µ↓)

where D =
vf l

3
is the diffusion constant, vf is the Fermi velocity, l is the electron

mean free path and the τsf is the spin flip time.

Figure 1.2: Ferromagnetic-Nonmagnetic interface

By solving the differential equation with boundary conditions at x = ±(∞)

µ ↑ = µ ↓ =µ0

and let µ↑ − µ↓ = µs,

Then the diffusion equation leads to,

µs(x) = µs(x = 0).e−x/λ

According to the above equation, if the µs is non zero at the interface (x=0), there

should be a non zero spin polarization at the normal metal [10]. Also the µs decays

exponentially within the spin flip diffusion length, λ = (Dτsf )
2. Here both µ↑ and

µ↓ are continuous through the interface but µ0 is not. This difference between the

chemical potentials drives spin polarized current into the NM with different spin up

and spin down current densities. But the total current density j remains constant.
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This method has been successfully used in most of the metallic systems. But it is

proven to fail when the conductivities of two materials are mismatched. Theoretical

models have shown that for this method to be successful, either both normal metal

and the ferromagnetic material should have closely matched conductivities or the

ferromagnetic material should be 100% spin polarized [11]. However, experiments

which have attempted to inject spins from ferromagnet metal to semiconductors have

shown less than 1% spin polarization effect [12] [13] in the semiconductor, which is

not sufficient for real world applications. Therefore direct spin injection has become

unsatisfactory method when it come to materials with different conductivities.

1.2.2 Polarization by reflection

In this method a non zero spin polarization is induced in the normal metal by reflection

of conduction electrons off the interface of a ferromagnetic material. Injecting spins

into normal metals through reflection is already been proven [14] [15] [16]. The

efficiency of the reflected base process is also similar to the efficiency of the direct

injection process. Therefore, generating spin polarized current through reflection can

be used in device fabrication. From this view, consider fig.1.3 in which, magnetic

Figure 1.3: Unpolarized electrons get reflected off the FM and gains the spin polar-
ization.

insulators are used with normal metals. When a current is applied to the structure,

higher resistivity of the magnetic insulator prevents current flowing into it, keeping the

most of the current in normal metal. This can be demonstrated by parallel resistor

model. Two layer structure shown in fig.1.3 can be represented by two resistors

parallel to each other (fig.1.4).
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Figure 1.4: Parallel resistor model

The current density through insulator, ji =
RM

RM +RI

j

The current density through metal, jm =
RI

RM +RI

j

If RM << RI ,

Then, RM +RI ≈ RI

This leads the current density through the metal (jm) to be equal to the total current

density (jm ≈ J). This implies that, if the resistance of the magnetic insulator is

considerably high relative to the resistance of the metal, the current will mainly flow

through the metal.

When the current is applied to the structure, electrons closer to the magnetic

layer get reflected off the interface and get spin polarized. Similar to the direct spin

injection, the spin polarization decays exponentially with the film thickness. Even

though this method has proven to be a success, it hasn’t been used that much in

fabricating real spintronics devices. In this dissertation I am presenting the use of

reflection based method in fabricating spintronics devices.

1.3 Giant Magneto Resistance (GMR)

Giant magneto resistance was first invented in 1988 by Albert Fert and Peter Grun-

berg in (100) oriented single crystal Fe/Cr/Fe sandwich structure and Fe/Cr super
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lattice [5], [4] grown using Molecular Beam Epitaxy (MBE). Since the resulted mag-

neto resistance values were much larger (
∆R

R
≈ 25%) than to the anisotropic magneto

resistance (AMR) of a single layer of Fe, the effect was named as ”Giant magneto

resistance”. Later GMR was also measured on polycrystalline Fe/Cr sandwiches and

superlattices deposited through magnetron sputtering [17].

To understand the GMR effect consider a simple spin valve structure with two ferro-

magnetic layers and a normal metal layer in between.

Figure 1.5: Spin valve structure with parallel(a) and anti-parallel (b) configurations

Depending on the thickness of the normal metal layer, two magnetic layers couple

either ferromagnetically or anti-ferromagnetically at zero applied field. This coupling

can be explained through RKKY (Ruderman,Kittle, Kasuya, Yosida) interactions [18]

[19] [20].

The interaction between nuclei spins i and j at a distance Ri and Rj through

electron scattering is given by

H(Rij) =
Ii.Ij

4

|∆km km|2m∗

(2π)3 Rij
4 h̄2

[2kmRij cos(2kmRij)− sin(2kmRij)]

This model explains the coupling between magnetic moments of two metallic nuclei

via conduction electrons. In the spin valve structure, the nuclei of two ferromagnetic

layers mutually couple with each other indirectly through conduction electrons. The

variation of H(Rij) with respect to Rij is oscillatory. Therefore depending on the

distance between two nuclei (in spin valves, this is just the normal metal thickness)
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two nuclei can couple either ferromagnetically or anti-ferromagnetically at zero field.

Figure 1.6: RKKY coupling

The resistance of the spin valve changes with the coupling state. Therefore fer-

romagnetically and anti-ferromagnetically coupled states have different resistances at

zero field. Usually the anti-ferromagnetically coupled state has higher resistance than

the ferromagnetically coupled state. A higher magnetic field can be used to overcome

the anti-ferromagnetic coupling and align all the spins parallel to each other. The

resistance of the spin valve becomes lower, similar to the ferromagnetic coupling. If

the external magnetic field sweeps to a lower value the anti-ferromagnetic coupling

become stronger and two ferromagnetic layers return back to anti-ferromagnetically

coupled state.

To understand the spin valve mechanism consider two ferromagnetic layers with

different coercivities separated by a non magnetic layer (Fig. 1.7). Here the top two

graphs show the magnetic hysteresis loops of the two ferromagnetic layers FM1 and

FM2 respectively and the third graph shows the Giant Magnetoresistance effect of

the spin valve. By applying a higher external magnetic field both ferromagnetic

layers can be aligned along the direction of the magnetic field making them parallel

to each other. This gives lower resistance to the spin valve structure (region 6).

Then the external field sweeps from positive to negative fields. At position (3) the
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magnetization of FM1 layer flips by 180 deg to align with the external field making it

anti-parallel to FM2. This gives higher resistance to the structure in the area between

(2)and (3). At the position (2) the FM2 also flips magnetization by 180 deg making

it parallel with FM1. This gives lower resistance to the structure in area (1). Similar

behavior can be seen when the external field sweeps from negative to positive fields.

At position (4) FM1 flips magnetization making it antiparallel to FM2. This gives

higher resistance to the areas between (4) and (5). At position (5) FM2 also flips its

magnetization giving a lower resistance to the area (6).

Figure 1.7: GMR mechanism

The origin of GMR in spin valve is mainly due to the spin dependent scattering,

with the interface scattering being more significant than bulk scattering [21]. As

shown in the fig.1.8, the first FM layer polarizes the incoming electrons and injects it

into the normal metal. Then the spin polarized current passes through the NM and

reaches the interface of the NM and the second FM layer. If the spin of the incoming
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Figure 1.8: Spin dependent scattering

current is aligned with the spin of the second FM layer, then the current passes

through the second FM layer without significant additional resistance. If the spin of

incoming electrons are not aligned with the second FM layer, then those electrons are

strongly scattered at the NM-FM interface, giving additional resistance to the spin

valve structure. Fig. 1.8 (a) and (b) show the scattering from the interfaces depending

on the polarities of the FM layers along with the schematics of the density of state

graphs for each layer.

Figure 1.9: GMR behavior using density of states of FM and NM layers

This can be also explained using the density of states of materials. In ferromag-

netic materials, due to exchange splitting spin up and spin down bands shift. In a

strong ferromagnetic material, Fermi level only has one type of spins. Here we assume

that in FM1, the Fermi level only has a band with spin down electrons (fig.1.9). In
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both parallel and anti-parallel situations spin down electrons can move from FM1

to the NM without additional resistance. Because in NM, Fermi level has both spin

up and spin down bands open. In parallel configuration, since FM2 has spin down

band open at the Fermi level, spin down electrons can move without additional resis-

tance. But in anti-parallel configuration, the FM2 does not have a spin down band

at the Fermi level. Due to the Pauli exclusion principle spin down electrons cannot

go in to the spin up band. This introduces an additional resistance in anti-parallel

configuration relative to the parallel configuration.

1.4 Different Geometries

Mainly two different geometries have been used in measuring GMR: Current in Plane

(CIP) geometry and Current Perpendicular to the Plane geometry (CPP). The CPP

geometry is more popular due to higher GMR values and ability to retain the GMR

effect even in thicker layers.

Current Perpendicular to the plane geometry (CPP)

In this geometry current flows perpendicular to the sample plane, as described in

Fig. 1.8. When the two FM layers are parallel to each other, incoming electrons weakly

scatter at the interfaces and gives low resistance. When the FM layers are anti-parallel

to each other,the interface scattering dominates and gives higher resistance to the

spin valve. CPP geometry gives higher GMR compared to CIP geometry.But CPP

geometry requires complicated fabrication techniques to overcome the lower resistance

across the junction. Since the layer thicknesses are in the order of few nano meters

the resistance across those layers are significantly lower. Several techniques are used

to overcome this problem, such as reducing the area of the layers by making them as

nano pillars. The most interesting property of CPP is the GMR can be observed in

spin valves with layer thickness as big as microns. Here the spin polarized current
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flow perpendicular to the plane give rise to spin accumulation effect and generates

long spin diffusion lengths [22].

Current in plane geometry (CIP)

In contrast to the previous geometry, in CIP current flow along the length of the spin

valve.

(a) Low Resistance (b) High Resistance

Figure 1.10: Current In plane Geometry

Therefore the lower resistance across the junction is not a problem in this geom-

etry. The actual mechanism, which governs the GM in this method is much more

complicated than CPP. As a result of this complication one cannot simply predict

CPP GMR valves from CIP GMR measurements. For the understanding we can

explained it as shown in fig. 1.10. When the two magnetic layers are parallel to

each other electrons undergo less scattering at the interfaces and lead to longer path

lengths.This gives lower resistance to the structure. In anti-parallel case the conduc-

tion electrons scatters significantly at the interface leading to a higher resistance. In

this geometry, the GMR values decrease significantly with the increasing layer thick-

nesses. However it is possible to see smaller GMR values at higher layer thicknesses

due to bulk scattering.
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1.5 Magnetite

Magnetite is a material that has been studied extensively in the past due to its unique

properties such as Verwey transition, half metallicity and high Curie temperature

(853◦C). It is also reported to be the oldest known magnet, and was discovered in

China. The half metallicity, which results in 100% spin polarization at the Fermi level,

make magnetite a promising materials for spintronics applications [23]. Magnetite is

a ferrimagnetic material with a spinel structure and has the chemical formula of

Fe3+A [Fe3+ Fe2+]B O4. Here, big O2− ions form a close packed face-centered cubic

lattice with both the Fe2+ and Fe3+ ions sharing the interstitial sites. There are two

types of interstitial sites that can be recognized on Fe3O4 structure. The tetrahedral

sites (red) are occupied by the Fe3+ atoms and the octahedral sites (yellow) are

occupied by the randomly distributed Fe2+ and Fe3+ atoms giving an average valence

value of +2.5 per Fe cation in octahedral site [24], [25].

Figure 1.11: Inverse spinel structure of Magnetite. (reproduced with the permission)
[26],

The signature property of Magnetite is the Verwey transition which is a metal

to insulator transition at 125K [27], [28], [29]. It is believed that this transition is

related to localization and delocalization of electrons at B sites. Above the Verwey

temperature (Tv) hopping of extra electrons between Fe2+ and Fe3+ at octahedral
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sites give higher conductivity to the magnetite. Below Tv, freezing of these extra

electrons make the Fe2+ ions ordered at octahedral sites generating a structure where

(001) planes are alternatively occupied by Fe2+ and Fe3+ ions. This ordering of

ions decreases the conductivity by several orders of magnitudes resulting the Verwey

transition [24]. Although this model is believed to be the most successful so far,

the exact mechanism which governs the transport properties of magnetite is still

unknown. The most important property of magnetite for the spintronics application

is the half metalicity. That means at the Fermi level it only has one type of spins.(In

this case it is spin down electrons). Therefore at the interface the material has 100%

spin polarization [30]. This property together with the higher resistivity of magnetite

make it an ideal candidate for spin injection process through reflection.
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2 Experimental Details

This chapter consists of detailed explanations of all the experimental techniques

used. Including sample preparation, thin film deposition and characterization tech-

niques such as X-ray reflectivity, X-ray diffraction and Magneto optical Kerr effect

(MOKE).

2.1 Making thin films

An AJA Orion Argon ion sputtering system was used to grow the films on selected

substrates. Due to the nearly ideal lattice match, usually MgO(100) is the ideal

substrate for magnetite film growth (lattice mismatch < 0.3%). Before the deposition

process, samples need to be cleaned well to get a good surface.

2.1.1 Sample Cleaning

Sample cleaning processes mainly depends on the substrate type. Our standard clean-

ing procedure consists with five steps. First, the substrates were sonicated for five

minutes in soap water and then rinse with DI water until all the soap water is re-

moved from the substrate container. Then sonicated again with DI water for five

minutes to make sure those are free of soap stain. After that, to get rid of all the

oily dirt on the substrates, those are immersed in acetone for five minute with the

sonication. This followed by another five minutes of sonication with methanol to get

rid of acetone and all the remaining dirt. Finally those cleaned substrates are blown

off with nitrogen gas until all the methanol is being evaporated. This kind of cleaning

is required for substrates like Si,SiOx and Al2O3. But for MgO substrates,(which are
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highly sensitive to the water),only the last three steps of the above process were used.

That is, sonicate with acetone and methanol for five minutes in each and blow off

with nitrogen gas to evaporate the methanol. Also care has to be taken in storing

MgO substrates. Since those are highly sensitive to the water,they can react with the

moisture in air. Those can be identified by white spots on the substrates. To prevent

this issue MgO substrates were stored in a dry vacuum chamber. Previous studies

have shown that annealing of MgO substrates at 800◦C helps to obtain good MgO

surface.

2.1.2 Sputtering

(a) Ar ion SputteringSystem (b) Ar ion Plasma

Figure 2.1: Argon Ion Sputtering System and Argon ion plasma

Sputtering is a method used to deposit thin films of a material on a given substrate.

In our studies, we used an Argon ion sputtering system to deposit films. In the process

of sputtering, Ar ions are accelerated onto a target material (thin film material) by

creating an argon plasma closer to the target. Due to these accelerated ions target

material starts to erode and ejects individual atoms through energy transfer into

the deposition chamber. These ejected atoms usually travel in a path of a straight

line. By placing a substrate at a certain distance,a thin film of the target material
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can be obtained on the substrate. The mean free path of those sputtered atoms

can be changed by varying the pressure inside the deposition chamber. When the

pressure inside the deposition chamber increases, the ejected atoms undergo more

and more collisions. This process decreases the deposition rate of the material onto

the substrate. Most of our normal depositions were done at 3 mTorr pressure. The

deposition rate also depends on the total power apply to the target material.

Pre-Sputtering Pre-sputtering is a process used to clean the target material

prior to the deposition. Generally the sputtering chamber keeps under a high vacuum

(10−8 Torr) to prevent all kinds of contaminations and reactions. But contamination

and oxidation can still take place inside the chamber due to sputtering of other mate-

rials and use other gases. Therefore, pre-sputtering is a necessary step that should be

done prior to all major depositions. It is done by covering the path between the target

and the substrate by a metal piece (shutter), so that all the ejected atoms will deposit

onto the shutter keeping the substrate clean. When all the unnecessary materials are

removed from the target, the shutter can be opened to start the deposition. This

can be identified by the input voltage(or the current) supply to the target material:

the input voltage and current become constant once all the unnecessary materials are

removed from the target.

2.1.3 Reactive Sputtering

In reactive sputtering, in addition to normal sputtering a chemical reaction is taking

place inside the deposition chamber. This is done by adding reactive gases like oxygen

and nitrogen in to the chamber in a controlled environment. Depending on the final

product, the sputtering conditions like pressure, temperature and gas flow rates should

be changed. In these studies, magnetite films were grown using reactive sputtering.

Fe was sputtered in an oxygen environment. This was little harder due to the presence
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of other oxides of iron like hematite(Fe2O3). Therefore, the exact reactive conditions

had to be identified prior to each deposition. Also, if materials with higher reactivity

(such as Gd) deposited prior to the reactive sputtering, those should be cleaned before

start the deposition. Usual procedure is to fill up the chamber with O2 gas and keep

there for an hour, so that all the reactive materials will oxidise and will not absorb

more O2 during the deposition.

2.2 Structural Characterization

2.2.1 X-ray diffraction

X-ray diffraction is a non destructive and versatile characterization technique used

on solid state materials and thin films. Properties like crystal structure, chemical

composition, lattice parameters and other physical properties can be obtained using

x ray diffraction technique. As shown in the Fig.2.2, the incoming X-ray beam is

incident on to a stack of atomic planes in a thin film with a angle θ and reflected off

with the same angle. The difference in path length between two consecutive X-ray

beams is equal to ∆1 + ∆2. Therefore the difference in path length between two

X-ray beams;

∆ = ∆1 + ∆2 = 2d sin(θ)

For constructive interference the difference in path length should be an integer

multiple of the X-ray wave length. So the ∆ = n λ where n is the order of reflection

and λ is the wave length of the X-ray radiation. All of the above equations leads to

Bragg’s equation.
nλ = 2d sin(θ)

Here d represents the distance between atomic planes and θ represents the angle

between the x-ray beam and the surface of the sample. Different atomic planes have

different inter atomic spacings (d values) and this leads constructive interference to

occur at different θ values for each plane [31].
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Figure 2.2: X-ray diffraction on a thin film

2.2.2 X-ray reflectivity

In this method the X-ray diffractometer works in a symmetric configuration, where

both the X-ray source and the detector move in equal amounts. But it operates on

lower angles compared to wide angle X-ray diffraction. This method can be used to

determined the thin film thickness and surface and interface roughness [32] .

Figure 2.3: Reflected and refracted x ray beams from a thin film

In figure 2.3 the path length difference between AC and AD is equal to

∆ = 2d sin(θd)

∆ = 2dθd = 2d
√
θ − θc
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For constructive interference the phase shift should be equal to an integer multiple of

the x-ray wave length (λ). For Cu kα radiation the wave length is 1.54 Å.

Figure 2.4: XRR scan of the Cr thin film

(mλ)2 = (2d)2(θ2 − θc2)

θ2 = (
λ

2d
)2m2 + θc

2

The thickness of the film can be obtained by the slope of the θ2 vs m2 plot.

2.2.3 In plane X-ray diffraction (phi-scans)

This method is used to determine the in-plane orientation of the crystallites on thin

films [33], [34]. In normal θ/2θ scans, angles φ and ψ are set to be zero and the θ

is changed between the given range. But in phi scans both ψ and θ were set up to

constant values and the φ changes from 0◦ to 360 ◦.

Here the magnetite thin films can be used as a example. Due to the close lattice

match and the thicker substrate peaks the Fe3O4 (200) peak is unresolvable in normal

θ/2θ scans. But using phi scans we can distinguish the MgO(220) peak from the

substrate peaks. First the θ was set up to 43◦ where the Fe3O4 (002) peak was

expected. Then ψ, the angle between the (002) peak and the (220) peak was set up

to 25.2◦. After that the φ was scanned from 0◦to 360◦.
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Figure 2.5: X-ray planes

Figure 2.6: Phi scan of Fe3O4 (220) peak

2.3 MOKE magnetometry

MOKE (Magneto Optical Kerr Effect) is an optical technique that allows us to study

the surface magnetization. It measures the intensity of a polarized light beam re-

flected off a ferromagnetic surface, which is proportional to the magnetization of the

ferromagnet.

Figure 2.7 shows a schematic diagram of a MOKE set up. Here a laser beam was

directed on to the sample through a polarizer. The polarization of the incoming beam
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Figure 2.7: Schematic diagram of the MOKE set up

changes by the reflection off the sample. This change in polarization was converted in

to a intensity change using an analyzer. Then the reflected beam was detected by a

photo detector.In ferromagnetic materials the magnetization flips upon sweeping an

external magnetic field. This change in magnetization can be detected as a change

in light intensity in MOKE with same coercivities. Therefore MOKE is a simple and

an accurate technique that can be used to study the coercivity related properties of

ferromagnetic materials.

2.4 Magnetite Growth and Characterization

Magnetite thin films were grown by reactive sputtering. This method is chosen over

depositing magnetite directly from a magnetite target due to the quality of the film.

The magnetite deposited directly from the target showed Fe2O3 (Hematite), FeO and

Fe peaks in addition to the Fe3O4 peaks in high angle X-ray diffraction.

The figure 2.8 shows the x ray diffraction data of the Fe3O4 target. Here, in

addition to the Fe3O4 peaks Fe, FeO and Fe2O3 peaks can be identified. These extra

peaks can be observed in the thin films grown from this target. But the magnetite

grown through reactive sputtering only showed the magnetite peak Figure (2.10).
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Figure 2.8: X ray diffraction data of a Fe3O4 target shows few Hematite (Fe2O3) peaks
in addition to Fe3O4 peaks

Figure 2.9: X ray diffraction of Fe3O4 thin films grown using Fe3O4 compound target
at different temperatures on glass substrates.

The process of reactive sputtering is highly sensitive to the amount of O2 in the

chamber. Presence of other reactive materials in the deposition chamber walls from
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the prior depositions can reduce the amount of usable O2 and affect stoichiometry of

the magnetite (especially materials like Gd and Ta). Therefore, prior to the deposition

all the high reactive materials were removed from the deposition chamber.

Figure 2.10: X ray diffraction of Fe3O4 thin films grown by reactive sputtering at
300◦C on glass substrates

The most important and time consuming part of the reactive sputtering was find-

ing the correct deposition parameters. Here the deposition power, pressure, tempera-

ture and the Ar flow rate were kept constant and the O2 flow rate was changed until

the correct recipe was found. When growing magnetite the sample holder was heated

to 300 ◦C and left idle for 15 minutes, so that the temperature would be uniformly

distributed through the sample holder. Then the Fe plasma was sparked using a radio

frequency (RF) power source at 200 W and allowed to pres putter for 15 minutes.

The total pressure of the chamber was controlled through the position controller. The

position of the gate valve was set up to 380 (VAT position), so that the total pressure

of the system would be 10 mTorr with 20 SCCM Ar flow. Then the O2 flow was

switched on with a flow rate of 0.51 SCCM, which we found to be the optimum flow

rate. After opening the O2 flow, it’s necessary to wait at least 2 minutes before the

real deposition. This gives enough time for the system to equilibrate. The sample
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holder was rotated at a speed of 40 rpm to obtain a uniform film thickness. Finding

the correct recipe can take from couple of days to couple of weeks.

Figure 2.11: Magnetite (left) and Hematite (right)

The magnetite films can be identified easily by looking at them. If the stoichiom-

etry is correct, then the resultant film will be black in color. If the O2 amount is

too low, then the film will look like a normal metal Fe film. If the O2 amount is

too high the film will become reddish brown due to hematite (Fe2O3). To fine tune

the recipe, we used the Verwey transition (Tv). If the stoicheometry is perfect, the

Verwey transition should occur around 125K for thick films. When the stoichiometry

deviates from the ideal value the TV , namely Fe3−δO4 with δ less than 10−3 [35].

Figure 2.12: R vs T diagram of 300nm of Fe3O4 grown on top of MgO (100) substrates
shows sharp Verwey transition at 120K.
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In measuring the Verwey transition, the magnetite sample was connected to a

resistivity measuring probe and pseudo four point measurement was used to obtain the

resistance. Then the probe was slowly dipped into a liquid Nitrogen dewar to prevent

thermal lag during the cool down and the resistance of the sample was measured

simultaneously. All the Fe3O4 films we grew showed the Verwey transition in between

119 K to 125 K, which suggests the stoichiometry was Fe3O4−x. Figure.2.12 shows the

change in resistance in magnetite as a function of temperature. The Verway transition

can be seen around 120K. The epitaxy of the magnetite was confirmed by X-ray

diffraction measurements. Higher orders of magnetite peaks can be distinguished

Figure 2.13: High angle x-ray of magnetite thin film at higher angles

from the MgO substrate peaks using high angle x ray diffraction. Figure 2.13 shows

the Fe3O4 (008) peak and the MgO (004) peak at higher angles. Each peak has two

maximums resulted from Cu Kα radiation.

Figures 2.14 and 2.15 shows the phi scans carried out focusing (311) and (220)

orientations. First a θ/2θ scan was carried out focusing the MgO(002) peak which

is overlap with the Fe3O4 (004) peak. The MgO(002) peak was observed at 43.06◦.

Then the θ was fixed to 43.06◦. Then the angle between the Fe3O4 (004) and (220)
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planes was calculated to be 25.2◦. So that the ψ was fixed at 25.2◦. Finally the angle

φ was changed from 0 ◦to 360◦to obtain the φ scan. Same procedure was repeated

for the Fe3O4 (311) peak. In this case the ψ was set to 35.47◦.

Figure 2.14: Phi scan of MgO and Fe3O4 (311) peaks. (MgO(311)-red, Fe3O4 (311) -
black), (b) and (c) shows the focused scans of (311) peaks of MgO and Fe3O4.

Figures 2.14 and 2.15 confirm the epitaxial growth of magnetite on MgO(100)

substrates. Figures 2.14(b) and (c) show the high resolution figures of (311) peaks of

MgO and Fe3O4 respectively. The full width at half maximum (FWHM) of MgO(311)

and Fe3O4 (220) were 0.56◦ and 1.34◦ respectively. Theoretically, the substrates peak

should be a delta function with zero FWHM. But, due to the instrumental broadening,

they showed finite FWHM for the substrate peaks. The magnetite (311) peak has

slightly broadened FWHM compared to the MgO FWHM due to the finite size effect.

Fe3O4 (220) peaks also show the same kind of behaviour. Figure 2.15 shows the (220)

peaks of Fe3O4 and MgO. Here the Mgo (220) peak has a FWHM of 0.38◦. and the

Fe3O4 (200) has a FWHM of 1.36◦. These low FWHM values confirms the quality of
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Figure 2.15: Phi scan of MgO and Fe3O4 (220) peaks. (MgO (220)-green, Fe3O4 (220)
- black), (b) and (c) shows the focused scans of (220) peaks of MgO and Fe3O4.

the magnetite films grown on top of MgO(100) substrates.
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3 Impact of transition metal buffer layers on

magnetite thin films

3000 Å Fe3O4 (magnetite) thin films were simultaneously grown on (001) MgO single

crystal substrates with and without 30 Å buffer layers of Fe, Cr, Mo, and Nb. Then the

effect of these buffer layers on structural, magnetization and transport properties of

Fe3O4 was studied. All the transition metals showed epitaxial growth on MgO (100)

substrates. We observe highly oriented (001) Fe3O4 with Mo and no buffer layer,

reduced (001) texture with Nb and Fe, and polycrystalline growth with Cr. Mo, Cr,

and unbuffered magnetite show typical magnetic behavior, whereas Nb and Fe buffers

lead to anomalous magnetic properties that may be due to interfacial reactivity.

3.1 Sample growth

All the films were grown in an Ar ion sputtering system with a base pressure of

20 nTorr. Ultra high purity gases were used for all the deposition. Samples were

rotated at a speed of 40 rotations per minute during the deposition to obtain uniform

film thickness. The most important step of the growth process is using the mask

exchanging apparatus located in the load lock. This allows us to change the masks in

between depositions without breaking the vacuum (Pressure rises to 200 nTorr when

load lock is opened), so that the samples will not be exposed contaminants. This is

an important capability to have when you need clean interfaces. In this experiment

using this in situ mask exchanging apparatus 30 Å of four different transition metal

buffer layers, namely Fe, Cr, Nb and Mo were grown separately on individual MgO

substrates and one substrate was kept without any buffer layers. The transition metals
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were grown at 300◦C at 3 mTorr pressure with the Ar flow rate of 20 SCCM. At DC

power of 100 W the depositions rates for Fe, Cr, Nb and Mo were 0.65, 0.68, 0.80 and

0.85Å/s respectively. After the buffer layer depositions, the mask was completely

removed and 3000 Å of Fe3O4 was deposited on all the substrates simultaneously. The

magnetite was grown by reactive sputtering of Fe in an O2 environment as described

before. After the Fe3O4 deposition, 30Å of Cr was deposited on all the samples as a

capping layer to prevent oxidation [36].

3.2 Structural Characterization

3.2.1 Buffer layer material

As a controlled experiment we also grew 3000 Å of transition metals on MgO(100)

substrates at 300◦C. Then the high angle x ray diffraction was carried out to determine

the structure of the films.

Figure 3.1: Wide angle x-ray diffraction measurements of MgO(001) /TM(3000 Å)

Figure (3.1) shows high angle x-ray diffraction data for MgO(001) /TM(3000 Å)

grown at 300 ◦C. To understand the structural coherence of the films rocking curves

were obtained around (200) peak.

Figure (3.2) shows the mosaic spreads of 3000 Å thick Mo, Cr and Fe thin films

30



Figure 3.2: Mosaic spreads of (200) peak of Mo Cr and Fe layers on MgO(100)
substrates)

on (200) peak. Low full width at half maxima of mosaic spreads suggests the good

structural coherence in (100) direction.

Figure 3.3 shows x-ray diffraction scans of four buffer layer samples MgO(001)

/TM(30 Å) / Fe3O4 (3000 Å) /Cr(30 Å), where TM=Nb, Mo, Cr, and Fe and one with

no buffer (denoted N/A). Here,the magnetite (400) peak is coincides with the MgO

(200) peak due to their nearly perfect lattice match. These cannot be distinguished

because of the higher intensity of the MgO(100) peak due to it’s larger thickness. A

low intensity peak was observed around 54◦ in all samples, with the exception of the

uncapped samples. This low intensity peak was identified as Fe3O4 (422) peak, which

originates from the 30 Å of Cr capping layer. This suggests that the Cr capping layer

affects the top surface of the magnetite. In addition to this peak Fe3O4 (311), (222),

(333) peaks can be observed on the Cr buffered sample. These multiple orientations

indicate that the Cr buffer layer leads to polycrystalline magnetite growth. All the
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Figure 3.3: Wide angle x-ray diffraction measurements of MgO(001) /TM(30 Å)
/Fe3O4(3000 Å) /Cr(30 Å). Each curve is labeled by its buffer layer.

other buffer layer samples didn’t show any peak in addition to the MgO(200) peak,

which suggests that they lead to strong (100) oriented Fe3O4 growth. Also we didn’t

observe any of the transition metal (100) peaks due to their thicknesses.

Figure. 3.4 shows that high angle X-ray diffraction on the buffer layered samples

reveals that the high orders of MgO and Fe3O4 can be separated easily. The (004)

peak of MgO is in the left of the graph and the (008) peak of the Fe3O4 is in the

right of the graph. The peaks appear as doublets because of the Cu Kα1 and Kα2

wavelengths. Comparing the relative intensities, it’s possible to conclude that the

Mo and unbuffered samples give strong (008) texture to the magnetite. Also the Mo

buffered peaks were shifted towards the MgO(400) peaks, suggests that the release

of the strain of the system. Rocking curves of MgO(400)and the Fe3O4 (800) have

0.055◦ and 0.079◦ full width at half maximum, respectively, which implies low mosaic

spread. This means the peaks are broadened due to the limitations of the instrument.

There are no (008) peaks observed on Cr buffered sample. It might be due to the

poor structure gives by the Cr buffer layer. Nb buffered sample shows relatively

low intensity (008) peaks, but clearly observable. Those peaks also shifted toward
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Figure 3.4: Resolved MgO and Fe3O4 diffraction peaks for higher order reflections.

the MgO (400) peak releasing the strain of the system. In Fe buffered sample only

Fe3O4 (008) Kα2 peak is observable, suggesting that the Fe3O4 (008) Kα1 peak is

coincident with MgO(400) Kα2 peak. This implies that magnetite grown on Fe buffer

layer is almost strain free compared to the bulk magnetite. This might cause the

reduced density of anti-phase boundaries [37] in magnetite by the Fe buffer layer.

We calculated the stress parameters for Nb, Mo and unbuffered samples relative to

the bulk magnetite(dbulk = 8.3967Å). By applying the θ value for Fe3O4 (008) peak

obtained by the high angle X-ray data into the Bragg’s equation (2dsin(θ) = nλ)

lattice parameters of Fe3O4 grown on different buffer layers were calculated. The

stress parameter was calculated using the difference between those calculated lattice

parameter and the bulk lattice parameter. They are -0.26%, -0.38%, and -0.44% for

Nb, Mo and Unbuffered samples, respectively. While the films are slightly strained

relative to the bulk, the fact that the (008) peaks are instrumentationally broadened

for Mo and N/A samples suggests that the d-spacing in the momentum transfer

direction is uniform throughout the films thickness. It is difficult to conclude the

same for the Cr, Nb and Fe samples [38]. The Fe buffered sample seems to be between
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these limits, but we cannot say this with confidence unless they are measured on a

better diffractometer.

Table 1: X ray data analysis

Film t(Å) a0(Å) a(Å) ε(%) Brag FWHM(◦) Rocking FWHM (◦)

Nb 300 3.30 3.32 0.64 (002) 0.79 (002) 1.69

Mo 300 3.15 3.14 -0.24 (002) 0.46 (002) 0.63

Cr 300 2.91 2.90 -0.52 (002) 0.41 (002) 1.00

Fe 300 2.87 2.87 0.00 (002) 0.32 (002) 0.36

Fe3O4 3k 8.397 8.360 -0.44 (008) 0.118 (008) 0.079

Mo/Fe3O4 30/3K 8.397 8.365 -0.38 (008) 0.135 (008) 0.055

Cr/Fe3O4 30/3K 8.397 poly (111), (311), (222), (422), (511), (440), (622)

Fe/Fe3O4 30/3K 8.397 poly (111), (311), (222), (422), (511), (440), (622)

Nb/Fe3O4 30/3K 8.397 poly (111), (311), (222), (422), (511), (440), (622)

3.3 Effect of transition metal buffer layers on Verwey tran-

sition

Resistivity measurements were carried out to determine the effect of the transition

metal buffer layers on the Verwey transition, as shown in Figure 3.7. Since the mag-

netite was grown on all the samples simultaneously, any differences in resistivities

should be due to change caused by the buffer layer. In measuring the resistivity,

we attached the samples to the measurement probe using double sided tape. Bigger

samples (samples grown on glass slides) were diced into smaller sized samples, so that

they would fit into the sample stage. If the substrate was completely covered with

the deposition material it was scribed in to long skinny lines using a diamond-tipped

scribe. Due to the high resistivity of magnetite, two point resistivity measurements

were carried out. Wires were connected onto the sample using pressed indium con-
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Figure 3.5: Resistivity measuring probe with a sample connected

tacts. Care should be taken while pressing the indium onto the sample, because

extensive pressing can result cracks on the sample, which will break the conduction

path.

Figure 3.6: Resistivity vs temperature measuring set up

For temperature dependent measurements, the probe was partially dipped into a

liquid nitrogen bath, allowing the sample temperature to cool from 300 K down to

about 100 K in about 30 minutes. The resistivity is measured as the sample cools
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down: the cooling rate is made sufficiently slow that no thermal lag is noted with

subsequent warming.

The unbuffered magnetite shows the sharpest Verwey transition, with an increase

in resistivity of more than an order of magnitude in just a few degrees. Cr, Fe,

and Nb buffered samples showed higher transition temperatures than the unbuffered

magnetite, but the transition was not sharp. This shift in the transition temperature

may be due to the stress created from these buffer layers on the magnetite layer, or

possibly the formation of an interfacial layer between the buffer and the magnetite

(e.g., if the buffer became oxidized by reducing the magnetite, then the interfacial

magnetite may have its stoichiometry altered).

Figure 3.7: Change in resistivity as a function of temperature for magnetite simulta-
neously grown on different transition metal buffer layers, relative to the room tem-
perature resistivity.

The Mo-buffered sample showed a transition point closer to the unbuffered sam-

ple, but the resistance saturates, unlike any other samples we investigated. We hy-

pothesize this being due to the formation of conduction paths at grain boundaries;

indeed, force microscopy images show that the Mo-buffered samples topography is
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quite granular due to the formation of magnetite nanoparticles rather than a film.

Additionally, these grains appear to have magnetic switching events during magnetic

force microscopy that are caused by sample-tip interactions. This indicates the for-

mation of grains that are weakly coupled to their neighbor [39].

3.4 Magnetization Measurements

Superconducting quantum interface device (SQUID) magnetometry was used for the

magnetization measurements. After saturating the Samples at 300 K to 30 kOe,

zero field cooled magnetization measurements were carried out along (100), (010)

and (001) directions at 10 Oe applied field.

Figure 3.8: M Vs H loops for un-buffered, Cr and Mo buffered Fe3O4 samples at 10K
and 150K along (100) direction

Magnetic hysteresis loops were also measured on those samples at various temper-

atures out to fields of ±5 Oe. Figure 3.8 shows hysteresis loops of un-buffered, Cr and

Mo buffered magnetite samples along the (100) direction at temperatures above (150

K) and below (10 K) the Verwey transition. All the samples show similar behaviour,

with enhanced coercive and saturation fields at low temperatures. There is also a

shearing of the low-temperature loops below the Verwey transition. This is a result

of the rotation of the easy axis above and below the Verway transition due to the

temperature dependent magnetic anisotropy.
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Figure 3.9: M Vs H loops for Nb and Fe buffered Fe3O4 samples at 10K and 150K
along (100) direction

Fe and Nb-buffered samples also show an increasing coercivity at low tempera-

tures. Nb buffered sample doesn’t show any shearing at low temperature. Fe buffered

sample shows slight shearing at 10K. But the shape of the loop is not as dramatically

changed like in other buffered and unbuffered samples. These differences in mag-

netization measurements in Fe and Nb buffered samples might be related to their

relatively high reactivity. It’s possible that at the initial stages of reactive sput-

tering Fe and Nb becoming oxidized themselves. During this process those might

have reduced the magnetite at the interface giving a different stoichiometry in the

form of (Nb/Fe) Ox − FeOx. This clearly leads to significant change in magnetic

properties [40].

The temperature dependence of the magnetization was measured on all the mag-

netite samples with buffer layers along two in plane directions (100), (010) and out

of plane (001) direction. All the samples exhibited change in magnetization around

120K indicating the good stoichiometry of Fe3O4.

In all the samples a change in magnetization was observed around 120 K. Along

(001) direction, the magnetization values were relatively low indicating that the easy
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Figure 3.10: Magnetization measurements of Fe3O4 on buffer layers along (a)(100),
(b)(010) and (c)(001) directions.

axis of the samples remains in-plane through out the transition. The largest mag-

netization values were observed along the (100) direction. Relatively bigger signals

were also observed along the (010) direction. According to the easy axis of the sam-

ples were between (100) and (010) directions. Mo, Cr and un-buffered Fe3O4 samples

showed a sharp drop in magnetization below the Verwey transition similar to the bulk

Fe3O4. In Nb and Fe buffered Fe3O4 samples, the transition is relatively suppressed

compared to other samples. This may be due to the formation of inhomogeneous

oxide layer at the interface by absorbing O2 from the Fe3O4 layer.

Figure 3.11: Total magnetization (a) and the angle (b) of Fe3O4 on different buffer
layers .

Using the above data the total magnetization and the magnetization angle with
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respect to the (100) direction were calculated separately for all the samples using

following equations (fig.3.11):

M2
total = M2

100 +M2
010 +M2

001

θtotal = cos−1(M100/Mtotal)

Cr, Mo buffered and un-buffered Fe3O4 samples showed similar magnetization

behavior with respect to temperature. They all showed sharp magnetization drop at

Verwey transition. Fe and Nb both showed significantly higher magnetization values

compare to other samples and their change in magnetization was suppressed at the

Verwey transition.

A Change in the magnetization angle was observed in Cr, Mo and unbuffered

Fe3O4 samples. This indicates that the magnetic anisotropy is temperature dependent

and it leads to temperature dependence rotation of easy axis above and below the

Verway transition. Similar behavior was reported in past on bulk magnetite [41] but

has not been observed in films. Measurement with a vector magnetometer should

clarify these observations.

We also were able to calculate the approximate angle ~MTotal makes relative to the

(100) direction using MTotal vs T data.

Figure 3.12: Change in total magnetization angle with respect to the (100) direction
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Figure 3.13 shows the temperature dependence of magnetization on same set of

samples along the (110) direction. Mo, Nb, and un-buffered samples show higher

magnetization values above the Verwey temperature relative to the (100) direction.

This indicates that the easy axis of all above samples are closer to (110) direction

than (100) direction. A drop in the total magnetization was observed in Nb and Fe

buffered Fe3O4 samples. However they showed considerable change in magnetization

compared to (100) direction.

Figure 3.13: Magnetization of Fe3O4 on different buffer layers along (110) direction

3.5 Magnetic Force Microscopy on unbuffered Magnetite thin

films

3.5.1 Magnetic Force Microscopy

Magnetic Force Microscope (MFM) produces a two dimensional map of magnetic

surface. Here a small magnetic tip mounted on to a cantilever spring places very

close to the surface of the magnetic sample. Using this magnetic tip the magnetic

stray fields from the sample is detected. The magnetic force on the tip is calculated

by measuring the displacement at the end of the cantilever. This is measured by a
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deflection sensor, which uses a reflection of a laser beam off the cantilever end.

Considering the magnetic tip as a point dipole with magnetization oriented per-

pendicular to the sample plane, the potential energy (U) of the tip sample system is

defined as:

U = −mzBz( ~rtip)

Where mz is the magnetic moment of the tip and Bz is the stray field from the sample.

The force on the magnetic tip as a function of distance can written as:

~F (~r) = −~∇U = mz
~∇Bz( ~rtip)

~F (~r) = mz (
∂

∂x
x̂+

∂

∂y
ŷ +

∂

∂z
ẑ) Bz( ~rtip)

by assuming the motion of the tip is constrain to the ẑ direction, the vertical force

act on the magnetic tip by the sample stray fields can be reduced to

~F (~z) = mz(
∂Bz

∂z
)

According to this equation the force on the tip is proportional to the field gradient.

In magnetic thin films the field gradient is higher at the domain edges. Therefore

high contrast can be obtain at the edge of the domains.

Figure 3.14: Mechanism of Magnetic Force Microscope

By scanning the cantilever over the sample in a raster style an image of magnetic

domains on the surface of the sample can be obtained.
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3.5.2 Magnetic Force Microscopy on Magnetite thin films

In this study the temperature dependence of magnetite thin films was studied using

SQUID and MFM. Previous studies have shown that formation of anti phase bound-

aries (APB) on magnetite thin films. These APBs have out of plane magnetization

due to anti-ferromagnetic coupling. This make MFM a perfect candidate to study the

micro magnetic nature of magnetite thin films. Prior MFM studies have reported on

magnetite in room temperature [42]. But our probe has the unique ability to perform

the MFM as a function of temperature. This allowed us to study the magnetic struc-

ture of magnetite during the Verwey transition. For these measurements the films

from the buffer layer study were used.

3.5.3 MFM on Unbuffered Fe3O4thin films

Here a 3000Å thick Fe3O4sample directly deposited on to the MgO(100) substrate was

used. First, SQUID measurements were performed on the sample. The sample was

saturated at 30kOe field along (100) direction and zero field cooled to 10K. Then the

magnetization was measured from 10K to 300K in 10K discrete steps. Measurements

were performed on (100),(010) and (001) directions.

Figure 3.15: Magnetization Vs Temperature of Fe3O4thin films along (100),(010) and
(001) directions
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According to the figure(3.15) magnetization along (100) and (010) directions show

higher values above the Verway temperature. The magnetization along (001) plane

was remained low above and below Verway temperature. This indicates that the

magnetization of the sample lies in plane of the sample. By considering the different

magnetization values along above three directions, samples net magnetization is cal-

culated to be 32◦from the (100) axis. The highest magnetization value along (100)

direction indicates that the sample has developed a slightly preferred direction along

this axis.

Figure 3.16: Magnetization Vs field curves of Fe3O4at 200K and 50K

Figure(3.16) shows the magnetization vs field curves for magnetite at 20K and

50K. The magnetization at 50K is deviated from the 200K. This might be due to the

rotation of magnetization below the Verway transition. Other notable fact is that the

samples haven’t reach the saturation until 20kOe field. This indicates the presence

of anti phase boundaries in the sample.

MFM images were acquired using a custom built scanning force microscope. To

obtain topographic and resonant frequency images a commercial NanoScope IIIa con-

troller with an extended module was used. The microscope has the ability to acquire
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images at a particular location for a wide range of temperatures. The scanning win-

dow was selected by visually matching the features of the topological image during

of data acquisitions.

Figure 3.17: Topological image of Fe3O4surface at 120K

Figure(3.17) shows the topology of the area selected for MFM on surface of a mag-

netite film at 120K. First set of MFM images were acquired during the temperature

sweeps through the Verway transition. Temperature was swept from 135K to 77K in

10K steps.

Figure 3.18: MFM images of Fe3O4thin film through Verway transition
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Figure(3.18) shows the MFM images of Fe3O4during the Verway transition. The

dark and bright areas represents the attractive and repulsive interactions respectively.

Using this the domain size of the Fe3O4thin film can be obtained. Here the domain

size found to be 300nm. Another noticeable fact is that all the features on this film

remains unchanged during the Verway transition. This indicates that all the domains

remains pinned through the Verway transition. A significant change in contrast in

entire film was observed during the Verway transition. A high contrast can be seen

below the Verway transition. The MFM contrast is directly proportional to the field

gradient in z direction. Increasing contrast suggests the increase in field gradient in

z direction. This indicates the rotation of magnetization slightly out of plane below

the Verway transition.

Figure 3.19: MFM images of Fe3O4thin film from 110K to 120K

Figure (3.19) shows the MFM images that were taken at fine temperature steps.

The figure at 116K shows low contrast compared to the figure at 114K. The figure

taken at 115K shows both regions with high and low contrast. This indicates that

those areas in the film undergoes phase transition at 115K. From these figures we can

conclude that the transition occurs locally within narrow temperature window bound

above 2K. But, according to the magnetization data the transition take place across
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a broad temperature range. This discrepancy is basically due to the measurement

techniques. In SQUID the magnetization averages over the full area of the sample,

while MFM is limited to a micron size field of view. Therefore using MFM, the exact

transition point can be identified.

Figure 3.20: RMS values from MFM images with 10K steps (red, up-triangles) and
1K steps (black, down-triangles)

The tilting of magnetization out of plane below the Verway temperature can be

also verified by frequency shift data. Frequency shift is proportional to the second

derivative of the sample stray field in the direction parallel to the surface normal.

Figure (3.20) shows a increment in frequency shift below the Verway transition. This

suggests the tilt in magnetization below Tv. The angle of total magnetization with

respect to the surface normal was also calculated using three orthogonal magnetization

measurements.

Mtotal = M2
100 +M2

010 +M2
001

θtotal = cos−1(M001/Mtotal)

Figure (3.21) shows the change in total magnetization and it’s angle with respect

to the surface normal. Here the rotation of angle is clearly visible. The angle of the

total magnetization decreases by 6 ◦indicating the tilting of magnetization out of the
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Figure 3.21: Change in Total magnetization with the temperature

plane at the Verway transition. This is the main reason behind the change in contrast

in MFM images below the Verway transition.

3.6 Chapter Summary

We have demonstrated that ultra thin TM buffer layers can significantly impact the

structural, transport, and magnetic properties of magnetite thin films. The fact is

that the magnetite layers were grown simultaneously on all five substrates, allowing

us to make conclusions based solely on the buffer layer material. Surprisingly, the Mo,

Cr, and unbuffered samples all showed similar behavior, despite the fact that the Cr

buffered magnetite appears polycrystalline. In contrast, the Nb and Fe buffered sam-

ples showed strong (001) texture but have anomalous magnetic properties. Noting

that Nb and Fe are more reactive than Mo and Cr, a potential origin of these observa-

tions is that Nb and Fe may have reduced the magnetite, creating a stoichiometrically

inhomogeneous material near the lower interface. Magnetization properties revealed

the rotation of total magnetization below the Verwey transition. MFM measurements

confirmed the rotation of magnetization slightly out of the plane below the Verwey

transition.
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4 Spin Valves using Magnetite

Reactively sputtered Fe3O4 on MgO(100) substrates were used to fabricate spin valve

structures. Mainly two different types of spin valves were fabricated. Those were

Fe3O4/Cr/Ni80Fe20(Py spin valves and Fe3O4/Cr/Fe3O4 spin valves. Here the main

principle behind these type of spin valves is that they generate the spin polarized

current through reflection rather than direct spin injection [43] [44]. Also the effect of

uni-axial anisotropy induced by field growth was studied on Py, Fe3O4 single layers

and Py/Cr/Fe3O4 spin valve structures.

4.1 Fe3O4/Cr/Py Spin Valves

Fe3O4 was used with Py and Cr spacer layer in the spin valve. Fe3O4 was directly

deposited on the the MgO(100) substrate by reactive sputtering. The magnetite

deposition rate was 0.26Å/s. Then it was followed by direct deposition of Cr and Py

onto it. Both Py and Cr were deposited at room temperature and 3mTorr pressure

using DC magnetron sputtering. The deposition rates for Py and Cr at 100W DC

power were 0.6 Å/s and 0.3 Å/s respectively. To obtain good interface the sample was

kept in vacuum during deposition; this helps to prevent oxidation from taking place

at the interfaces. The thickness of Fe3O4 and Py was kept constant at 300 Å. To

study the thickness dependence of the spacer layer the Cr layer thickness was varied

from 41 Åto 107 Å. This was done by growing a Cr wedge during the deposition.

To grow a wedge of any material the rotation of the sample holder should be

stopped during the deposition so that the area closest to the sputtering gun gets more

material flux and thus grows thicker than the far end of the substrate holder(fig. 4.1a).
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(a) Side View (b) Bottom View

Figure 4.1: Deposition flux density map

When doing this as shown in figure 4.1b the substrates place along the diameter of the

substrate holder and that line align with the target material. So the closer substrates

get more material flux than substrates on the far side.

Figure 4.2: Deposition rate of as a function of the position of the sample.

Figure 4.2 shows the variation of deposition rate as a function of the sample

position. A factor of 3 difference in thickness was observed by this method. This

allows us to grow all the spin valve structures in one deposition run, so the Fe3O4 and

Py is the same for all the samples and any difference in MR should be due to the Cr
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thickness.

4.1.1 Measuring Magneto-resistance

Current in-plane magneto-resistance measurements were carried out in these samples.

A solenoid which can output 1500 Oe field with 30A current was used to apply the

magnetic field. It was connected to a 30 A power source which is controlled through

a Labview interface. This allowed us to sweep the magnetic field from +1500 G to

-1500 G in desired step sizes. To measure the resistance change, a Wheatstone bridge

circuit was used with a lock in amplifier.

Figure 4.3: Experimental set up for MR measurements

The sample was attached to the probe using double sided tape, taking special care

to make sure that the sample sits parallel to the surface of the probe. Air bubbles

trapped in side the tape can make the sample to become tilted, which could lead to

errors in measurement. To measure the MR, Cu wires were connected to the sample

using Indium. Here a small amount of Indium was put on top of the sample and placed

the wire on top of it and squished it, so that the wire and Indium stick to the sample.

The final contact is typically about 1 mm in diameter. If the MR is directly measured

using a multimeter it’s necessary to do real or pseudo four probe measurement to
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remove the effects of the contacts. In pseudo four point measurement both current

and voltage leads connect to a single Indium contact as shown in figure 4.4b. This

does not fully remove the effect of contact resistance on the sample resistance, but is

reasonable to do and easier if the resistance of thin film is 100 Ω or more.

(a) Four point method (b) Pseudo four point method

Figure 4.4: Four point method of resistance measurement

Since we only measure the voltage change, when using the bridge circuit, there is

no need to use the four point method. In this method, the sample (S) was connected

to the Wheatstone bridge circuit as shown in the figure (4.3) with a variable resistor

Rv. A sine signal of 1 kHz with 0.5 V amplitude was applied to the bridge using a lock-

in amplifier. The resultant voltage was measured using the same lock-in amplifier. In

preparing to measure the voltage, the bridge was balanced by varying the resistance

of Rv and R1 : R2. Then the resistance of the sample Rs was estimated using the

equation

Rs = Rv
R1

R2

After that the sample was temporarily removed from the circuit and replaced with

a decade resister box in order to calibrate the voltage to resistance conversion. The

circuit was calibrated by measuring the resultant voltage difference (∆V ) by changing

the resistance of the decade resistor. This ∆V vs ∆R data was plotted to get a

calibration curve. Using this plot it’s possible calculate the resistance change of the
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sample by measuring the change in voltage (∆V ). After this step, again the sample

was connected to the bridge circuit to carry out magneto resistance measurements.

This procedure was carried out before each and every measurement without any

external magnetic field. Room temperature GMR measurements were carried out

for all the Fe3O4/Cr/Py spin valves. The magnetic field was applied parallel to the

current flowing direction.

Figure 4.5: Fe3O4/Cr/Py spin valves with different spacer layer thicknesses. (a) Cr -
41 Å (b) Cr - 107 Å

A clear GMR signal was observed on all the samples. When the current is applied

to the spin valve, due to the higher resistance of Fe3O4 layer most of the current flows

in Cr and Py layers. The current flow close to the Fe3O4/Cr interface in Cr layer

gets reflected off the Fe3O4 interface and may become spin polarized. Then these

electrons scatter from the Cr/Py interface and leads to GMR. Figures(4.5) show the

MR data for spin valves with 47 Å and 107 Å thick Cr spacer layers. In addition to a

small GMR signal, we also observed an anisotropic magneto resistance(AMR) signal

from the Py. This is mainly due to the reversal of the magnetization of Py with the

applied magnetic field. This is an unavoidable issue because of the higher resistance

of the Fe3O4 most of the current flow through the Cr and Py layers. The current

flow through the Py layer generates these AMR peaks due to the bulk scattering.

Nevertheless the intensity of the peak can be reduced by applying a magnetic field
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during the deposition as will describe later in this chapter. Even with the higher

AMR peak the GMR signal is still observable.

In all the samples the parallel and anti-parallel states can be identified clearly.

The parallel state is saturated with a low resistance and the anti-parallel state is

the shoulder with high resistance. This indicates the switching of two FM layers

separately with the applied field. Py switches magnetization around ±10 Oe and

Fe3O4 switches magnetization around ±200 Oe. The GMR ratio was calculated by

subtracting the resistance of saturated parallel state by resistance of the anti-parallel

shoulder normalized by the resistance of the saturated parallel state.

Figure 4.6: GMR Vs Cr thickness of Fe3O4/Cr/Py. No samples were made with
thickness range between 60 Å to 80 Å due to the shadowing of the sample holder.

Though small, the GMR showed an exponential decay with increasing Cr film

thickness. By fitting to an exponential curve the decay constant was found to be

19Å at room temperature. This is smaller than the reported spin diffusion length of

Cr at 4K [9]. We didn’t observe any oscillatory behaviour in GMR due to the larger

Cr film thickness. Another possible explanation for the lack of oscillatory coupling is,
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the resultant GMR on these samples can be from bulk scattering rather than interface

scattering.

4.2 Fe3O4/Cr/Fe3O4 Spin Valves

In these spin valves different Fe3O4 film thicknesses were used to get different coercive

fields. First a 500 Å of Fe3O4 was directly deposited onto the MgO(100) substrates.

It was followed by a Cr wedge with thicknesses from 57 Å to 151 Å. Then 1000 Å of

Fe3O4 was deposited as the top layer. Similar to the previous experiment, current in

plane MR was measured with field parallel to the current flowing direction. In this

case the switching of magnetization of Fe3O4 was observed at different applied fields,

indicating the different coercive fields from the different Fe3O4 thicknesses. Generally

the thicker film gives the higher coercivity.

Figure 4.7: Variation of GMR with Cr spacer layer thickness ion Fe3O4/Cr/Fe3O4
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Figure(4.7) shows the variation of GMR in Fe3O4/Cr/Fe3O4 spin valve with the Cr

layer thickness. The main difference in these spin valves compared to Fe3O4/Cr/Py

spin valves is that Fe3O4/Cr/Fe3O4 spin valves do not saturate at higher fields. The

samples show butterfly like AMR behavior, which is intrinsic to Fe3O4 [45] and the

different switching fields can be clearly identified. In calculating the GMR, the shift

of the signal relative to the AMR signal was considered (fig. 4.8).

Figure 4.8: Calculation the GMR on Fe3O4/Cr/Fe3O4 spin valve

Similar to the previous experiment here also the GMR was measured as a function

of Cr spacer layer thickness. The GMR showed an exponential decay with the in-

creasing Cr spacer layer thickness. The decay constant was determined to be 33Å at

room temperature.

In both types of spin valves the observed GMR values are quite small relative

to the all metal spin valve structures, but they are well within the reported mag-

netite/NM/FM spin valve structures. This can be due to combination of effects.

Oxidation of Cr layer at the Cr/Fe3O4 interface can be a major problem. Since the

Cr was deposited after the reactive sputtering of magnetite it’s possible the residual
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Figure 4.9: GMR Vs Cr thickness on Fe3O4/Cr/Fe3O4 spin valve

oxygen in the chamber might have oxidized the Cr interface. This oxide layer might

act as a barrier to the spin dependent reflection which is necessary for larger GMR.

Also, impurities present in the Cr spacer layer can reduce the spin diffusion length

of the Cr, which will lead to lower GMR. This also might be the reason behind the

different decay constants in Fe3O4/Cr/Py and Fe3O4/Cr/Fe3O4 spin valves. This is

possible if the Cr spacer layer in the two spin valves have different impurity levels.

Also the GMR in Fe3O4/Cr/Fe3O4 spin valves are lower compared to Fe3O4/Cr/Py

spin valves. This is expected because in Fe3O4/Cr/Fe3O4 spin valves spin polariza-

tion is entirely occur through spin dependent reflection. The efficiency of this process

might be less compared to the Py/Cr interface due to above mentioned reasons and

leads to lower GMR. Also in Fe3O4/Cr/Py spin valves the resistivity mismatch be-

tween magnetite and metals might cause shunting of the current, giving low current

density close to the Fe3O4 interface and reduced the opportunity for spin dependent

reflection. In addition the higher spacer layer thickness is also a major reason for the

lower GMR values. Here the spacer layer thickness values are above the spin diffusion
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length of Cr. Another possibility is that, since the film thicknesses are relatively high,

what we might have seen here is a significant contribution to the GMR from the bulk

scattering rather than the interface scattering. Previous studies have shown that low

GMR values arise from bulk scattering in CIP geometry. Also in previous chapter,

the Cr buffered Fe3O4 layer showed some extra Fe3O4 peaks in X-ray diffraction study

suggesting the polycrystalline nature of Fe3O4. Therefore the surface in contact with

the Cr may have not be ideal and may have lead to lower spin polarization.

4.3 Influence of Growth Field on Py, Fe3O4 and Py/Cr/Fe3O4 Spin

valves

As described in the last section, Fe3O4/Cr/Py spin valves have a significantly large

signal due to the AMR of Py. We tried to minimize the intensity of the AMR peak by

introducing an uni-axial anisotropy to the Py by growing it inside a magnetic field.

We also did the same experiment for Fe3O4 and Py/Cr/Fe3O4 spin valve structures. A

similar experiment could be pursued in the future by lithographically introducing the

uni-axial anisotropy. This is complicated by the high temperature processing of Fe3O4,

as well as our desire to keep the interfaces as clean as possible; post deposition milling

is possible, but can potentially damage the magnetite. In contrast, field deposition is

straight forward and avoid these possible major complications.

4.3.1 Introducing Uni-axial Anisotropy

The anisotropic magneto-resistance of a ferromagnetic sample is defined by,

R(θ) = R0 + ∆R0 cos2(θ),

where R0 is the average resistance of the sample and θ is the angle between the current

direction and the magnetization direction of the sample. Accordingly
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Figure 4.10: AMR measurement

When, θ = 0◦ : R(θ) = R0 + ∆R0 ,gives a maximum.

When θ = 90◦ : R(θ) = R0

That is when the magnetization of the sample is parallel to the current flowing

direction, the resistance of the FM should reach a maximum and when the magne-

tization is perpendicular to the current flowing direction the resistance should come

down to the average value. Figure(4.11) shows a cartoon of the variation of the AMR

signal with an external magnetic field. The spin diagrams at the top and the bottom

show the rotation of spins with increasing and decreasing applied fields.

Figure 4.11: Spin rotation during AMR measurement. Red curve represents the nor-
mal magnetization reversal in a ferromagnet; blue curve represents the magnetization
reversal in a sample with uni-axial anisotropy.

As shown in figure (4.11) the rotation of spin takes place in a wide field range

and leads to a broad intense peak rather than a short sharp peak. If an uni-axial
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anisotropy induced into the FM then the spin rotation will take place in a smaller

field range. This should also cut down the intensity of the AMR peak significantly.

Uni-axial anisotropy can be induced into a film with couple of methods. One

is lithographically patterning the film in to a long skinny wire. Due to the shape

anisotropy, the magnetization of the sample will align parallel to the length of the

sample. When the applied field changes, the magnetization directly jumps from

parallel to the anti-parallel position skipping the perpendicular orientation, which

is prohibited due to the shape anisotropy. Another method to obtain the uni-axial

anisotropy is to apply a magnetic field during the growth process. This aligns the

magnetization of all the atoms along the field direction during the growth leading to

an uni-axial anisotropy. In this experiment we used the growth field method.

A 200 Oe field was applied to Py, Fe3O4 and Py/Cr/Fe3O4 spin valves during the

growth process. Since Fe3O4 was reactively deposited at high temperatures a special

sample holder was designed(fig. 4.12).

Figure 4.12: Sample holder designed for apply a field during the growth process

Most of the rare earth magnets lose their magnetization at modest temperatures

(100◦C). Therefore we used commercially available ferrite magnets, which can be used
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up to 450◦C. Before they were used in the experiment the magnets were baked in the

sputtering chamber at 300◦C for 2 hours and took out to measure the magnetic fields.

Magnetic field values didn’t show any difference before and after the baking. In the

sample holder two ferrite magnets were placed on inner perimeter of a Fe yoke, which

is machined from 99.99% purity Fe (an old sputtering target). Then this set up was

placed in a square shaped trench that was machined in an aluminum plate. The

sample can be placed in between the magnets as shown in the figure(4.12). Since

the Fe yoke and the magnets do not come out of the plane of the Al plate there is

no shadowing during the deposition. Also this sample holder allows us to make two

samples simultaneously, one in a field and other without a field. As shown in the

figure (4.12) the sample in the left grows under nearly zero field. Stray fields from

the Fe yoke and the magnets are not in the measurable magnitudes using a Gauss

meter.

Using this sample holder three sets of samples were deposited. Two 100Å Py

films were deposited by DC sputtering at room temperature and 3 mTorr pressure

onto a Si(100) substrate with a native oxide layer, one inside the magnetic field and

other without the magnetic field. Similarly two 500Å Fe3O4 samples were deposited

onto MgO(100) substrates at 300◦ C and 10 mTorr pressure by reactive sputtering.

Then two Py/Cr/Fe3O4 spin valves were also deposited on to MgO(100) substrates

one inside the magnetic field and other without the magnetic field.

4.3.2 Effect of Growth field on Py and Fe3O4 thin films

Current in plane MR measurements were carried out at room temperature for all the

samples. The resistance was measured using the previously defined pseudo four point

measurement protocol. The sample is oriented such that the current path is parallel

to the growth field and the applied field for MR is perpendicular to the growth field.

The Py sample grown without a field exhibits a normal AMR behavior with two
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Figure 4.13: CIP AMR measurement set up

broader peaks at the coercive fields (150◦C). The sample grown in the magnetic

field shows a reduction in coercivity and the amplitude of AMR signal. This is a

signature of uniaxial anisotropy. Now the magnetization reversal occurs in reduced

field range, because the magnetization is constrained by the anisotropy to stay along

the growth field direction except near the reversal region. At the reversal field rather

than rotating slowly with the magnetic field, the magnetization rotates sharply by

180◦.

Figure 4.14: AMR of Py film with and without growth field (Dotted line represent
the sample grow without a field)

This leads to sharp AMR peak with reduced amplitude. The breadth of the peak

implies imperfect uni-axial anisotropy. This could be due to the large area of the

62



substrate allowing non-uniform current flow. Also a gradient in the deposition field

can cause the imperfect uni-axial anisotropy.

The Fe3O4 sample also showed similar behavior with reduced coercivity and AMR

peak amplitude. In magnetite the signal does not saturate at low fields due to anti

phase boundaries [46]. Therefore, the breadth of the AMR peak cannot be impacted

as easily as in Py. The growth field does not change the structural or transport

properties of Fe3O4 and no changes were observed in resistivity and Verwey transition

temperature.

Figure 4.15: AMR of Fe3O4 film with and without growth field (Dotted line represent
the sample grow without a field)

4.3.3 Effect of growth field on Py/Cr/Fe3O4 spin valves

Current in plane GMR was measured on the spin valve at room temperature. As

shown in figure(4.16), the spin valve with the growth induced anisotropy has formed

well defined parallel and anti parallel states compared to the sample grown without

a field. Because of the uni-axial anisotropy being enhanced, a clear shoulder has

developed at the anti parallel state. The parallel state also shows much more saturated

behaviour, which means the ~M is no longer rotating in the plane. This makes defining
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GMR much easier. Despite these improvements, the Py AMR peak is still remains

above the GMR signal.

Figure 4.16: GMR of Py/Cr/Fe3O4 spin valve with and without growth field (Dotted
line represent the sample grow without a field)

Figure 4.17: GMR of Py/Cr/Fe3O4 spin valve with Fe3O4 AMR signal (Dotted line
represents the Fe3O4 AMR signal)

Figure(4.17) shows the GMR signal with the Fe3O4 AMR signal. The transition

64



from the parallel state to anti-parallel state is sharper than the AMR of single layer of

Fe3O4 film. Even though the Fe3O4 doesn’t saturate, the spin valve showed saturation

after magnetization reversal of Fe3O4. The transition occurs at the same coercive

field as single layer magnetite. This indicates that the current flow in Fe3O4 layer is

insignificant and most of the current flow through the Py and Cr layers due to the

higher resistivity of Fe3O4. This also underscores the presence of GMR not only the

AMR. The GMR was defined as the difference between the saturated parallel state

and the anti-parallel shoulder.

If the origin of GMR is from current become polarized by reflection off the

Fe3O4 interface and interact with the Cr/Py interface then the efficiency of the process

is low. Therefore the observed GMR values are also relatively low.

As a conclusion the growth field induced an uniaxial anisotropy on both Py and

Fe3O4 thin films by reducing the coercivity and the AMR peak intensity. In spin

valve the growth field produced a well defined parallel and anti-parallel states.

Assume that the Julliere’s TMR model is applicable to CIP GMR [47]. Tunnelling

magneto resistance (TMR)

TMR =
2P1P2

1− P1P2

where, P1 and P2 are the spin polarization of two ferromagnetic materials.

Assume; P1 = PPy = 0.4 P2 = PFe3O4

According to our experiments the GMR of Fe3O4 spin valve is 0.10%. Therefore;

TMR ∼ GMR = 0.001

P2 =
1

799.6

P2 = 0.13%

But we assumed that the Fe3O4 has 100% spin polarization at the Fermi level (P2 = 1).

This means that the spins mostly retain their state upon collision with interface. Only
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1 out of 799 flips its spin. This value is too small for a spin valve, but reasonable for

other applications such as spin torque oscillators.

4.4 Chapter summary

We successfully demonstrated use of Fe3O4 in spin valve structures with Py and

Cr spacer layers. This indicates that the process of spin polarization by reflection

can be use in spin transport devices though it does not appear very efficient. The

GMR reduced exponentially with the Cr layer thickness. RKKY oscillations were not

observed due to the higher Cr layer thickness. The GMR values were relatively low

compared to all metal spin valve structures. This is mainly due to the low efficiently

of the spin flipping process. The growth field induced an uniaxial anisotropy to both

Py and Fe3O4 reducing the intensity and the coercivity of the AMR peaks. Spin valve

structures obtained more well defined parallel and anti-parallel states due to the use

of growth field.
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5 Spin Caloritronics

The relationship between heat and charge currents have been known for centuries.

For example this phenomenon has been used, in thermoelectric applications from

advanced power generators to simple coolers. The heat current also interacts with the

magnetic spins [48], [49], [50], [51]. The study of this interaction between heat and spin

is known as the “spin caloritronics”. While this is an emerging area, several effects

have already been observed: spin dependent Seebeck effect [52], Peltier effect [53],

spin Seebeck effect [54], anomalous Nernst effect and planer Nernst effect. The field of

spin caloritronics had a resurgence after the supposed discovery of spin Seebeck effect.

Because the area is still developing, the quality and correctness of both experiments

and theory are still developing [55].

In this section I have mainly focused on our effort to measure Spin Seebeck,

anomalous Nernst effect, and planar Nernst effect in thin films as well as measuring

spin dependent Seebeck effect of spin valve structures.

5.1 Spin Seebeck Effect

When a temperature gradient is applied to a ferromagnet, a spin current generates

due to the thermal non-equilibrium of magnons in the ferromagnet. This spin current

produces a spin accumulation at two ends of the ferromagnet and leads to different

chemical potentials for spin up and spin down electrons. This chemical potential

difference can be changed in to an electric field using Inverse Spin Hall effect (ISHE)

by making contact with a paramagnetic material (PM) with relatively large spin Hall

angle. The electric field that results from the ISHE is
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Ey =
θSHρ

A
(
2e

h̄
)~Js × ~σ

where, θSH the spin hall angle, ρ the electric resistivity of the PM, A the contact

area between the FM and the PM, Js the spin polarized current and ~σ the spin polar-

ization direction of the ferromagnet (either parallel or anti-parallel to ~M depending

on material). This effect was first observed by Uchida, et.al in 2008 [56] on Py thin

films. In their experiment a constant temperature gradient and an external magnetic

field were applied along the ferromagnetic material deposited on a Al2O3 substrate.

Figure 5.1: Spin Seebeck effect

Then the resultant voltage (Ey) was measured across Pt electrodes deposited

onto the Py film. The Pt electrodes were deposited transverse to the length of the

ferromagnet. The real spin Seebeck effect should give a hysteretic V-H loop upon

sweeping the external magnetic field with opposite signs in each end (hot and cold) as

shown in the figure 5.1. First this phenomenon was explained considering the different

chemical potentials of spin up (µ↑) and spin down (µ↓) electrons [57] [58]. Since spin
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up and spin down electrons have different scattering parameters they have different

Seebeck coefficients [10]. This is similar to having two materials with different Seebeck

coefficients in a single ferromagnet. When a thermal gradient is applied along the

ferromagnet, electrons with different Seebeck coefficients move in different conduction

channels [59] [60]. This unequal flow of electrons in two channels creates a spin

accumulation at the ends of the ferromagnet, with spin up electrons accumulating at

the cold end and spin down electrons accumulating at the hot end (fig. 5.2).

Figure 5.2: Chemical potential difference generated by spin accumulation

This accumulation of spins at the two ends of the ferromagnet generates asym-

metric chemical potential difference for spin up and spin down electrons (µ↑−µ↓ and

µ↓− µ↑), with opposite signs at two ends. This difference in spin chemical potentials

creates a spin current flow along the ferromagnet. To detect the spin accumulation

the inverse spin Hall effect was used.

5.1.1 Inverse spin Hall effect

The inverse spin hall effect(ISHE) is a method that can convert spin current into an

electromotive force using spin-orbit coupling [61]. This is the reciprocal of the spin

Hall effect, in which there is the generation of spin current transverse to the electric

current due to different scattering parameters of spin up and spin down electrons.
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Figure 5.3: Schematic diagram of inverse spin Hall effect

Consider a spin current injected into a paramagnetic material with high spin-

orbit coupling. It’s possible to treat the spin current as a flow of spin up and spin

down electrons in opposite directions. These spin up and spin down electrons flow

in different directions undergo spin-orbit coupling and move orthogonal to both JS

and ~σ. This creates an electron accumulation at one surface of the PM generating an

electric field orthogonal to the magnetization [62]. The resultant electromotive force

is E = D.~Js× ~σj. Where, D=
θSHρ

A
(
2e

h̄
), is the efficiency of the process. D is directly

proportional to the spin hall angle of the PM. Therefore, to get a higher efficiency

from the ISHE, materials with high spin hall angles should be used. Pt, Pd, Au are

some materials with high spin hall angles [63].

In spin Seebeck effect the ISHE is used to convert the spin current produced by

the temperature gradient in to an electromotive force. This is done by depositing a

metal with high spin-orbit coupling on top of the ferromagnetic material [56].

The spin current flow from the ferromagnet to the cross electrode scatters due to

the ISHE and produces an electromotive force across the electrode. The direction of

the electro motive force is orthogonal to both spin current and the magnetization.

Due to the opposite accumulation of spin up and spin down electrons in opposite

ends of the ferromagnet the resultant electromotive force also has the opposite signs.
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Figure 5.4: Schematic diagram showing the origin of spin Seebeck effect in thin films

When the applied field is swept between positive and negative fields, a hysteresis loop

shaped signal with opposite signs can be obtained at both ends, but they are inverted.

The above explanation of SSE opened up lots of questions regarding spin trans-

port. Especially transport of spin polarization well beyond the spin diffusion lengths

of materials . Usually the spin diffusion length of ferromagnetic materials limited

to nanometre scale and up to µm in Al/Cu at low temperatures. But if the above

theory is correct, in ferromagnetic materials the electrons should be able to maintain

their spin polarization for centimetres. This contradicts the established understand-

ing of spin transport. In 2010 Jaworski et al reported the observation of SSE on a

discontinuous ferromagnetic layer (i.e. they cut the FM in half, but still observed the

signal) [64]. With this observation the above theory has proven to be incorrect. So

the spin accumulation does not occur though the spin current flowing through the

ferromagnetic layer.

Later Jaworski et.al explained the spin distribution using phonon-magnon drag

through the substrate [65]. Here non-equilibrium phonons generated from the temper-

ature gradient move the magnons away for their equilibrium position through phonon-

magnon interactions. Since phonons can pass through any substrate and especially

well in single crystals (used in most experiments) this phonon mediated transport

can drag the magnons through the substrates without a continuous ferromagnetic
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layer [66]. This explained the observation of SSE on discontinuous ferromagnetic

layers. This remains as the most accepted explanation for the spin Spin Seebeck

effect.

Similar to the theory of the SSE, experimental data also opened up a lot of ques-

tion. Recent studies have shown that improper sample mounting techniques can lead

to inhomogeneous temperature gradients in the film leading to other phenomenon

similar to SSE. One of those effects is the Anomalous Nernst effect (ANE), which

originates from out of plane temperature gradients. In this chapter first we describe

measuring ANE in thin films and then the methods to minimize the effect.

5.2 Anomalous Nernst effect in Py and Co thin films

Anomalous Nernst effect (ANE) is another phenomenon relating temperature gradi-

ents (i.e. heat flow) and ferromagnetic materials. ANE origins from the out of plane

∇T interacting with the in-plane magnetization. The ANE voltage (Ey) is given by

∇Ey = −αmx ×∇Tz

Where α is the anomalous Nernst coefficient, mx is the in-plane magnetization and

the ∇Tz is the out of plane temperature gradient.

Figure 5.5: ANE voltage due to out of plane ∇T and in-plane magnetization.

Here the magnetization and the resultant ANE voltage are both in the xy plane

and the temperature gradient normal to the xy plane. Recent studies have shown that

the out of plane ∇T can be present in a substrate due to an in-plane applied ∆T [67].

This can lead to major confusion in spin Seebeck effect measurements, because both
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have the same field dependence and angular dependence. it is essentially impossible

to distinguish the two effects. In this study we are showing how the spin Seebeck

effect measurements can be affected by the ANE signal and ways that can be used to

minimize the parasitic ANE.

When a substrate is placed on two thermal baths (one hot and other cold), the

heat is transferred into the substrate from the under side, as shown in fig. 5.6. This

creates an unintended temperature gradient component parallel to the surface normal,

especially “close” to the thermal baths. In addition to this at the sample the heat is

dissipated to the environment by either radiation or conduction, creating a tempera-

ture difference across the thickness of the thin film. Even though the magnitude of

this difference is small, the small film thickness (10 - 20 nm) leads to high tempera-

ture gradient (∇T) parallel to the surface normal. This ∇Tz can lead to larger ANE

signals in thin films (e.g. 1 mK across 10 nm, ∇T=
10−3 K

10−8 m
= 105 K/m)).

Figure 5.6: Heat dissipated in to air creating a temperature gradient parallel to the
surface normal

Therefore it is important to take care in sample mounting and affecting contacts.

5.2.1 Sample preparation

In these types of experiments the interface between the ferromagnet and the other

material plays an important role. Therefore having a clean interface is a must for

these experiments. In our case we used an in situ mask exchanging system during

the growth process. It allowed us to use different masks for different depositions
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keeping the sample inside a vacuum, which prevents any kind of contamination of the

interfaces reaction with atmosphere. Figure 5.7 shows the main steps of the deposition

process using a in situ mask exchanging system. All the samples were made using

an Ar ion sputtering system. Mainly Si/SiOx and MgO(100) were used as substrates

for depositions. All the samples were grown with a ferromagnetic layer deposited

through a long mask (18 × 5) mm and cross electrodes deposited transverse to the

length of the ferromagnetic layer. Different types of cross electrodes (8 × 0.2) mm

including Au, Ta, Cu and Ag were used depending on the experiment.

Figure 5.7: Using the in situ mask exchanging system for sample preparation

Figure 5.8: Sample after the deposition

First the mask with a long slit was placed on top of the substrate and the ferro-
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magnetic layer was deposited. Then that mask was replaced with a mask with cross

electrodes to deposit the Ag layers. The entire mask exchanging process was carried

out at 200 nTorr vacuum. Figure 5.8 shows an example sample after the complete

deposition process.

5.2.2 Measurement set up

Figure 5.9: Schematic diagram of the experiment set up of measuring SSE

Figure 5.10: Experimental set up of the SSE

Our set up consists of two thermoelectric modules, a two channel PID controller, two

nano-voltmeters, and a electromagnet. Figure 5.9 shows the schematic drawing of
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the measurement set up where we apply a constant temperature gradient and then

the resultant voltages are measured through nano-voltmeters. Figure 5.10 shows the

actual set up.

5.2.3 Controlling the temperature

Since the measuring is directly dependent on the temperature, controlling it plays a

significant role in this experiment.

Figure 5.11 shows the variation of the sample temperature and the measured

voltage signal with the time, where only one TEC is under PID control. They exhibit

a strong correlation with each other. Which demonstrates that it’s necessary to have

proper temperature during the experiment.

Figure 5.11: Variation of the signal and the temperature with the time

We used a STANFORD Research PTC10 PID controller for the temperature con-

trolling. Two thermoelectric modules were directly powered through the PID con-

troller. The temperatures were measured using two type K thermocouples placed on

the Al blocks. When connecting the thermocouples to the Al block, a piece of Al2O3

substrate was used to avoid any electric contact between the thermocouple and the
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Al block. Since we placed our samples directly on the Al blocks, current can leak into

the Al. Use of Al2O3 prevents the flow of this current into the thermocouple and vice

versa. Since Al2O3 is a good thermal conductor it does not creates a big temperature

gap between the thermocouple and the Al blocks. To make good thermal contact

between the Al blocks and the thermocouples, all the surfaces were connected with

Ag paint. Finally the Al blocks were placed on top of the thermoelectric modules

using a thermal compound “Arctic Ag”, which provides a good thermal contact and

at the same time prevents any current flowing in to the Al block.

Figure 5.12: PID controller display. (Thermocouple settings(left) and PID parameters
(right))

Before the experiment the temperature needs to have the optimum PID param-

eters for both channels. Since we were bridging the two thermal baths using the

substrate, it’s important to produce a similar environment during the calibration

process. Otherwise the competition of the hot end and the cold end can lead to con-

tinuous fluctuations of temperature. During the calibration a constant current was

applied to one TEC and allowed it to reach a relatively stable temperature near its

ultimate operating temperature. After it stabilized, the PID parameters for other

TEC were optimized using auto calibration mode. To avoid sudden temperature fluc-

tuations the calibration process was done in “conservative mode”. Once the P-I-D
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for the first TEC was optimized, the other TEC’s P-I-D were determined in similar

manner. To reduce the noise on the temperature measurement, a 3 s low pass filter

was used.

Once the PID settings were optimized, the temperature can be controlled with

milli-Kelvin accuracy (using a 3 s low pass filters).

5.2.4 Measuring ANE on a Py thin film

Figure 5.13: Sample mount for the ANE experiment. Top view (right), side view
(left)

In this experiment, a 30 nm thick Py layer was deposited onto Si/SiOx substrates,

followed by 15 nm thick Ag cross electrodes were used. Ag electrodes were used due to

their small spin hall angle, which leads to negligible SSE signal. Sample was mounted

so that in one side the electrode is close to the heater and the other side the electrode

is was away from the heat sink (fig.5.13). The ∇Tz should be higher close to the

heater and lower as you move away from the heat sources.

The sample was mounted on the Al pieces using Arctic silver. A 90◦C temperature

difference was applied along the sample. The voltage signal was measured using nano-

voltmeters, while sweeping the field between ±70 Oe.

Figure 5.14 shows the field dependence of the ANE signal in Py thin film with 90 K

temperature difference along the sample. A hysteretic voltage signal was observed

while sweeping the magnetic field. A bigger ANE signal was observed on the electrode

closer to the heater, indicating the higher ∇T closer to the heater.
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Figure 5.14: ANE signal on Py thin film when the magnetic field is parallel to the
∇T and 90 K temperature difference along the sample. electrode closer to the heater
(left): electrode away from the heater (right)

The electrode placed away from the heat source showed an ANE signal, but with

the same sign. To minimize the ANE signal on thin films, we find that the measure-

ment electrodes should be placed away from the heat sources by at least 3 mm (about

6 times the substrate thickness).

Figure 5.15: Temperature gradient dependence of the ANE signal

A dependence of the ANE signal on the in-plane temperature gradient was mea-

sured by changing the temperature difference in 5◦ steps. After changing the tem-
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perature the measurement was paused until the temperature stabilizes. In each step

a full field sweep was carried out.

The ANE signal shows cubical variation with respect to in-plane temperature

difference (fig. 5.15). When the temperature difference is Below 50◦C, the signal was

disappeared (i.e. fell below the detection limit of ∼ 10 nV). This suggests that, if

the in-plane temperature difference is kept below 50◦C, it’s possible to eliminate the

ANE signal.

5.3 Efforts to minimize ANE in thin films.

Several experiments were carried out to find an effective method to remove the ANE

from the thin films. In this section we describe a study we did by placing a SiOx cap

on the sample to minimize the out of plane temperature gradient.

A 20 nm thick Py layer was deposited onto Si/SiOx substrates, by 10 nm thick

Ta cross electrodes were used. The sample was mounted onto the set up as shown in

fig. 5.16. First the sample was placed on two Al pieces with ledges. Then another

piece of Si/SiOx substrate was placed on top of the sample so that it covers the entire

ferromagnetic layer to reduce the heat dissipation from the top of the sample. The

width of this cap was greater than the width of the ferromagnetic layer but smaller

than the length of the cross electrodes (fig.5.16 (left)) so there is enough space for

making the contacts.

Figure 5.16: Sample mount for the ANE experiment. Top view (left), side view (right)
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The entire ledge in Al block was filled with Ag paint, which effectively embeds the

chip in the thermal bath. This should reduced the ∇T in z direction because both

the top and bottom of the substrate are attached directly to the heat source. Also

the Si/SiOx cap should reduce the heat dissipated into the vacuum, further reducing

the ∇Tz.

A temperature difference of 50 K was applied along the 20 mm length of the

sample with cold side at 0 ◦C and hot side at 50 ◦C. This gave a ∇T of 2.5 K/mm

along the sample. The resultant voltages transverse to the temperature gradient were

measured across the Ta stripes on the hot and cold sides simultaneously. The field

dependence of the signal was measured by placing the set up inside an electro magnet

and sweeping the field between ± 200 Oe.

Figure 5.17: Field dependence of anomalous Nernst effect signal on cold side (a) and
hot side (b) of a 20 nm of Py layer with 10 nm thick Ta cross electrodes with ∇T of
+2.5 K/mm:(c) and (d) show the ANE signal when the sign of the ∇T (-2.5K/mm)
flipped.
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A hysteretic voltage was observed with the sweeping field. Both loops showed the

same coercivity. In contrast to the spin Seebeck effect, both ends exhibited a the signal

with same sign. This confirms the presence of anomalous Nernst effect in the sample

even with the efforts to minimize the ∇Tz. The direction of the temperature gradient

was changed by flipping the temperatures of individual thermoelectric modules and

then the resultant voltages were measured similar to the previous case. The sign of

the signal flipped when we changed the sign of ∇T as expected.

The dependence of the transverse voltage signal on the magnitude of the temper-

ature gradient was measured by changing the temperature difference from +90 K to

-90 K. At each step a full field sweep was carried out.

Figure 5.18: Temperature difference dependence of ANE signal on a Py/Ta sample
at θ = 0. Insets show the field dependence of the signal on ± 90 K temperature
differences.

As shown in fig.5.18 the ANE signal showed a cubic relation with the temperature

gradient. At lower temperature gradients the signal changed nearly linearly with

the temperature difference. But with the higher temperature differences the signal

deviated from the linear regime. This suggests that when the in-plane temperature
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difference is increased, a larger out of plane temperature gradient (∇Tz) results.

Figure 5.19: Dependence of ANE signal of a Py/Ta sample on angle between the
in-plane temperature gradient and the field.

The angular dependence of the ANE signal was studied by changing the angle

between the in-plane temperature gradient and the applied magnetic field in 30◦ steps,

and completing a field sweep at each angle. The ANE signal showed a cos θ relation

as shown in fig.5.19 which is expected because Ey ∝ −Mx ×∆Tz.

This study confirms that the cap placed on top of the sample has created an

additional out of plane temperature gradient leading to an ANE signal on the Py

thin film. The ANE signal with same sign at hot end and cold end suggests that the

resultant out of plane temperature gradient is in same direction at both ends(fig.5.20).

In the next study, we demonstrated that ANE can lead to opposite out of plane

temperature gradients at the two ends. Here a sample with 20 nm thick Co layer

deposited on to a Si/SiOx substrate was used with 10 nm thick Ta stripes. To

create opposite temperature gradients at the cold and hot ends two separate Si/SiOx
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Figure 5.20: Direction of the temperature gradients in the sample and the cap.

substrates were placed on top of the sample with a gap at the middle.

Figure 5.21: ANE set up with two Si/SiOx caps on the sample. Two caps generates
out of plane temperature gradients in opposite directions in tow ends

As shown in the fig. 5.21 two caps were place on top of the sample and Ag painted

at the ends to maintain the same temperature at ends.

Figure 5.22: Cartoon of heat flow on the ANE set up with who Si/SiOx caps on the
sample with a gap at the middle

When a temperature gradient was applied to the set up, heat flows through both

substrates parallel to each other. When it reaches the gap, the heat current through

the top substrate must enter the bottom substrate creating a heat flow from top to

bottom. This allows us to intentionally create temperature gradient in the z direction.
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As the heat current flows past the gap, the top substrate on the cold side absorbs

heat from the bottom substrate creating a heat flow from bottom substrate to the

top substrate. This creates an out of plane temperature gradient in z direction with

opposite sign to the left cap (from bottom to top) (fig.5.22).

A 90◦C temperature difference was applied between two thermal baths, giving a

supposed 4.5 K/mm in-plane ∇T. The field dependence of the signal was measured

by sweeping the external magnetic field between ± 400 Oe .

Figure 5.23: Field dependence of the ANE signal of Co/Ta sample with two Si/SiOx

chips on top of the sample with a gap in the middle at 90◦. (a)hot end,(b)cold end
with ∇T of +4.5 K/mm: (c) cold side,(d) hot side after changing the sign of ∇T (=
-4.5 K/mm)

A hysteretic change in the voltage was observed for both the hot and cold ends with
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similar coercivities. In contrast to the previous experiment, the signs of the signals at

each end were opposite to each other (fig.5.23). The origin of this sign difference is the

opposite temperature gradients along z, as indicated in fig5.22. When the direction of

the temperature gradient was flipped, an inverted field dependence was observed with

the signals from both ends (fig. 5.23 (c),(d)). These data confirm that the sign of the

ANE signal depends on the direction of the out of plane temperature gradient, even

with the in-plane ∇T, it’s possible to generate an out of plane temperature gradient.

To study the angular dependence of the ANE signal the sample was rotated by

changing the angle between the applied field and the ∇T.

Figure 5.24: Dependence of ANE signal of Co/Ta sample with one (red) and two
(blue) Si/SiOx chips on the angle between the in-plane temperature gradient and the
magnetic field.

Figure 5.24 shows the complete angular dependence of the ANE signal of the

Co/Ta sample with two Si/SiOx chips on it. The ANE signal changed in a cos θ

relation. In comparison to the single cap experiment, the ANE signal magnitude was

relatively larger in the two cap experiment. This indicates that the two cap con-

figuration generates a greater out of plane temperature gradient. It is possible that

there might be a spin Seebeck signal inside the above signal. However it is impossible
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to resolve due to the ANE signal. The Si/SiOx caps placed on top of the samples

generates out of plane temperature gradients by absorbing the heat from the sample.

Therefore it’s not a suitable method to use in these type of measurements. In measur-

ing spin Seebeck effect care has to be taken to avoid these out of plane temperature

gradients. Because spin Seebeck effect like ANE signal can be easily obtained by

out of plane temperature gradients generated by improper sample mounting. Since

both spin Seebeck effect and ANE have similar properties like field dependence and

angular dependence it’s impossible to distinguish the two effects unless an electrode

that has nearly zero spin hall angle is used.

5.3.1 Sample Mounting and connecting leads

As we showed in the previous section temperature profile of the sample can be sig-

nificantly affected, depending on the sample mounting. In SSE measurements the

temperature gradient should be in the sample plane and along the length of the sub-

strate. Any temperature gradient out of the plane would lead to other phenomenon

like anomalous Nernst effect [67]. Therefore the sample should be mounted in a way

that minimizes the out of plane temperature gradient.

Figure 5.25: Sample mount from the side view(left) and the top view (top)

As shown in the figure 5.25 we have found it important to mount the sample to

the Al blocks from the edges using Ag paint. In this way thermal current can only
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flow into the sample from its edges. This minimizes the out of plane temperature

gradient close to the heat sources. Figure 5.26 shows the flow of thermal current

inside the substrate from hot end to the cold end.

Figure 5.26: Thermal current flow inside the substrate

To measure the resultant voltages across the electrodes, thin Cu wires were con-

nected to the electrodes using Ag paint. As shown in figure 5.8 we made the cross

electrodes longer than the width of the ferromagnetic layer. This allowed us to make

electrical contacts away from the ferromagnetic layer (Fig. 5.27). If those contacts

were close (or on top of) to the ferromagnet they can absorb heat out of the ferro-

magnet/substrate and create non-uniform temperature gradients around the contacts

(possibly leading to ANE).

Figure 5.27: Cu wires connected to the sample

5.3.2 Efforts to measure the spin Seebeck effect

Several attempts were carried out to measure the SSE on Py thin films with Au

cross electrodes. First a 10 nm thick Au cross electrodes were directly deposited onto
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Si/SiOx substrates using e-beam evaporation. Then the sample was transferred into

the Ar ion sputtering system for the Py deposition. Before Py deposition, the sample

was rf-bias sputtered for 1 minute at 3 mTorr pressure to get rid of any contamination

at the Au surface. 20 nm of Py layer was deposited onto those electrodes at room

temperature and 3 mTorr pressure. The sample was mounted on the measurement

set up and contacts were made for voltage measurements. A temperature gradient of

1.8 K/mm was applied along the sample to produce the spin accumulation on the Py

layer. The resultant voltages at both the hot end and the cold end were measured

simultaneously using nano-voltmeters, as the field was swept.

Figure 5.28: SSE measured on Ag/Py sample

With our first attempt we observed a hysteresis curve shaped signal at the hot end

of the sample with 50 nV magnitude (Fig.5.28), but we did not observe any change

at the cold end. Then the same experiment was repeated several times with the

same sample and a new sample with same configuration. The previous signal was not

reproducible. However, an anisotropic magneto resistance shaped signal was observed

on the both sides of these sample reproducibly. Furthermore, the signals from both

ends had the same sign, suggesting they are not related to the SSE. Anything related

to SSE should have opposite signs at opposite ends because Js has opposite sign at
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hot and cold sides.

The signals at both ends flipped sign upon changing the sign of the temperature

gradient. This indicates that the signal only depends on the direction (and magnitude)

of the temperature gradient and not the individual temperatures of the side. This

observation matches with planar Nernst effect not SSE or ANE.

Figure 5.29: Signal on the hot(left) and cold(right) sides of the Ag/Py sample

The same experiment was repeated with different materials. Here 20 nm of Co

was used as the ferromagnetic material and 10 nm thick Ta was used as the cross

electrodes. Then a 1.8 K/mm temperature gradient was applied along the sample

and resultant voltages were measured.

In this case also a signal that looks somewhat similar to an AMR peak was ob-

served on both sides with same sign at both ends. And the signs of the signals at

both ends were flipped upon changing the direction of the temperature gradient from
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Figure 5.30: PNE Signal from the hot side(a) and the cold side(b) of the Co/Ta
sample with ∇T = 1.8K/mm. PNE signal when the sign of the ∇T changed. (c)
cold side, (d) hot side.

+1.8K/mm to -1.8K/mm (fig. 5.30).

All the above data indicates that the resultant voltage signal was related to the

direction of the temperature gradient and it’s magnitude. Considering this face with

the shape of the signal it is possible to conclude that the above signal was related to

planar Nernst effect.

5.4 Anisotropic Magnetothermopower on Py thin films

When a temperature gradient is applied to a material an electrical voltage develop

along the temperature gradient. This is called the Seebeck effect or longitudinal ther-

mopower. The longitudinal thermopower of a metal with ∇T temperature gradient

is described by the Mott equation.
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α(E) = −π
2kB

2T

3e
[

1

ρ(E)

∂ρ(E)

∂E
]E=EF

where, ρ is the resistivity of the metal and EF is the Fermi energy and kB is the

Boltzmann constant.

The thermopower has an inverse relation with the resistivity of the metal. Sim-

ilarly, when a temperature gradient is applied to a ferromagnetic material, ther-

mopower interact with the magnetization of the material to give magnetothermopower.

Due to the anisotropic nature of the resistivity in ferromagnetic materials, the mag-

netothermopower should also be anisotropic.

When a temperature gradient and a magnetic field are applied to a ferromagnetic

material, an electric field is induced on the same plane. This effect depends on ~M and

∇T known as magnetothermopower. Two types of magnetothermopowers can be de-

fined according to the voltage measurement configuration: longitudinal magnetother-

mopower (also known as spin dependent Seebeck effect), where the resultant voltage

is measured parallel to the temperature gradient and transverse magnetothermopower

(known as planar Nernst effect), where the resultant voltage is measured transverse

to the temperature gradient [68]. The mechanism behind the magnetothermoeffect

is believed to be the spin dependent scattering, but this has not been thoroughly

treated in thin films [69]. In this study we report measurements of both longitudi-

nal and transverse magnetothermopowers and provide a comparison with anisotropic

magneto-resistance. The origin of AMR is also spin dependent of scattering of con-

duction electrons. Therefore it’s worth looking into both magnetothermopower and

magnetoresistance in the same sample.

5.4.1 Transverse magnetothermopower (Planar Nernst effect)

The magnitude of the planar Nernst effect (Ey) is proportional to

Ey ∝M2 sin θ. cos θ.∇T
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Where M is the magnetization, ∇T is the temperature gradient and the θ is the angle

between the magnetization and the temperature gradient [70].

Figure 5.31: PNE on a thin film, magnetization is confined to the plane.

Here both magnetization and the temperature gradient are in the same plane and

the resultant voltage is also in the same plane

5.4.2 Longitudinal magnetothermopower (Spin Dependent Seebeck Ef-

fect)

In longitudinal magnetothermopower measurements the temperature gradient is ap-

plied along the length of the sample and the resultant voltage measured parallel to

the ∇T. Similar to PNE the M is confined to the plane.

Figure 5.32: The Longitudinal magnetothermopower was measured parallel to the
∇T on same plane.

The origin of this effect is related to spin dependent scattering of conduction

electrons similar to the AMR [71]. Since the voltage is measured parallel to the ∇T,

a strong background signal due to the regular Seebeck effect of the ferromagnet exists

in addition to the SDSE of the ferromagnet.
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5.4.3 Sample Preparation

Samples were prepared using an Argon ion sputtering system similar to the SSE

measurements. A 20 nm thick Py layer was deposited on to (2×1) cm Si/SiOx

substrates at room temperature with an applied growth magnetic field of 100 Oe.

The magnetic field was applied during the deposition to give the sample uni-axial

anisotropy. 15 nm thick Ag cross electrodes were deposited at room temperature on

the Py layer for the voltage measurements. The in situ mask exchanging system was

used during the deposition to prevent any kind of oxidation occurs at the interfaces.

Ag was used as the cross electrode material because it’s spin hall angle is almost zero.

Therefore, there will be no voltage generated from the inverse spin hall effect,and this

zero contributions from any spin Seebeck effect.

5.4.4 Longitudinal and Transverse Magnetoresistance measurements on

Py thin film

Anisotropic Magnetoresistance (AMR) is an phenomenon that explains the depen-

dence of electrical conductivity on the direction of the magnetization of a ferromag-

net. The origin of the AMR is believed to be the spin dependent scattering (s-d

scattering) facilitated by the spin orbit interactions [72]. AMR of any ferromagnetic

material varies as

∆ρ(H) = ∆ρ (cos2 θ − 1
3
)

where ∆ρ = ρ‖ − ρ⊥ and θ is the angle between the current and the magneti-

zation [72]. ρ‖ is the resistivity of the sample when the magnetization is parallel

to the current flow direction and ρ⊥ is the resistivity when the magnetization is

perpendicular to the current. In this experiment both longitudinal and transverse

magneto-resistance (MR) measurements were carried out at room temperature.
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Figure 5.33: MR measurement set up

As shown in the fig. 5.33 a constant current of 200 µA was applied along the

length of the sample using a current source. The longitudinal and the transverse

voltages were measured using nano-voltmeters. The MR was calculated using Ohm’s

law.

The field dependence of the MR was measured by sweeping the external magnetic

field parallel to the current between ±100 Oe at a rate of 4 Oe/s. Both longitudi-

nal and transverse MR showed traditional AMR behavior with the same coercivities

(5.34). The magnitude of the transverse MR was smaller by an order of magnitude

relative to the longitudinal MR. This could be an effect of shorting out electrons

within the Ag stripe. In traditional AMR measurements the voltages are measured

through point contacts, but in this case a continuous Ag stripe was used to measure

the resultant voltage for consistency with the SSE geometry. Therefore the electrons

passing into the Ag stripe from the Py layer can be shorted within the Ag layer,

lowering the resultant voltages. Therefore it may not be suitable to compare the

magnitudes of the signal from the transverse MR to that of longitudinal MR.

The angular dependence of the PNE was measured by changing the angle between

the current (I) and the magnetic field (H) by rotating the sample in the electromagnet

(fig. 5.35).

95



Figure 5.34: Field dependence of longitudinal (a) and transverse (b) MR

Figure 5.35: Sample was rotated between the poles of the electromagnet to change
the angle between ∇T and H

The set up was rotated from 0◦ to 360◦ and the data was collected in 20◦ steps.

A full field sweep was carried out at each angle as both longitudinal and transverse

MR were measured. The percentage change of ∆R was plotted against the respective

angle. The ∆R was calculated by subtracting the R⊥ from the R‖ values. Previous

studies have shown that changes in R‖ only do not represent the correct behavior of

AMR relative to the angle [73]. For proper interpretation, the percentage change in

(
∆R

R
) was plotted against the respective angle. For both longitudinal and transverse

MR, (
∆R

R
) =

R‖ −R⊥
R‖

.
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Figure 5.36: Dependence of longitudinal (a) and transverse (b) MR on the angle
between current and magnetic field

The maximum MR was observed when the current and the field were parallel to

each other (fig.5.36 a); zero MR was observed when they were normal to each other.

Therefore longitudinal MR showed cos2 θ relation to the angle between the current

and the field proving the traditional AMR behaviour. In contrast, the transverse

MR showed a different angular dependence. It showed zero MR when current and

the field are parallel and normal to each other, and showed maximum MR when the

angle between the current and the field is equal to odd multiples of 45◦ (fig.5.36 b).

This implies a sin(2θ) dependence.

After the above experiments the same sample was used to measure the magne-

tothermopower measurements.

5.4.5 Measuring Transverse and longitudinal magnetothermopower of Py

thin films

The sample was mounted on the set up using Ag paint similar to the SSE measure-

ments. A 30K temperature difference was applied along the length of the sample

creating 1.5K/mm temperature gradient with hot side at 50 ◦C and cold side at

20 ◦C.
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Figure 5.37: Longitudinal magnetothermopower measurement

The resultant voltage was measured transverse to the temperature gradient as

shown in the fig. 5.37. When connecting the nano-voltmeters to the sample, the

same polarity was used in all the measurements. The voltages were measured on

both the hot side and the cold side simultaneously. An external magnetic field was

swept between ± 100 Oe at a rate of 4 Oe/s parallel to the temperature gradient.

This
dM

dt
was optimized so that no smearing of data occurred. We tried stepping the

field, but this was abandoned because it gave the same results but too much longer.

Continuous sweeping of the field induced a significantly large signal due to in-

duction. Figure 5.38 shows the induction of the data cause by the field sweeping.

This was removed by averaging the saturated values of the curves. The induction can

never be eliminated but can reduced by decreasing the sweeping rate of the field and

the minimizing the area created by wire loops, though this will vary with θ.

Since the ∇T and M have a sin(2θ) relationship with the PNE, the largest signal is

expected when the angle between the those two are 45◦(2n+1), where n is an integer.

Figure 5.39 shows the field dependence of the biggest PNE signal observed at both

hot and cold ends at 45◦ after removing the induction. The signals show field depen-

dence similar to the AMR, where voltage peaks were observed at fields corresponding

to the magnetization reversal. The signals from both ends have the same sign. This

confirms that the PNE depends on the ∇T but not the individual temperatures at
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Figure 5.38: Induction cause by the sweeping of the field removed by averaging the
curves.(a) raw data, (b)after removing the background. at θ = 90◦

each end. PNE showed a higher percentage change in the signal relative to the back-

ground voltage. The background voltage was resultant from the longitudinal ∇T.

Since the effect of longitudinal ∇T on the transverse direction is low, the resultant

background voltage in the transverse directions is also low. Therefore relative to that

background signal the percent voltage change in PNE is significant.

Next the field dependence of the longitudinal magnetothermopower (MTP) was

measured with the same set up. In this case the resultant voltage was measured

parallel to the ∇T as shown in the fig. 5.40.

When connecting the nano-voltmeters to the sample the positive terminal was

connected to the hot side and the ground terminal connected to the cold side. The

field dependence of the signal was measured by sweeping the external magnetic field

between ±100 Oe at a rate of 4 Oe/s. All the experimental parameters such as sweep

rate and the field range kept fixed in all the experiments for proper comparison.

Similar to the PNE, an AMR like field dependence was observed. This indicates

the anisotropic nature of the SDSE. Due to the significantly larger background signal

the percentage change in the SDSE is relatively low.

The angular dependence of the PNE and SDSE was measured by changing the
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Figure 5.39: PNE when θ = 45◦at hot side (a) and cold side (b)

Figure 5.40: Longitudinal magnetothermopower measurement set up.

angle between ∇T and H by rotating the sample in the electromagnet .

The set up was rotated from 0◦ to 360◦ and the data was collected in every

20◦ steps. In each step a full field sweep was carried out. Similar to the AMR data

in plotting the angular dependence data instead of plotting the raw voltages, the

∆V was calculated using V‖ and V⊥ (∆V= V‖ − V⊥). Then the percentage
∆V

V‖
change was plotted against the respective angle. V‖ is the resultant voltage when the

magnetization of the sample is parallel to the ∇T. V⊥ is the resultant voltage when

the magnetization of the sample is perpendicular to the ∇T.

Figure 5.43 shows the angular dependence of longitudinal (a) and transverse (b)
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Figure 5.41: Field dependence of longitudinal magnetothermopower at θ = 45◦

Figure 5.42: Sample was rotated between the poles of the electromagnet to change
the angle between ∇T and H

magnetothermopower. Longitudinal MTP showed maximum voltage change when the

magnetic field is parallel to the∇T and didn’t change the sign of the signal throughout

the rotation giving a cos2(θ) relationship. This is exactly similar to the behaviour

of the longitudinal magnetoresistance of fig. 5.36. The transverse MTP showed

maximum voltage change at odd multiples of 45◦ and zero ∆V when the current and

the field are parallel and normal to each other. The sign of the signal changes every

90◦, leading to a sin(2θ) type of relation as shown in previous studies [70].

Next the PNE signal was measured as a function of ∇T. As shown in fig. 5.44,

the temperature of one end was changed while other end was hold at constant tem-
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Figure 5.43: Dependence of longitudinal (a) and transverse (b) magnetothermopower
on the angle between the ∇T and H (∆T=30 K)

perature.

Figure 5.44: ∇T was change from +30 K to -20 K in 5◦C steps

The experiment was started with +30 K ∇T with side 1 at 20◦C and side 2 at

50◦C. Then the temperature of side 2 was decreased in 5◦C steps. After changing the

temperature, the data acquisition was paused until the temperature was stabilized at

the new set value (e.g. 3 minutes), at which point a complete field sweep was carried

out. As shown in fig. 5.45 the PNE signal changed linearly with the ∇T. This also

suggests the absence of out of plane temperature gradient within this temperature

range. The out of plane ∇T has a cubic relation with the resultant voltage.

In comparing the magnetoresistance and the magnetothermopower data both lon-

gitudinal and transverse components of MR and MTP exhibited the same field and
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Figure 5.45: ∇T dependence of the PNE, where ∇T was changed from +30 K to
-20 K.

angular dependencies. This suggests that both heat current and charge current are

impacted by the same effects (spin dependent scattering) inside the ferromagnetic

layers leading to two different phenomenon with the same physical origin. While

the angular dependence data showed a nearly perfect match in both cases, the field

dependence showed a few mismatches. The MTP peaks showed broader peak width

relative to the MR peaks. This may be due to the different scattering parameters

of charge and heat currents. For further investigation the MOKE and MR measure-

ments were carried out with the ∇T on. One could imagine the high temperature

region behaves differently from the low temperature region. Here the same sample

was used with the same temperature gradient. For MOKE measurements the field

was applied parallel to the ∇T. The MOKE measurements were carried out at differ-

ent spots on the sample to see the effects of local absolute temperature. Finally one

MOKE measurement was carried out at the middle of the sample with no applied

temperature gradient.

MOKE measurement data from all the positions showed the same behavior includ-
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Figure 5.46: Longitudinal and transverse MTP (a) with MOKE (b) and AMR (c)
measurements with the ∇T on. Schematic diagram on the left shows the places used
in MOKE measurements.

ing the one with no temperature gradient. This suggests that neither the temperature

gradient nor the position have any significant effect on the magnetism of the sample.

The transverse MTP has a slightly broader peak relative to longitudinal MTP. This is

due to the uniaxial anisotropy induced by the 100 Oe growth field. Since the growth

field was applied along the length of the sample, the easy axis of the sample was also

in that direction [74]. This gives broader peak widths in transverse directions.

An AMR measurement was also carried out with the same ∇T is on. Figure 5.46

(a) and (b) show the comparison of magnetothermopower measurements with the

MOKE measurements. Figure 5.46 (c) show the AMR data with the temperature

gradient on. It indicates the same coercivity as the MOKE data, and is different

in field position peak width from the MTP data. This broadening of the peak in

the MTP measurements could be related to thermal smearing. Due to the different

temperatures, the Fermi function at hot and cold sides are smeared differently.

Since the temperature difference at hot and cold ends are relatively larger (10 %)

the smearing can be significant (fig. 5.47). This can lead to different Fermi functions
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Figure 5.47: Fermi function at 300 K and 300 K

at two ends resulting charge carriers with different Fermi energies and velocities.

These charge carriers due to the temperature gradient can have different scattering

parameters relative to the normal charge carriers in MR measurements. This could

be the main reason to have broaden peaks in MTP measurements relative to MR

measurements.

Apart from this broadening, our measurements indicate that the origin of the

magnetothermopower and the magnetoresistance is the same physical phenomenon,

namely spin dependent scattering of conduction electrons.

5.4.6 Pinning of magnetic domains deposited on the cross electrodes

This effect was observed on a 20nm thick Ni layer deposited on 10nm Au cross elec-

trodes. The Au cross electrodes were deposited on to Si/SiOx substrates using e-

beam deposition and followed by sputter deposition of Ni. The sample was mounted

onto the set up and ∇T of 1.8 K/mm was applied along the sample. The resultant

voltage was measured using nano-voltmeters as above. The set up was placed inside

a electromagnet and the magnetic field was swept in a hysteretic manner. In this case
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Figure 5.48: Twin peaks on Au/Ni sample with ∇T of 1.8 K/mm

also an AMR shaped signal was observed on both ends, but they consisted of twin

peaks instead of a single AMR shaped peaks. This suggests presence of pinned do-

mains on the sample. For further investigation the sample was measured by Magneto

Optical Kerr effect (MOKE) magnetometry.

MOKE measurements were taken on two different spots on the sample: One on

the Ni layer on Au electrode, and the other on the Ni layer directly on the Si/SiOx

substrate.

MOKE data on the Ni only exhibited a normal hysteresis curve. The coercive

field of the hysteresis loop did not match with thermal measurement peaks. But it

was placed exactly between two peaks. This suggests a presence of a negative peak

within a positive peak. The MOKE data on Ni on Au (black curve on fig. 5.50)

showed double hysteresis loops. One hysteresis loop was matched with the previous

measurement done on the Ni layer and the other one had a larger coercivity relative

to the above. The coercivity of the second hysteresis loop was matched with the

second peak on the thermal measurement. This double hysteresis loop indicates the

presence of different domains oriented in different direction in the same sample. The
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Figure 5.49: Two peaks in opposite directions can form double peaks

only possible way for this to occur is to form some pinned domains around the Au

electrodes due to the geometry. This is measured because the larger spot spills off

the electrode.

Figure 5.51 shows the possible ways of forming pinned domains in the Ni film

around Au stripe. These types of pinned domains can produce multiple hysteresis

loops with different coercivities. Therefore in MOKE data the double hysteresis on

the Ni on Au confirms the presence of pinned domains around the Au electrode. The

single hysteresis loop is from the rest of the sample where the Ni layer was not affected

from the Au layer. Finally it’s possible to conclude that the twin peaks observed in

the Au/Ni sample was due to a positive and a negative peak formed as a result of

pinned domains around the Au stripes in the Ni layer. Apart from the twin peaks

this sample also gave normal AMR shaped field dependence and showed no signs of

SSE. This led us to investigate more about the Nernst effect (magnetothermopower)
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Figure 5.50: PNE (a) and MOKE (b) data of the Au/Ni sample. black - Ni on the
Au stripe and red - Ni on the Si/SiOx substrate

Figure 5.51: Different domains formed on Ni on Au stripe

and related phenomenon.

5.5 Spin dependent Seebeck effect on spin valve structures

In previous chapters we have demonstrated that both heat current and the charge

current behave similarly inside materials and lead to similar properties. In ferromag-

netic materials the heat current combined with magnetization to generate various

effects including planar Nernst effect, Anomalous Nernst effect, Spin Seebeck effect

and Spin dependent Seebeck effect. In this section the spin dependent Seebeck effect
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was measured on metallic spin valve structures. In traditional current in plane spin

valve measurements a constant charge current was applied to the spin valve and the

resultant voltage was measured along the length of the spin valve. In this experi-

ment a heat current was supplied to the spin valve through an in plane temperature

gradient. Then the resultant voltages were measured by nano-voltmeters.

5.5.1 Py/Cu/Py/FeMn Spin Valves

The spin valve structures were grown on top of Si/SiOx substrates with a 100 Oe

growth field. First a 5 nm thick Ta seed layer was deposited on to the Si/SiOx

substrate and followed by 5 nm of Py, 5 nm of Cu, 10 nm of Py and 15 nm of FeMn

layers. Here the purpose of FeMn is to exchange bias the top Py layer to ensure

the two ferromagnets switch independently. Previous studies have shown that the

FeMn (111) orientation gives the maximum exchange bias value [75]. The first Ta

seed layer leads to polycrystalline growth of Py with (111) texture along the growth

direction. All the metal Py, Cu, FeMn are FCC with similar enough lattice parameters

3.55 Å, 3.61 Å and 3.23 Å respectively, that the (111) texture progress throughout

the structure’s thickness. Figure 5.52 shows the schematic cross section of the sample

with film thicknesses noted.

Figure 5.52: Si/SiOx/Ta/Py/Cu/Py/FeMn Spin valve

Next the sample was mounted in the same setup used for the previous thermal

experiments and a 30 K temperature difference was applied across the sample along

109



the easy axis. The voltage was measured parallel to the temperature gradient. To

measure the field dependence of the signal the external magnetic field was swept

between ± 400 Oe and the field was applied along ∇T.

Figure 5.53: Spin dependence Seebeck effect of Si/ SiOx/ Ta/ Py/ Cu/ Py/ FeMn
Spin valve with 30 K temperature difference.

A giant magneto-resistance shaped signal was observed upon sweeping the mag-

netic field (fig. 5.53). The independent switching of two Py layers leads to two

voltage levels with the percentage change(∆V/V%) close to 7 % (∆V = Vparallel −

Vanti−parallel). The top Py layer was exchanged biased by 300 Oe giving well defined

parallel and anti-parallel states.

The magnitude of the signal was measured as a function of temperature gradient

with the temperature difference changed from +30 K to -30 K in 5 K steps. In each

step a full field sweep was carried out. The signal magnitude with respect to the

background was plotted against the corresponding temperature difference. A linear

change in SDSE signal was observed relative to the temperature gradient (fig.5.54).

The sign of the signal was also flipped when the direction of the temperature gradient

was flipped. Symmetric behaviour was observed in the signal in negative and positive

temperature gradients.

Next the SDSE signal was measured as a function of the top Py layer thickness.
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Figure 5.54: Temperature gradient dependence of the SDSE signal of Si/ SiOx/ Ta/
Py/ Cu/ Py/ FeMn Spin valve

The thickness of the Py layer was changed from 75Å to 350Å. Here all the samples

were grown simultaneously using an in situ mask exchange system in the sputtering

system. Therefore it’s possible to conclude that any changed in the signal can be

exclusively due to thickness of the Py. The fig.5.55 shows the variation of the signal

magnitude with the top Py layer thickness. An increase in the signal was observed

form 75 Å to 100 Å. After 100 Å the signal magnitude decreases with the Py film

thickness.

All the above data were very much similar to the giant magneto-resistance behav-

ior. To compare both phenomena the GMR and the SDSE were measured in a single

spin valve structure.

5.5.2 Comparison of giant magneto-resistance with the spin dependent

Seebeck effect in Py/Cu/Py spin valves.

In this section the effect of the heat current and the electrical current on the spin

valves was measured. First a 93 µA constant dc current was applied along the length
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Figure 5.55: Py layer thickness dependence of the SDSE signal of Si/ SiOx/ Ta/Py/
Cu/ Py/ FeMn Spin valve with 30 K temperature difference.

of the Ta (5 nm)/Py (5 nm)/Cu (5 nm)/Py (10 nm)/FeMn ( 15) spin valve. For the

thermal measurements a 30 K temperature difference was applied along the 10 mm

sample crating a 3 K/mm temperature gradient. The field dependence of the voltage

was measured by sweeping the external magnetic field between ±900 Oe.

Both MR and SDSE showed similar field dependence at room temperature with

∇T = 30K(fig.5.56). A clear GMR signal with two different resistance states was

observed in both measurements. Most notably a higher percentage change in the

signal was observed in the SDSE (4.5%) relative to the GMR (1.7%).

These values persist even when the current and ∆T are reduced by an order of

magnitude. A 13 µA current and a 3 K temperature gradient was applied in each

case. The absolute magnitude of both signals of course decreases significantly, but

the percentage changes of the signals remained the same (fig.5.57). This suggests that

both the GMR percentage and the SDSE percentage does not depend on the amount

of current and the temperature gradient respectively.
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Figure 5.56: MR and SDSE of Py/Cu/Py/FeMn spin valve. (a) MR of the spin valve
measured with 93µA current applied along the sample. (b) SDSE of the spin valve
with 30 K temperature difference along the length of the sample.

In the spin valve structure we also see some slight different field dependence be-

tween charge and heat currents, again localized primarily around the magnetic rever-

sal fields.

These data suggest that the heat current also behaves similar to the charge current

inside the spin valve structure. The origin of GMR is interface scattering of conduc-

tion electrons traveling through the spin valve. To get a similar signal with the

temperature gradient, the heat current also should undergo some type of scattering

process inside the spin valve. Higher signal percentage indicates that the scattering

process of the thermal current is more efficient than that of charge current.

5.6 Chapter Summary

Anomalous Nernst effect on Py thin film was measured. A proper sample prepara-

tion and mounting techniques were introduced to minimize the ANE. Planar Nernst

effect and spin dependent Seebeck effect were measured on Py thin films. They were

compared to their charge counterpart the anisotropic magneto-resistance. All the

effects showed similar behavior suggesting the similar origin, presumably the spin

113



Figure 5.57: MR and SDSE of Py/Cu/Py/FeMn spin valve with reduced current and
the ∇T. (a) MR of the spin valve measured with 13µA current applied along the
sample. (b) SDSE of the spin valve with 3 K temperature difference along the length
of the sample.

dependent scattering of conduction electrons. Magnetothermopower of Py/Cu/Py

spin valve was successfully measured and compared with the GMR of the same struc-

ture. Both phenomenon showed GMR shaped field dependence with higher signal

magnitude in magnetothermopower.
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6 Concluding Remarks

High quality Fe3O4 thin films were grown on MgO (100) substrates with ultra thin

buffer layers. Structural, transport, and magnetic properties of Fe3O4 showed strong

dependence on the strain due to the lattice mismatch. Magnetization measurements

indicated the rotation of easy axis of Fe3O4 during the Verwey transition. This was

confirmed by the MFM study on Fe3O4 thin films and it also showed that the magnetic

easy axis of Fe3O4 slightly rotate out of plane during the Verwey transition.

Spin valve structures were fabricated using Fe3O4 thin films, based on spin po-

larization through reflection. The GMR values observed were low relative to the all

metal spin valves. Possible reasons includes low efficiency of the polarization of the

reflection process and low spin polarization of Fe3O4. Field growth induced uniaxial

anisotropy in Py and Fe3O4 thin films. In spin valve structure it induced a clearly

defined parallel and anti-parallel states.

Anomalous Nernst effect was measured in Py thin films. Proper sample preparing

and mounting techniques were introduced to minimize the ANE in metal thin films.

Planar Nernst effect and Spin dependent Seebeck effect were measured on Py thin

films. Comparison of those two effects with their charge counterpart, anisotropic mag-

neto resistance, suggested the similar origin for all the effects, namely spin dependent

scattering. Spin dependent Seebeck effect and giant magneto-resistance were mea-

sured in Py/Cr/Py spin valve structures. Both exhibited GMR type of signal with

higher percentage change was observed in SDSE.
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[10] Igor Žutić, Jaroslav Fabian, and S. Das Sarma. Spintronics: Fundamentals and

applications. Rev. Mod. Phys., 76:323–410, Apr 2004.

[11] P.C van Son, H. van Kempen, and P. Wyder. Boundary resistance of the

ferromagnetic-nonferromagnetic metal interface. Phys. Rev. Lett., 58:2271–2273,

May 1987.

[12] W.Y. Lee, S. Gardelis, B.C. Choi, Y.B. Xu, C.G. Smith, C.W.H. Barnes, D.A.

Ritchie, E.H. linfield, and J.A.C. Bland. Magnetization reversal and magnetore-

sistance in lateral spin injection device. Journal of Applied Physics, 85:6682–

6685, 1999.

[13] P.R. Hammar, B.R. Bennett, M.J. Yang, and Mark Johnson. Observation of spin

injection at a ferromagnet-semiconductor interface. Phys. Rev. Lett., 85:203–206,

1999.

[14] C. Ciuti, J.P. McGuire, and sham. L.J. Spin polarization of semiconductor

carriers by reflection off a ferromagnet. Phys. Rev. Lett., 89:156601, 2002.

[15] C. Ciuti, J.P. McGuire, and sham. L.J. Spin dependent properties of a two

dimensional electron gas with ferromagnetic gates. Appl. Phy. Lett., 81(25):4781–

4783, 2002.

117



[16] S.A Crooker, M. Furis, X. Lou, C. Adelman, D.L Smith, C.J. Plamstrom, and

P.A. Crowell. Imaging spin transport in lateral ferromagnet/semiconductor struc-

tures. Science, 309(5744):2191, 2005.

[17] S. S. P. Parkin, N. More, and K.P Roche. Oscillations in exchange coupling and

magnetoresistance in metallic superlattice structures: Co/ru, co:cr and fe/cr.

Phys. Rev. Lett., 64:2304–2307, 1990.

[18] M.A. Ruderman and C KIttle. Indirect exchange coupling of nuclear magnetic

moments by conduction electrons. Phys. Rev., 96:99–102, 1954.

[19] Tadao Kasuya. A theory of metallic ferro and antiferromagnetism on zener’s

model. Progress of Theoretical Physics, 16:45–57, 1956.

[20] Kei Yosida. Magnetic properties of cu-mn alloys. Phys. Rev., 106:893–898, 1957.

[21] S. S. P. Parkin. Origin of enhaveced magnetoresistance of magneitic multilay-

ers: Spin-dependent scattering form magnetic interface states. Phys. Rev. Lett.,

71:1641–1644, 1993.

[22] A.Fert, A. Barthelemy, P. Glater adn P. Holody, R. Loloee, R. Morel, F. Petroff,

P. Scheoeder, L.B. Stern, and T.Valet. Giant magnetoresistance in magnetic

nanosturctures. recent developments. Materials Sceince and Engineering: B,

31:1–9, 1995.
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