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Abstract

Although the influence of magnetization on the transport properties has been

investigated for more than a century, this field has attracted in recent years consider-

able interest with the emerging of the field of spintronics (”spin transport electronics”)

which addresses the role of the electron spin in transport properties of magnetic met-

als and heterostructures consisting of magnetic metals. The importance of this field

was recently recognized by the Nobel prize committee which awarded Albert Fert and

Peter Grünberg the Nobel prize in the field of physics (in 2007) for their discovery of

the giant magnetoresistance effect (GMR).

In this work I present results concerning the interplay between magnetization

(M) and electrical transport in the 4d itinerant ferromagnet SrRuO3 and in nickel

iron alloys (permalloy Py).

The first part concerns the pseudocubic perovskite SrRuO3 which has attracted

considerable interest due to its unusual transport and magnetic properties. These

properties include: large resistivity that grows with temperature almost without sat-

uration and seems to cross the Ioffe-Regel limit; deviation of the derivative of the

resistivity from the Fisher-Langer theory; deviation from Matthison’s rule and devi-

ation of terahertz and infrared conductivity from Fermi liquid behavior.

The paper ”Determination of the resistivity anisotropy of SrRuO3 by measuring
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the planar Hall effect” provides a comprehensive description of the spontaneous re-

sistivity anisotropy of SrRuO3 below and above the Curie temperature by measuring

the planar Hall effect, which provides information on local resistivity anisotropy on

patterns with current paths oriented in different crystallographic directions. We de-

termined both magnetic and non-magnetic sources of anisotropy present in epitaxial

films of SrRuO3 and found that non-magnetic anisotropy makes the resistivity along

[11̄0] larger while spontaneous magnetization (along [010]) decreases this anisotropy.

As far as we know this is the first time that such a method was applied in order to

determine resistivity anisotropy, and it can also be applied in other cases in which

the resistivity anisotropy is too small to be determined by other methods.

The paper ”Paramagnetic anisotropic magnetoresistance in thin films of SrRuO3”

discusses the way the electrical resistivity is influenced above the Curie temperature

by magnetization induced along different directions. In this article we show that the

change in resistivity is affected by the angles of the current and the magnetization

relative to the crystal lattice. In order to determine the direction of magnetization, we

measured the extraordinary Hall effect. Measuring the anisotropic magnetoresistance

(AMR) of SrRuO3 with simultaneous measurements of M and of the magnetore-

sistance (MR) enabled us to preform accurate determination of its AMR behavior

despite the change in the magnitude of M and in its relative angle with the external

magnetic field (H) due to magnetocrystaline anisotropy. The results indicate signif-

icant AMR even in the paramagnetic state, where M is relatively small, and large

effects of crystal symmetry exist.

The third paper ”Local measurements of magnetization reversal in thin films of
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SrRuO3” addresses mechanisms of magnetization reversal in SrRuO3 using the ex-

traordinary Hall effect for local monitoring. We found that the magnetic nucleation

and the magnetic propagation are affected by different defects in the sample. In our

experiment we observed three distinct events that could be either a nucleation event

followed by propagation, or a domain wall depinning followed by propagation. Ei-

ther way, the importance of the paper is in demonstrating the possibility of following

distinct events locally.

The second part of the work concerns permalloy. This compound is one of the

most widely used magnetic materials. The fact that it has a large magnetotrans-

port effects made it one of the leading candidates for various applications. One of

these applications concerns the ability to measure magnetic fields via its resistivity

anisotropy.

In the paper: ”Planar hall effect sensors - effects of shape and size” we explore

the effects of shape and size on properties of magnetic sensors based on the planar

Hall effect. We present measurements of thin-film permalloy sensors in the form of

ellipses having different aspect ratios along with extensive numerical simulations. We

identify upper limits above which hysteresis effects intensify, and lower limits below

which the remanent state is unstable, and address the role of the ratio between the

sensor thickness to its other dimensions. This work may form the basis for designing

more sensitive planar Hall effect magnetic sensors.

The last section of the thesis is dedicated to a novel method of fabricating layers

and particles. This new development, pending a patent, uses plasma to reduce liquid

solutions into metallic layers or into particles. The ability to reduce magnetic material
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is especially interesting for future spintronics applications.

The paper: ”Coating dielectric substrates by plasma-reduction of metallic ions in

solvents” discusses this new process and demonstrates its ability to fabricate magnetic

and non magnetic layers as well as particles with different sizes controlled by several

parameters including the solution concentration.

In this thesis I have explored different aspects of spintronics: I developed new

techniques for fabrication (plasma reduction), I explored basic transport and mag-

netotransport phenomena (AMR and PHE) and I obtained better insight on magne-

tization processes and the role of different defects. Finally, I implemented the new

insight I have achieved by combining experimental work, numerical simulations and

theoretical models to explore different regimes of behavior of magnetic sensors. I hope

that the new results of this thesis will serve as basis for further basic and applicative

research.
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Chapter 1

Background

1.1 Magnetic Anisotropy

Magnetic Materials exhibit a wide range of anisotropies: magnetocrystalline anisotropy,

shape anisotropy, stress anisotropy, induced anisotropy (by magnetic annealing, plas-

tic deformation or by irradiation), exchange anisotropy, and more. In this work, I

consider magneto-crystalline and shape anisotropy.

1.1.1 Magnetocrystalline Anisotropy

Measurements of crystalline magnetic samples occasionally show that different

fields are required to orient the magnetization in different directions - this behavior is

a result of magnetocrystaline anisotropy. The direction at which a crystalline sample

can be saturated with the lowest field is called the easy axis (EA) of magnetization,

while the direction that needs the highest field in order to exhibit saturation is called

the hard axis (HA). Figure 1.1 shows a manifestation of magnetocrystaline anisotropy

(MCA) in crystalline iron [1, 2]. We see that it is easier to magnetize this crystal

when an external magnetic field is oriented along its [100] direction rather then if it

is oriented along either the [110] or the [111] directions.
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Figure 1.1: Magnetization curves for single crystal of iron [3].

Since an external magnetic field must do work against the anisotropy force in

order to turn the magnetization away from the EA direction, there must be an energy

stored in the crystal in the case where the saturated magnetization points at a non-EA

direction. This energy is called the crystal anisotropy energy and can be expressed

in terms of series expansions of the direction cosine of the saturated magnetization

relative to the crystal axes (this treatment was done by the Russian scientist Akulov

in 1929 [4] and was dealt extensively by others [5, 6, 7]). For a cubic crystal the

crystal anisotropy energy is:

E = K0 + K1(α
2
1α

2
2 + α2

2α
2
3 + α2

3α
2
1) + K2(α

2
1α

2
2α

2
3) + ... (1.1)

where K0;K1;K2... are the anisotropy constants and α1, α2 and α3 are the cosines

of the angles between the magnetization and the crystal axis.

The first part of our work deals with films of SrRuO3. These films possess large
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uniaxial MCA (estimated anisotropy field of ∼10 T) oriented at 45◦ out of the films

plane. For the case of a uniaxial anisotropy the expression for the energy is:

E = Kusin
2θ (1.2)

Where Ku is the the anisotropy constant and θ is the angle between the magnetization

and the axis direction.

1.1.2 Shape Anisotropy

Magnetic anisotropy which depends on the sample’s geometrical factors is called

shape anisotropy. In a sample without MCA (e.g. amorphus magnetic alloys), shape

anisotropy determines the preferred direction of magnetization.

The source of shape anisotropy is the demagnetization field which acts in opposite

to the samples magnetization. In this case the magnetic induction field is:

B = −Hd + 4πM (1.3)

where Hd is the demagnetization field (the value of Hd never exceeds 4πM).

The demagnetization field is proportional to the magnetization that created it with

a proportional factor Nd that depends on the samples shape and can be calculated

analytically for an ellipsoid.

Hd = NdM (1.4)

For a prolate ellipsoid (see Figure 1.3) with the major axis at the c axis, the de-

magnetization factors are known to be: Na = Nb = 4π−Nc
2

, and Nc = 4π
r2−1

[ r√
r2−1

ln(r+
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Figure 1.2: Fields of a bar magnet in Zero applied field after magnetizing it with an
external field: (a) H field, and (b) B field. The vectors in the center indicate the
values of these quantities at the center of the magnet [8].

r2 − 1).

Figure 1.3: The B field of an ellipsoid magnet in zero applied field [9].

In general, the demagnetizing field along a short axis is stronger than that along

a long axis; therefore, it is necessary to apply a higher magnetic field along the short

axis in order to orient the magnetization in this direction. The associated magneto-

static energy, meaning the self-energy, or the energy of a magnet in its own field [10]

is:
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Ems =
1

2
NdM

2 (1.5)

For prolate ellipsoid the expression of this energy is:

Ems =
1

2
M2Nc +

1

2
(Na −Nc)M

2sinθ (1.6)

In this case the first term represents the role of the EA and the second term is

the angle dependent part. This part can be described using the definition of the

shape-anisotropy constant, Ks:

Ks =
1

2
(Na −Nc)M

2 (1.7)

The role of shape anisotropy is of great importance in the second part of our work

where we explore polycrystalline films of Permalloy.



6

1.2 Magnetization Processes

By applying an external magnetic field on a magnetic sample, changes in magne-

tization intensity and orientation take place. Several mechanisms are responsible for

these changes. Here I will discuss nucleation and single domain rotation.

1.2.1 Nucleation

When an external magnetic field is applied on a sample with an antiparallel mag-

netization direction, it is energetically favorable for the magnetization to flip its ori-

entation. Since there is usually an energy barrier for this flipping, it occurs by nu-

cleating a small region with reversal magnetization. The act of nucleation is followed

by expansion propagation or of more nucleations in other areas until full reversal is

achieved. The size of the nucleation area is determined by factors such as the energy

gained by the magnetostatic energy and the energy loss due to exchange interaction,

that is proportional to the nucleation area.

The problem of magnetic nucleation in the case of magnetization reversal was

addressed by Gunther and Chudnovsky [11, 12]. They considered two states of energy

minimums: local minima for the case were the magnetization is oriented to the z

direction and absolute minima for magnetization pointing to the negative z direction.

The appearance of nucleation is followed by propagation until all sample space is

magnetized into one single direction. We address these processes in our manuscript,

”Local measurements of magnetization reversal in thin films of SrRuO3”.
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1.2.2 Single Domain Rotation

When the magnetization process occurs in a single domain particle, meaning a

particle with only one magnetic domain [13, 14], applying an external magnetic field

H at an angle α with respect to the EA, will tilt the magnetization to an angle θ with

respect to the EA determined by minimization of the Stoner Wohlfarth Hamiltonian

[15, 16]:

H = Kusin
2θ + MsHcos(α− θ) (1.8)

where the first term on the right side is the contribution of the uniaxial anisotropy

(crystalline or shape) and the second is due to interactions between the external field

(H) and the saturated magnetization (Ms). From this Hamiltonian we can find the

Easy 
axis

H

Ms

θ

α

Hard 
axis

Figure 1.4: An illustration of a single magnetic domain with an ellipse shape under
an external magnetic field (H)applied at an angle α with respect to the easy axis.
The magnetization in this case is rotated by an angle θ from the easy axis.

equilibrium position of the magnetization by finding the extremal points.

dH
dθ

= 2Kusinθcosθ −MsHsin(α− θ) = 0 (1.9)
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or

sinθcosθ =
H

HK

sin(α− θ) (1.10)

where HK = 2Ku/Ms.

In our manuscript ”Planar hall effect sensors - effects of shape and size” we present

experimental results of sensors that follow the Stoner Wohlfarth Hamiltonian. In the

manuscript we present also results obtained by theory and by numerical simulations

that fit the experimental results.
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1.3 Itinerant Magnetism

In general we distinguish between localized and itinerant magnetism. In the first

case the magnetic moments are strongly connected to the atom, while in the second

case the magnetic moments belong to the conduction electrons. A prominent example

of an itinerant-electron system is a metallic 3d transition element [17]. When the 3d

band is partially empty (Hund’s rules [18]), and there exists an exchange energy (Ueff )

due to Coulomb energy that gains energy by switching spins from being antiparallel

to parallel, the interaction Hamiltonian can be written as:

H = Ueffn1n2 (1.11)

where n1 and n2 represent the number of electrons per atom at each spin state.

Since Ueff is positive, the system prefers a case in which the product n1n2 is as small

as possible.

The gain in magnetic energy (∆EM), arising from a situation were the amount

of spin up electron is the same as the number of spin down electron, to a situation

where the number of one spin state is different from the other, is accompanied by an

energy loss (∆EC) due to a change in the accommodation of electrons. Since these

electrons needs to fill states of higher kinetic energy, the total change in energy must

decrease. Taking into account both the gain in magnetic energy and the loss from

kinetic energy and defining N(E) as the density of states per spin subband we can

write (for small change in the kinetic energy):

∆E = ∆EC + ∆EM =
n2p2

N(EF )
[1− ueffN(EF )] (1.12)
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Where p = n1−n2

2(n1+n2)
and n = n1+n2. For the non-magnetic case p = 0 so−ueffN(EF ) >

0. For the ferromagnetic case −ueffN(EF ) < 0 (meaning p > 0). The last case is

known as the Stoner criterion for ferromagnetism which is used in the more familiar

form:

UeffN(EF ) > 1 (1.13)

This condition favors a strong electron-electron interaction (Coulomb interaction)

and large density of states. This criterion is roughly satisfied in the case of Fe, Co

and Ni. The density of states of s and p-electrons bands is considerably smaller than

that of the d band, which explains why band magnetism is restricted to elements that

have a partially empty d band.

Figure 1.5 shows two band diagrams of strong and week ferromagnetism (Friedel

1969) [19].

Figure 1.5: Relative position of the two half d-bands with opposite spin directions:
a) week ferromagnetism. b) strong ferromagnetism. After Friedel (1969) [19].
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1.4 Magnetoresistance Effects

Magnetoresistance (MR) is the relative change of the electric resistivity ρ as a

result of applying a magnetic field B,

MR =
ρ(B)− ρ(0)

ρ(0)
∆ρ/ρ(0) (1.14)

There are several contributions to MR:

(a) Lorentz MR. This contribution to the MR is due to the deflection of the charge

carriers from their original trajectories as a result of the Lorentz force. This effect

increases the resistivity, thus creating a positive MR. The longer the mean free path

(lower resistivity) relative to cyclotron radius, the larger the effect of the field on the

resistance. Lorentz MR normally follows Kohler’s rule [20, 21, 22]:

∆ρ/ρ(H = 0) = f(
H

ρ
) (1.15)

(b)Supersession of spin fluctuations. By raising the temperature of a ferromag-

netic sample, magnetic moments that tend to align, fluctuate, leading to an increase

in scattering process that give rise to an increase in resistivity. By applying an ex-

ternal magnetic field, the fluctuating moments align in the direction of the magnetic

filed, a process that reduces the scattering and the resistivity thus yielding negative

magnetoresistance.

1.4.1 AMR

In 1857 William Thompson discovered that the resistivity of iron increased by 0.2%

when he applied a magnetic field along the current direction, and by ∼0.35% when he
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applied the field in a transverse direction [23, 24]. This behavior is called anisotropic

magnetoresistance (AMR) [25, 26]. AMR was studied extensively [27, 28, 29, 30] for

more than a century and it was used in various commercial devices including data

recording devices and magnetic sensors.

The fact that the resistivity depends on the orientation of the measurement rel-

ative to the current, means that one must consider the use of the resistivity tensor.

The longitudinal term describing the AMR is:

ρlong = ρ⊥ + (ρ‖ − ρ⊥)cos2θ (1.16)

For crystalline materials the terms in the resistivy tensor are more complicated

and were first introduced by Döring in 1938 [31]. In this case the tensor terms are

written as:

ρij(α) =
3∑

k,l,m...=1

(aij+akijαk+aklijαkαl+aklmijαkαlαm+aklmnijαkαlαmαn+...) (1.17)

where the indices i, j, k represent the different axes and the α’s are the expansion

coefficients.

In our work ”Determination of the resistivity anisotropy of SrRuO3” we investi-

gated the behavior of the resistivity anisotropy in SrRuO3 at the ferromagnetic and

paramagnetic phases. For the paramagnetic phase, in the absence of an external

magnetic field, we observed a significant resistivity anisotropy revealing the strong

influence of the crystal structure. As the temperature is lowered below the criti-

cal temperature, the resistivity anisotropy behavior changes significantly, presumably

due to the combined effects of the crystal structure and the external field.



13

1.5 Hall Effect

Charge carriers flowing in a conductor that are subject to an external magnetic

field are deflected due to Lorentz force and induce a transverse electric field. This is

the Hall resistance [32, 33] given by:

E = − 1

nec
HzJxŷ

The term −1/nec denoted by R0 is the Hall coefficient. Drawing the transverse

resistivity vs. the field H will produce a graph with a negative slope for electrons

(negative R0), while for holes we get a positive slope (positive R0).

In addition to the OHE, ferromagnetic materials have another antisymmetric con-

tribution to transverse resistance called the extraordinary Hall effect (EHE) which is

related to the magnetization M.

EEHE = Rsµ0M⊥ × J (1.18)

The origin of the EHE is still controversial. In 1958 Smit suggested that spin

orbit interaction leads to a deviation of the spin carriers from their initial course.

This effect, known as the ’skew scattering’ (see figure 1.6a), [34, 35] predicts that

by taking average deflections, the EHE resistivity is proportional to ρ. Another

interpretation for the ’skew scattering’ is the scattering from d host states. A further

development by Berger is the suggestion that the charge carriers are displaced from

their original path through the scattering center mechanisms known as ’side jump’

(see figure 1.6b) [36]. The EHE coefficient is therefore:
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Rs = aρ + bρ2 (1.19)

Figure 1.6: Two mechanism of EHE: (a) skew scattering and (b) side jump.

In the 1950’s Karpulus and Lutinger suggested that the EHE can be explained

by using the Berry phase model [37] at the k space [38, 39, 40] This model was

disregarded until recently.

Since the EHE is sensitive to changes in magnetization we have used it extensively

in our work. In the paper ”Paramagnetic anisotropic magnetoresistance in thin films

of SrRuO3” we used the EHE as a tool for determining the magnitude and direction

of magnetization in order to find its effect on the resistiviy. In the paper ”Local

measurements of magnetization reversal in thin films of SrRuO3” we used this effect

to determine the value at which jump in magnetization occur.

1.5.1 Planar Hall Effect

When current flows in a direction which is not one of its principle axes, it generates

a transverse voltage. Although this signal is not necessarily related to magnetization,

it was investigated mainly in magnetic conductors. In these cases the principle axes

are determined by the direction of magnetization due to the AMR (see section 1.4.1
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[25, 26]. As a consequence of AMR there is an additional contribution to the Hall

signal, called the planar Hall effect (PHE) [41, 42, 43, 44].

For orthogonal principle axes the PHE signal is described using the off diagonal

term of the resistivity tensor.

ρPHE = (ρ‖ − ρ⊥)sinθcosθ

jx

θ

E1

E2

ET

x

z

y

Figure 1.7: The electric fields E1 and E2 generated at the sample principle axes for
current flowing in the x direction.

Unlike the OHE and the EHE, the PHE is symmetric with magnetization.

In our work we have used the PHE to determine the resistivity anisotropy in

SrRuO3 both in its paramagnetic state where it is related to the crystal structure,

and below the critical temperature at its ferromagnetic state where this effect is due to

the combined influences of the crystal structure and the spontaneous magnetization.

The PHE is also used in our study of magnetic sensors.
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1.6 Spintronics

1.6.1 General

Spintronics (”spin transport electronics”[45, 46, 47, 48, 49]), also known as mag-

netoelectronics, is an emerging field which exploits both the intrinsic spin of electrons

in addition to their fundamental electronic charge. Although this field has its origin

in the work of Mott (1936) and other works from the 1960’s and the 1970’s, including

the works of Fert and Campbell (1968 [50], 1970 [51], 1971 [52], 1976 [53]), Tedrow

and Meservey, [54] and initial experiments on magnetic tunnel junctions by Julliere

[55], the most important advance in this field was achieved in the 1980’s beginning

with the works of Johnson and Silsbee (1985) [56], and especially due to the discov-

ery of giant magnetoresistance simultaneously by Albert Fert et al [57], and Peter

Grünberg et al [58] (1988-1989).

The use of Spintronics with other fields such as semiconductors [59] (considered

theoretically already at 1990 by Datta and Das [60]) and with molecules [61, 62] are

new research directions that may lead to new important results.

1.6.2 GMR and TMR

The discovery of Giant Magnetoresistance (GMR) [57, 58] is considered to be the

birth of spintronics. GMR was observed in Fe/Cr/Fe multylayers where the relative

alignments of the magnetic layers affected the multilayers resistance: low in parallel

orientation and high in antiparallel orientation. A further development of the GMR is

the GMR spin valve that consists of a trilayer structure at which the magnetization of

one of the first magnetic layer is pinned to an antiferromagnetic layer, and the second
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layer is magnetically free (Figure 1.8). In 1997 the GMR spin valve sensors replaced

the AMR sensors in hard disk drives. As a result, the recording density increased by

more then two orders of magnitude (∼1 to ∼600 Gbit/in2. in 2007) [49].

When the two ferromagnetic layers are separated by an insulating layer, the effect

is called Tunnelling Magneto Resistance (TMR). The tunnelling resistance depends

even more strongly on the relative orientation of the ferromagnetic films. It is expected

that the next spintronics devices to affect the memory market would be the random

access memory (MRAM) devices based on a grid of TMR cells.

Figure 1.8: Schematic GMR structure with parallel and antiparallel alignments of the
magnetic layers and an illustration of their two channel resistivities.
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1.7 Magnetic Sensors

Measuring magnetic fields is of great importance in many applications. To accom-

plish this task, various magnetic sensors [63] have been developed including Search-

Coil Sensors [64], the Flux Gate Magnetometer [65], the Optically Pumped Magne-

tometer [66] based on the Zeeman effect in cesium (Ce), magnetooptical sensors based

on Faraday polarization effect (Fresnel ellipsoid) [67], the Fiber optic Magnetometer

based on changes in interference due to path change induced by magnetostrictive ma-

terials [68, 69, 70], magnetodiode sensors based on changes in recombination due to

magnetic fields [71], and magnetotransistors with two collectors giving output signal

proportional to the magnetic field [72]. More examples of magnetic sensors are the

nuclear precession sensor that measures the magnetic field via the proton precession

frequency, the superconducting Quantum Interference (SQUID) that uses the current

generated at a superconductor coil and measured via Joshepson junction [73], the

OHE sensor that uses the OHE (see section 1.5), and GMR and TMR sensors (see

section 1.6.2).

A very important family of magnetic sensors is based on magnetoresistive effects

(see section 1.4).

In most cases, AMR sensors are based on thin films of Permalloy (Py, see section

2.2) that exhibit changeS of 3% to 4% in their resistance. MR sensors that are based

on the AMR effect are widely used commercially for various applications including

navigation [74] and position detectors for automotive applications [75].

A simple AMR sensor is bar shaped with its length greater than its width and

a thickness that is much smaller than the other geometrical constants. A current is
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then driven along its major axis and the voltage is measured along the bar.

Simple magnetoresistive sensors have several disadvantages. The first is the effect

of the demagnetization field that causes a deviation in the alignment of the magnetiza-

tion with respect to the current direction. The second disadvantage is the uncertainty

about the sign of Hy, since R is a function of H2
y . In addition, these AMR sensors have

two other major disadvantages. The first is the fact that AMR sensors have strong

non-linear dependence on the external field in the case where the transverse field is

higher then the anisotropy field (|Hy| > Hk). Furthermore, the sensitivity dR/dHy is

very small in the proximity of the origin (and disappears entirely for Hy = 0). The

second major disadvantage is the existence of a large noise due to temperature drift.

The problem of the demagnetization effect can be nearly resolved by changing the

shape of the sensor. Some works suggest the use of an elliptical shape of the AMR

array [76, 77] in order to achieve a homogeneous and small demagnetizing field.

The non linearity of the AMR sensor can be alleviated by depositing series of

strips of high electrical conductivity on the magnetic layer forcing the current to flow

with an angle of 45◦ with respect to the easy axis. This structure is called the ”barber

pole structure” (see Figure 1.9a, b).

In order to avoid the large noise due to temperature drift, the sensor is built as a

Wheatstone bridge with four individual resistors (see Figure 1.9c). By tuning the ratio

of these resistors, effects of temperature are reduced significantly. The combination

of the Whetstone bridge and the barber pole structure has another advantage since a

specific configuration of the barber pole angles in the different resistors, can increase

the signal of these sensors.
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(a) (b)

(c) (d)

Figure 1.9: AMR sensors: a) AMR sensor with a single stripe having a layer of barber
pole structure. b) array of AMR sensors. c) whetstone bridge for AMR sensors + and
- signs represent barber pole with strips of 45◦ and 135◦ respectively. d) comercially
3 dimensional AMR sensor.

These improvements in the AMR sensors do not entirely eliminate the sensors’

disadvantages and in some cases create new problems. The layout of the magne-

toresistive elements forming a Wheatstone bridge has to be optimized and so the

fabrication of these sensors become more complex. Even after optimization there

is still temperature drift that reduces the device accuracy. Structure optimization

concerns also the layout of width and distance of the barber poles [78] adding their

contribution to the structure complexity. In addition, the well-conducting barber pole

strips reduce the total resistance on the active part of the surface where changes in

resistance contribute to the sensor signal.

The use of PHE (see section 1.5.1) for sensor applications enables the creation

of sensors that can be the answer to these AMR disadvantages. By measuring the

transverse signal (Hall configuration), the thermal drift of the output signal can be
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reduced by 4 orders of magnitude [79]. PHE sensors exhibit linear response since

the PHE signal changes as sin 2θ. The sensitivity of PHE sensors amplified by flux

concentrators had shown a high sensitivity of 3 nT [80, 81, 82]. The linear behavior

and their high sensitivity simplify their use for industrial and scientific purposes.

Figure 1.10: SEM image of a Permalloy cross having a width of 1 µm and a thickness
of 40 nm [83].

In our work: ”Planar hall effect sensors - effects of shape and size” we suggest

the use of ellipse shape PHE sensors of Py and give new insight concerning the effect

of size and shape on the sensor response. In this article we compare experimental

work, numerical simulation, and theory showing the pseudo single domain behavior

of these sensors. The use of numerical simulation is extended in order to determine

upper and lower limits of sensor size and to determine the role of width-length ratio

on the magnetic response.
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Chapter 2

Materials

2.1 SrRuO3

General

SrRuO3 is both a metallic perovskite and a 4d itinerant ferromagnet. Like all

perovskites [84], SrRuO3 has a stoichiometric relation of An+1BnO3n+1 where a cor-

ner - sharing octahedra is composed of B ions at the center of each octahedron and

six oxygen ions at the corners. In the center of every eight octahedra lies an A ion.

In many perovskites the octahedra is tilted or rotated in order to accommodate the

relatively large A ion. These distortions yield a variety of symmetries (isometric,

tetragonal, nortohembral and monoclinic) depending on the degree of distortion. At

room temperature, SrRuO3 exhibits an orthorhombic symmetry with lattice param-

eters: a=5.53 Å, b=5.57 Å, and c=7.85 Å, The pseudo-cubic unit cell has a lattice

parameter of 3.93 Å.

The crystalline orientation of the films of SrRuO3 strongly depends on the sub-

strate: On SrTiO3 the films mostly grow with the [001] axis in the film plane [85],

while some grains grow with the [001] axis perpendicular to the film plane. Much
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Figure 2.1: Schematic diagram of SrRuO3 crystal structure in orthorhombic unit cell.
The inner cube constructed by thick solid lines is the pseudo-cubic unit cell (picture
from Ref. [86]).

better films of SrRuO3 can be grown on miscut SrTiO3 substrates. Films grown on

such substrates grow with the [001] direction in the film plane and the [010] direction

at 45◦ out of the film plane (for more details see section 3.1.1). Studies have shown

that SrRuO3 films grown on SrTiO3 undergo two structural phase transitions - or-

thorhohmbic to tetragonal at ∼ 623◦ K and tetragonal to cubic at ∼ 873◦ K [87]. In

our experiments, we use such films.

The strain in epitaxial growth further distorts the lattice structure of SrRuO3. The

substrate compress the lattice of the SrRuO3 along [110] [001] and expand it along

the [110] direction. This causes further tilting and rotating of the RuO6 octahedra in

thin films, relative to the bulk [86].
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Transport and Thermodynamic Properties

The anomalous transport behavior of SrRuO3 has attracted much interest. At

room temperature, the resistivity of SrRuO3 is of ∼200 µΩcm and increases with

temperature almost without saturation, and seems to cross the Iofe-Regel limit [88].

Terahertz conductivity and infrared conductivity show non-Drude [89, 90] behav-

ior [91, 92]. Band calculations of SrRuO3 at the paramagnetic phase show also an

anisotropic behavior in Fermi velocities [93, 94, 95]. As temperature is lowered to its

critical temperature (∼ 150 K for thin films and ∼ 165 K for bulk material) a change

in the resistivity is observed.

The behavior of the temperature derivative of the resistivity near Tc strongly devi-

ates from Fisher-Langer theory [96, 97], and the resistivity shows negative deviations

from Matthiessen’s rule [98, 99, 100, 101]. Despite these anomalies, some of which

strongly indicate non-fermi liquid (NFL) behavior, the resistivity at low temperature

has ρ = ρo + aρ2 dependence [96, 97], the heat capacity obeys at low temperatures

Cv = γT + βT 3 [88], and quantum oscillations in the electrical resistivity at high

magnetic fields (the Shubnikov-de Haas oscillations) show an existence of conven-

tional fermion quasiparticles [102]. However, the coefficient, A, of the T 2 term in

the resistivity is three orders of magnitude larger than elemental ferromagnets values.

The measured linear heat capacity coefficient, γ, is 30 mJ/mol K2, which is larger

than one would estimate for typical metal and exceeds the theoretical value, calcu-

lated from band calculations, by a factor of 3.7. These high values of γ and A are

evidence of strong electronic interactions. Since SrRuO3 is a ferromagnetic material
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magnetic effects have their influence on resistivity. These effects include a magne-

toresistive behavior and AMR, OHE, EHE, PHE and Domain wall [103] contribution

to resistivity [104, 105].

The EHE behavior of SrRuO3, that depends on the normal component of magne-

tization [106, 107, 108, 109], is quite anomalous showing a sign change of the EHE

coefficient at ∼127 K.

Although SrRuO3 is almost cubic, it exhibits resistivity anisotropy. In our work

we have determined the small resistivity anisotropy behavior above and below the

critical temperature by using the PHE.

Magnetic Properties

SrRuO3 is a ferromagnet with Tc ∼165 K for bulk materials and ∼150 K for

films. Magnetism in SrRuO3 is itinerant and it originates from the 4d electrons of

the Ru atoms. The spontaneous magnetization in the zero-temperature limit in bulk

(films) is 1.6 µB (1.4 µB), which is consistent with band calculations [93]. MCA

studies of bulk single crystals have shown that there are two magnetic EA along

the face diagonals of the pseudo-cubic unit cell, which are the orthorhombic [100]

and [010] directions [110]. In contrast to bulk, epitaxial thin films of SrRuO3 are

characterized by a single EA whose orientation is temperature dependent [86, 111].

Above Tc, the EA coincides with [010], which is at 45◦ relative to the film normal,

while below Tc there is a reorientation transition where the EA rotates in the (001)

plane approaching 30◦ relative to the normal at 2 K [111]. The difference between

the bulk and the thin films is probably a result of a further distortion of the already

distorted bulk lattice by tilting and rotating the RuO6 octahedra. The MCA energy
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can be described by E = Ksin2θ, with a weakly temperature-dependent anisotropy

constant, K ∼ 1.2 × 107 erg/cm3. The large MCA is mainly a result of crystal

distortion and large spin-orbit coupling. By using the expression for the domain wall

width π(C/2K1)
1/2 [112, 113] where K1 ≈ 107 erg/cm3 and C = 2JS2/a the width

is estimated to be in the order of 3 nm. much smaller compared to other magnetic

metals like nickel (∼72 nm), iron (∼30 nm) [114] and cobalt (∼15 nm).
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2.2 NiFe alloys

Roughly speaking, magnetic materials for industrial purposes are divided into two

categories: a) hard magnetic materials - materials that have high coercive field and

b) soft magnetic materials that are easier to magnetize and have higher permeabil-

ity. Between 1913 to 1921 Gustave Elman and his associates developed a new alloy

containing nickel and iron elements with different relations (more information on the

history of their investigation can be found in the book of Bozorth [115]). These alloys

are commonly known as permalloys (Py). In most cases the name is followed by a

number representing the percent of nickel in this alloy. In the range of 50 to 80 per-

cent nickel, the alloy is all face centered cubic. For a nickel iron composition relation

of 1:3 respectively, the alloy can undergo long range ordering below ∼776 K. The

magnetization properties of the ordered alloy are inferior to those of the disordered

alloy. In our work we used Py with 78 to 81 percent nickel.

Py 78, which we used in our work, has Tc = 853◦ K and a very high permeability.

The permeability value depends on the sample treatment, giving, in some cases, initial

permeability of 8000 and a maximum permeability of 100000. The coercive field of

Py 78 gives, for some cases, 0.05 Oe with induction saturation (BS) of 10800 Gauss

[116]. Magnetization reversal experimental studies on Py layers of uniaxial magnetic

anisotropy are found to fit theory [117].

The room temperature resistivity of Py 78 is 16 µΩ-cm, and is significantly in-

fluenced by the magnetic field [118] with AMR of 3 to 4%. In permalloy 80 the

scattering of spin down electrons can be 5 to 10 times higher than spin up electrons

which implies mean free path λ↑/λ↓ = 5 to 10 (typically λ ↑= 6 nm and λ↓ = 1 nm
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at 300 K) [119].

Permalloy has an important role in a variety of electrical components: a) loading

coils, b) transformers, c) magnetic amplifiers, d) relays, e) flux gates and f) AMR

sensors (for different applications including recording read head sensors).
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Chapter 3

Experimental Details

3.1 Sample Fabrication

3.1.1 Fabrication of SrRuO3 Films

In our research, we used high quality epitaxial thin films of SrRuO3 grown on a

SrTiO3 substrate by Molecular beam epitaxy (MBE). In this method, the electron

beam heats the Sr and Ru targets and causes their simultaneous evaporation on

the substrate with the presence of atomic oxygen obtained by dissociating molecular

oxygen using microwave plasma.

Figure 3.1: MBE system.
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To create a sample with a single EA of magnetization it is necessary to break the

cubic symmetry of the substrate surface. For this reason the substrate is miscut at an

angle of 2o. The miscut creates atomic steps with a height of 4 Åand a width of 114

Å. The SrRuO3 film that grows on such a substrate grows with a uniform direction

of magnetization [120, 121].

Figure 3.2: The lattice orientation of SrRuO3 (110) films on miscut (001) SrTiO3

substrate [86].

3.1.2 Fabrication of Ta/Py and Au Films

The magnetic permalloy films used in this work were fabricated to have no mea-

sured MCA. This was done by sputtering [122] monocrystaline substrates of SiO2

with a polycrystaline film of Py (other works that study permalloy films indicate

that sputtered Py has large magnetostriction only below 7 nm [123] while in our case

we use Py layers of 10 nm). In this method, positive ions are accelerated towards

a bulk target and sputter small particles off the target and onto the substrate. The

sputtered Py layer is then protected by a capping layer of tantalum deposited by the
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same technique. Further processing of the samples involved also sputtering of gold.

3.1.3 Plasma Reduction of Solutions

It was recently shown that plasma reduction of metallic ions from liquid solutions

can be used as a coating method [124].

Plasma [125, 126, 127] is created when free electric charge is accelerated, one of the

possibilities for this kind of procedure is by radio frequency (RF) oscillating electric

field that is generated in the gas region. At sufficiently low pressures the combined

effect of the electric field acceleration of electrons and elastic scattering of the electrons

with neutral atoms or field lines leads to heating of the electrons. When electrons

gain kinetic energy in excess of the first ionization threshold in the neutral gas species,

electron - neutral collisions lead to further ionization, yielding additional free electrons

that are heated in turn. Under electric field electrons oscillation frequency is given

by:

ωp =
4πn2

e

me

(3.1)

Giving the relation between the charge density ne and their frequency.

In this work we use plasma reduction in order to create metallic layers. In order

to create these layers we used two kinds of plasma generators: a) The PDC-32G-2

plasma cleaner, and b) a microwave oven, modified to allow pumping and inserting gas

into a vacuum chamber that was installed inside. The microwave higher frequency

(2.45 GHz) and power (900 W) allowed us to reduce ions from solutions the first

generater failed to reduce.
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3.2 Patterning

For some of our patterns it was sufficient to use photolithography with a mask

aligner. To fabricate samples with an approximate resolution of microns we used the

SUSS MJB4 Manual Mask Aligner. This machine has the ability to print features

with a resolution of 0.5 µm.

Figure 3.3: SUSS MJB4 Manual Mask Aligner for micron size resolution and HR-SEM
Jeol JSM 7000F for sub micron patterning resolution.

For submicron patterns we used a ”Raith” lithography system that was connected

to a high resolution scanning electron microscope, HR-SEM (JSM-7000F). The Raith

lithography system allowed us to pattern non patterned samples or to modify samples

that are already patterned.

For monitoring the multipatterning process we used optical microscopes (Stereo-

scopic Zoom Microscope SMZ800 and ”Material-Microscope Nikon L150”) and HR-

SEM.

In some of our work material analysis was performed. For these cases we used

two systems: (a) bruker axs D8 advance powder x ray diffraction and (b) The energy

dispersive X-ray spectroscopy (EDS) system which is connected to the HR-SEM and

detects photons emitted from the sample surface due to electron collisions.
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3.3 Measurement systems

To measure the magneto transport we used two systems: one that was designed

to measure the transport at room temperature, and one that has the ability to mea-

sure several physical properties in a wide range of temperatures. Both machines are

designed to enable 4 point measurement configuration [128, 129, 130, 131].

For room temperature measurements we used a homemade system which was

designed and built as part of the research project.

Figure 3.4: Room temperature measurement system.

The system is composed of two pseudo Helmholtz coils built of aluminum structure

inside an isolated warped copper wire. The copper length for each coil is of 2500

meters. The interior radius is 38 mm and the exterior is 44.5 mm. The coils were

designed to give a field change (∆B/B) of 3× 10−7 Oe to a point located 5 mm aside

(with the same distance from the two coils) for an external magnetic field of 372.6 Oe

(compatible to a current of 1.8 A) field value sample laying between the coils. The

sample itself is set on a stage that can rotate using a brushless motor (Faulhaber DC
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24SR Micromotor) that is connected to a gear system. The stage can rotate more

than 360◦ with an angle resolution of 0.03◦. The sample is connected electrically to

a switch box (Keithley 7001), a current source (Keithley 2400), and a nanovoltmeter

(Keithley 2182). All measuring devices are computer controlled. The system itself is

confined inside a metallic cage in order to reduce noise.

Low temperature measurements were preformed using a quantum design Physical

properties measurement system (PPMS), with field range up to 9 T.
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4.1 Determination of the resistivity anisotropy of

SrRuO3 by measuring the planar Hall effect
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Determination of the resistivity anisotropy of SrRuO3 by measuring the planar

Hall effect
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Determination of the resistivity anisotropy of SrRuO3 by measuring the planar

Hall effect
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Determination of the resistivity anisotropy of SrRuO3 by measuring the planar

Hall effect
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Determination of the resistivity anisotropy of SrRuO3 by measuring the planar

Hall effect
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Determination of the resistivity anisotropy of SrRuO3 by measuring the planar

Hall effect
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4.2 Paramagnetic anisotropic magnetoresistance

in thin films of SrRuO3
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Paramagnetic anisotropic magnetoresistance in thin films of SrRuO3
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Paramagnetic anisotropic magnetoresistance in thin films of SrRuO3
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Paramagnetic anisotropic magnetoresistance in thin films of SrRuO3
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4.3 Local measurements of magnetization reversal

in thin films of SrRuO3
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Local measurements of magnetization reversal in thin films of SrRuO3
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Local measurements of magnetization reversal in thin films of SrRuO3
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Local measurements of magnetization reversal in thin films of SrRuO3
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4.4 planar hall effect sensors - effects of shape and

size
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planar hall effect sensors - effects of shape and size
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planar hall effect sensors - effects of shape and size
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planar hall effect sensors - effects of shape and size
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4.5 Coating dielectric substrates by plasma-reduction

of metallic ions in solvents
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Coating dielectric substrates by plasma-reduction of metallic ions in solvents
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[129] M. Büttiker, IBM J. Res. and Dev. 50, 101 (2006).

[130] L. J. van der Pauw, Philips Research Reports, 13, 1, (1958).

[131] L. J. van der Pauw,Philips Technical Review, 20, 220, (1958).


