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Abstract

Transition metal oxides with perovskite structure (”perovskites”) attract consider-

able interest for the wide range of intriguing physical properties they exhibit including:

high-temperature superconductivity (cuprates), colossal magnetoresistance (mangan-

ites), ferroelectricity (titanates), exotic superconductivity, itinerant magnetism and

non-Fermi liquid behavior (ruthenates), etc. In addition, many of these perovskites

are lattice matched due to their similar structure; hence, it is possible to grow het-

eroepitaxial structures consisting of various perovskites, enabling the exploration of

new physical phenomena as well as the design of novel electronic devices. These

features make perovskites an attractive material system for realizing all-oxide elec-

tronics. The fact that some of the perovskites are a source for highly spin-polarized

current make them an interesting material system for spintronics as well.

This work focuses on studying the magnetic and transport properties of the

pseudo-cubic ruthenates CaRuO3 and SrRuO3 thin films, and electron-doped SrTiO3.

The ruthenium-based perovskites (ruthenates) provide exciting opportunities to

study some of the central issues in solid state physics. The strong electron-electron

correlations found in many of the metallic ruthenates give rise to anomalous transport

properties that clearly deviate from conventional Fermi-liquid behavior.

In addition, the ruthenates exhibit a rich variety of electronic phases that include
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itinerant magnetism (ferromagnetism, antiferromagnetism, metamagnetism) and p-

wave superconductivity. The magnetism in ruthenates also has unique properties.

Being a 4d element, ruthenium has a large spin orbit coupling constant (900 cm−1,

compared, e.g., to 400 cm−1 in iron). Consequently, properties such as magnetic

anisotropy energy obtain relatively high values (usually the anisotropy field for 3d

ferromagnets is more than an order of magnitude smaller).

The itinerant ferromagnet SrRuO3 has attracted considerable interest due to its

anomalous properties. Its electrical resistivity is relatively large (ρ ∼ 200 µΩ cm

at room temperature), and continues to grow as a function of temperature almost

without saturation, and seems to cross the Ioffe-Regel limit. In addition, in the

vicinity of Tc, the behavior of the temperature derivative of the resistivity strongly

deviates from Fisher-Langer theory. Furthermore, terahertz conductivity and infrared

conductivity are also quite anomalous, strongly indicating non-Fermi liquid behavior.

Studying the effect of film thickness on transport and magnetic properties of

ruthenates films provides a new way of exploring the properties of this intriguing

family of compounds. The thickness affects the electron-electron correlation, the

magnetic ordering, and the effect of disorder. Studying these effects in systems that

are strongly electron correlated already in their bulk form, may yield new insight

into the effect of electron-electron correlations on different transport phenomena. In

addition, the ultrathin films will provide new opportunities for exploring dimensional

effects on magnetism in a unique example of 4d ferromagnetism.

In our study we explored the effects of decreasing film thickness on the transport

and magnetic properties of epitaxial ultrathin films of SrRuO3. We found higher re-
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sistivity when the film thickness was decreased, and our analysis suggests increased

effects of electron-electron correlations. We also found that the ferromagnetic phase

transition occurs at a lower Curie temperature (Tc) for thinner films, and we at-

tributed this behavior to finite size effects. The extracted critical exponents are

consistent with the universality class of 3D Ising, while hints of dimensional crossover

very close to Tc are not conclusive. The magnetic anisotropy is also affected by film

thickness and the easy axis, normally at 45o to the film normal, rotates towards a

more perpendicular orientation, etc. This study was recently submitted to Phys. Rev.

B.

To obtain more insight on the extraordinary Hall effect (EHE) mechanism in

SrRuO3, we examined the EHE in a different way. We studied the EHE in the

ultrathin limit, thus we increased the resistivity quite significantly without inducing

structural disorder. We found a low temperature range where the EHE in all the films

seem to be described by a single function of ρ. On the one hand, our observation

appears to be a strong confirmation of the extrinsic model which implies that Rs is

a function of ρ alone. On the other hand, we saw that above a certain temperature

the scaling breaks down, which may indicate that the EHE in SrRuO3 is sensitive not

only to the scattering rate but also to the nature of the scattering events. This study

was recently accepted for publication in J. Appl. Phys.

CaRuO3 is one of the most intriguing members of ruthenate perovskites. Its

resistivity has a T 3/2 dependence at low temperature, suggesting a non-Fermi liquid

behavior due to antiferromagnetic quantum phase transition. Optical conductivity

measurements show Non-Drude behavior and specific heat measurements indicate
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that electron-electron correlations in CaRuO3 are even stronger than in SrRuO3.

We performed extensive magnetoresistance and Hall effect measurements of un-

twinned epitaxial films of CaRuO3. We found that at low temperatures the magne-

toresistance is mainly a function of the magnitude of the magnetization. We clearly

demonstrated that the susceptibility in CaRuO3 is anisotropic and can be described in

terms of an anisotropic susceptibility tensor. Following the identification of the mag-

netic properties, we found that suppression of the low temperature non-Fermi liquid

behavior by external magnetic field is most efficient when the field is applied along the

easy axis of magnetization; suggesting that critical spin fluctuations, possibly due to

proximity of a quantum critical phase transition, are related to the non-Fermi liquid

behavior. The results of this research were published in Phys. Rev. B 73, 085109

(2006) and Physica B 378-380, 490 (2006).

SrTiO3 is another perovskite of particular interest. In addition to being considered

by many an ideal insulating substrate on which epitaxial films of perovskites are

grown, it now seems that electron-doped SrTiO3 may also play an important role.

Recent excitement in the field is related to reports on the formation of quasi two

dimensional electron gas at SrTiO3 − LaAlO3 interface with very high mobilities. On

the other hand, other reports claim that this is not an interface effect but a conduction

of electron-doped SrTiO3 formed due to oxygen vacancies in SrTiO3. Irrespective of

the dispute regarding the source of high mobility in SrTiO3 − LaAlO3 systems, it

is clear that the electron gas in oxygen deficient SrTiO3 exhibits similar mobilities

which might make it an important component for spintronics with perovskites.

Electron doping SrTiO3 by creating oxygen vacancies can be achieved in vari-
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ous ways including high-temperature annealing in oxygen reduced pressure and Ar+-

irradiation. In our work, we electron-doped single crystal samples of SrTiO3 by

exposing them to Ar+ irradiation. We found that some transport properties are time-

dependent. In particular, the sheet resistance increases with time at a temperature-

dependent rate, suggesting an activation barrier on the order of 1 eV. We attributed

the relaxation effects to diffusion of oxygen vacancies - a process with energy barrier

similar to the observed activation energy. In contrast to the resistance, the change

of the mobility and the magnetoresistance (MR) with irradiation dose and relaxation

time is hardly detectable. In addition, the MR data at temperatures higher than 50K

obey Kohler’s rule; namely, it is a function of H × τ alone. These results suggest

that the diffusion of oxygen vacancies decreases the number of charge carriers while

hardly affecting the scattering rate of the remaining charge carriers. This study was

published in Appl. Phys. Lett. 91, 151104 (2007).
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Chapter 1

Background

1.1 Perovskites

1.1.1 General

Perovskites, named after the Russian mineralogist, L. A. Perovski (1792-1856),

are compounds with the general formula An+1BnO3n+1, where A and B are cations

and O is an oxygen anion.1 Transition metal perovskites exhibit intriguing proper-

ties both for application and for theoretical study: high-temperature superconduc-

tivity (cuprates) [1], colossal magnetoresistance (manganites) [2], ferroelectricity (ti-

tanates), exotic superconductivity, itinerant magnetism and non-Fermi liquid (NFL)

behavior (ruthenates) [3, 4, 5], etc. In addition, epitaxially grown heterostructures

of perovskites expand the range of potential functionalities beyond the range of their

1There are a few perovskites without oxygen, e.g., NaMgF3.
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Figure 1.1: The easiest way to visualize the cubic perovskite crystalline structure.

constituents. For these reasons, it is argued that in addition to current industrial use

of oxides, oxide-based electronics is one of the potential alternatives to silicon-based

electronics. The fact that some of the perovskites are a source for highly spin-polarized

current make them also an interesting material system for spintronics.

1.1.2 Crystalline structure

Cubic perovskites - The cubic perovskites are perovskites with n→∞ (ABO3).

The easiest way to visualize the cubic perovskite crystalline structure is in terms of

the BO6 octahedra which share corners infinitely in all 3 dimensions, making for a

very nice and symmetric structure (see Figures 1.1 and 1.2(a)).

Layered Perovskites - The Layered Perovskites are perovskites with a finite n. As

shown in Figures 1.2(b) and 1.2(c) the Layered perovskites consist of layers of ABO3

type structure which are separated by some motif (”n” indicates the thickness of the

ABO3 layers).
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Figure 1.2: Schematic diagram of the crystalline structure of perovskites (a) Cu-
bic perovskite ABO3 (n→∞). (b) Layered perovskites A2BO4 (n=1). (c) Layered
perovskites A3B2O7 (n=2).
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This work focuses on studying the magnetic and transport properties of CaRuO3,

SrRuO3 and electron-doped SrTiO3 which belong to the cubic perovskites group.

Most perovskite crystalline structures are distorted. Common distortions such as

tilting of the octahedra and cation displacements within the octahedra are related to

the properties of the A and B cations. Factors that contribute to distortion in the

structure include radius size effects and the Jahn-teller effect. Radius size effects - The

degree of distortion in (ABO3) perovskites can be determined using the Goldschmodt

equation:

t =
RA + RO√
2(RB + RO)

(1.1)

where Ri is the radius of atom i. The ideal cubic perovskite has t ≈ 1. If the A

ion is smaller than the ideal value, then t becomes smaller than 1. As a result the

BO6 octahedra will tilt in order to fill space. On the other hand, if t is larger than

1 due to a large A or small B, then hexagonal variants of the perovskite structure

are stable. Jahn-teller effect - Nonlinear molecule cannot be stable in a degenerate

electronic state and must undergo distortion in order to break down the degeneracy

and become stable. Distortion caused by the Jahn-Teller effect in perovskites usually

involves four of the octahedral bonds contracting and two of the octahedral bond

lengthening which gives an elongated octahedral shape.

At room temperature CaRuO3 and SrRuO3 have orthorhombically distorted per-

ovskite structure. CaRuO3 is more distorted, as expected, because Ca radius is even

less ideal for perovskite formation. In contrast to CaRuO3 and SrRuO3, at room tem-

perature SrTiO3 exists in the cubic form, but transforms into a tetragonal structure

at temperatures less than 105 K.
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1.1.3 Spintronics and all oxide electronics with perovskites

One of the areas in which perovskites may play an important role is spin transport

electronics (”spintronics”) [6, 7, 8, 9]. Spintronics addresses phenomena sensitive to

the spin of the charge carrier which arise when the electrical current is spin-polarized,

as it is the case, for instance, in itinerant ferromagnets. Spintronics phenomena in-

clude giant magnetoresistance (GMR) [10], tunneling magnetoresistance (TMR) [11],

spin injection [8], etc. While GMR and TMR devices have been successfully realized

using magnetic and nonmagnetic metals (e.g., cobalt and copper), their integration

with silicon electronics, which would have dramatically increased their impact, faces

some fundamental obstacles due to conductivity mismatch [12]. Magnetic semicon-

ductors would enable better integration with silicon electronics; therefore, the devel-

opment of spintronics with these materials is a route which is vigorously explored.

However, it is not clear how successful it would be due to the degree of spin po-

larization and the relatively low Curie temperature. Perovskites offer an alternative

material system to be used for spintronics: they offer an attractive combination of

high spin polarization, low carrier density and high quality interfaces. These features

may enable spin injection with minimal loss of spin polarization and possibilities of

spin manipulation with gate voltage application. Recently, there have been several

reports on spintronics devices consisting of perovskites [13, 14, 15]. These reports

highlight the potential contribution of perovskites to the emerging field of spintron-

ics.

The development of devices based on ultrathin films is an active area of research.

SrRuO3 is an itinerant ferromagnet with Curie temperature of 150 K. While this
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compound is not likely to be relevant for spintronics applications due to its relatively

low Curie temperature, it is a compound that allows the study of basic spintronics

effects due to its special features. In particular, it has very high uniaxial magnetocrys-

talline anisotropy (anisotropy field of about 10 T) which is responsible for a stripe

domain structure with extremely narrow domain walls (∼ 3 nm in width). These fea-

tures make this compound an ideal model system for studying spin transport in the

presence of magnetic interfaces such as: current-induced domain wall motion [16] and

interface resistance of domain walls [17]. In addition, SrRuO3 can be used in future

all oxide electronics device applications due to its chemical stability, metalic conduc-

tivity, and epitaxial growth on perovskite substrates. Therefore, it is important to

understand the magnetotransport properties of ultrathin films of SrRuO3.

Electron-doped SrTiO3 yields high mobilities on the order of 10, 000 cm2V−1s−1

at 4.2 K, suggesting that SrTiO3 may be an important component in oxide-based

electronic devices. Some possibilities for such use have been demonstrated already

in its use both as a gate and a channel in field effect transistors. For any future

applications of electron-doped SrTiO3, it is important to elucidate the stability of its

electrical properties over time. For this reason, in this work we focus on relaxation

effects of electrical transport in electron-doped SrTiO3.
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1.2 Fermi liquid

J. J. Thomson’s discovery of the electron in 1897 had a vast and immediate impact

on theories of the structure of matter. Three years after Thomson’s discovery Drude

constructed his theory of electrical and thermal conduction by applying the theory of

gases to metals, considered as a gas of electrons.

In Drude’s time it seemed reasonable to assume that the electronic velocity dis-

tribution, like that of an ordinary classical gas, was given in equilibrium by Maxwell-

Boltzmann distribution:

f(v) = n(
m

2πkBT
)3/2e−mv2/2kBT (1.2)

Although Maxwell-Boltzmann distribution in conjunction with the Drude model suc-

cessfully describe some of the physical properties of metals, there were two key prob-

lems: this model predicts that each electron should contribute 3kB/2 to the heat

capacity of a metal - far from what was actually seen experimentally. In addition,

the magnetic susceptibility did not show the Curie temperature dependence for free

magnetic moments: χ ∼ 1/T .

This paradox cast a shadow over the the Drude model, which was only removed

by the advent of the quantum theory and the recognition that for electrons the Pauli

exclusion principle requires the replacement of the Maxwell-Boltzmann distribution

(Eq. 1.2) with the Fermi-Dirac distribution:

f(v) =
(m/~)3

4π3

1

e[( 1
2
mv2−kBT0)/kBT ] + 1

(1.3)

But then a new paradox appeared. Why should a theory based on non-interacting

particles work so well in these systems where the energy scales of the kinetic energy
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and Coulomb interaction are comparable. This paradox was resolved by Landau

theory of Fermi liquids (FL) [18, 19, 20].

The basic assumption of Landau’s theory is that the weakly excited states of

a FL greatly resemble those of a weakly excited Fermi gas. These states can be

described with a set of elementary excitations (quasi-particle) with spin 1
2

and a

momenta close to the Fermi surface. It is then assumed that there is one to one

correspondence of the low energy eigenstates of the interacting electrons with those

of the non-interacting Fermi gas. This may be physically realized by adiabatically

switching on the interaction. We therefore retain the picture of Fermi particles and

holes excitations carrying the same quantum numbers as their electron counter-parts

in the free Fermi gas.

The FL model predicts certain temperature dependence at sufficiently low tem-

peratures for physically observable quantities.2 For example the heat capacity

cv =
1

3

m∗pF

~3
k2

BT (1.4)

and the magnetic susceptibility

χ =
µ2

Bm∗pF

π2~3(1 + G)
(1.5)

These are similar to the free Fermi gas results, except for the modified mass (m∗) and

the G term in χ, which is related to the Landau f function.3 In addition, the resistivity

2In general, the physically observable quantities do not depend only on the ”free” electrons
contribution. The heat capacity for example has other contributions like phonons; In more general
case cv = γT + βT 3 where γ is the electronic heat capacity constant and β is the phonon heat
capacity constant.

3The total energy E of the liquid is not simply the sum of the energies of the quasi-particles.
The quasi-particles’s energy also depends on the distribution of other quasi-particles which Landau
included via the ’f function’, so the energy of the quasi-particles near the surface of the Fermi sphere
is given by ε(p) = εF + vF (p− pF ) + tr′

∫
f(p,p′)δn(p′)dτ ′.
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has a ρ = ρ0 + Aρ2 dependence and the alternating current (AC) conductivity obeys

the Drude form, σ(ω) = σ(0)/(1− iωτ).

FL is a remarkably successful theory that describes many metals including some

where the interactions between the electrons are very strong. The heavy fermion

problem provides an extreme example of the domain of validity of the Landau ap-

proach.

1.3 Non-Fermi liquid

1.3.1 General

Although metals that deviate from FL behavior were known for decades, only

from March 1991, at the American Physical Society meeting, this issue generated a

great deal of interest, including significant theoretical effort. At this meeting Seaman

et al. presented measurements of heat capacity, magnetic susceptibility, and electrical

resistivity of Y1−xUxPd3 that clearly disagreed with the FL theory [21]. The theories

that try to explain the NFL behavior can be divided into four categories: metals close

to a quantum critical point, multichannel Kondo model, disordered Kondo models,

and the Luttinger liquid.
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Metals close to a quantum critical point

Quantum critical point (QCP) is a phase transition that occurs at zero temper-

ature. FL theory breaks down near the fluctuations of a QCP. While at a finite

temperature phase transition, the fluctuations that develop at a critical point are

governed by classical physics and are limited to a narrow region around the phase

transition. At a QCP, the critical fluctuations are quantum mechanical in nature and

are felt over a wide range of temperatures above the quantum critical point, so the

effect of quantum criticality is felt without ever reaching absolute zero.

The most common route to observe a QCP is by taking a system with a finite

temperature phase transition and tuning it to T = 0, for example by applying pressure

or magnetic field or changing its chemical composition (Fig. 1.3). MnSi is such

an example, Fig. 1.4 shows that the ferromagnetic transition can be tuned to zero

temperature by applying a pressure of ≈ 14.8 kbar [22, 23]. This value of the pressure

indicates the QCP. UxY1−xPd3 [24] and CeCu6−xAux [25] are examples of tuning the

anti-ferromagnetic transition to zero by doping.

Multichannel Kondo models

The simple Kondo model describes the behavior of a single spin-one-half magnetic

ion interacting anti-ferromagnetically with a non-interacting sea of electrons. Passing

electrons scatter from the impurity ion and both can exchange their spin directions.

Kondo showed that in contrast to most electron scattering in metals which increase

with increasing temperature this scattering decreases [26].

Nozières and Blandin developed the multichannel Kondo model for a single impu-

rity [27]. In the multichannel case, the impurity ion intercats anti-ferromagnetically
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Figure 1.3: A qualitative phase diagram for a QCP. The QCP indicated by the black
dot on the parameter axis. The parameter can be like pressure or magnetic field or
chemical composition.
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with some seas of electrons (channels). The electrons are totally oblivious of the

other seas, only the impurity sees that there is more than one channel. This model

is described by the following Hamiltonian:

H =
∑

k,m,σ

εka
t
kmσakmσ + J

∑

k,k′,m,σ,σ′
S · at

kmσσσσ′ak′mσ′ (1.6)

where S are the spin operators of the magnetic ion impurity, J is the antiferromagnetic

interaction, σ are the Pauli matrices, and m labels the electrons channels. We can

distinguish between three cases: (1) n = 2S, the number of channels is just sufficient

to compensate the impurity spin to form a singlet. If S = 1
2

and n = 1 it is the

simple Kondo model. (2) n < 2S, there are not enough channels to compensate the

impurity spin. (3) n > 2S, the impurity spin is overcompensated and generates a

NFL behavior.

Disordered Kondo models

This model is based on the simple Kondo model in disordered systems. If the

disorder creates a distribution of Kondo temperature,4 this will lead to NFL behavior

[28]. One such example is UCu5−xPdx [29].

Luttinger liquids

In one dimensional metals, the appearance of spin charge separation creates new

quasi-particles instead of the Landau quasi-particles. The electron dissolves into its

spin part (spinon) and its charge part (holon). It is clearly not a FL any more because

the good quantum numbers look nothing like the old fermions quasi-particles labels.

4The Kondo temperature is the temperature in the simple Kondo model below which the impurity
ion compensated.
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1.3.2 Non-Fermi liquid behavior in ruthenates

Recently, ruthenates have attracted much attention as another class of materials

that exhibits NFL behavior [3, 4, 5]. The ruthenates belong to 4d transition metal

oxides, and the electron-electron correlation plays an important role in determining

their physical properties. Although the NFL behavior in the ruthenates has been

widely investigated, its origin is not clearly understood.

CaRuO3 is a paramagnetic metal and since its low temperature resistivity is de-

scribed by ρ = ρ0 + ATα with α ∼ 1.5, it is also considered a NFL metal [30]. This

form of NFL resistivity is theoretically expected when there is a paramagnetic-to-

antiferromagnetic QCP. We found that the low-temperature NFL behavior of CaRuO3

is suppressed by magnetic field and is most effectively suppressed when a magnetic

field is applied along the easy axis (EA) of magnetization, suggesting that critical spin

fluctuations, possibly due to proximity of QCP, are related to the NFL behavior. The

transport and thermodynamic properties of SrRuO3 are also quite anomalous and ex-

hibit a NFL behavior: the high temperature resistivity crosses the Ioffe-Regel limit

[31], the temperature derivative of the magnetic-related resistivity near Tc strongly

deviates from the expected heat capacity behavior. In addition, terahertz conductiv-

ity and infrared conductivity show non-Drude behavior [32, 33].
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1.4 Hall effect (HE)

1.4.1 Ordinary Hall effect (OHE)

When a sample is placed in a magnetic field B and a current density J is passed

through it, a transverse electric field EOHE is set up and given by

EOHE = −R0J×B (1.7)

where R0 is the ordinary Hall coefficient. The origin of the effect is the Lorentz force,

F = q(E + V×B), on the charge carriers in the magnetic field.

Using the most naive one band calculation

R0 =
1

nq
(1.8)

where n is the charge carrier density and q is their charge. As a result, the OHE is

very useful as a means to measure the charge carrier density. One very important

feature of the OHE is that it differentiates between positive charges moving in one

direction and negative charges moving in the opposite direction. The OHE offered

the first real proof that electric currents in metals are carried by moving electrons,

not by protons. The OHE also showed that in some substances (especially P-type

semiconductors), it is more appropriate to think of the current as positive ”holes”

moving rather than negative electrons. The OHE was widely used for these purposes

in the current research.

1.4.2 Extraordinary Hall effect (EHE)

In magnetic materials the Hall effect includes, in addition to the OHE, an ”ex-

traordinary” Hall effect, which depends on the magnetization M. The EHE is usually
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expressed as:

EEHE = −RsJ× µ0M (1.9)

where Rs is the extraordinary Hall coefficient (this effect appears in addition to the

contribution of M to the OHE according to the relation B = H + 4πM).

While the OHE is by now well understood, the understanding of the EHE is far

from being complete despite considerable theoretical [34, 35, 36, 37] and experimental

[38] efforts.

The common theoretical view is that

Rs = aρ + bρ2 (1.10)

where ρ is the longitudinal resistivity and a and b are constants. The linear term

in ρ is attributed to asymmetric scattering (”skew scattering”) of charge carriers,

a process which derives from the classical Boltzmann equation [37]. On the other

hand, the quadratic term in ρ is attributed to asymmetric side jumps which is a

purely quantum scattering process [34]. This model, called ”extrinsic” due to its

dependence on scattering, is commonly used to describe EHE despite the existence

of more than few cases in which it cannot fit the data [39]. More recently, a different

model has been suggested [40, 41], called ”intrinsic”, which is correlated with Berry

phase effect [42] in the crystal momentum space and it yields

ρEHE = −ρ2σBP
xy (M), (1.11)

where the Berry phase transverse conductivity σBP
xy (M) does not depend on ρ, and

the dependence of σBP
xy on M can be calculated from the band structure.
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The EHE in the itinerant ferromagnet SrRuO3 poses a particular challenge. On

the one hand, arguments in favor of a Berry phase model [43] have been contested

[44]. On the other hand, the strict application of the extrinsic model has also been

met with difficulties [45].

To obtain more insight on the EHE mechanism in this intriguing compound, we

examine the EHE in SrRuO3 in a different way. We study the EHE in the ultrathin

limit, thus we increase the resistivity quite significantly without inducing structural

disorder. On the one hand, our observation appears to be a strong confirmation of the

extrinsic model which implies that Rs is a function of ρ alone. On the other hand, we

see that above a certain temperature the EHE in SrRuO3 is sensitive not only to the

scattering rate but also to the nature of the scattering events. A similar possibility

has been suggested in connection with the EHE exhibited by other materials [39, 46].

In addition, the EHE can be used to monitor the magnetization. It was widely

used for this purpose in the current research, as will be explained in the manuscripts

and in section 2.6.
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1.5 Magnetoresistance

Magnetoresistance (MR) is the change of resistivity produced by a magnetic field

and defined by

MR =
ρ(H)− ρ(0)

ρ(0)
(1.12)

In contrast to the OHE, in general the MR observed with H both parallel to or

transverse to the current flow. Since the MR is an even function of the magnetic field,

at low fields it is usually proportional to H2. Various sources could contribute to the

MR including:

Lorentz magnetoresistance- The deflection of the trajectories of the charge carriers

due to Lorentz force 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.5

An ubiquitous behavior in Fermi liquid metals is the scaling of the MR by Kohler’s

rule which states that the MR is a function of Hτ alone (where τ is the scattering

time) [47]. In conventional metals ρ ∝ 1/τ , which results in a scaling law of the

form ∆ρ/ρ = f(H/ρ). We used Kohler’s rule to show that the scattering time, in

Electron-doped SrTiO3, is practically unchanged as a function of relaxation time or

irradiation time.

Suppression of spin fluctuation- An external magnetic field suppresses spin fluc-

tuations. Since spin fluctuations contribute to the resistivity, a magnetic field yields

5It seems that the Hall electric field counteracted the effect of the magnetic field in such a way at
to leave the resistance unaltered. This was perfectly satisfactory for carriers with a single mobility,
velocity and effective mass. However, if two types (or more) of carrier are presented, the Hall field
will not able to buck out the effects of the magnetic field of both carriers. In this case the resistance
is changed.
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a negative MR.

Anisotropic Magnetoresistance- The dependence of the resistivity on the orienta-

tion of the magnetization with respect to the electric current direction in the material

is known as Anisotropic Magnetoresistance (AMR). The discovery of the AMR was

made by William Thomson in 1857.6 However, the importance of the AMR was

recognized more than a century later by using the AMR phenomenon in sensors for

magnetic recording. The origin of the AMR stems from the anisotropy of scattering

produced by spin-orbit coupling [48].

6Known as Lord Kelvin.
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1.6 Strontium ruthenate (SrRuO3)

1.6.1 General

In the last decades the ferromagnetic perovskite SrRuO3 has attracted a great

deal of attention. This attention is driven in part by scientific curiosity and in part

by technological application. From the scientific curiosity point of view, one of the

important open questions is the degree of electron-electron correlations and how cor-

relations affect the physical properties of the material, which in part are abnormal

and exhibit NFL behavior. The technological interest is related to the use of SrRuO3

in future all oxide electronics device applications due to its chemical stability, metallic

conductivity, and epitaxial growth on perovskite substrates.

While this compound is not likely to be relevant for spintronics applications due

to its relatively low Curie temperature, it is a compound that allows the study of

basic spintronics effects due to its special features. In particular, it has very high

uniaxial magnetocrystalline anisotropy. These features make this compound an ideal

model system for studying spin transport in the presence of magnetic interfaces.

1.6.2 Crystalline structure

SrRuO3 belongs to the perovskite group. At room temperature SrRuO3 exhibits

an orthorhombic symmetry with lattice parameters 5.53 Å, 5.57 Å and 7.85 Å corre-

spond to [100], [010], and [001],7 respectively, and a slightly distorted pseudo-cubic

unit cell (the thick solid line in Figure 1.5) with a lattice parameter of 3.93 Å.

The crystalline orientation of the thin films of SrRuO3 strongly depends on the

7In this work Miller indices based on the orthorhombic unit cell are used.
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Figure 1.5: 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. [50]).

substrate: On SrTiO3 the films mostly grow with the [001] axis in the film plane

[49], but some grains grow with the [001] axis perpendicular to the film plane. Much

better films of SrRuO3 can be grown on miscut SrTiO3 substrates for which the [001]

axis of the film lies perpendicular to the miscut direction.

In our experiments, we used epitaxial SrRuO3 thin films grown on a slightly miscut

(2o) SrTiO3 substrate. The films grown on such a substrate grow with the [001]

direction in the plane of the film and the [010] direction at 45o out of the film plane

(for more details see section 2.1).

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

The substrate compress the lattice of the SrRuO3 along [110] [001] and expands along

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

films relative to the bulk [50].
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1.6.3 Transport and thermodynamic properties

The transport and thermodynamic properties of SrRuO3 are quite anomalous. Its

electrical resistivity is relatively large (ρ ∼ 200 µΩ cm at room temperature), and

continues to grow as a function of temperature almost without saturation, and seems

to cross the Ioffe-Regel limit [31]. Furthermore, terahertz conductivity and infrared

conductivity show non-Drude behavior [32, 33].

In addition, the behavior of the temperature derivative of the resistivity near

Tc strongly deviates from Fisher-Langer theory [51, 52], and the resistivity shows

deviations from Matthiessen’s rule [53, 54].

Despite these anomalies, which part of them strongly indicate NFL behavior, the

resistivity at low temperature has a ρ = ρ0 + Aρ2 dependence [51, 52], the heat

capacity obeys at low temperatures cv = γT + βT 3 [31], and quantum oscillations in

the electrical resistivity at high magnetic fields (the Shubnikov-de Haas oscillations)

show an existence of conventional fermion quasiparticles [55].

However, the coefficient, A, of the T 2 term in the resistivity is three order 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, calculated from band calculations,

by a factor of 3.7. These high values of γ and A are evidence of the strong electronic

interactions.
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1.6.4 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 [31].

Magnetocrystalline anisotropy 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 (see Figure 1.5) [56]. In contrast to bulk,

epitaxial thin films of SrRuO3 are characterized by a single EA whose orientation

is temperature dependent [50, 52]. Above Tc the EA coincides with [010] which is

at 45o relative to the film normal, while below Tc there is a reorientation transition

where the EA rotates in the (001) plane approaching ∼30o relative to the normal at

2 K [52]. 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 Magnetocrystalline anisotropy energy can be described by E = K sin2 θ, with

a weakly temperature-dependent anisotropy constant, K ∼ 1.2 × 107 erg/cm3. The

large Magnetocrystalline anisotropy is mainly a result of the crystal distortion and

the large spin-orbit coupling.
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1.7 Calcium ruthenate (CaRuO3)

1.7.1 General

CaRuO3 is one of the most intriguing members of the ruthenate perovskites group.

It is a metal with a GdFeO3-type orthorhombic structure [57], and since its low-

temperature resistivity is described by ρ = ρ0+Aρα with α ∼ 1.5, it is also considered

a NFL metal. Despite the fact that it has been studied since the late 1950s, its

magnetic properties have been quite elusive. Although the most acceptable view

today is that CaRuO3 is a paramagnetic metal [58, 59, 60], there were reports of

antiferromagnetic ordering [61], of parasitic ferromagnetic phase [62] and also of spin-

glass behavior [63].

1.7.2 Crystalline structure

The crystal structure of CaRuO3 is the same as the crystal structure of SrRuO3

having lattice parameters of 5.54 Å, 5.36 Å and 7.68 Å (see Figure 1.6)[57, 64].

CaRuO3 is more distorted due to the rotation of the RuO6 which is approximately

twice as large as that observed for SrRuO3, as expected, because the Ca ionic radius

is even less ideal for perovskite formation than Sr.

1.7.3 Transport and thermodynamic properties

CaRuO3 has attracted considerable interest due to its anomalous transport and

thermodynamic properties:

Electrical conductivity - Its resistivity at high temperatures has a T 1/2 depen-

dence crossing over to a T 3/2 dependence at low temperatures [30], suggesting an

antiferromagnetic QCP. Additional abnormal properties of the conductivity include:
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Figure 1.6: Schematic diagram of CaRuO3 crystal structure in orthorhombic unit cell.
The inner cube constructed by thick solid lines is the pseudo-cubic unit cell (picture
from Ref. [64]).

non-Drude behavior of the optical conductivity, which shows a NFL behavior of

σ1(ω) ∼ 1/ω1/2, in contrast to the usual Drude form of 1/ω2 [65], and negative

deviations from Mattiessens’s rule [53].

Heat capacity - Heat capacity measurements for 1.5 < T < 10 K show that

cv = γT + βT 3 and its γ value (∼ 70 mJ/mol K2) is larger than the γ value in

SrRuO3 (∼ 30 mJ/mol K2), suggesting that electron-electron correlations in CaRuO3

are even stronger than in SrRuO3 [57]. On the other hand, Cao et al. showed that

the heat capacity is proportional to −T log(T ) below 13 K, which is evidently a NFL

behavior[66].

Shubnikov-de Haas oscillations - No Shubnikov-de Haas oscillations are observed

down to T=0.65 K for applied magnetic fields up to 45 T [66]. The absence of the

Shubnikov-de Haas oscillations is not surprising since the quasi-particles are not well

defined near a QCP.
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1.7.4 Magnetic properties

Magnetic susceptibility - For high temperatures the susceptibility obeys the modi-

fied Curie-Weiss law: χ(T ) = χ0 +C/(T −Θ) with a high positive value of χ0 [56, 57].

Because χ0 represents Pauli paramagnetism (Eq. 1.5), Landau diamagnetism and core

diamagnetism the high positive value indicates strong electron-electron correlations.

At low temperatures the susceptibility obeys T γ with 0.5 < γ < 1, depending on

the applied magnetic field [66]. The high sensitivity of the temperature exponent to

magnetic fields suggests a proximity to a magnetic instability. Similar behavior has

been observed in other QCP systems like SrIrO3 [67].

Magnetic ground state - Despite the fact that CaRuO3 has been studied since the

late 1950s, its magnetic properties have been quite elusive. In addition to reports

indicating that CaRuO3 is a paramagnetic metal [58, 59, 60], there were reports of

antiferromagnetic ordering with TN ∼ 110 K [61], of parasitic ferromagnetic phase

[62], and also of spin-glass behavior [63]. On the other hand, recent reports suggest

that CaRuO3 is paramagnetic in the sense that there is no magnetic order or magnetic

hysteresis; however, it is a nearly ferromagnetic metal [68, 69]; namely, it is affected by

enhanced ferromagnetic fluctuations. He and Cava [70] found that substitution of as

little as 2% of Ru by Ti induces ferromagnetism in CaRuO3. This finding could sug-

gest that ferromagnetic behavior in CaRuO3 is non-intrinsic; however, other sources

such as minor lattice distortions cannot be excluded. Our samples are untwinned

films grown either on SrTiO3 or on NaGaO3 that show no magnetic hysteresis down

to at least 2 K.

A possible origin for this unusual state of conflicting reports could be the prox-
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Figure 1.7: Ferromagnetic phase diagram of CaxSr1−xRuO3 (picture from Ref. [71]).

imity of CaRuO3 to a magnetic QCP. The perovskite CaxSr1−xRuO3 series is a good

candidate system for observing NFL behavior at the vicinity of a ferromagnetic QCP,

given that SrRuO3 is a ferromagnet whose Tc can be completely suppressed via Ca

doping (see Fig. 1.7)[71]. Such proximity to QCP could explain the extreme sen-

sitivity of the magnetic ground state to small changes either in crystal structure or

doping. In addition, it can also be the source of the NFL behavior.
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1.8 Strontium titanate (SrTiO3)

1.8.1 General

Strontium titanate is a wide-band gap (Eg ∼ 3.2 eV) semiconductor (band insula-

tor) [72, 73] with a perovskite crystal structure. SrTiO3 attracts considerable interest

for its unique dielectric properties, i.e., its very large dielectric constant [74, 75] and

nonlinear behavior when an electric field is applied [76]. In contrast to CaRuO3 and

SrRuO3, at room temperature SrTiO3 exists in the cubic form, but transforms into

tetragonal structure at temperatures less than 105 K. SrTiO3 is the prototypical sub-

strate type for the thin film growth of perovskites, and as such is widely used by

materials scientists and physicists alike.

In addition to serving as a substrate for perovskite films, SrTiO3 may be used to

produce high mobility conductors that would be useful in future oxide electronics.

1.8.2 Electron-doped SrTiO3

In addition to being considered by many the ideal insulating substrate on which

epitaxial films of perovskites are grown, now it seems that electron-doped SrTiO3 may

also play an important role. Recent excitement in the field is related to reports on the

formation of a quasi two dimensional electron gas at SrTiO3 − LaAlO3 interface with

mobilities on the order of 10, 000 cm2V−1s−1 at 4.2 K [77, 78, 79]. On the other hand,

other reports claim that this is not an interface effect but a conduction of electron-

doped SrTiO3 formed due to oxygen vacancies in SrTiO3 [80, 81, 82]. Irrespective

of the dispute regarding the source of high mobility in SrTiO3 − LaAlO3 systems, it

is clear that the electron gas in oxygen deficient SrTiO3 exhibits similar mobilities
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which might make it an important component for spintronics with perovskites. The

use of SrTiO3−δ in electronic devices has been demonstrated already in its use as a

gate [83] and a channel [84, 85] in field effect transistors. Electron doping SrTiO3 by

creating oxygen vacancies (which transforms SrTiO3 into SrTiO3−δ) can be achieved

in various ways including high-temperature annealing in oxygen reduced pressure

and Ar+-irradiation [86, 87, 88, 89]. Recently, there have been new reports on the

use of Ar+-irradiation for obtaining highly conductive SrTiO3 [90, 91] including the

detection of blue light emission from Ar+-irradiated SrTiO3 [91].

Our SrTiO3 samples were irradiated with Ar+ ions. We found with our samples

that they become conducting when the irradiation time exceeds 30 s, the mobility

is similar in its magnitude and its temperature dependence to other systems with

electron doped SrTiO3 and the residual resistivity ratio (RRR) exceeds 500. Similar

and even higher values of RRR have been reported for electron doped SrTiO3 and

SrTiO3 − LaAlO3 heterostructures.
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Chapter 2

Experimental Details

2.1 Sample fabrication

2.1.1 SrRuO3

Efforts to grow thin films of SrRuO3 on different substrates have been made. Films

on LaAlO3/[001] substrates are orthorhombic with the [001]-axis mainly lying in the

plane of the film (along either of the two principal directions); however, there is also

a varying component of [001]-perpendicular grains. The dense twinning of LaAlO3

substrates is probably responsible for the relatively poor quality of these films.

Thin films of SrRuO3 that grown on SrTiO3 substrates are much better. Although

they mostly grow with the [001]-axis in the film plane (again along either of the two

principal directions) [49], some [001]-perpendicular grain have been observed (up to

20 percent). Even better films can be grown on miscut SrTiO3 substrates for which

the [001]-axis of the film lies perpendicular to the miscut direction (see Figure 2.1).
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Figure 2.1: The lattice orientation of SrRuO3 (110) films on miscut (001) SrTiO3

substrate (picture from Ref. [50]).

Our samples were grown by J. W. Reiner at Stanford University in the laboratory

of M. R. Beasley. The samples are epitaxial thin films grown on slightly miscut

(∼ 2o) substrates of SrTiO3 by reactive electron beam evaporation. Growth rates

were measured by an in-situ quartz microbalance. These growth rates were calibrated

against finite thickness oscillations observed in x-ray diffraction (XRD) studies of 50-

100 nm films [92]. These XRD studies also demonstrated that the SrRuO3 films

are untwinned orthorhombic single-crystals, with lattice parameters of a ∼= 5.53 Å,

b ∼= 5.57 Å and c ∼= 7.85 Å. The [001] direction is in the plane of the film and the

[010] direction is at 45o out of the film plane.

2.1.2 CaRuO3

Although CaRuO3 has many similarities to SrRuO3 (as shown in section 1.7), the

lattice mismatch between CaRuO3 and SrTiO3 is three times as large as for SrRuO3

and it is much harder to grow an untwinned CaRuO3 than SrRuO3.

Our CaRuO3 samples were also grown by J. W. Reiner at Stanford University

in the laboratory of M. R. Beasley. The samples grown either on SrTiO3 or on
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NaGaO3 (both regular and miscut) by molecular beam epitaxy. The films grown on

the NaGaO3 are better than the films grown on SrTiO3. X-ray scans, of CaRuO3

grown on NaGaO3, show single CaRuO3 phase and a rocking curve with full-width

half-maximum of 0.051o [92].

2.1.3 Electron-doped SrTiO3

Our samples are commercially available1 one sided polished SrTiO3 crystals (5×

5×0.5 mm3). As mentioned above, one of the methods to dope SrTiO3 with electrons

is by Ar+ irradiation. We found in our group that irradiating SrTiO3 substrates for

one minute with Ar+ ions accelerated at 4 kV and fluence on the order of 1015 ions per

second per cm2 is sufficient for obtaining high mobility SrTiO3−δ with a charge carrier

sheet density of ≈ 1014 cm−2 of electrons and no more changes in conductivity are

observed after several minutes of irradiation.2 We note that this process is reversible

and by heating the sample in a rich oxygen environment the sample returns to be an

insulator.

The estimated penetration depth of the ions, L, in Å is given by the empirical

formula [90, 93] L = 1.1× E2/3×W

ρ×(Z
1/4
i +Z

1/4
t )2

where E is the energy in eV, W is the atomic

weight of the target in atomic mass units, ρ is the target density, and Zi, Zt are the

atomic numbers of the ions and the target, respectively (since SrTiO3 is a compound,

we use for the target the weighted average of the atomic weights and numbers). In

our case L ≈ 120 Å; therefore, we expect that the thickness of the conducting layer

will be on this order. Using the estimated penetration depth, we estimated that the

1TBL-Kelpin company.
2Since the thickness of the conducting layer is unknown we can find from the OHE only the sheet

density.
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charge carrier density is ≈ 1020 cm−3.

2.2 Sample preparation

2.2.1 SrRuO3 and CaRuO3

We patterned the films by conventional Photolithography to allow precise mea-

surements of longitudinal and transverse resistivity. A typical pattern scheme is

shown in Figure 2.2.

Photolithography is the process of using light to create a pattern: First we coated

the film with a polymer which is sensitive to ultraviolet light, called a photoresist (see

Figure 2.3(a)). Ultraviolet light is then shone through a mask onto the photoresist

(Figure 2.3(b)). The photoresist is developed, a process which transfers the pattern

on the mask to the photoresist layer (Figure 2.3(c)).

There are two types of photoresist, termed positive and negative. Where the

ultraviolet light strikes the positive resist it weakens the polymer, so that when the

image is developed the resist is washed away where the light struck it - transferring

a positive image of the mask to the resist layer. The opposite occurs with negative

resist. Where the ultraviolet light strikes negative resist it strengthens the polymer,

so by developing, the unexposed resist washed away - a negative image of the mask

is transferred to the resist.
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Figure 2.2: A typical pattern for measurement of longitudinal and transverse resistiv-
ity. The length and the width of the current path are 1 mm and 50 µm, respectively.

Argon ion milling is then used to remove the film where it is exposed through the

openings in the resist. Finally the resist is removed by Acetone leaving the patterned

film (Figure 2.3(d)).

2.2.2 Electron-doped SrTiO3

To irradiate only specific parts of the substrates in shapes that will allow resis-

tivity and Hall measurement, we have used conventional photolithography that left

photoresist on the samples except for windows in the desired shapes.

2.3 Equipment

In this research we used the following Equipment:
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Figure 2.3: The Photolithography Process

• A Quantum Design Physical Properties Measuring System (PPMS) with the

following specifications: Temperature range: 1.8 K - 400 K with 4He, extended

down to 0.35 K when the 3He insert is used. Field range is 9 T. Measurements:

transport and magnetotransport measurements (DC,AC) with rotation in a field

(down to 1.8 K), AC DC magnetometer (down to 1.8 K), magnetic torque (down

to 1.8 K), heat capacity (down to 0.35 K).

• A Superconducting Quantum Interference Device (SQUID) by Quantum De-

sign for measuring magnetic moments parallel and perpendicular to the applied

magnetic field down to 1 · 10−9 emu, which has the following capabilities: Tem-

perature range: from 1.7 K up to 400 K; magnetic fields: up to 7 T. Rotator:

allows to rotate the sample relative to the magnetic field in the plane of the film

and in planes perpendicular to the film plane.

• A Precision Etching Coating System (PECS) manufactured by Gatan which is

used for etching samples that underwent photolithography and for sputtering.
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• A west-Bond wire bonder.

• A clean room with photolithography facilities.

• High Resolution Scanning Electron Microscope - In addition to scanning possi-

bilities, the system is equipped with (a) Raith-50 e-beam Lithography system

which allows patterning with resolution below 10 nm, and (b) EDS for compo-

sitional analysis.

2.4 Measuring technique

In measuring the OHE and EHE certain associated effects give rise to potentials

which must be corrected in order to avoid error in the measured value. The largest

effect is the resistance, which appears because of the experimental difficulty in align-

ing the measuring voltage probes. Another important effect is the planar Hall effect

(PHE)3. However, since the longitudinal contribution and the PHE contribution re-

main the same when the direction of B and M are reversed while the EHE and OHE

are antisymmetric under magnetization reversal and under magnetic field reversal, re-

spectively, the HE resistance measured between the pads marked B and E (see Figure

3The planar Hall effect is the appearance of transverse resistivity, ρxy, which arises whenever
there is resistivity anisotropy and the current is not along one of the principal axes of the resistivity
tensor.
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2.2) can be determined as:

ROHE(B, M) + REHE(B,M) =
RGD,BE(B,M)−RGD,BE(−B,−M)

2

(2.1)

Here the first pair of indices represents the contact used to supply and draw current,

and the second pair of indices represents the probes used to measure the potential

difference.

The reciprocity theorem asserts that in the presence of a magnetic field the ex-

change of the current and voltage leads has to be accompanied by a reversal of the

magnetic field and magnetization [94, 95]

RGD,BE(B,M) = RBE,GD(−B,−M).
(2.2)

So according to this relation Eq. 2.1 can be written as:

ROHE(B, M) + REHE(B, M) =
RGD,BE(B, M)−RBE,GD(B, M)

2

(2.3)

which is much more simple measurement.

Another problematic contribution which affects both the longitudinal and the

transverse measurements is the contact resistance. In order to exclude this contribu-

tion we used the fact that the contact resistance, ∆, does not depend on the direction

of the current and RBE,GD = −REB,GD so

RBE,GD =
R̃BE,GD − R̃EB,GD

2
=

(RBE,GD + ∆)− (REB,GD + ∆)

2
.

(2.4)
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2.5 Identification of the OHE and the EHE

In order to separate, in SrRuO3, the OHE contribution from the EHE we measured

the HE at a low magnetic field (H ≤ 0.4 T) as a function of the direction of the field.4

In such fields, the change in ρxy is linear in H. In addition, for such fields M does not

rotate away from the EA (because the anisotropy field is of order of 10 T). If the easy

axis is not perpendicular to film surface, the EHE and the OHE contributions have

different symmetries, and can be separated. The behavior can be fitted as a sum of

the OHE and the EHE contributions according to the formula

∆ρxy = R0H cos α +
dρEHE

xy

dM
χH cos(α− αea), (2.5)

where αea is the direction of the easy axis, α is the direction of the magnetic field

- both are measured from an axis perpendicular to the film surface - and χ is the

magnetic susceptibility.

We used two important properties of SrRuO3 to allow minimal uncertainty in the

identification of the zero field EHE below TC . First after fully aligning the magneti-

zation of the sample by field cooling, there is no nucleation of reversed magnetization

regions when the field is set to zero. Therefore, in a remnant state we measure the

full contribution of the spontaneous magnetization to the HE. Second, the self field

created by the remnant magnetization induces a small OHE whose contribution to

the total HE at zero applied field can be generally neglected. As a result of these two

properties we may reliably identify the zero field HE with the EHE.

4Here and in the next section we described only the methods of SrRuO3. Since CaRuO3 is
paramagnetic the situation is much more complicated and we described it in our articles.
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Figure 2.4: Hall effect of a single-orientation film (3.9 nm) as a function of the mag-
netic field direction (θ is measured relative to the normal to the film, in the (001)
plane) at T = 125 K, H = 1 T (the two curves correspond to sweeps clockwise and
anticlockwise in the angle).

2.6 Sample characterization

To determine the magnetic anisotropy of ultrathin films of SrRuO3, we have used

both magnetization and magneto-transport measurements. The magnetization mea-

surements were performed with a Quantum Design SQUID magnetometer capable of

measuring longitudinal and transverse magnetic moments. The sample was cooled in

a field down to 2 K where the field was turned off. Afterwards, both the transverse

and longitudinal moments were measured as a function of temperature between 2 K

and Tc. Due to the low signal (particularly in the thinnest films), complementary

magnetotransport measurements were performed - particularly, EHE measurements.

To find the EA direction, we rotate the sample in the (001) plane forwards and
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backwards relative to an applied magnetic field. As the field is rotated away from

the EA, the magnetization also deviates from the EA, but it does not follow the

field because of the large magnetic anisotropy. When the angle between the field

and the EA exceeds 90o, the magnetization abruptly reverses its orientation, which

yields jumps in the Hall resistivity (see Figure 2.4). Based on symmetry consideration

the EA is 90o away from the average angle obtained in clockwise and anticlockwise

rotations.

We used this method to ensure that the measured samples were not composed

of grains with different crystallographic orientations. In samples which involve a

mixture of several orientations, jumps occur at additional angles, corresponding to

configurations with different orientations of the EA.
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3.2 The extraordinary Hall effect of SrRuO3 in the

ultrathin limit
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3.3 Uniaxial magnetocrystalline anisotropy in CaRuO3
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3.4 Low-temperature magnetoresistance in untwinned

CaRuO3 films
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doped SrTiO3
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[13] M. Gajek, M. Bibes, A. Barthélémy, K. Bouzehouane, S. Fusil, M. Varela, J.

Fontcuberta, and A. Fert, Phys. Rev. B 72, 020406(R) (2005).

[14] G. Herranz, M. Basletic, M. Bibes, R. Ranchal, A. Hamzic, E. Tafra, K. Bouze-

houane, E. Jacquet, J. P. Contour, A. Barthélémy, and A. Fert, Phys. Rev. B
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