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ABSTRACT 

The exploration of new paradigms for micro- and nanoelectronics has engendered 

several exciting new research fields including molecular electronics and spintronics. Two 

essential ingredients of the device structures are materials and interfaces. The 

overarching theme of this dissertation is the study of the (spin-dependent) electronic 

states and transport in novel magnetic materials and through molecular interfaces. These 

experiments are necessary first steps in ascertaining potential utilities in molecular 

electronic and spintronics applications. More importantly for this thesis, the materials and 

hybrid device structures provide a fertile ground for studying basic physics of 

magnetism, magnetotransport, and spin transport. In this dissertation, various techniques 

of superconducting spectroscopy have been used to investigate the spin-dependent 

electronic density of states of the thiol/Au molecular interface and the ferromagnetic 

semimetal EuB6. In addition, a fresh analysis of the electronic transport properties of 

EuB6 reveals a new type of nonlinear Hall effect intimately related to its magnetic state 

and culminates in a model that offers excellent quantitative understanding of the data and 

appears applicable to a wide varieties of magnetic materials.  

In order to directly probe possible induced magnetism at the thiol-gold interface, spin 

polarized tunneling measurements were performed on planar tunnel junctions 

incorporating a molecular monolayer of mercaptohexadecanoic acid [HS(CH2)15COOH] 

(MHA) between aluminum and gold electrodes. The Zeeman resolved tunneling spectra 

yield no measurable spin polarization at the thiol-gold interface, contrary to the 

expectations from the reported induced giant magnetic moments at the interface. On the 

other hand, variations in the resistance of the fabricated tunnel junctions with changing 

environmental conditions were consistently observed. A systematic investigation 

revealed that the effect is directly linked to the interaction of water molecules with the 

carboxylate groups of the MHA monolayer at the AlOx surface. Analyses of the I-V 

characteristics produce compelling evidence for significant modifications of the tunnel 

barrier height of the AlOx upon adsorption of the MHA monolayer, and subsequently by 

the reaction of water molecules with the carboxylate group at the AlOx surface. The 
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results demonstrate that environmental effects could significantly impact the electron 

transport even in molecular junctions of macroscopic dimensions and closed architecture.    

Andreev reflection spectroscopy measurements performed on junctions consisting of 

EuB6 single crystals and lead electrodes clearly demonstrated that EuB6 is not a half 

metal with a fully spin polarized Fermi surface. Instead, the measured spin polarization 

values range from 47% to 65%. Analyses based on the measured spin polarization 

together with Fermi surface and transport measurements lead to a quantitatively 

consistent picture in agreement with a semimetallic band structure with a substantial band 

splitting for the valence band only in the ferromagnetic phase. Moreover, the analyses 

also indicate a semimetallic band structure with localized holes in the paramagnetic phase 

and a delocalization of the holes near ferromagnetic ordering. Our studies on EuB6 

provide important clarification of its spin dependent band structure. 

Hall effect and magnetoresistance measurements were also performed on EuB6 single 

crystals. The data are consistent with previous reports. However, we offer a new analysis 

of the Hall effect which has led to significant new insights. An unusual change in the 

Hall resistivity slope with increasing magnetic field was observed in the paramagnetic 

phase. The change in Hall resistivity slope was found to occur at a universal critical 

magnetization at all temperatures. A two-component model based on a picture of intrinsic 

(non-chemical) electronic/magnetic inhomogeneities and coalescing of a phase with 

higher conductivity and degree of magnetic ordering was proposed to fit the observed 

Hall effect. Excellent quantitative agreement was obtained and with this model all the 

Hall resistivity data were scaled onto a single curve. Significantly, this model and picture 

were found to offer consistent description of the nonlinear Hall effect in a diverse group 

of magnetic materials including the mixed valence perovskites and the heavy fermion 

metal YbRh2Si2. The results indicate that this may be a common form of Hall effect 

associated with percolative magnetic phase transitions. 
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CHAPTER 1 

INTRODUCTION 

Since 1947, the year transistor was invented at Bell Labs (Physics Nobel Prize, 1956), 

the world has experienced a technological revolution based on the digital logic of 

electronic current in semiconductor devices. The explosive growth and widespread 

applications of semiconductor electronics is generally considered to have begun in 1959 

when the integrated circuit was invented (Physics Nobel Prize, 2000). Enormous numbers 

of micro- or submicrometer-sized processing units (microprocessors) can then be 

integrated on a single silicon wafer which leads to more efficient logic operations. These 

microchips have been broadly utilized in industry and everyday life and have proliferated 

all over the world. 

In the early stage of semiconductor electronics, the former Intel chief Gordon Moore 

made a bold prediction [1], now known as the Moore’s law, which states that 

microprocessors will double in the computing power every 18 months as the size of 

electronic devices decreases. The technological development has followed this prediction 

surprisingly well. However, such a trend cannot continue indefinitely because of 

fundamental physical limitations on the electronic devices; the size of the semiconductor 

devices is now approaching a point that further miniaturization is increasingly difficult. 

For example, the SiO2 gate dielectric layer in state-of-the-art microprocessors is only a 

few atomic layers thick where quantum mechanical tunneling begins to cause significant 

gate leakage. In order to keep the Moore’s law going, fundamentally new paradigms need 

to be developed. For this purpose, enormous efforts have been focused on a number of 

new fields of research. One of such research areas, known as spintronics [2], aims to 

exploit the spin of electrons in place of or along with the charge in logic operations. 

Another area, molecular electronics, explores the use of small number of or even single 

molecules as active components of logic and memory elements in microelectronics. 
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Traditionally, “on” and “off” of an electronic charge current are used to represent “1” 

and “0” respectively in logic operation. By utilizing the spin of the electrons, spintronics 

devices potentially can have several important advantages over conventional 

microelectronics: first of all, the physical size limitation can be theoretically reduced 

because the interaction between spins decays much faster spatially than the Coulomb 

interaction between charges; secondly, in spintronics devices, the intrinsic operation 

speed in principle can be much faster since the time scale for magnetization reversal is ~1 

ns while that for removing/adding an electron to the channel is ~0.1 µs; thirdly, because 

flipping a spin costs much less energy than removing/adding an electron, spintronics 

could dramatically reduce the power consumption; finally, and perhaps most importantly, 

since maintaining the spin states in ferromagnets does not depend on external electric 

power, spintronics devices should be non-volatile, making it possible to realize 

reprogrammable logic simply by changing the magnetic configuration of the 

ferromagnetic electrodes. The nonvolatility will also further reduce the power 

consumption since power will be required only when information is read or processed. 

On the other hand, electronic devices incorporating hard materials and molecular 

monolayers or single molecules have attracted considerable interest primarily because 

such hybrid structures have several advantages compared to traditional inorganic hard 

material based devices [3]. First of all, the size scale of molecules is between 1 and 100 

nm, which is an ideal size for building nanoscale electronic devices. Secondly, the hybrid 

structures are formed by specific intermolecular interactions through nanoscale self-

assembly process. Molecular recognition can be used to modify electronic behavior, 

leading to specific functional applications of molecular scale devices. Moreover, other 

dynamic and/or chemical properties of molecules can be tailored and exploited to control 

the transport behavior of the devices, thus can be used for electronic applications.  

Although molecular electronics has seen extensive research activities and significant 

progress for several decades, the spin transport properties of organic/solid-state hybrid 

structures have received relatively scant attention. This is beginning to change recently, 

partly due to the continuing intense interest in spintronics. Several recent experiments [4, 

5, 6] have provided tantalizing clues that molecular media and molecular interfaces may 

exhibit extraordinary spin-dependent properties, which could be exploited for the study of 
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novel spin physics and perhaps as the basis of a new class of spintronic devices. To fully 

explore the fundamental physics and ascertain the device potential, a systematic study of 

the spin-dependent electronic states at the molecular interface and spin-polarized 

transport in such hybrid structures are the necessary first steps.  

The most fundamental element in any spintronics device is a ferromagnetic material 

with high spin polarization. The synthesis of materials with high spin polarization and a 

direct and reliable determination of the spin polarization value are of vital importance for 

spintronics. Another critical element in any spintronics device is the interface. The spin 

polarization of a material at the surface or interface can be altered significantly from its 

bulk value in magnitude or even in sign [7]. The interface between the ferromagnet and 

the semiconductor is critically important for efficient spin injection in semiconducting 

spintronics devices [8, 9]. The central aims of this thesis are two-fold: 1) to investigate 

the magnetic and magnetotransport properties of materials that may potentially be used in 

spintronics; 2) to determine the spin polarizations of the ferromagnetic materials and, 

especially, the molecular interface using superconducting spectroscopy. 

The format of this thesis is as follows: Chapter 2 provides a background on 

ferromagnetic materials, concepts of spintronics, and a review of superconducting 

spectroscopy methods for determining spin polarization; Chapter 3 is focused on probing 

the spin polarization of the thiol-gold interface which has been claimed to display novel 

induced magnetism; Chapter 4 presents the work on determining the spin dependent band 

structure of the ferromagnetic semimetal EuB6; Chapter 5 describes an unusual Hall 

effect observed in several magnetic systems, including EuB6. A model based on carrier 

delocalization due to the overlapping of patches in a phase with higher conductivity and 

degree of magnetic ordering is proposed in Chapter 5, which provides excellent fits to the 

Hall effect data. The thesis is concluded with a Summary and brief outline of possible 

future work. 
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CHAPTER 2 

SPIN-DEPENDENT ELECTRONIC STATES AND 

TRANSPORT 

2.1 Spin Polarization 

Before further introduction of the spin dependent transport in spintronics devices, it is 

necessary to describe the definition of spin polarization. In any spintronics device, an 

essential component is a ferromagnetic material. In ferromagnets, there exists an 

imbalance of the numbers of spin-up and spin-down carriers at the Fermi level, EF 

(Figure 2.1b). This imbalance leads to a non-zero spin polarization P which is defined as  

↓↑

↓↑

+
−

=
NN
NN

P      (2.1) 

where ↑N  ( ↓N ) represents the density of states (DOS), at the Fermi level, of carriers 

with spin orientation parallel (anti-parallel) to the magnetization. The parallel and anti-

parallel aligned spins are also referred to majority and minority spins, respectively [10]. 

Figures 2.1a and c show two extreme cases of spin polarization. In the case that the 

Fermi surface is equally populated by both spin states, the spin polarization is zero and 

the material is a normal metal; however, if the Fermi surface is exclusively occupied by 

one spin state, the spin polarization is 100% and the material is called as half metal [11].  

Some typical P values of various ferromagnetic materials are listed in Table 2.1. 

Since a non-zero spin polarization is an important character of a ferromagnetic 

material, measuring the spin polarization provides a method in probing the magnetism for 

the materials, especially for surfaces or interfaces whose magnetization are often hard to 

resolve from the background in the traditional volume-sensitive magnetometer 

measurements. Moreover, to optimize the spin-dependent signal of spintronics devices, 

an important aspect is to synthesize and utilize highly spin polarized materials and to  
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Figure 2.1  Schematic diagram of the spin resolved DOS in (a) a normal metal, (b) a 
ferromagnetic metal, and (c) a half metal.  

Table 2.1  Spin polarization values of various FM materials obtained by either tunneling 
spectroscopy or Andreev reflection spectroscopy. 

 
FM material 

Spin Polarization 
  Andreev Reflection (%)                Tunneling (%)      

Co 39-45 [12, 19, 20] 36-52 [13] 
Ni 37-40 [12, 20] 32-35 [13] 
Fe 42-43 [12, 20] 40-55 [13] 

NiFe 33 [12] 46-65 [13, 14] 
CoFe - 48-58 [13 - 15] 

NiMnSb 53 [12] - 
LSMO 77-83 [18] 72 [16] 
CrO2 90-97 [17, 19, 21] 100 [21] 
EuS 80 [22] - 

SrRuO3 43-58 [23, 24] -10 [25] 
 

preserve the high spin polarization at interfaces, therefore characterizing spin polarization 

of ferromagnetic materials is an essential ingredient in spintronics research. 

It is important to note that the definition of P by Equation 2.1 is purely based on the 

DOS at the Fermi level. In fact, the spin polarization obtained experimentally is also 

dependent upon the electronic transport processes involved in the technique employed. A 
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detailed discussion of the correlations of spin polarization and experimental techniques 

will be provided later in this chapter. 

2.2 Electronic Transport in Ferromagnets 

2.2.1 Anisotropic Magnetoresistance  

Magnetoresistance (MR) is a term used to represent the change in the electrical 

resistance of a material in response to an applied magnetic field.  To describe the MR of 

nonmagnetic materials in the low field approximation (ωcτ << 1, where τ is the relaxation 

time and ωc = 2πeB/m is the cyclotron frequency), Kohler derived a simple formula [26], 
2

00








=

∆
ρρ

ρ Ha            (2.2) 

where 0ρ  is the resistivity at zero field, 0)( ρρρ −=∆ H  is the resistivity change due to 

the applied magnetic field H. From a classical perspective, the trajectories of charge 

carriers are bent due to the Lorenz force when a magnetic field is applied and the bending 

leads to a shorter effective mean free path along the overall current direction, as a 

consequence, the scattering rate increases, therefore the resistance increases. 

The Kohler’s rule (Equation 2.2) can also be used to describe the normal part of the 

magnetoresistance of the magnetic materials by replacing H with B and adding the effect 

of the magnetization M. The total MR of a ferromagnet can then be written as  
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where the first term is the normal MR while the second term is called the anisotropic 

magnetoresistance (AMR) since the factor b strongly depends on the relative orientation 

of the magnetization and current. Schematically shown in Figure 2.2, above a critical 

field Ha, AMR becomes a constant due to the saturation of the magnetization; moreover, 

when the magnetization is perpendicular to the current direction, the corresponding 

resistance is always lower than that when the magnetization is parallel or anti-parallel to 

the current direction. In many systems, the angular dependence of AMR can be well 

described by a formula, 
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Figure 2.2  Schematic plot of the resistance of a ferromagnet in two different 
configurations: magnetization parallel or anti-parallel to current direction (upper curve) 
and magnetization perpendicular to current (lower curve). Ha is the saturation field of the 
magnetization. Adapted from ref. [27]. 
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where θ  is the relative angle between magnetization and current. 

In early 1990’s AMR based read heads of hard drives were successfully developed and 

had been the dominant technology for magnetic information storage for about a decade 

until the new technique based on giant magnetoresistance (GMR) took over. 

It is believed that spin-orbit interaction (SOI) is the key factor behind AMR.  Crudely 

speaking, there are two major interactions between charge carriers and lattices or 

impurities, namely, Coulomb interaction and SOI. The symmetry of atomic wave 

functions determined by Coulomb interaction is lowered by the SOI, leading to mixing of 

states; the motion of charge carrier respect to crystalline axes defines the direction of L 

while the magnetization determines the direction of S, so that the mixing of states results 

in anisotropic scattering [28]. More importantly, Mott’s two-current model [29] 

successfully describes the SOI mechanism as well as the AMR in 3d transition metals in 

which the orbital angular momentum is quenched because of the strong crystal field. 

However, the origin of AMR is not fully understood and building a more general picture 

of AMR applicable to all materials is still one of active research topics.  
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2.2.2 Anomalous Hall Effect  

Hall effect (HE) is one of the most fundamental properties of electronic materials [30]. 

It is routinely measured to obtain the electronic carrier type and density: when an applied 

magnetic field has a component perpendicular to the charge current, charges will 

accumulate at the edges of the sample due to Lorentz force, leading to a transverse 

electric field as shown in Figure 2.3a.  A linear field dependence for the Hall resistivity 

(Figure 2.3b) is expected for most materials and the slope is defined as the Hall 

coefficient: 

neH
R H

H
1

−==
ρ                    (2.5) 

where Hρ  is the Hall resistivity, H is magnetic field, n is carrier density and e is the 

charge of electron. If the carriers are electrons, the Hall coefficient takes a negative sign 

while if the carriers are holes, the sign is positive. 

 

Figure 2.3  (a) Schematic diagram of Hall effect; (b) A linear Hall resistivity with the 
slope reflecting the carrier type and density of the material. 

The linear field dependence of the Hall resistivity breaks down in some cases.  When 

the current consists of more than one type of carriers, the Hall resistivity becomes 

nonlinear due to the competition of the carriers. In the presence of two types of carriers, 

both the Hall resistivity and MR can be well described by the standard two-band model 

[31, 32], 



9 

( )
( ) ( ) 22222

222

BRR

BRR

pepepe

ppeepepe

+++

+++
=

σσσσ

σσσσσσ
ρ      (2.6) 

( )
( ) ( ) 22222

22222

/
BRR

BRRRRRR
BR

pepepe

pepepeppee
HH

+++

+++
==

σσσσ

σσσσ
ρ   (2.7) 

where eR , pR , eσ , pσ  are the Hall coefficients and conductivity for the electrons and 

holes, respectively. 

Nonlinear HE can also originate from spin-dependent scattering, which induces a Hall 

voltage with any spin population imbalance created by an external magnetic field and/or 

ferromagnetic ordering. In some ferromagnetic materials, Hall resistivity shows a change 

of slope at the saturation field of the magnetization, as shown in Figure 2.4. The 

phenomenon is called as anomalous Hall effect (AHE) and is described by [32]  

MRBR SH 00 µρ +=                   (2.8) 

where 0R  is the ordinary Hall coefficient, M is magnetization and SR  is called the AHE 

coefficient. 

The mechanism of the AHE is associated with the SOI between conduction carriers 

and localized moments. Qualitatively, when carriers pass a scattering center with 

 

Figure 2.4  Schematic plot of anomalous Hall effect. The Hall resistivity changes slope at 
the field that the magnetization saturates. 
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localized moments, they appear to obtain an orbital angular momentum whose sign 

depends on which side they pass the center. This orbital angular momentum L couples to 

the spin angular momentum S of local moments leading to an extra energy term whose 

sign is determined by L·S. Therefore, carriers pick the energetically favorable side to pass 

the center resulting in an asymmetric scattering.  Moreover, according to Smit [33] and 

Berger [34, 35], the asymmetric scattering due to SOI can be regarded as through two 

different processes: skew scattering and side jump scattering. Schematic pictures of both 

processes are shown in Figure 2.5.  In the case of skew scattering, the trajectory of the 

carrier after the scattering diverges from the incident direction with an average angle skφ ; 

it is easy to understand that the AHE part is not only proportional to magnetization M, 

which describes the distribution of the local moments, but also proportional to resistivity 

ρ , which reflects the scattering rate. Therefore, the AHE coefficient SR  is proportional 

to ρ . On the other hand, during a side jump scattering, the traveling direction of the 

carrier would not change, however, the orbital angular momentum changes due to the 

SOI resulting in a side shift ∆x of the carrier path. From the first scattering to the next 

scattering, the side jump effect has an equivalent scattering angle defined by ∆x/λ which 

 

Figure 2.5   Schematic diagrams depicting the processes of (a) skew scattering and (b) 
side jump scattering. 
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is proportional to the inverse of the mean free path. Thus the scattering angle is 

proportional to ρ , suggesting that the AHE coefficient SR  is proportional to 2ρ . It is 

important to note that the two processes were derived to explain an empirical observation 

that the anomalous Hall resistivity of a magnetic system can be summarized as  
2ρρρ baSH +=         (2.9) 

where SHρ  is the anomalous Hall resistivity while a and b are constants. Another 

important aspect is that both processes are based on a stabilized band structure with no 

change in carrier density. 

2.2.3 Colossal Magnetoresistance  

The transport properties of some doped Mn oxides (manganites) have generated 

considerable interest.  LaMnO3 is an antiferromagnetic perovskite containing Mn3+ and 

La3+ states, however, by replacing a fraction x of the trivalent La3+ ions with divalent B2+  

 

Figure 2.6   Colossal magnetoresistance La1-xSrxMnO3 for x = 0.175. (a)  Temperature 
dependence of the resistivity at different fields;  (b) Isothermal magnetoresistance. After 
Tokura et al. [36]. 



12 

ions (B = Sr, Ca or Ba), La1-xBxMnO3 shows a ferromagnetic ordering above a critical 

doping level and the transition is accompanied by a charge delocalization or arguably, by 

a semiconductor-metal transition. Many properties of this type of doped manganites have 

been studied since 1950; however, systematical investigations of the magnetoresistive 

effects were not conducted until early 1990’s.  It was found that both La1-xSrxMnO3 [36] 

and La1-xCaxMnO3 [37, 38] demonstrate an extremely large negative MR near the 

transition temperature TC and the effect has been termed colossal magnetoresistance 

(CMR). Figure 2.6 shows the observed CMR in La1-xSrxMnO3 for x = 0.175 [36]. 

The origin of the behavior can be qualitatively explained by the double exchange 

interaction. By doping with divalent ions, the material contains both trivalent and 

quadrivalent Mn ions. Because of the presence of the crystal field in MnO6 octahedra, the 

3d orbital of the Mn ions is split into two energy levels with a three-fold degenerate low 

level of t2g and a two-fold degenerate high level of eg as shown in Figure 2.7a. In a Mn3+ 

ion, the t2g electrons are tightly bound to the ion but the eg electron is itinerant.  From the 

picture of double exchange interaction (Figures 2.7b and c), the hopping probability of eg 

electrons from Mn3+ to Mn4+ is proportional to |cos(θ/2)| where θ is the relative angle of 

the two Mn core spins [39]. An applied external magnetic field aligns the core spins 

which results in a dramatic decrease in the resistance. On the other hand, there is 

extensive theoretical [40, 41] and experimental [42] evidence suggesting intrinsic 

nanoscale inhomogeneities and percolative nature of the semiconductor-metal transition 

near Tc.  This has led to an alternative picture of CMR based loosely on the formation of 

magnetic polarons [43, 44]: in the semiconducting (paramagnetic) phase, the exchange 

interaction between the itinerant eg electrons and the local moments leads to the 

formation of magnetic polarons. At zero field, the itinerant electrons are trapped by these 

isolated magnetic polarons, thus localized. However, with an increasing applied magnetic 

field, the size of magnetic polarons increases; and eventually, due to the coalescing of the 

magnetic polarons, the electrons are delocalized leading to the observed CMR. 

Phenomenologically, the origin of the CMR is connected with an increase in the 

carrier mobility during a ferromagnetic ordering of the spins assisted by an external 

magnetic field. In fact, despite being at lower temperatures or with a smaller 

magnetoresistance ratio, such a giant negative MR associated with a ferromagnetic  
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Figure 2.7  (a) The left side is the structure of the MnO6 octahedral; the right side shows 
that due to the crystal field of the octahedral structure, the 3d orbital of the Mn ion is spilt 
into two levels: a three-fold degenerate t2g level with lower energy and a two-fold 
degenerate eg level with higher energy;  (b) When the core spins of Mn3+ and Mn4+ are 
parallel with each other, the hopping probability of the itinerate eg electron is maximized;  
(c) When the two core spins are anti-parallel aligned, the hopping of the itinerate eg 
electron is forbidden.  

transition has been observed in a variety of other materials, including Gd3S4 [45], EuS 

[46], and SrRuO3 [47]. 

In 1998, Majumdar and Littlewood [48] suggest that the low field MR in metallic 

ferromagnets and doped magnetic semiconductors near the Curie temperature can be 

described by an empirical formula 

( )2// SMMC=∆ ρρ       (2.10) 
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where )(Bρρρ −=∆ , C is a constant related to charge carrier density per unit cell 

( 3/2−∝ nC ) and SM  is the saturation magnetization.  In such magnetic systems, the 

origin of the electric resistivity is predominantly from the scattering of charge carriers by 

magnetic fluctuations. These fluctuations can be suppressed by increasing the 

magnetization of the system. As a consequence, the scattering rate is reduced and electric 

resistivity decreases. Therefore, the MR ratio can be described in terms of the 

magnetization (Equation 2.10). 

2.3 Concepts and Applications of Spintronic Devices 

2.3.1 Giant Magnetoresistance  

The birth of spintronics is generally regarded as the discovery of the giant 

magnetoresistance (GMR) in 1988 [49, 50] (Physics Nobel prize 2007). The phenomenon 

was observed in thin film heterostructures consisting of alternating layers of 

ferromagnetic and nonmagnetic metals. The resistance of such structures changes 

according to the relative orientations of the magnetization in the adjacent ferromagnetic 

layers. The directions of magnetization are manipulated by an applied magnetic field.  

The first observation of the GMR was reported by Baibich et al. [49] and the experiments 

were conducted on Fe/Cr superlattices grown by molecular beam epitaxy (MBE) method. 

As shown in Figure 2.8a, the structures show MR, 
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of as large as 100% at 4.2K. Although the MR decreases with increasing temperature, it 

is still significant at room temperature particularly compared to the AMR. Almost 

concurrently, Binasch et al. [50] reported such MR effects on Fe/Cr/Fe multilayers. 

Figure 2.8b clearly indicates this MR effect is much stronger than the AMR effect. 

For such heterostructures of ferromagnetic and nonmagnetic materials, the lowest 

resistance is obtained by aligning the magnetizations parallel to one another to minimize 

the spin dependent scattering at the interfaces; conversely, the highest resistance is 

obtained when the spin dependent scattering is maximized by aligning the magnetizations 

of neighboring magnetic layers in anti-parallel configuration.  Moreover, the GMR effect  
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Figure 2.8  (a) Magnetoresistance of three Fe/Cr superlattices at 4.2 K. Both current and 
magnetic field are applied in the plane of the layers. From Baibich et al. [49]. (b) 
Magnetoresistance of a Fe(12 nm)/ Cr(1 nm)/Fe(12 nm) sandwich with current and 
magnetic field applied in the plane. Anisotropic Magnetoresistance of a 25 nm Fe film is 
also shown in the plot. From Binasch et al. [50]. 

 

Figure 2.9  Schematic representation of spin polarized transport in GMR structures with 
(a) CIP geometry. The total current can be regarded as two channels with spin-up 
electrons and spin-down electrons, respectively. When magnetizations are anti-parallel 
aligned, there is increased interfacial scattering which restricts the two currents into 
narrowed pathways, leading to the high resistance state; (b) CPP geometry. In anti-
parallel configuration, certain conduction channels are forbidden, resulting in an 
increased resistance.  From Prinz [53]. 
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can be observed in such structures both when the applied current is parallel (current in the 

plane, CIP) and when anti-parallel (current perpendicular to the plane, CPP) to the 

interfaces. In the CIP geometry (Figure 2.9a), when the magnetizations are parallel to 

each other, the scattering of the spin-up states at the interfaces is diminished, thus the 

charge current is dominated by the spin-up states ( ↓↑ <<≈ ρρρ ), leading to the low 

resistivity state. In contrast with the low resistance state, the high resistance state 

corresponds to the configuration that the magnetizations are anti-parallel aligned. Due to 

the strong spin dependent scattering at the two interfaces respectively for the two spin 

orientations, the charge current of each spin orientation is restricted into a narrow channel 

which results in a higher resistance.  In the CPP geometry (Figure 2.9b), the picture is  

 

Figure 2.10  Schematic diagrams of industrial applications of spintronic devices.  (a) 
GMR spin valve based read head (green) in a hard drive. The magnetization of the soft 
layer in the head responds to the fields emanated from the magnetic bits (red) by rotating 
either up or down while the resistance of the spin valve is sensed by a current i passing 
through the spin valve;  (b) GMR spin valve based MRAM. The elements are 
manipulated for writing or reading by applying magnetic fields generated by currents 
passing through the bit and word lines which are insulated from the elements;  (c)  MTJ 
based MRAM. The elements are not electrically isolated from the wires, allowing for a 
quasi-four-terminal resistance measurement. From Prinz [53]. 
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more straightforwardly understood: when the magnetizations are anti-parallel aligned, the 

carriers are reflected back at one of the interfaces because of the mismatch in the spin 

orientations at the Fermi level.  It is important to note that since the resistance in the CPP 

geometry is usually extremely low, most thin film GMR devices are in the CIP geometry. 

To develop practical applications based on the GMR devices, two important 

improvements have been successfully achieved, namely, increasing the room temperature 

GMR and decreasing the reversal magnetic field of the ferromagnetic layers.  Extensive 

studies focused on materials and fabrication techniques of the GMR have produced 

devices that exhibit a substantial MR (65%) at room temperature [51]. Particularly, an 

efficient device, the GMR spin valve, has been developed and widely utilized in the 

magnetic recording industry.   

The GMR spin valve consists of two ferromagnetic layers sandwiching a thin 

nonmagnetic metallic layer. By “pinning” one of the ferromagnetic layers with an 

adjacent anti-ferromagnetic layer, the magnetization of the ferromagnetic layer becomes 

more difficult to reverse, thus is called the “hard” layer; the magnetization of the other, 

“soft”, ferromagnetic layer can be easily reversed with a small magnetic field (can be as 

low as 10-20 Oe [52]).  In 1998, IBM introduced the GMR spin valve based read head in 

magnetic hard drives (Figure 2.10a) to replace the AMR based read head technology. 

Moreover, the GMR spin valve based magnetic random access memory (MRAM) has 

also been developed as illustrated in Figure 2.10b. In a GMR structure, the resistance of a 

CIP spin valve is manipulated by the magnetic field produced by two currents 

simultaneously sent through both the word and bit lines which are insulated from the 

GMR structure. Compared to traditional semiconductor direct random access memory 

(DRAM), MRAM has significant advantages in power consumption, speed and radiation 

resistance, and most importantly, it is a non-volatile memory technology. 

The discovery of the GMR effect has stimulated enormous interest in the fundamental 

study of spin transport as well as produced a huge success in commercial applications. 

For their pioneering work in the field of spintronics, Albert Fert and Peter Grünberg were 

awarded the 2007 Nobel Prize in physics. 



18 

2.3.2 Magnetic Tunnel Junction  

A large MR is not only observed in metallic multilayer systems such as the GMR 

devices, but also seen in magnetic tunnel junctions (MTJ). The structure of a MTJ 

consists of two ferromagnetic layers separated by a thin insulating barrier instead of a 

nonmagnetic metallic layer. The tunneling resistance of a MTJ is also controlled by the 

relative orientation of the magnetizations of the two ferromagnetic layers. Again, the low 

resistance state corresponds to the parallel configuration while the high resistance state 

corresponds to the anti-parallel configuration as shown in Figure 2.11.  At high fields, the 

magnetization of both ferromagnetic layers are aligned parallel to the field direction and 

the DOS for each spin orientation are similar for both electrodes, leading to high 

tunneling current and a low resistance state. As the field decreases to zero and further 

increases along the opposite direction, the field first reaches the lower coercive field of 

the two ferromagnetic layers, HC1, and the magnetization of the corresponding layer 

changes direction, thus the magnetizations of the two electrodes are aligned anti-parallel. 

In this configuration, the majority and minority spin orientations in the two electrodes are 

exactly opposite to each other. Assuming all tunneling processes are free of any spin-flip, 

the number of electrons that can tunnel through the barrier is minimized and the 

resistance increases. As the field further increases to above the coercive field of the other 

electrode, HC2, the magnetizations are once again aligned parallel and the resistance drops 

to the low value. 

This MR effect was first reported by Julliére in 1975 on Co/Ge/Fe junctions (where 

Ge is amorphous) with a MR of 14% at 4.2 K [54]; however, the MR disappears at room 

temperature. An explanation of the results based on the spin polarization values of the 

ferromagnetic electrodes was also proposed in the work. According to the model, the 

tunneling magnetoresistance, TMR, of such a device is related to the spin polarizations of 

the two electrodes through a formula 
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where 1P , 2P  are the spin polarization values of the two ferromagnetic electrodes 

determined by the spin polarized tunneling technique and APR , PR  are junction  
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Figure 2.11  A schematic representation of the MR switching behavior in a MTJ. The 
arrows indicate the orientations of the magnetic moments.  

resistances with the magnetizations of the ferromagnetic electrodes in parallel and anti-

parallel configurations respectively. 

In the early stage of the development of MTJ, the tunneling barrier in the MTJ 

structure was typically an amorphous insulating layer, in particular, Al2O3 was widely 

adapted because of the well characterized fabrication technique. Researchers have 

successfully achieved a TMR value of about 70% [55] at room temperature with Al2O3 as 

the barrier. Recently, crystalline MgO thin layers were applied to the MTJ fabrication and 

a TMR value of about 500% [56] has been obtained at room temperature. The significant 

improvement of the TMR can be understood by considering the electrons at the Fermi 

energy traveling perpendicular to the interfaces. The minority spins do not contain states 

with ∆1 symmetry while the majority spin states are all with ∆1 symmetry. When in 

contact with a crystalline MgO barrier , the ∆1 Bloch state decays much more slowly than 

the other states, therefore the TMR is significantly increased [57]. 

The significantly higher MR of the MTJs makes them a logical candidate for magnetic 

recording and memory applications. High-end hard drives with MTJ-based read heads 

have recently appeared on the market. The MTJ based MRAM has been developed as 

shown in Figure 2.10c. Quite similar to the GMR based MRAM, the magnetization of the 

elements can be manipulated by applying currents simultaneously through wires above 
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and below the tunnel junctions. In addition, the wires do not have to be insulated from the 

elements, in contrast with that in the GMR based MRAM (Figure 2.10b). The electrically 

connected wires allow the quasi-four-terminal measurements to be made.  

2.3.3 Semiconductor Spintronics and Spin-FET  

The industrial applications of two-terminal metal based spintronic structures, such as 

the GMR and the MTJ read heads, have been a resounding success. On the other hand, to 

perform logic operations based on the spin of electrons, considerable effort has been 

focused on creating three terminal spintronic devices, particularly, a spin-field effect 

transistor (spin-FET) [58].  A conventional FET is a semiconductor device in which a 

narrow semiconducting channel connects two electrodes named the source and the drain; 

with the application of a voltage to a gate electrode above the channel, electrons can be 

driven into/out of the channel, leading to a tunable conducting/insulating state. In contrast, 

a spin-FET (Figure 2.12) has two ferromagnetic electrodes to generate and detect spin 

polarized current flowing in the channel. It is known that a spin can be driven into 

precession with the presence of a magnetic field (Lamor precession). Datta and Das [58] 

argued that such a spin precession can also be induced by an electric field because of 

spin-orbit coupling. Therefore, in a spin-FET device, with an appropriate gate voltage,  

 

Figure 2.12  Schematic structure of the spin-FET device proposed by Datta and Das [58]. 
Spin current is injected and detected by the ferromagnetic electrodes. The spin 
polarization of the transport current in the 2DEG can be rotated by an electric field 
created by the gold electrode above the channel. 
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the injected spins can be rotated to anti-parallel with the spins in the drain and the 

rejection of the anti-parallelly aligned electrons by the drain can be used to represent the 

“off” state in a logic operation.  

However, the development of the spin-FET has been faced with several technical 

challenges which can be categorized into three distinct aspects; spin injection, spin 

transport/manipulation, and spin detection. Spin-polarized charge carriers can be 

generated in a nonmagnetic semiconductor through optical excitation [59] or electrical 

injection from a ferromagnetic electrode; the operation of a spin-FET begins with the 

latter. To generate a spin polarized current, a straightforward method is to use a 

ferromagnetic metal as the source electrode and inject electrical current into the 

semiconductor through an ohmic contact. However, theoretical arguments [8] suggest 

that unless the ferromagnet is 100% spin polarized, the injection efficiency would be 

 

Figure 2.13  Schematic diagrams of resistance networks of the two-current model in a 
spin FET structure in the case of (a) parallel aligned magnetizations; and (b) anti-parallel 
aligned magnetizations. 
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greatly diminished, primarily due to the mismatch in the conductivities between the 

ferromagnet and the nonmagnetic semiconductor. The transport of a spin-FET is 

schematically illustrated in Figure 2.13. With the two ferromagnetic electrodes working 

as injector and detector, respectively, the transport across such a device can be modeled 

using a parallel resistor network, with two pathways corresponding to the spin-up and 

spin-down electric currents. The electronic transport in the nonmagnetic semiconductor is 

always spin independent, i.e. ↓↑ = SCSC RR . If the two ferromagnets are aligned parallel, 

↓↓↑↑ +≠+ 2121 FMFMFMFM RRRR , which leads to unequal voltage drop across ↑SCR  and 

↓SCR , and in principle a current in the semiconductor that is spin polarized. On the other 

hand, for the configuration that the two ferromagnets are aligned anti-parallel, 

↓↓↑↑ +=+ 2121 FMFMFMFM RRRR , which should lead to a spin unpolarized current in the 

semiconductor.  However, the conductivity of a semiconductor is typically much lower 

than that of a ferromagnetic metal, suggesting )( ↓↑↓↑ >>= FMFMSCSC RRRR , therefore, the 

two pathways have almost the same impedance and the current in the semiconductor is 

essentially unpolarized in both cases.   

In order to overcome the above problem in the spin injection, one approach to obtain 

an injection of spin polarized current by using a half metal as the injector. In this case, the 

spin dependent resistance of the half-metallic electrode would be infinite ( ∞→↓FMR ) 

for one spin orientation and the corresponding pathway is completely blocked, leading to 

a fully spin polarized current in the semiconductor.   

Another solution is to employ a tunnel junction as the injection contact [8, 60, 61]. 

The tunneling transport across the barrier should only depend on the spin resolved DOS 

of the two electrodes, leading to a spin polarized tunneling current. The presence of the 

tunnel barrier increases the interface resistance between the ferromagnetic metal and the 

semiconductor; as a consequence, the relative conductivities of the two ferromagnetic 

electrodes no longer play an important role in determining the spin dependent transport 

across the junction. Such tunnel barrier can be an artificial insulating layer or a Schottky 

barrier. However, due to the complications of such tunneling contacts, the spin 

polarization of the tunneling current can be quite unpredictable. Many results have 

indicated that not only the magnitude but the sign of the spin polarization can be changed 
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by altering the ferromagnet-insulator interface [7, 62]. Therefore, to apply such tunnel 

junctions as injection contacts, an important issue is to fabricate devices which maintain 

the spin polarization of the ferromagnetic electrode, and the spin-dependent properties of 

such junctions should be carefully evaluated. 

2.3.4 Molecular Electronics and Molecular Spintronics 

Although engineered inorganic materials including insulators, semiconductors, and 

metals are still at the heart of current industrial electronic devices, the development in 

fabricating nanoscale electronic devices with these inorganic materials has been facing 

not only technological challenges but also problems in fabrication costs.  For fabricating 

nanoscale electronic devices, molecules have an inherent attractiveness because of their 

intrinsic nanoscale size, and also because of the diversity of properties, such as switching, 

dynamic organization, and recognition, that can be utilized for electronic functions. 

Therefore, molecular electronics has attracted increasing interest particularly over the 

past decade.  Several new molecular electronic device architectures and analytical tools 

have been introduced and explored. As a consequence, research in molecular electronics 

has grown explosively and extended to exploring such molecular devices as switches, 

transistors, and memories elements [3]. 

The electronic transport mechanism through the organic molecules in such devices has 

been a subject of intense debate. Both electron tunneling and hopping processes have 

been proposed. Figure 2.14 shows the diagrams depicting the electron transmission 

processes through a molecule. However, it has been repeated found that the effects at the 

metal-molecule contact can significantly affect the electron transport properties of the 

entire molecular junction. These surface and interface effects present a dilemma in the 

applications of molecular electronics: exploiting these effects has led to an interesting 

research field of molecule based electronic sensors; however, it also becomes clear that 

the molecule/metal contacts must be carefully evaluated in order to elucidate the intrinsic 

transport properties of the molecules. It is also crucial to investigate the environmental 

sensitivity of a molecular electronic device before any further development and 

application. 
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Figure 2.14  Schematic diagrams of electron transmission through a molecule. (a) 
Hopping through a molecular wire with many sites. The striped arrows indicate coupling 
between molecular levels and electrode and black arrows indicate intersite interactions 
along the molecular chain. The filled and empty parts of the rectangles represent the 
filled and empty levels of the electrode conduction band;  (b) Molecular tunneling at zero 
bias. The Fermi level of electrodes lies within the HOMO-LUMO (highest occupied 
molecular orbital and lowest unoccupied molecular orbital, respectively) gap of the 
molecule. The tunneling barrier TΦ  is defined as the energy between FE  of the electrode 
and the LUMO of the molecule. 

Molecular electronics has seen extensive research activities and significant progress 

for several decades. In contrast, the spin transport properties of organic/solid-state hybrid 

structures have received relatively scant attention. This is beginning to change recently, 

partly due to the continuing intense interest in spintronics. Several recent experiments 

have provided tantalizing clues that organic media and molecular interfaces could offer 

novel solutions to several key challenges in spintronics. A large magnetoresistance (MR) 

was observed in an organic spin valve [4], which indicates that organic semiconductors 

could be spin transport media with long spin coherence time due to the small spin-orbit 

coupling and hyperfine interaction. An experiment using optical excitation and detection 

provided direct evidence that a molecular interface facilitates efficient spin transport, at 

room temperature, between semiconductor quantum dots linked by organic molecules [5]. 

A junction with ferromagnetic metal (Ni) electrodes and an organic self-assembled 

monolayer (SAM), octanethiol, as tunnel barrier was found to exhibit tunneling 
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magnetoresistance (TMR) [6], signaling spin-polarized transport across the molecular 

interface. These isolated findings have provided intriguing clues that molecular media 

and molecular interfaces may exhibit extraordinary spin-dependent properties, which 

could be exploited for the study of novel spin physics and perhaps as the basis of a new 

class of spintronic devices. To fully explore the fundamental physics and ascertain the 

device potential, a systematic study of the spin-dependent electronic states at the 

molecular interface and spin-polarized transport in such hybrid structures are the 

necessary first steps.  

2.4 Superconducting Spectroscopy 

2.4.1 Review of superconductivity 

Superconductivity was discovered by Kamerlingh Onnes [63] in 1911 from the 

observation that mercury loses all electrical resistivity when liquid helium temperature, 

4.2 K, is reached.  In 1933, Meissner and Ochsenfeld [64] further discovered that a 

superconductor behaves as a perfect diamagnet with magnetic field completely excluded 

from the interior of the superconductor.  These two effects are universal phenomena that 

have been widely observed in different superconducting materials and are usually used as 

the criteria to determine the existence of superconductivity. Superconductivity has been 

found in a broad range of materials, including metals, alloys, doped cuprates (Physics 

Nobel Prize, 1987) [65], and some other compounds (such as Sr2RuO4 [66], MgB2 [67], 

and LaO1-xFxFeAs [68], etc). However, this thesis will be mainly focus on 

superconducting metals (in particular, aluminum and lead), which have been perfectly 

described by the theory of Bardeen, Cooper, and Schrieffer (BCS) [69]. 

The BCS theory introduced the idea that two electrons near the Fermi level with 

opposite spin and momentum ( ↑k , ↓− k ) interact with each other through the phonons in 

the crystal lattices, forming what is known as a Cooper pair. The pairing leads to an 

energy gap, ∆ , around the Fermi level. The quasi-particle DOS is given by 
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where )0(N  is the DOS of the normal state at EF. Moreover, since the uncertainty of the 

kinetic energy of a paired electron should be less than the energy gap, a minimum 

distance between two electrons is required to form a Cooper pair and is called as the 

coherence length, ξ . 

With an applied magnetic field, a surface current is induced to generate a magnetic 

field in order to shield the applied magnetic field and ensure complete diamagnetism 

within the body of the superconductor. The current can only flow within a certain 

distance from the surface, known as the penetration depth, λ .  When the external field 

reaches a critical value, HC, the energy associated with the surface current overcomes the 

superconducting condensation energy, resulting in the destruction of superconductivity 

and the disappearance of the surface current. Even below HC, the applied magnetic field 

also breaks the time-reversal symmetry of the superconducting state and tends to break 

up superconducting pairs and weaken superconductivity. According to Maki [70], the 

pair-breaking effect can be described by a dimensionless orbital depairing parameter,α .  

An important fact for low dimensional superconductors is that the in-field behavior can 

be quite different from the bulk. In particular, for a superconducting thin film with a 

thickness d  less than λ , with an applied magnetic field parallel to the plane of the film, 

the screening current are reduced while the magnetic field uniformly penetrates the 

superconductor, leading to a significant enhancement in the critical field. In this case, the 

quasi-particle DOS in Equation 2.13 undergoes Zeeman splitting with increasing 

magnetic field resulting in a spin dependent DOS. 

Another important effect in superconductors is spin-orbit scattering. Originally, the 

spin-orbit scattering in superconductor was used by Ferrell [71] and Anderson [72] to 

account for the non-vanishing term of the Knight shift [73, 74] in superconductors as T is 

lowered. In this picture, the spin-orbit scattering is a spin flip scattering process that does 

not cause breaking of the Cooper pair, which acts to reduce the Knight shift. Later, 

Abrikosov and Gor’kov [75] calculated the strength of this process and suggested that the 

scattering rate soτ/1  is proportional to 4Z , where Z  is the atomic number. Table 2.2 

shows normalized spin-orbit scattering rate sob τ∆= 3/h  for various materials obtained 

from tunneling measurements. 
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Table 2.2  Normalized spin-orbit scattering rate b for several superconductors obtained 
from tunneling measurements. 

Superconductor ∆= sob τ3/h  

Al 0.05 [76]
Be ~0 [77] 
Ga 0.16 [78 - 80] 
V 0.07 [81] 

 

 

Figure 2.15  Theoretical density of states for spin-down (red) and spin-up (black) 
electrons in a magnetic field 0/2.0 µ∆=H  with b  values of (a) 0.02, (b) 0.1, (c) 0.3, and 
(d) 0.6. 

In the presence of spin-orbit coupling, the spin-up and spin-down DOS become 

coupled and cannot be straightforwardly Zeeman-split by a magnetic field. The effects of 

α and b to the quasi-particle DOS have been included into an equation proposed by Maki 

and Fulde [82]. Since the DOS of spin-up and spin-down quasi-particles are coupled 

through these effects, the traditional BCS DOS now becomes, 
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Here, the term b  represents the coupling between spin-up states and spin-down states 

due to the spin flip process. Shown in Figure 2.15, as b  increases, the flipping of spins 

essentially decreases the strength of the Zeeman split peaks for both spin states and also 

reduces the separation between the peaks. When 1>b  (i.e. the spin-orbit scattering 

length ξ<sol ), the separation vanishes and the DOS is no longer spin dependent.  In 

addition, the theory also predicts an increase of HC if spin-orbit scattering lifts the Pauli 

limitation. Figure 2.16 shows that the critical field of an Al film almost doubles when 

about half of a monolayer of Pt is underneath the film [83]. 

 

Figure 2.16  The in-plane critical field of two identically fabricated Al films. The one 
that has been coated with 0.2 nm of Pt demonstrates a much higher critical field at low 
temperatures due to the effect of spin-orbit scattering on HC2. After ref. [83]. 
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2.4.2 Spin Polarized Tunneling Spectroscopy 

In early 1970’s, Meservey and Tedrow developed a technique to investigate the spin 

dependent tunneling spectroscopy by utilizing the effects of the conductance of a 

superconducting tunnel junction (STJ) in the presence of a magnetic field [13]. Since then, 

the technique has been widely used to determine the spin polarization of magnetic 

materials.  

A tunnel junction consists of two electrodes sandwiching a thin insulating barrier 

which ensures the transmission process across the interface is only from elastic tunneling. 

The tunneling current directly depends on the DOS of the two electrodes, 

[ ]∫
∞

∞−
−−−∝ dEEfVEfENVENVI )()()()()( 21     (2.16) 

where 1N , 2N  are the DOS of the two electrodes, V  is the voltage of the first electrode 

respect to the second, and f  is the Fermi function. If the two electrodes are both normal 

metals, it is easy to deduce that VI ∝ in the low temperature limitation.  For a 

superconductor/insulator/normal metal (SIN) junction, the junction conductance  

( ) ( ) ( ) ( )∫ +∝= dEeVEKEN
dV

VdI
VG S        (2.17) 

where SN  is the BCS DOS of superconductor (Equation 2.13), and ( )eVEK +  is the 

derivative of the Fermi function ( )eVEf −  with respect toV , 

( ) ( ) ( )[ ]2exp1/exp EEEK βββ +=      (2.18) 

where ( )Tk B/1=β .  Figure 2.17 shows the two terms in the integration of Equation 2.17 

as well as the results of the tunneling conductance at a finite temperature. The only 

conduction when eV /∆<  is from thermal excitation. 

Meservey and Tedrow first explored the effects of the Zeeman resolved DOS of a 

superconductor to the superconducting tunneling spectroscopy. For simplification, 

neglecting the effects of spin-orbit scattering and orbital depairing, the splitting between 

spin-up and spin-down states in a magnetic field H  is HBµ2 . The quasi-particle DOS is 

now Zeeman resolved, thus spin dependent as shown in Figure 2.18a. This results in 

unequal tunneling currents for quasi-particles with different spin orientations at a given 

bias. If the other electrode is a normal metal, the four peaks on the conductance spectrum  
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Figure 2.17  (a) BCS density of states of a superconductor as function of energy (bias 
voltage); (b) The derivative of the Fermi function with respect to bias voltage; (c) 
Normalized conductance at low temperatures obtained from the integration of Equation 
2.17.  After ref. [10]. 

are symmetric as in Figure 2.18b. However, if the other electrode is a ferromagnetic 

material, due to the spin imbalance at the Fermi level, the two peaks corresponding two 

the majority spin state are higher than the two for the minority spin state, leading to an 

asymmetric conductance curve as indicated in Figure 2.18c.  

In order to obtain a high in-plane critical field, Al films with a thickness of about 4 nm 

were originally used because of several advantages of such films: first, Al has a low 

atomic number meaning a low intrinsic spin-orbit scattering rate, b ; second, the 

fabrication of a thin Al layer is relatively easy and with a thickness of ~ 4 nm, the in 

plane critical field is greatly enhanced; moreover, Al forms a self-limiting surface oxide  
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Figure 2.18  (a) Zeeman resolved quasi-particle density of states in a magnetic field 
of 0/4.0 µ∆=H . The red curve corresponds to spin-up states while the blue curve 
corresponds to spin-down states; (b) Symmetric normalized conductance spectrum (green) 
of a SIN junction; (c) Asymmetric normalized conductance spectroscopy of a SIF 
junction. The spin polarization of the ferromagnet is 50%.   

 (< 2 nm) which is in the ideal thickness range for a tunnel barrier.  It is important to note, 

although self-oxidization always occurs on the surface of Al films, the naturally oxidized 

surface in ambient environment can be easily contaminated by absorbing water and 

organic molecules. Complications of the surface increase the possibility of inelastic 

scattering and spin-flip scattering, as a consequence, the Zeeman splitting feature 



32 

diminishes and eventually, the tunneling spectroscopy is no longer spin dependent.  

Dynes et al. [84] proposed an empirical formula to describe the contribution of the 

inelastic scattering effects by introducing an imaginary term Γi  into the energy E , thus 

the DOS in Equation 2.13 is then written as 
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In this work, pure oxygen environment was used to oxidize the surface of Al films. In 

fact, oxidization is often done by exposing the Al layer to an oxygen plasma. 

Early efforts in deriving P from an asymmetric conductance spectrum through a 

simple calculation based on the conductance values at four bias voltages ( HVV µ±±= 0 ) 

[10] have been found to frequently cause a highly inaccurate P primarily due to the 

neglect of the spin-orbit interaction [85]. Thus, a complete solution of Maki equations for 

the entire conductance spectrum is necessary to obtain a more accurate P value.  

Concurrent work by Monsma and Parkin [86] and by Worledge and Geballe [85] 

provided numerical solutions to the Maki equations and spin-up and spin-down DOS in a 

magnetic field. The conductance at a given bias voltage could be calculated by 
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The formula has been successfully used to resolve P for different materials measured by 

the SPT technique. 

2.4.3 Andreev Reflection Spectroscopy 

Andreev reflection (AR) [87] is a process occurring at a superconductor/normal metal 

interface. When the energy of an electron in the normal metal is in the gap of the 

neighboring superconductor, the electron needs to be paired up with another electron at 

the Fermi level to enter the superconductor on the other side of the interface. The pairing-

up forms a Cooper pair in the superconductor requiring the two electrons having opposite 

momentum and spin orientation. To conserve charge, spin, and momentum, a hole with 

an opposite spin relative to the incoming electron is simultaneously generated at the 

interface and retro-reflected back into the normal metal.  Overall, through the AR process,  
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Figure 2.19  Schematic diagrams of electron transmission at completely transparent 
interfaces ( 0=Z ) of (a) a normal metal/superconductor junction; and (b) a 
ferromagnet/superconductor junction.   For the normal metal/superconductor junction, all 
electrons inside the energy gap undergo Andreev reflection, leading to a doubled 
conductance.  For a ferromagnet/superconductor junction, normal reflection occurs due to 
the spin imbalance at the Fermi level, resulting in a suppression of the enhancement of 
the conductance in the energy gap. 

each incoming electron results in a Cooper pair across the interface, therefore, instead of 

having no conductance inside the energy gap, the conductance is actually doubled.  

Figure 2.19a shows schematically the pairing up and the retro-reflection processes.   

However, at a superconductor/ferromagnet interface, due to the spin imbalance in the 

ferromagnet, not all the electrons in the majority state can be paired up with an electron 

in the minority state, instead some of them are directly reflected back into the normal 

metal side and have no contribution to the current. In this case, AR is suppressed, leading 

to a suppression of the enhancement of the conductance in the energy gap [12, 88] as 

shown in Figure 2.19b. For a metallic contact, one can resolve the P simply from the 

suppression of the conductance by  

( ) 2/01 NGP −=         (2.21) 
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where ( )0NG  is the normalized conductance at zero bias. 

In reality, contact transparency cannot be easily controlled due to many intrinsic or 

extrinsic complications at a superconductor/ferromagnet interface. At a finite interfacial 

scattering strength, both AR and normal reflection happen at the interface. Therefore, the 

P derived from Equation 2.21 is generally not accurate. Blonder, Tinkham, and Klapwijk 

(BTK) [89] developed a theory that incorporates the effects of all transport processes 

(including AR, normal reflection and single particle tunneling) by modeling with an 

interfacial barrier with arbitrary strength. In the BTK theory, the interfacial barrier is 

modeled by a δ-function scattering potential. In the metallic limit, the barrier strength at a 

normal metal/superconductor interface is zero, thus no scattering occurs and all incoming 

particles with energies below∆  are transmitted as Cooper pairs through AR. However, in 

the tunneling limit, the barrier height becomes infinitely large and AR is completely 

forbidden, thus the tunneling process is the only possible mechanism for quasi-particles 

to be transmitted across the barrier.  For an arbitrary barrier, a dimensionless parameter Z 

is then introduced by the BTK theory to describe the interfacial scattering strength. The 

term, defined as FHZ υ/h= , includes a physical barrier of a height H as well as the band 

structure effects, such as Fermi velocity and effective mass mismatches. The two  

 

Figure 2.20  Schematic diagram of energy versus momentum taken from ref. [89].  The 
open circles denote holes, the solid circles denote electrons, and the arrows indicate the 
direction of the group velocity. For an incident electron with momentum +q  at (0), the 
possible transmitted (2, 4) and reflected (5, 6) particles are diagrammed. 
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extremes of this barrier are the metallic limit with 0=Z , and the tunneling limit 

with ∞=Z . 

The BTK model identifies four possible processes at a normal metal/superconductor 

interface, as illustrated in Figure 2.20: AR (A), normal reflection (B), transmission with 

branch crossing (C), and transmission without branch crossing (D). The probabilities of 

these processes are determined from the Bogoliubov transport equations [90] and the 

results are listed in Table 2.3. Considering the conservation of probability, 

i.e. 1=+++ DCBA , the current at a given temperature T can then be calculated from 

these probabilities weighted by the Fermi-Dirac distribution f  

( ) ( )( ) ( ) ( )( )∫ −+−−= dEEBEAEfVEfNeI F 1Α2 υ        (2.22) 

where e is the electron charge, A is the cross sectional area of the contact, N refers to the 

DOS at FE  of the corresponding spin state, and Fυ  is the Fermi velocity. 

In the case where the normal metal is replaced by a ferromagnet [12, 88, 91], the 

transport can be regarded as two independent conduction channels because of the spin 

imbalance at FE : one is spin polarized while the other is unpolarized. Therefore, the total 

current across the ferromagnet/superconductor interface is 

( ) putot IPIPI +−= 1       (2.23) 

where uI  is the unpolarized current described by Equation 2.22 and pI  is the polarized 

Table 2.3  Probabilities for transmission and reflection at the interface of a normal 
metal/superconductor from the original BTK model [89]. ( ( )[ ]22
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Table 2.4  Probabilities of Andreev and normal reflection for the polarized ( pA  and pB ) 
and unpolarized ( uA  and uB ) currents in the modified BTK model. 

 Unpolarized Current 
              uA                             uB  

Polarized Current 
       pA                         pB       
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current generated by slightly modifying Equation 2.22 by setting ( ) 0=EA , which means 

that AR is forbidden. Therefore, in the low temperature limit, the conductance becomes  
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where uA , uB , and pB  are the probability coefficients for the polarized and unpolarized 

channels listed in Table 2.4. Compared to Table 2.3, the coefficients for the unpolarized 

current are the same, while the coefficients for the AR process of the polarized current 

vanish. Coefficients of the processes of C and D are not listed because of the 

conservation of probability.  In the simplest case of a metallic contact, i.e. 0=Z , the 

zero bias conductance  
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where FN NeG υA2=  is the normal state ( ∆>>V ) conductance of the junction. The 

equation is essentially the same as Equation 2.21. 

The BTK model was initially developed in the limit of a point contact and the ARS 

was also first implemented [12, 20, 91, 92] as point contact Andreev reflection (PCAR). 

The point contact geometry usually consists of a sharp tip of superconductor 

(ferromagnet) and a ferromagnet (superconductor) with a planar surface. If the contact 

dimension, d , is less than the mean free path, λ , of the electrons, the contact is in so 
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called ballistic limit; while if d is much larger than λ , the contact is in diffusive limit. 

The reason that ARS of many ferromagnets have to be measured in the point contact 

geometry is quite obvious. The interface effect should be the dominant part in the 

measured spectroscopy; however, the intrinsic barrier strength between a ferromagnetic 

metal and a superconductor due to band structure mismatches is small because of the 

slight difference in the Fermi velocities. On the other hand, technically the control of the 

physical barrier strength is rather difficult and complicated. Therefore a small contact 

region is required in order to obtain a junction with the resistance predominantly from the 

interface.  However, there are still several unresolved issues and limitations with the 

PCAR: first, the interface in a realistic structure usually cannot be completely reflected in 

the point contact geometry, while the nature of the interface has been proved to affect the 

magnitude and even the sign of P [7, 62]; second, the fitting of spectroscopies obtained in 

PCAR measurements often results in an unexpected spectral broadening [93] and 

sometimes the energy gap used in the fitting is very different from the expected BCS 

energy gap which can be directly calculated from the transition temperature [20, 92, 93]; 

moreover, a significant decline of the measured P with increasing Z  has been widely 

observed in PCAR measurements in various materials [20, 45, 94, 95]and the results are 

not understood. 

The parameter Z  has proved to be applicable to define the barrier strength in other 

contact configurations, such as planar junctions [21, 22, 96, 97]. As mentioned earlier, 

the Z  parameter also includes band structure effects. A mismatch between the Fermi 

velocities of the two materials can result in a large Z  value even without the presence of 

a physical barrier. Blonder and Tinkham [98] proposed that the effective Z  ( effZ ) differs 

from the physical barrier ( phyZ ) because of the effect of a Fermi velocity mismatch and 

the effZ  is given by 

( )
r
r

ZZ phyeff 4
1 2

2 −
+=          (2.26) 

where r is the ratio of the two Fermi velocities. The definition of effZ  results in an 

identical value regardless whether FFr 21 /υυ=  or FFr 12 /υυ=  is used.  Although there 

are still some arguments [99, 100] on how to describe the effective barrier strength due to 
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band structure effects, a finite but non-zero effZ  ensures that ARS can also be obtained in 

junctions with larger contact regions. In fact, ARS performed on planar junctions have 

demonstrated good agreements with the modified BTK theory and results obtained in 

PCAR; moreover, the modified BTK fits to the spectra obtained on the planar junctions 

do not result in spectral broadening or decline of P  as Z  increases [22]. 

2.4.4 Experimental Techniques and Measured Spin Polarization 

The two techniques of measuring P have been depicted above and both techniques are 

based on structures consisting of a superconducting electrode and a ferromagnetic 

electrode. The BTK theory unifies the zero field superconducting spectroscopy of the two 

techniques by introducing the parameter Z . Figure 2.21 shows the calculated 

superconducting spectra based on the BTK theory for a normal metal ( 0=P ) and a 

ferromagnet ( %75=P ), respectively with the barrier strength in different regimes.  It is 

necessary to note that the tunneling process is spin independent at zero field. The fact 

implies two important conclusions: in the tunneling regime, Zeeman splitting is needed in 

order to resolve the spin polarization; while for an AR junction, the entire conductance 

spectrum needs to be fit to the modified BTK theory with a finite barrier strength Z . In 

fact, with a thin Al film, ARS can also be Zeeman resolved. This Zeeman resolved ARS 

technique can be regarded as a combination of the previous two techniques and it has 

been successfully used to determine the P of CrO2 [21] and EuS [22].  Table 2.5 shows a 

comparison of these three superconducting spectroscopy techniques in several aspects.  

As indicated earlier, the spin polarization P is theoretically defined by the imbalance 

of the two spin states at the Fermi level as Equation 2.1. However, when using an 

experimental technique to probe the P of a material, transport properties of the device are 

also important. Therefore, the measured P also depends on the technique employed.  

According to Stearns [101], the tunneling spin polarization is related to spin dependent 

tunneling probabilities as following 
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↓↓↑↑
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−
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DNDN
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PT           (2.27) 
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where ↑N , ↓N are the DOS of the spin-up and spin-down states, while ↑D , ↓D are spin 

dependent tunneling probabilities of the two spin states, respectively. Later, Mazin [102]  

 

Figure 2.21  Calculated conductance spectra based on the BTK theory for a normal metal 
( 0=P ) and a ferromagnet ( %75=P ) respectively with the barrier strength Z in 
different regimes. 

Table 2.5  Comparison of the three superconducting spectroscopy techniques (spin 
polarized tunneling, Andreev reflection, and Zeeman resolved Andreev reflection) in 
determining spin polarization, P.  

 Zeeman Resolved 

Tunneling (SPT) 

AR Spectroscopy 

(ARS) 

Zeeman Resolved 

ARS 

Barrier strength, Z Infinite Finite Finite 

Magnetic field High (several tesla) 0 High (several tesla) 

Determine the sign of P? Yes No Yes 

Thickness of the superconductor Thin (several nm) Not important Thin (several nm) 

Spin-orbital scattering rate, b small Not important small 
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indicated that for AR measurements, the obtained P depends on properties of the Fermi 

surface. In the ballistic AR limit, P is given by  
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where xυ  is the component of Fermi velocity Fυ  in the normal direction of the interface. 

Note, the formula only counts carriers moving towards the interface ( 0>xυ ).  In a 

diffusive AR limit, the measured spin polarization is now given by 
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where υ  is actually Fermi velocity. 

In Chapter 4, the spin polarization of EuB6 were measured in the diffusive AR limit, 

therefore, Equation 2.29 should be applied to the case and the P is defined by the DOS 

weighted by Fermi velocity squared.  A detailed discussion of the calculations based on 

the experimentally obtained Fermi surface is also provided therein. 
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CHAPTER 3 

SPIN-POLARIZATION OF THIOL-GOLD INTERFACE 

3.1 Thiol-Gold Interface 

The assembly of high-quality organic self-assembled monolayers (SAMs) on 

inorganic metals and semiconductors has led to surfaces that exhibit novel physical 

functionalities. Examples of these functionalities include modified wettability [103], 

reduced friction [104], and even bioactivity enabled by monolayers formed from 

biological materials like DNA [105].  Furthermore, such hybrid organic-inorganic 

constructions also provide a promising route towards bottom-up assembly of functional 

nanostructures since covalently linked organics can self-assemble on inorganic 

nanoparticles and nanowires. Molecular electronics already takes advantage of hybrid 

organic-inorganic design to make electric connections to molecules and study electron 

transport through molecular monolayers [106 - 109] as well as single molecules [110 - 

112].  A natural question is whether such surface modifications by organic SAMs can 

lead to changes in magnetism in reduced dimension materials.  

In recent years, two groups have repeatedly reported experimental observations of 

novel induced magnetism at thiol-functionalized gold surfaces [113 - 116]. Neither the 

thiol molecules nor the Au atoms carry any magnetic moment. However, Carmeli et al. 

[113] reported highly unusual induced magnetism in Au thin films functionalized with 

thiolated molecules. Shown in Figure 3.1a, with an applied magnetic field perpendicular 

to the interface, the sample exhibited a strong paramagnetic response and the measured 

moment is estimated to exceed several tens of Bohr magnetons per adsorbed molecule. 

The magnetization curve shows a very small hysteresis with negligible temperature 

dependence. Although the magnetization is found to be anisotropic, the magnetic moment 

is still significant at a parallel field of 1 tesla. A recent report from the same group claims 

that a spin-selective transmission through thiolated double-stranded DNA self-assembled  
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Figure 3.1  Observations of induced magnetism at the thoil-gold interfaces. (a) Thiolated 
surface of gold film shows paramagnetism with giant magnetic moment per thoil-gold 
bonding; (b) Thiol molecule capped gold nanoparticles exhibit ferromagnetism. Figures 
are adapted from refs. [113] and [115], respectively. 

on gold surfaces is observed and the spin-selective efficiency is about 50% at room 

temperature [114]. However, a theoretical explanation of the induced giant magnetic 

moments observed on the hybrid two-dimensional (2D) interfaces remains controversial 

and elusive [117 - 119]. On the other hand, induced magnetism has also been observed in 

gold nanoparticles (NPs) functionalized with thiolated molecules [115, 116]. Crespo et al. 

[115] showed that thiol-capped gold NPs can exhibit ferromagnetism (Figure 3.1b). As a 

control experiment, they showed that using weakly interacting molecule as the capping 

layer, the gold NPs do not show any noticeable induced magnetism. A later report [116] 

by the same group indicates that contribution from magnetic impurities can be ruled out 

as the origin of the observed novel magnetism. However, the x-ray magnetic circular 

dichroism (XMCD) results from Yamamoto et al. [120] indicate a significant 
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ferromagnetic spin polarization of gold NPs with a diameter of 1.9 nm capped with a 

weakly interacting polymer, polyallylamine hydrochloride. Moreover, earlier work by 

Hori et al. [121] suggests that gold NPs functionalized with dodecanethiol do not show 

measurable magnetism. 

Despite the apparently contradictory experimental results and the unexplained physical 

mechanism, broad interest has been stimulated by these reports primarily due to the 

potential applications in molecular spintronics. For example, the giant magnetic moments 

of tens of Bohr magnetons at the thiol-gold interface are expected to act as effective spin 

filters in a small magnetic field and induce a spin dependent current, thus may be 

applicable for spin injection. As the most ubiquitous organic/metal interface, thiol/Au can 

be easily integrated into device structures. Since most work on the subject to date has 

been conducted by superconducting quantum interference device (SQUID) measurement 

which is a volume-based technique and often have many complications in determining 

surface or interface magnetism, in this work, we attempt to directly investigate the spin 

dependent DOS at 2D thiol-Au interfaces using the spin-polarized electron tunneling 

technique.  

3.2 Sample Preparation 

The fabrication of tunnel junctions incorporating a layer of mercaptohexadecanoic 

acid (MHA) [HS(CH2)15COOH] between gold and surface-oxidized Al contacts is 

depicted in Figure 3.2.  An Al stripe was thermally evaporated at 2.0×10-7 torr through a 

shadow mask onto a Si substrate having a 100 nm thermally grown oxide. The thickness 

of the Al layer was around 50 Å in samples for spin-polarized tunneling measurements; 

however, the thickness was much thicker (~700 Å) in samples for inelastic electron 

tunneling spectroscopy (IETS) measurements in order to avoid current crowding problem.  

After the evaporation, the sample was immediately transferred into a chamber where 

ambient air was evacuated, followed by backfilling pure oxygen gas to about 700 Torr. 

Oxidation of the Al surface naturally occurs at room temperature and the interval of the 

oxidation process varied from a few hours for the thicker films to one day for the thinner 

ones.  The sample was then placed into a 2 mM solution of MHA in ethanol and a self-

assembled monolayer (SAM) was allowed to grow for 2-12 hours. Fatty acids form  
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Figure 3.2  Schematic views of the junction structure (not to scale).  (a) Side view of the 
junction region;  (b) Top view of the junction. 

SAMs on oxidized Al through the interaction between the oxide surface and the 

molecules’ carboxylic group [122, 123]. In the case of MHA, the thiol terminal is then 

exposed to make contact with the second metal layer.  After rinsing with ethanol and 

drying the sample, five Au stripes were deposited by thermal evaporation at 2.0×10-7 torr 

using a shadow mask.  These stripes were oriented perpendicularly to the Al stripe and 

created five junctions.  A low deposition rate (< 0.1 Å/s) for the Au was used to minimize 

damage to and penetration through the MHA layer. The first atomic layer of Au reacted 

with the thiol terminals, leading to a covalently bonded thiol-gold interface. Eventually, 

the thickness of the Au stripes was 20 nm, and the finished junctions had an area of 

approximately 0.4×0.4 mm2. 

3.3 Tunneling Spectroscopy Results 

3.3.1 Zero Field Superconducting Conductance Spectroscopy  

Electron tunneling spectroscopy measurements were performed in a 3He cryostat 

(Oxford Heliox) with an 8-tesla superconducting magnet. The conductance spectrum was  
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Figure 3.3  (a) Temperature dependence of the zero bias resistance of an 
Al/AlOx/MHA/Au junction. The resistance is normalized by the value at 4 K; (b) 
Normalized zero field conductance spectrum (red circles) at 0.35 K. The blue curve is a 
BCS fit to the data with an inelastic scattering term of 10 µV. 

measured via first-harmonic phase-sensitive detection at a frequency of 17.3 Hz using a 

PAR124A lock-in amplifier and a home-made DC voltage sweeper. 

Figure 3.3a shows the temperature dependence of the resistance for an 

Al/AlOx/MHA/Au junction. As the temperature cools down, the zero bias junction 

resistance exhibits a very weakly insulating temperature dependence with 

RJ(300K)/RJ(4K) ~ 0.96, which is a typical characteristic of a tunnel junction. At about 

2.0 K, the thin Al layer enters the superconducting phase and the formation of the energy 

gap leads to a dramatic increase in the zero bias junction resistance. The resistance ratio, 

RJ(T)/RJ(4K), reaches ~ 87 at 0.35 K.  Figure 3.3b shows a normalized conductance 

curve, dI/dV versus V, at 0.35 K and zero magnetic field for the junction. The 

normalization was based on a bias sweep taken at a magnetic field slightly higher than 

the critical field of the Al film. This normalization procedure eliminates any energy-

dependent normal state effects and tunnel barrier factors. Excellent fit to the BCS 

superconducting density of states is obtained for the data in Figure 3.3b with a negligible 

lifetime broadening ( Γ term in Equation 2.19) [84] of 10 µeV. Both the subgap 

conductance and the lifetime broadening are similar to an identically fabricated 

Al/AlOx/Au junction without the MHA layer. These results are definitive signatures that 

the Al/AlOx/MHA/Au junction is a high-quality tunnel junction. 
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3.3.2 Inelastic Electron Tunneling Spectroscopy 

IETS (Appendix A) is a powerful tool for determining the nature of the interfacial 

bonding in a tunnel junction. Because the high sheet resistance (~1 kΩ) of an ultrathin Al 

electrode in the normal state (either at high biases or temperatures above Tc) leads to 

current crowding, the IETS data was collected on a different junction identically 

fabricated but with a much thicker (700 Å) Al electrode to ensure accurate positioning of 

the inelastic peaks. An 8 mV AC modulation at 15.971 kHz was used, and the second 

harmonic signal was collected on an EG&G 7265 lock-in amplifier to obtain the IETS 

spectrum. DC I-V curves were obtained at room temperature by standard 4-terminal 

method with a Keithley 2400 sourcemeter. 

Figure 3.4 shows the IETS spectrum taken at 1.5 K. Peaks corresponding to the 

bending and stretching vibration modes of C-S (80 meV), CH2 (100 meV; 160 meV; 360 

meV), and OH (440 meV) can be clearly identified [124 - 126], along with the possible 

presence of C=O (~225 meV [125]). Additionally, a pronounced peak is present at 33 

meV. Although this peak is close to an acoustic phonon mode of Al (35 meV), other Al 

structures are absent in the spectrum [127]. Both the position and the intensity of the peak 

 

Figure 3.4  Inelastic electron tunneling spectrum of an Al/AlOx/MHA/Au junction. 
Relevant peaks are indicated by arrows. 
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are more consistent with ν(Au-S) [124]. This observation, combined with the absence of 

the peak corresponding to S-H bonds (~320 meV [124]), suggests that most of the thiol 

terminations of the MHA had reacted with the Au layer. The IETS results, coupled with 

analysis of the I-V characteristics of the junction (shown later in the chapter), demonstrate 

that direct elastic tunneling dominates the electron transport in these devices and that the 

tunneling does involve the MHA layer.  

3.3.3 Spin Polarized Tunneling  

To obtain the spin dependent tunneling spectrum, a magnetic field was then applied 

parallel to the Al layer. Figure 3.5 shows the normalized zero bias junction resistance 

versus magnetic field at 0.35 K. The zero bias junction resistance decreases with 

increasing field because of the increase of the orbital depairing. The resistance saturates 

at fields higher than a critical value of ~3.65 T where the superconductivity of the Al 

layer was destroyed.  Figure 3.6 further shows the normalized conductance spectra at 

several magnetic fields. At a magnetic field above 3 T, the conductance spectrum was 

clearly Zeeman resolved, leading to a spin dependent spectrum. However, the four peaks  

 

Figure 3.5   Field dependence of the normalized zero bias resistance for an 
Al/AlOx/MHA/Au junction. The in-plane critical field of the Al layer is indicated by the 
arrow. 
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Figure 3.6  Zeeman resolved normalized conductance spectra of an Al/AlOx/MHA/Au 
junction at 3.0 tesla and 3.4 tesla, respectively. The dash line is the zero field 
conductance spectrum. Arrows indicate the corresponding spin state of each peak. 

 

Figure 3.7  A comparison of the Zeeman resolved normalized conductance spectra of (a) 
an Al/AlOx/MHA/Au junction and (b) an Al/AlOx/Au junction. The two samples were 
almost identically fabricated except that the MHA-ethanol solution used for the self-
assembly of MHA in preparing sample (a) was replaced by pure ethanol in preparing 
sample (b). 

on the spectrum remain symmetric suggesting there is no discernible spin polarization 

from the thoil-gold interface.   
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Figure 3.7 displays the conductance spectra of two samples that were almost 

identically fabricated with the exception that the MHA self-assembling procedure for one 

of the samples (Figure 3.7 b) was replaced by immersing the Al film into pure ethanol for 

the same length of time. With applied parallel magnetic fields, both samples show 

symmetric Zeeman resolved conductance spectra. This result conclusively demonstrates 

that the existence of the MHA monolayer in the junction structure does not change the 

spin polarization tunneling results, i.e., the thiol-gold interface does not induce a spin 

polarized tunneling current.  Several Al/AlOx/MHA/Au junctions have been fabricated 

and measured in this manner; none of them displays any evidence of a non-zero spin 

polarization at the thoil-gold interface.  

3.4 Humidity Effect 

3.4.1 Water Sensitivity 

While performing the spin dependent tunneling measurements, an interesting behavior 

of the molecular tunnel junction was observed.  As shown in Figure 3.8a, the zero-bias 

resistance (RJ) of these junctions exhibited a large drop when the sample was placed into 

a vacuum from ambient air in preparation for the low-temperature transport 

measurements.  This effect was repeatable as the sample space of the probe was first 

evacuated and then backfilled with ambient air. A resistance change of ~50% was 

consistently observed in all measured junctions.  In contrast, backfilling the evacuated 

space with dry N2 and O2 to different pressure levels did not result in the recovery of RJ, 

as shown in Figure 3.8b. Moreover, exchanging ambient air with atmosphere dry N2 

resulted in a similar resistance drop as a vacuum while returning ambient air led to a 

recovery of the resistance (Figure 3.8c).  Taken together, the results indicate that neither 

the major components of ambient air (N2 and O2) nor the pressure of the gas is the key to 

the alternation in the junction resistance; instead, a natural suggestion is that some 

minority ingredient of the ambient air, such as water vapor, is important in the observed 

effect.  The results of direct measurements of RJ as a function of the relative humidity in 

a glove box at 23 °C are shown in Figure 3.8d. RJ approximately doubled as the relative 

humidity was increased from ~10% to 60%. The results demonstrate a direct correlation  
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Figure 3.8  Resistance variations of Al/AlOx/MHA/Au junctions with the environment.  
(a) The sample probe was evacuated and vented with ambient air repeatedly; (b) The 
sample probe was first pumped from ambient to vacuum and then back-filled with dry 
nitrogen to different pressure levels. The probe was then pumped down to vacuum again 
followed by back-filling with dry oxygen to different pressure levels. Eventually, the 
sample was returned into ambient; (c) Dry nitrogen gas was used to slowly blow through 
a tube to exclude the initial ambient environment of an Al/AlOx/MHA/Au junction. The 
flow was stopped after about 14.5 hours and ambient was gradually recovered; (d) An 
Al/AlOx/MHA/Au junction was set in a glovebox, the relative humidity of which was 
controlled between 10% and 60%.  All measurements were done at room temperature. 

between the environment’s water vapor content and changes in the junction resistance. 

The presence of the pronounced humidity sensitivity for such macroscopic sized 

junctions with a closed architecture is somewhat surprising.  The sheet resistance of the 

top Au electrode (~20 nm thick) is 30-40 Ω, indicating that the film is relatively uniform. 

Large-area AFM topography scan of the Au films on MHA showed absence of 
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granularity. However, it is probable that grain boundaries exist which facilitate the 

diffusion of water molecules into and out of the MHA SAM. 

In order to pinpoint the origin of the strong dependence of RJ on the relative humidity, 

a series of control experiments have been further conducted. First, Al/AlOx/Au tunnel 

junctions were fabricated with an almost identical process which included immersion of 

the oxidized Al in ethanol (without MHA) for the same length of time. These junctions 

without the MHA layer do not exhibit any resistance change with the relative humidity. 

Next, junctions having SAMs with different terminal groups have been fabricated in an 

effort to locate the interface that enables the sensitivity to water. First, the thiol 

termination of MHA was replaced with a hydrophobic methyl group. In junctions 

incorporating a hexadecanoic acid (HDA) [CH3(CH2)14COOH] monolayer which 

preserves the COO-/AlOx interface, a quantitatively similar (~50%) resistance change 

with humidity was observed, as shown in Figure 3.9a.  In contrast, a significantly weaker 

effect was observed when the carboxylic group of MHA was replaced with a silane [128]. 

Junctions incorporating octadecyltrichlorosilane (OTS) [CH3(CH2)17SiCl3], which lacks 

both the carboxylic and thiol terminations, showed an average resistance change of ~5% 

and one junction showed no change at all (Figure 3.9b).  Since the molecular backbones 

of each of these three molecules are fully saturated carbon chains, they are expected to 

have minimal interaction with water.  Nevertheless, polar terminals can have a significant  

 

Figure 3.9  (a) Resistance variation of an Al/AlOx/HDA/Au junction under the same 
procedure as in Figure 3.8b; (b) Resistance of an Al/AlOx/OTS/Au junction before and 
during pumping of the sample probe.  
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interaction with water.  Moreover, because the trichlorosilanes of OTS are hydrolyzed 

during monolayer formation, it is possible that the small resistance changes observed in 

junctions with OTS also result from polar sites not passivated by the formation of the 

OTS layer. In the MHA junctions, both the Au-S interface and the COO-/AlOx interface 

can interact with water and contribute to the resistance change. However, the quantitative 

similarities between the MHA junctions and HDA junctions suggest that water adsorption 

at the COO-/AlOx interface is the primary cause of the resistance changes observed in our 

MHA junctions. 

3.4.2 I-V Characteristic Analysis  

To gain a basic understanding of the physical mechanism(s) behind the water 

sensitivity of the Al/AlOx/MHA/Au junctions, a direct comparison of the I-V 

characteristics of junctions with and without an incorporated MHA layer is made in the 

theoretical framework developed by Simmons [129]. Two junctions were fabricated 

simultaneously, differing only in that one contains MHA while the other does not.  The 

surface-oxidized Al stripe not to be coated with MHA was stored in ethanol while the 

other stripe was stored in an ethanol solution containing a 2 mM concentration of MHA. 

Figure 3.10 shows the I-V characteristics of the junction without MHA and the junction 

with MHA in vacuum and in ambient air. In the Simmons model, the tunneling current 

density is given by 

( ) [ ]{ }2/12/1
0 )(exp)exp( eVAeVAJJ +Φ−+Φ−Φ−Φ=           (3.1) 

where ( )2
0 2/ sheJ βπ= , Φ is the average barrier height, ( ) hmsA /24 2/1 πβ= , e  is the 

electron charge, V is the bias voltage, s  is the tunneling length, m is the electron mass, 

and β  is a correction factor taken as unity in the model. The use of β less than unity was 

found necessary previously to produce good fits to I-V of some alkanethiol junctions 

[109], and it was attributed to effects of a non-rectangular barrier and effective electron 

mass. In our case, although the structure of the AlOx/MHA barrier is clearly asymmetric, 

due to the symmetric I-V, the junction is modeled as having a single rectangular barrier 

[130] and the I-V is analyzed according to Equation 3.1 with 1=β . Recently, a similarly 
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asymmetric composite barrier of AlOx and the organic semiconductor Alq3 was found to 

result in little asymmetry in the tunneling spectra [131].  

The results of fitting the data with the smallest root mean square errors (RMSE) for 

these junctions are shown in Figure 3.10. The fits shown were generated by using a 

convenient form of Equation 3.1 obtained by replacing Φ with ( )2/eV−Φ  for an 

intermediate bias regime where eV /Φ< . The best fit of the I-V curve for the Al/AlOx/Au 

junction without MHA yields an average barrier height, Φ = 10.0 eV, and tunneling 

length, s = 7.1 Å. The barrier height is surprisingly large (much greater than the band gap 

of bulk Al2O3). However, the results are in excellent agreement with values obtained 

from similar Al/AlOx/Au junctions with naturally oxidized AlOx barriers in a prior work 

[132], in which the large barrier height was attributed to uncompensated cations in the 

AlOx. The incorporation of MHA, as measured in vacuum, leads to a large reduction in 

the average barrier height to 2.8 eV, while the tunneling distance increases to about 14.6 

Å.  Upon exposure of the junction to ambient air, the current decreases significantly at all 

biases and RJ approximately doubles. The fitting of the I-V in air to Equation 3.1 yields Φ 

= 4.1 eV and s = 12.7 Å, indicating that hydration leads to a marked increase in the 

barrier height. As mentioned above, strictly, the application of the Simmons model 

requires the satisfaction of a set of stringent conditions [130]. However, this type of I-V  

 

Figure 3.10  I-V data for a junction with MHA monolayer in vacuum and in ambient air, 
and a junction without MHA. Lines represent Simmons model fits as described in the text.  
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analyses have been used effectively to deduce the barrier heights and widths in a wide 

variety of tunnel junctions. In our case, the fittings are all of high quality; more 

importantly, the uncertainties in the best fitting parameters are much smaller than the 

magnitudes of their variation with junction structure and environmental conditions. 

Specifically, a significant degradation in fitting quality (twice the RMSE of the best fits) 

results in the following changes in the barrier height and width: 1.5 eV and 0.5 Å, 0.4 eV 

and 1.0 Å, 0.3 eV and 0.4 Å, for the junction without MHA, the MHA junction in 

vacuum, and the MHA junction in ambient air, respectively. Therefore, the qualitative 

trend of the inferred variations of the barrier height and width with junction structure and 

humidity is unambiguous. 

The correlation between the fitting results and the barrier structures provides important 

clues to the mechanism of electron transport through the molecular interface as well as its 

sensitivity to ambient humidity. First, the incorporation of MHA into the Al/AlOx/Au 

junction results in an increase in tunneling distance and a substantial reduction in the 

average barrier height. This observation contradicts a simplistic model of a composite 

barrier with separate AlOx and MHA layers. Attempts to fit the I-V in this model 

invariably led to a negative barrier height for MHA ( 1=β ) or 1<<β , which are clearly 

unphysical. Instead, our results point to a strong modification of the AlOx barrier by the 

MHA SAM. The significant reduction of the AlOx barrier height upon MHA binding can 

be understood as a result of the modification of the charge states in the AlOx by MHA. In 

Al/AlOx/Au junctions with naturally oxidized AlOx barriers, Gloos et al. [132] observed a 

pronounced dependence of the AlOx barrier height on its thickness which they attributed 

to the variation of excess charges inside the barrier. Particularly, the unusually large (>10 

eV) barrier height in ultrathin AlOx was believed to result from excess cations (unbound 

Al ions) in the barrier. Within this scenario, the binding of the carboxylate group of the 

MHA to the thin AlOx neutralizes some of the excess cations and naturally lead to the 

reduction in the barrier height. The modification of interfacial dipoles [133] by the MHA 

binding could also contribute to the change in barrier height, although the alteration of 

the charge state to be the dominant factor is expected here. 

The observed effect of ambient humidity on the molecular junction transport can be 

naturally understood along the same line. Upon hydration of the junction, a large decline 
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in tunneling current and an increase of junction resistance were observed. A naive 

explanation for the observation is a swelling of the junction width by water adsorption, 

which naturally results in an increase of the tunneling length. However, fitting of the I-V 

taken in ambient air yields a decrease of the junction width to 12.7 Å, and an increase of 

the average barrier height to 4.1 eV ( 1=β ) compared to the values in vacuum. The result 

suggests a different scenario for the effects of water adsorption on the molecular junction 

transport. The observation is consistent with a weakening of the coupling of the 

carboxylate group with the AlOx by H2O. In a recent report of hydration effect on 

microsphere thiol-Au junctions [134], IETS was used to probe the S-Au bonding before 

and after exposure to H2O; the experiment established that most of the S-Au bonds were 

converted to S-H by H2O. In this work, due to the rapid dehydration of the 

Al/AlOx/MHA/Au junctions in vacuum, similar IETS data on hydrated junctions at low 

temperature were not able to be carried out. However, it is reasonable to assume that a 

similar weakening of the COO- bond to AlOx occurs through water adsorption and 

formation of COOH because of the similar oxidizing properties of sulfur and oxygen.  As 

a result, the hydration of the junction leads to an increase of the number of unbound 

cations in the AlOx, and consequently an increase in the barrier height.  

An important issue in the study of molecular junctions is the reproducibility of the 

results. Here, over ten Al/AlOx/MHA/Au junctions have been fabricated and investigated. 

Although the junction resistance varied from sample to sample, a BCS-like conductance 

spectrum was always observed at low temperatures and similar humidity sensitivity at 

room temperature. Simmons I-V fittings were carried out on several of these junctions, 

the resulting fitting parameters always exhibited qualitatively similar trends in the 

variations of the barrier height and width with environmental humidity.  

Finally, for junctions of such macroscopic size, there are almost certainly defects in 

the MHA SAM. The question is whether the electron transport across the junction is 

dominated by shorts through the defects, i.e., tunneling through the oxide layer only. 

There are several observations that are inconsistent with this scenario. First, the I-V 

curves for the junctions with and without MHA clearly do not scale onto each other, as 

would be expected in the case where the current is carried by shorts through the organic 

layer. Furthermore, junctions incorporating MHA show high sensitivity to ambient 
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humidity while Al/AlOx/Au junctions are absent of any such effect. Therefore, the 

electron transport in Al/AlOx/MHA/Au junctions likely incorporates significant 

contribution from tunneling through the MHA. 

3.5 Summary 

We have fabricated tunnel junctions that incorporate a superconducting electrode and 

an organic SAM layer in the barrier. The superconducting tunneling spectroscopy results 

indicated the junctions are high-quality tunnel junctions with small inelastic broadenings.  

The IETS results further verified the existence of the monolayer and confirmed the 

specific bonding of thoil-gold. Spin-polarized tunneling measurements have been 

successfully performed; however the results did not show any evidence of a non-zero 

spin polarization at the thiol-gold interface.  On the other hand, the electron transport in 

the molecular tunnel junctions with the MHA SAM was shown to be sensitively 

dependent on the presence of water vapor and the carboxylate-aluminum oxide interface 

was determined to be the location of the effect [135]. This repeatable humidity effect 

unambiguously indicates the tunneling electrons indeed passing through the molecular 

monolayer. A comparison of the results from the analysis of the I-V curves of the 

junctions with and without the MHA layer indicates that the binding of MHA to AlOx 

significantly lowers its barrier height; a similar comparison of the I-V of the junction with 

MHA under vacuum and ambient conditions indicates an increase of the tunneling barrier 

height upon hydration of the MHA/AlOx interface, which is responsible for the 

pronounced reduction in tunneling current and increase in junction resistance. We 

attribute the changes of the barrier height to the modification of the charge state in the 

AlOx by the molecular binding and the hydration. Our results demonstrate that 

environmental effects could significantly impact the electron transport even in molecular 

junctions of macroscopic dimensions and closed architecture. 
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CHAPTER 4 

SPIN-DEPENDENT ELECTRONIC STATES OF THE 

FERROMAGNETIC SEMIMETAL EuB6 

4.1 Structure and Properties of EuB6 

4.1.1 Crystal Structure of EuB6  

The hexaboride compounds are a group of materials with a remarkably simple crystal 

structure yet rich and diverse physical properties. They all have a similar simple-cubic 

(body-centered-cubic-like) crystal structure with a rare-earth or alkaline-earth metal atom 

at the center and eight B6 octahedra at the corners of a cube, as shown in Figure 4.1.  

Tight-binding band structure calculations [136] indicate the B6 octahedra can be regarded 

as anions with a charge of -2. Therefore, unlike the trivalent hexaborides (such as LaB6 

[137]), the electronic structure of divalent hexaborides (such as CaB6 [138], SmB6 [139],  

 

Figure 4.1  General crystal structure of hexaborides.  



58 

and SrB6 [140]) is expected to be more complicated and ambiguous due to the balance in 

valence. Band structure calculations [141, 142] suggest that the electronic properties of 

divalent hexaborides depend critically on details of the band structure in the vicinity of 

the X point. Figure 4.2 shows a calculated band structure for CaB6 where both the bottom 

of the conduction band and the top of the valence band are close to the Fermi level 

around the X point. Slight variations in the interatomic distances between the nearest B 

atoms may cause changes between a semimetal with a small band overlap at the Fermi 

surface and a semiconductor with a clear band gap.  

 

Figure 4.2  Calculated band structures of CaB6 within local density approximation. 
Adapted from ref. [142]. The electronic transport properties depend critically on the 
details of the band structure around the X-point at the Fermi level indicated by the red 
circle. 

Among divalent hexaborides, EuB6 has been intensively studied due to its unusual 

ferromagnetism and electronic transport, and especially, the intricate interplay between 

them. Although divalent europium ions are present in both EuB6 and europium 

chalcogenides (such as EuO and EuS) [143] which have a face-centered-cubic structure, 
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the details of the band structure and physical properties can be quite different because of 

the differences in the crystal structures.  

4.1.2 Ferromagnetism and Band Structure of EuB6 

The most important property of EuB6 is its ferromagnetism. In Figure 4.3, both the 

electronic transport and specific heat measurements indicate two consecutive phase 

transitions roughly at 15 K and 12 K [144 - 146]. These two transitions were initially 

interpreted as two different ferromagnetic orderings. However, later Raman scattering 

studies [147] and magnetic and transport measurements [148] showed that the one at 15.3 

K is essentially a charge delocalization transition via the overlap of magnetic polarons.  

 

Figure 4.3  Two consecutive transitions are observed in (a) electronic transport and (b) 
specific heat measurements. Below the two transition temperatures, EuB6 displays 
ferromagnetism. The arrows in (a) indicate the two transition temperatures, and at each of 
them the curve shows a visible feature. The inset of (a) shows the resistivities in a broad 
temperature range from room temperature to 4.2 K.  (b) is taken from ref. [146]. 

Despite much work, the band structure of EuB6 remains in debate. A semi-metallic 

structure (with an overlap of the conduction and valence bands) was widely accepted 

primarily due to the observed metallic character of the electronic transport over a broad 

temperature range (inset of Figure 4.3a). Early band structure calculations [142] with 

local density approximation (LDA) suggest that EuB6 is a semimetal with a small overlap 

of the conduction and valence bands at the X point (Figure 4.5a). The results of both de 
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Haas – van Alphen (dHvA) [149, 150] and Shubnikov – de Haas (SdH) [150] 

measurements were consistent with this picture, revealing small ellipsoidal pockets of 

electrons and holes centered at the X points. Figure 4.4 shows the schematic topology of 

the Fermi pockets obtained in ref. [149] as well as the angular dependence of two pairs of 

oscillation frequencies obtained in ref. [150]. On the other hand, angle resolved 

photoemission spectroscopy (ARPES) measurements [151] at a paramagnetic 

temperature of 20-30 K suggest a semiconductor band structure with an X-point gap >1 

eV. Previous low field Hall effect (HE) and magnetoresistance (MR) measurements [152, 

153] imply a semiconductor to semimetal transition accompanied by the ferromagnetic 

ordering. Recent room temperature optical conductivity spectroscopy measurements over 

wide spectral range [154], however, appear to contradict these conclusions and support 

the semi-metallic picture even in the paramagnetic state.   

 

Figure 4.4  (a) Schematic diagram of the ellipsoidal Fermi pockets for EuB6 (After 
Goodrich et al. [149]);  (b) Angular dependence of the quantum oscillation frequencies 
(After Aronson et al. [150]). The four frequencies can be regarded as two pairs with each 
pair corresponding to an ellipsoidal Fermi pocket.  

Furthermore, the spin occupation of the bands in the ferromagnetic state remains 

controversial even within the semi-metallic picture. Recent calculations with the Kondo-

lattice model (LDA + U) [155, 156] predict that EuB6 is a half-metallic semimetal 



61 

(Figure 4.5b): the effective exchange interaction in the ferromagnetic state causes a 

spontaneous Zeeman splitting for both the conduction and valence bands, resulting in an 

energy gap for the spin-down states and an enhanced overlap for the spin-up states. In 

this case, the spin polarization (P) of the charge carriers is expected to be 100%. In 

contrast, earlier LDA calculations [142] predict significant band splitting for the 

conduction band only, in which case the spin-up and spin-down states are equally 

populated in the valence band while in the conduction band only the spin-up states are 

occupied (Figure 4.5a). With complete electron-hole symmetry, this would result in an 

overall P of 50%. Of course any differences in the electron and hole densities and the 

electron and hole pocket sizes can cause deviations from this value.  

 

Figure 4.5  Schematic diagrams of predicted band structures for EuB6. (a) The 
conduction band is fully spin polarized while the valence band is almost identically 
occupied by both spins (ref. [142]); (b) both the conduction band and the valence band 
are spin polarized, leading to a half metallic band structure (ref. [156]). Solid curves 
correspond to valence bands while dash curves represent conduction bands. Spin 
orientations of the bands are indicated by colors, with red for spin-up state while blue for 
spin-down state.   

In this work, in order to achieve a full understanding of the spin dependent band 

structure of EuB6, we used Andreev reflection spectroscopy technique to directly probe 

the spin polarization of the material. Our results demonstrate that the ferromagnetic EuB6 

is not half-metallic. Combined with the Hall effect and magnetoresistivity data, the 
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results support a semi-metallic band structure with a fully spin-polarized hole band and 

unpolarized electron band. 

4.2 Sample Preparation 

EuB6/Pb planar junctions, as depicted schematically in Figure 4.6, were prepared and 

P values were derived from AR spectroscopy measurements. Single crystals of EuB6 

were grown from an aluminum flux as described in an earlier paper [157]. The junctions 

were made on platelet-shaped specimens with a thickness of about 0.3 mm and varied 

dimensions from ~1×1 mm2 to ~2×4 mm2.  Laue X-ray diffraction indicates that the 

platelet surface and the edges are along a <001> or equivalent axis of a cubic structure. 

To fabricate a junction, an EuB6 single crystal was pre-cleaned in NaOH solution 

followed by rinsing with de-ionized water to remove any flux residue. After it was dried 

with nitrogen gas, the crystal was soldered onto an indium stripe on a microscope cover 

slide with the bottom surface of the crystal completely covered by indium. To define the 

contact region between EuB6 and Pb, a 50 nm-thick layer of SiO2 was sputter-deposited 

on the top surface of the single crystal through a shadow mask, leaving a gap of a width 

of 0.1 mm. A 0.1 mm-wide Pb stripe with a thickness of about 500 nm was then 

thermally evaporated across the gap.  For some small crystals, stycast 1266 epoxy was 

used to extend beyond the size of the crystal as shown in Figure 4.6b. 

 

Figure 4.6   Schematic view of the junction structure. (a) General structure of a EuB6/Pb 
junction; (b) Stycast 1266 is used to deal with small single crystals. 
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4.3 Andreev Reflection Spectroscopy Results 

The zero-bias junction resistance versus temperature (RJ versus T) and the 

conductance spectra (dI/dV versus V) were measured in a 3He cryostat by using phase-

sensitive lock-in detection with a standard four-terminal technique.  The normal state 

junction resistances of the samples varied from several Ohms to about 100 Ω. Based on 

the device structure, the measured junction resistance could potentially have three 

contributions from the EuB6/In interface, the EuB6/Pb interface and the EuB6 single 

crystal, respectively. The residual resistivity of EuB6 in the ferromagnetic state is very 

small, as shown in Figure 4.3a. Specifically, for the EuB6 specimens used, the 

contribution from the single crystal is calculated to be less than 0.2 Ω. On the other hand, 

the contact area between EuB6 and In is at least 100 times larger than that between EuB6 

and Pb suggesting a small resistance at the EuB6/In interface respect to that at the 

EuB6/Pb interface. More directly, the RJ versus T curves (one is shown in Figure 4.7), 

which always clearly reflected the superconducting transition of Pb at ~7 K, did not 

exhibit any features corresponding to the In transition (TC = 3.4 K). Therefore, the 

contribution of EuB6/In interface to RJ is negligible and RJ is dominated by the EuB6/Pb 

junction. 

 

Figure 4.7  Zero bias junction resistance as a function of temperature for a EuB6/Pb 
junction.  
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The measurement of P of a ferromagnet from AR spectroscopy of a 

ferromagnet/superconductor (FM/S) contact is based on the suppression of AR due to the 

spin imbalance in the ferromagnet [87]. As described in Chapter 2,  the analysis of the 

conductance spectrum is done with a modified version of the BTK theory [88], which 

computes the junction conductance with a two-current (spin polarized and unpolarized) 

model and results in not only the spin polarization, P, in the ferromagnet but also the 

dimensionless parameter, Z, as the barrier strength. This spin-polarized BTK analysis has 

been successfully utilized to obtain P of a variety of ferromagnetic materials including 

half-metals and magnetic semiconductors [12, 17 – 22, 91, 97].  

 

Figure 4.8.  Normalized conductance spectra at 1.4 K a) and 0.35 K b) for the EuB6/Pb 
junction, solid lines are modified BTK fits. 
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Figure 4.8 shows the normalized conductance spectra of the EuB6/Pb junction at two 

different temperatures. The normalization of each curve was based on a corresponding 

sweep at a magnetic field slightly higher than the critical field of the Pb film. Figure 4.8a 

shows the normalized conductance spectrum measured at 1.4 K and the best fit to the spin 

polarized BTK model. The actual measurement temperature (1.4 K) and an expected 

energy gap (∆) value of 1.32 meV were used in the fitting. The best fit yields Z = 0.52 

and P = 47%. The Z value corresponds to a moderate barrier strength and indicates that 

AR contributes significantly to the transport across the junction.  Figure 4.8b shows the 

conductance spectrum of the same sample at 0.35 K. Without changing any parameters 

used in fitting the spectrum at 1.4 K, a spin-polarized BTK conductance curve was 

generated with T = 0.35 K. The theoretical curve matches the experimental data very well 

(Figure 4.8b). The consistency in the obtained P and Z values is not surprising since both 

parameters are expected to be temperature independent in this range. Finally, theoretical 

values of the normalized zero-bias conductance at different temperatures for the sample 

were calculated from the spin polarized BTK model with Z = 0.52 and P = 47%. Figure 

4.9 shows both the experimental results and the calculated curve. Obviously, there is 

good agreement between the calculated values (solid line) and the experimental data 

(circles) over the entire temperature range.  

Similar measurements and analyses were performed on six other EuB6/Pb junctions. 

Table 4.1 lists the detailed values of the fitting parameters for these junctions together 

with the observed superconducting transition temperature of the Pb film. The obtained P 

values cluster around 56% with a spread of approximately ±9%. From all measured 

junctions, there is not any indication of the decline of P with increasing Z, as widely seen 

Table 4.1.  Fitting parameter values obtained in the modified BTK fits to the conductance 
spectra of seven EuB6/Pb junctions.  All measurements were carried out at T ~ 1.5 K, 
with the exception of sample No. 7 which was measured at 4.35 K. The corresponding 
transition temperatures of the Pb electrodes were deduced from the RJ versus T curves.  

No. 1 2 3 4 5 6 7* 
P 47% 57% 56% 58% 54% 65% 64% 
Z 0.52 0.29 1.05 0.47 0.56 0.51 0.95 

∆ (meV) 1.32 1.25 1.23 1.30 1.26 1.14 1.20 
TC (K) 7.0 7.2 6.9 7.0 6.9 6.7 7.0 
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Figure 4.9  Temperature dependence of the normalized zero bias conductance of a 
EuB6/Pb junction (circles) and a theoretical curve based on the spin-polarized BTK 
theory (solid line). The values of Z and P used in calculations were obtained in the 
conductance fittings shown in Figure 4.8. 

in point contact experiments [94, 95].  Moreover, the energy gaps of the Pb electrodes 

show small variations from junction to junction but correlate well with the TC inferred for 

the films. More importantly, the quality of the fittings is very sensitive to the values of P 

and Z but much less sensitive to the energy gap.  Small changes in either P or Z would 

affect the zero bias conductance significantly. An example (sample No. 4 in Table 4.1) is 

shown in Figure 4.10, where a variation of 2% in P value leads to visible deviation from 

the experimental data. Therefore, the fittings yield P with a certainty better than 2%.  

Another important aspect is that as typified by the length scales in the superconducting 

proximity effect, ARS probes a depth of the pair coherence length into the other electrode 

(102 – 103 Å). Therefore ARS is much more reflective of the bulk properties than other 

techniques such as angle resolved photoemission spectroscopy (ARPES) and tunneling 

spectroscopy. 
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Figure 4.10  Conductance spectrum of an EuB6/Pb junction (black circles) and three 
modified BTK fits with a fixed gap ∆ and a constant barrier strength Z but varied P 
values (56%, 58%, and 60% respectively). The results demonstrate that P is determined 
with a certainty better than 2%. 

4.4 Spin Dependent Band Structure 

The obtained P values of EuB6 are in clear contradiction with the half-metallic picture 

as a possible outcome of the LDA + U calculations [155, 156].  With a two-pocket Fermi 

surface [149, 150], P near 50% is consistent with the picture of one band being fully spin 

polarized while the other unpolarized. A fully polarized conduction band is the scenario 

predicted by earlier LDA calculations [142]. However, the opposite situation with a fully 

polarized valence band is also possible.  

In order to further clarify the spin-dependent band structure of EuB6, MR and HE 

measurements were simultaneously carried out on a 4.0 × 2.2 × 0.1 mm3 platelet from the 

same batch. The data are shown in Figure 4.11. The sample exhibits increasingly strong 

negative MR with decreasing temperature which peaks around the ferromagnetic 

transition, similar to the observations on many transition metal oxides [36].  A positive 

MR appears below Tc, first at high fields and becomes dominant over the entire field 

range below 5.6 K.  Figure 4.11b shows Hall resistivity (ρH) versus magnetic field for 

various temperatures. There appear to be two temperature regimes where the Hall slope  
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Figure 4.11  (a) Magnetoresistance; (b) and (c) Hall resistivity of EuB6 at different 
temperatures.   

takes on two distinct values, with a large (small) Hall slope for high (low) temperatures. 

At intermediate temperatures there is a transition from the large slope to the small slope 

with increasing applied field, and the switching field decreases with decreasing 
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temperature. Qualitatively similar features in the MR and HE were observed by Wigger 

et al. [153]. The switch in the Hall slope with decreasing temperature across TC and with 

increasing field, as well as the changes from negative to positive MR, could be associated 

with a coalescing of magnetic polarons [147] and charge delocalization [148]. More 

detailed discussion of this type of unusual Hall effect associated with charge 

delocalization will be provided in the next chapter. The inset of Figure 4.11b shows the 

Hall resistivity at low temperatures. With the exception of the appearance of quantum 

oscillations at the lowest temperatures, both the MR and HE show negligible temperature 

dependence below 5.6 K. Therefore, regardless of the high temperature variations, the 

band structure of EuB6 most likely becomes stabilized at low temperatures, with little 

temperature or field dependence. 

With the stability at low temperatures, the MR and Hall coefficient can be 

simultaneously described by a standard two-band model which has been described in 

Chapter 2 by Equations 2.6 and 2.7. To quantitatively fit the experimental data, the 

equations are rewritten as  
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It is important to further note that both )( BHρ  and )(Bρ are nearly quadratic in 

moderate fields, suggesting 0a  is small. This is not surprising because 0a  is proportional 

to ( )2
pe RR + , and as in a well compensated material ( )pe RR + should have a small 

value (zero for an ideal semi-metal). Therefore, the equations can be simplified as  
2

00 Bcb +=ρ                  (4.8) 

2/ BcbBR HHHH +== ρ                         (4.9) 

To eliminate the influence of the small kink of MR at low fields and the oscillations at 

high fields, the curves for 5.6 K were fit to Equations 4.8 and 4.9 in a magnetic field 

range from 2.0 T to 6.0 T. The results are shown in Figure 4.12. Solving the four 

equations originated from the definitions of 0b , 0c , Hb , and Hc  (i.e. Equations 4.4, 4.5, 

4.6, and 4.7), yield Re = -19.32 µΩ-cm/T, Rp = 20.48 µΩ-cm/T, ρe = 1/ σe = 33.56 µΩ-cm, 

and ρp = 1/ σp = 58.06 µΩ-cm.  The resulting curves based on these parameters and 

Equations 4.1 and 4.2 are plotted along with the experimental data in the entire field 

range in Figure 4.13. Obviously, there are excellent agreements for both curves. From the 

resulting Hall coefficients for electrons and holes, respectively, the carrier density for 

each band can then be calculated and the calculations result in ne = 3.23 × 1019 cm-3 and 

 

Figure 4.12  Quadratic fits (blue) to (a) magnetoresistance and (b) Hall resistivity at 5.6 
K and in a field range from 2 T to 6 T. 
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Figure 4.13  The quadratic fittings displayed in Figure 4.12 are extended to the whole 
experimental field range from 0 T to 7.5 T. the final fitting parameters are shown in (b). 

 

Figure 4.14  A linear fit to the Hall effect at 45 K in a low field range (-0.5 T to 0.5 T). 
The fitting results in Reff  = -24.0 µΩ-cm/T. 

np = 3.05 × 1019 cm-3. 

In the paramagnetic phase, the low field Hall coefficients, 0=BHR , varies slightly with 

temperature.  Figure 4.14 shows a linear fit to the Hall resistivity at 45 K in a field range 

from -0.5 T to 0.5 T. The fitting results in an effective Hall coefficient of -24.0 µΩ-cm/T 

corresponding to an electron-like effective carrier density of neff  = 2.6 × 1019 cm-3 near 

the zero field. With a semiconducting band structure, these carriers would all be electrons 
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and the density is very close to the above obtained electron density for the ferromagnetic 

phase. On the other hand, the holes in the ferromagnetic phase at low temperatures would 

have to come exclusively from a spin splitting of the valence band with the spin-up 

branch crossing the chemical potential. In this scenario, all missing electrons in the 

valence band would end up in the conduction band because of the unchangeable electron-

hole imbalance in both phases. However, as determined by the standard two-band model 

fits to the low temperature HE and MR data, the electron density and the hole density are 

both close to 3 × 1019 cm-3 in the ferromagnetic phase; the results, in contrast to the large 

electron-hole imbalance (2.6 × 1019 cm-3) within the semiconducting assumption for the 

paramagnetic phase, indicate the material is well compensated. Therefore, the analyses 

based on the HE and MR results suggest that EuB6 has a semi-metallic band structure 

even in the paramagnetic phase. In this picture with comparable Re and Rp, the 

dominance of electrons in the HE implies that σp/σe << 1, which suggests localization of 

the holes in the paramagnetic phase. A natural conclusion from this observation is that 

the holes form inhomogeneous electronic patches via exchange interaction with the Eu2+. 

At low temperatures and/or high fields the alignment of the Eu2+ moments leads to 

overlap of these highly conducting patches, delocalization of the holes, and consequently, 

a large effective Zeeman splitting of the valence band.  This conclusion is supported 

 

Figure 4.15  Band structures of EuB6 deduced from our experimental results, in (a) 
paramagnetic phase and (b) ferromagnetic phase. The diagrams are based on the results 
of spin polarization measurements and further analyses of the HE and MR as described in 
the text.  
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by the results of Goodrich et al. [149] who identified the hole-pocket as spin-polarized 

based on their analysis of the amplitude of the quantum oscillations. Further, a substantial 

splitting of the valence band was recently observed directly through ARPES [158].  

Taken together, the measured spin polarization and the analyses of HE and MR 

strongly suggest semi-metallic band structures for EuB6 in both paramagnetic and 

ferromagnetic phases; in the ferromagnetic state a large spontaneous Zeeman splitting of 

the valence band leads to fully spin-polarized holes and unpolarized electrons. Figure 

4.15 schematically depicts the proposed spin dependent band structures of EuB6 around 

the X point at the Fermi level for both the paramagnetic phase and the ferromagnetic 

phase. 

4.5 Spin Polarization and Band Structure 

The spin dependent band structure of the ferromagnetic phase (Figure 4.15b) provides 

a physical model from which quantitative calculation of the spin polarization is possible 

based on the experimentally determined ellipsoidal Fermi pockets of electrons and holes. 

As pointed out by Mazin [102], P measured by AR spectroscopy not only has to do with 

the DOS at the Fermi level but also depends on the size and shape of the Fermi surface. 

In particular, for an Andreev junction in the diffusive limit (as in our case), the measured 

P corresponds to a value with spin densities weighted by 2
)(↓↑Fv  as described earlier in 

Equation 2.29. Starting from the Fermi surface of EuB6 mapped out by quantum 

oscillation measurements [149, 150], 2NvP  has been calculated and compared with the 

measured values here. 

Although there were slight inconsistencies between different experiments, various 

dHvA [149, 150] and SdH [150] measurements have identified an electron and a hole 

ellipsoid pocket centered at the X point, each with a pair of frequencies corresponding to 

the minimum and maximum extremal areas of the ellipsoids. From the angular 

dependence of the frequencies, Aronson et al. [150] were able to determine the volumes 

of the electron and hole pockets, and consequently, electron and hole densities of 1.20 × 

1020 cm-3 and 2.03 × 1020 cm-3 respectively. The densities were calculated without 

considering any spin polarization. Goodrich et al. [149] clearly demonstrated that the 
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hole pocket is spin polarized. Assuming that the larger pocket is populated by spin-up 

holes only and the smaller pocket is equally occupied by spin-up and spin-down electrons 

based on the band structure deduced earlier, the results of Ref. [150] then yield hole and 

electron densities of 1.01 × 1020 cm-3 and 1.20 × 1020 cm-3 respectively, much closer to 

full compensation. With this quantitative picture, 2Nv
P  is then calculated by integrating 

over the entire Fermi surface (details in Appendix B) and obtain 2Nv
P  = 49.8% (compared 

to NP  = 41.1% and NvP = 45.3%). On the other hand, two-band model fits to the low 

temperature HE and MR data yielded carrier densities of 3.23 × 1019 cm-3 and 3.05 × 1019 

cm-3 for electrons and holes respectively. With a fully polarized hole band and 

unpolarized electron band, and maintaining the shapes of the two ellipsoidal pockets of 

Aronson et al. [150], these densities result in P = 53%. 

The spread in our measured P values can be naturally understood as originating from 

slight variations in crystal quality (stoichiometry). Due to the small Fermi surface and 

intrinsic carrier densities (about 10-3 per unit cell) in EuB6, small fluctuations in sample 

stoichiometry can lead to sizable changes in electron and hole densities as well as the 

extent of the inequalities between them. Previous quantum oscillation [149, 150] and HE 

[153] measurements have revealed such variations. Variations in the degree of 

compensation change the relative sizes of the electron and hole pockets, and 

consequently the overall spin polarization, since only the holes are spin polarized. In fact, 

a small variation of the degree of compensation can result in the spread in the observed P 

values. Specifically, based on the band structure that we have deduced and the shapes of 

the measured ellipsoidal electron and hole pockets by Aronson et al. [150], the range of P 

values corresponds to hole and electron density ratio, np/ne, from 0.75 (P = 47%) to 1.28 

(P = 65%). 

4.6 Summary 

The spin polarization of EuB6 has been measured using Andreev reflection 

spectroscopy. Analyses of the conductance spectra of the EuB6/Pb junctions yield a spin 

polarization of about 56%. The results demonstrate that the ferromagnetic EuB6 is not 

half-metallic. Combined with the HE and MR data, the results indicate a semi-metallic 
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band structure with a fully spin-polarized hole band and unpolarized electron band. The 

values and the spread of the measured spin polarization are quantitatively consistent with 

the experimentally determined Fermi surface and carrier densities. Our results have 

offered important clarification of the spin-dependent band structure of this interesting 

material [159]. 
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CHAPTER 5 

UNUSUAL HALL EFFECT DUE TO CARRIER 

DELOCALIZATION 

5.1 Introduction 

The Hall effect (HE) [30] is one of the most frequently performed electrical 

measurements in condensed matter physics. For a material with a single Fermi pocket 

(single band), the Hall resistivity as a function of the magnetic induction is a straight line 

whose slope yields the type and density of the charge carriers. The carrier density also 

corresponds to the volume of the Fermi pocket and hence is largely temperature 

independent. However, the linear field dependence of the Hall resistivity breaks down in 

materials with a more complex Fermi surface, e.g., when two or more bands cross the 

Fermi level. For materials with two Fermi pockets, both HE and magnetoresistance (MR) 

can be quantitatively described by a standard two-band model [see Section 2.2.2], in 

which the Hall resistivity can be nonlinear, even change sign, with the magnetic field [32]. 

Nonlinear HE can also originate from spin-dependent scattering, which induces a Hall 

voltage with any spin population imbalance created by an external magnetic field and/or 

ferromagnetic ordering. This is known as the anomalous Hall effect (AHE) [30]. The Hall 

resistivity of AHE follows 

MRBR SH 00 µρ +=      (5.1) 

where 0R  is the ordinary Hall coefficient, B magnetic induction, M magnetization, 

and SR  is the AHE coefficient. It is evident that the Hall resistivity of ferromagnetic 

materials is expected to show a change in the slope at a field where the magnetization 

saturates. A change of the Hall resistivity slope can also be observed when the mobility 

of carriers and/or the Fermi surface suddenly changes due to an external magnetic field.  
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In 1980’s, Hall resistivity slope changes were observed on some semiconductor materials, 

such as InSb [160] and HgCdTe [160, 161]. The observations were attributed to the 

formation of Wigner crystal [161] or magnetic field induced charge localization [160]. 

Recently, Hall resistivity slope changes were observed on the heavy fermion material 

YbRh2Si2 by Paschen et al. [162]. Each Hall resistivity curve of the material takes two 

different slopes at low fields and high fields respectively, and the switching of the slope 

can be identified as near a crossover field. An important feature of the observed unusual 

Hall effect was noted: the crossover field depends linearly on temperature. In ref. [162], 

the authors suggest the switch in Hall resistivity slope corresponds to a sudden change of 

the volume of the Fermi surface and essentially relates to the development of quantum 

criticality.  In this chapter, we describe a similar HE observed in the paramagnetic phase 

of EuB6.  We demonstrate that the linear temperature dependence of the crossover field 

can be extrapolated to the Curie temperature θ at zero field. Moreover, we show that for 

different temperatures the switching occurs at a universal critical magnetization. These 

observations strongly suggest that the unusual Hall effect is intimately related to the 

magnetic state of the material. We interpret the critical magnetization as a point that 

separates the system into two phases: below the critical magnetization, some carriers are 

localized due to electronic inhomogeneity while above the critical magnetization, the 

carriers become delocalized due to the percolation of the more conducting and 

magnetically ordered phase. A two-component model based on this view of carrier 

delocalization is developed and found to provide an excellent quantitative fit to the 

experimental data. In this work, our primary discussion is focused on EuB6. We then 

extend the analysis to the observed Hall effect on YbRh2Si2. Moreover, we demonstrate 

that the HE and magnetization data obtained in mixed valence manganites [163 - 167] are 

also qualitatively consistent with the picture of carrier delocalization.  The applicability 

of the model to such diverse classes of materials indicates that this may be a common 

form of HE for materials with a percolative magnetic phase transition. 
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5.2 Unusual Hall Effect of EuB6 in the Paramagnetic Phase 

5.2.1 Colossal Magnetoresistance and Unusual Hall Effect of EuB6  

As described in the previous chapter, both HE and MR of EuB6 have been measured 

(Figure 4.11). The sample displays a pronounced negative MR in a broad temperature 

range around the ferromagnetic transition. This negative MR effect, loosely correlated 

with ferromagnetic ordering, is qualitatively similar to the so-called colossal 

magnetoresistance (CMR), a term initially coined for the MR in manganites [38] 

although similar and often much larger effects (initially called “giant negative 

magnetoresistance” ref. [43]) had been observed in several magnetic semiconductors [45, 

46]. The magnetization of EuB6, as another important response to an applied magnetic 

field, has also been measured at various temperatures and the results are plotted in Figure 

5.1. 

 

Figure 5.1  Magnetization of EuB6 as functions of applied magnetic field at various 
temperatures.  

A previous study [148] suggests that the overall MR of EuB6 can be separated into two 

parts, 

)()()( BBB metmagtot ρρρ +=       (5.2) 
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Figure 5.2  Magnetoresistance of EuB6 (red) at 20 K. The applied magnetic field is 
perpendicular to the current direction. The MR can be separated into two parts: the green 
curve follows 2B dependence while the blue curve is related to the colossal 
magnetoresistance. The black line indicates the residue resistivity which includes both 

0metρ  and 0magρ . 

where the first term corresponds to the CMR and the second term is the typical MR of a 

metallic material which follows the Kohler’s rule (Equation 2.2), 
2

0)( aBB metmet += ρρ        (5.3) 

where a  is a constant while 0metρ  is the residue resistivity of the normal MR part. In 

Figure 5.2, the model was used to describe the MR of a EuB6 sample at 20 K: the red 

curve is the experimental data, the blue curve represents the field dependent part of the 

CMR term; the green curve represents the second term of the normal MR in Equation 5.2; 

the black curve represents the residue resistivity 

000 magmet ρρρ +=      (5.4) 

where 0magρ is the field independent part of the CMR term.  It is clear that the change of 

magρ  is the dominant part in the total MR at low fields and when magρ  saturates at high 

fields, the change of metρ , which is proportional to 2B , takes over as the main source of 

MR. According to Majumdar and Littlewood [48], the CMR is proportional to 2M  at low 

fields (Equation 2.10). As shown in Figure 5.3, the CMR follows a linear dependence of  
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Figure 5.3  Colossal magnetoresistance as a function of ( )2/ SMM  at 20 K.  The data 
(blue dots) deviate from the linear dependence (red line) when a magnetization of CM  is 
reached.  

2M  quite well at low fields; however, it deviates from the line at a magnetization, CM . 

Although the deviation can be attributed to a failure of the low field approximation of 

Equation 2.10, a change in the effective carrier density, which leads to a variation of the 

constant C in Equation 2.10, could also result in such a divergence. Most interestingly, 

the divergent magnetizations, CM , at different temperatures are consistently about 10% 

of the saturation magnetization, SM .   

Figure 5.4 shows the Hall resistivity curves at selected temperatures in the 

paramagnetic phase. All the curves appear to have two distinct slopes: a larger slope for 

low fields and a smaller slope for high fields. Figure 5.5 shows the high-field (blue 

squares) and low-field (red circles) slopes for different temperatures. Clearly, in the 

ferromagnetic state the Hall resistivity slope takes on the small value over the entire field 

range, while above TC there are two distinct values for the slopes at high and low fields 

respectively: the high-field slopes are consistent with the Hall coefficients in the 

ferromagnetic phase as indicated by the blue line.  

This nonlinear behavior in the Hall resistivity is not related to AHE. The AHE 

coefficient for EuB6, similar to that of the magnetic semiconductors EuS [168] and EuO  
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Figure 5.4  Hall resistivities for several selected temperatures in the paramagnetic phase.  
The Hall resistivity curves show two distinct slopes with a higher slope (red dash line) for 
low fields while a lower slope (blue dash line) for high fields. 

 

Figure 5.5   Initial Hall resistivity slopes (red dots) and high field Hall resistivity slopes 
(blue squares) for different temperatures. The high field Hall resistivity slope at a 
paramagnetic temperature is consistent with the Hall resistivity slope at the ferromagnetic 
phase indicated by the blue line.  

 [169], is quite small because of the weak spin-orbit interaction in the materials. This is 

evidenced directly from the lack of any correlation between the nonlinear Hall resistivity 
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and the magnetization, especially the absence of any abrupt change in the slope of the 

Hall resistivity at the saturation field of the magnetization. Furthermore, from Equation 

2.8, the initial Hall coefficient in the paramagnetic phase can be written as [162] 

χρ n
BH CRR +== 00           (5.5) 

where C is a constant.  Figure 5.6 shows the initial Hall coefficients in the paramagnetic 

phase as functions of ρχ and χρ 2  respectively. The initial Hall coefficients were 

measured from 20 K to 60 K at 0.2 T.  Although it is difficult to judge which plot shows a 

better linear dependence, both linear fits in Figure 5.6 produce intercepts on the vertical 

axis at ~-24 µΩ-cm/T, which corresponds to the normal Hall coefficient 0R . In both cases, 

the slopes obtained in the linear fit are very small, which indicate that the AHE is very 

weak, particularly when compared to the normal HE. The results strongly suggest that the 

pronounced change in the slope of the Hall resistivity in the paramagnetic state cannot be 

attributed to a saturation of the AHE; instead, the slope change originates from a change 

of the normal Hall coefficient 0R , that is, a change in the effective carrier density or the 

band structure with increasing magnetic field. 

 

Figure 5.6  Initial Hall coefficients 0=BHR  as functions of (a) ρχ  (skew scattering) and 

(b) χρ 2  (side-jump).  Color lines are the best linear fits to the two plots respectively. 
Although it is not clear which plot has better linearity, the extrapolated Hall coefficients 
are both around -24 µΩ-cm/T. 
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In Chapter 4, we have deduced the band structures of EuB6 in both the paramagnetic 

phase and the ferromagnetic phase, which are schematically depicted in Figure 4.15. 

Briefly, EuB6 has a semi-metallic band in both the paramagnetic and ferromagnetic 

phases. In the paramagnetic state, the holes are localized due to the intrinsic 

electronic/magnetic inhomogeneities. With ferromagnetic order, the valence band splits 

and the holes are delocalized. Here, we demonstrate that such a delocalization of holes 

can also be induced by applying an external magnetic field, leading to the observed 

unusual Hall effect.  

5.2.2 Transition Field of Hall Resistivity  

To investigate the unusual Hall effect, linear fits to the Hall resistivity at low and high 

fields are performed for each paramagnetic temperature. Extrapolations of the two linear 

fits then result in a crossover field CB  for each temperature. An example is shown in 

Figure 5.7 for 50 K.  Figure 5.8a shows the temperature dependence of the crossover field; 

it is evident that CB  depends linearly on temperature. Remarkably, the data extrapolate  

 

Figure 5.7  Definition of the crossover field CB for T = 50 K. the blue curve is the 
experimental data; the green line is a linear fit to the low field (H ≤  1 T) Hall resistivity 
and the red line is a linear fit to the high field (5 T ≤  H ≤  6T ) data. The crossover field 
is defined as the field where the red line intersects the green line. 
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Figure 5.8  (a) Temperature dependence of the switching field of the Hall resistivity 
slope. Definition of the switching field is described in the text. Red line is a linear fit to 
the data and the line extrapolates to a temperature of 15.6 K at zero field; (b) 
Temperature dependence of the inverse of magnetic susceptibility, which indicates a 
Curie temperature of 15.53 K. 

to a temperature of 15.6 K, which coincides precisely with the Curie temperatureθ  

obtained from the magnetic susceptibility measurements as shown in Figure 5.8b. The 

results suggest a constant value for ( )θ−TBC / . Moreover, since ( )θ−TB /  is 

proportional to magnetization M for the paramagnetic phase (Curie-Weiss law), the 

results point to an important conclusion: the observed switch in Hall resistivity slope 

happens at a universal critical magnetization at all temperatures.  

5.2.3 Scaling 

To quantify the role of magnetization, the Hall resistivities measured at paramagnetic 

temperatures are plotted as functions of ( )θ−TB / , an equivalent scale of magnetization 

for the paramagnetic phase. In order to retain the same slope of the Hall resistivity, the 

Hall resistivities are rescaled by a factor of ( )θ−T/1 . Remarkably, the rescaled curves 

from a broad temperature range all collapse onto a single curve, as shown in Figure 5.9.  

The results of the successful scaling strongly suggest that the observed unusual HE is 

directly correlated with the magnetization rather than the magnetic field or the 

temperature.  In fact, rescaling of the plasma frequency edge to magnetization has been  
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Figure 5.9  Hall resistivities are scaled as functions of ( )θ−TB /  for various 
temperatures. To retain the meaning of the slope of the Hall resistivity, the vertical scale 
is also divided by θ−T . 

suggested in magneto-optical measurements [170] where the frequency edge was 

interpreted as reflecting the Drude weight by assuming a constant carrier density. 

5.3 Two-Component Model and Critical Magnetization 

The success in the scaling of the Hall resistivities as a function of the magnetization 

suggests that the observed unusual HE can be described by only three parameters: the 

zero-field Hall resistivity slope, high field Hall resistivity slope, and magnetization. We 

propose a two-component model to quantitatively fit the nonlinear HE,  

[ ]),(1),(),(~
10 TBfRTBfRTBR −+=                                (5.6) 

where ),(~ TBR is the slope of the Hall resistivity at field B and temperature T, 0R  is the 

zero-field Hall coefficient, 1R  is the high-field Hall resistivity slope, ),( TBf is a weight 

function representing the dominance of localization. The weight function is an explicit 

function of the magnetization, 

( )[ ]{ } 1exp1),( −−+= CCTBf µµ                                        (5.7) 
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where HNM χµ ∝= /  is the average magnetization of per Eu site, and in the 

paramagnetic phase, it is proportional to ( )θ−TB / , Cµ  is the critical magnetic moment 

per Eu site which separates the curve into two regions with different slopes, C is a 

constant which quantifies the sharpness of the transition. Figure 5.10a shows the best fit 

to the data with BC µµ 58.0=  and BC µ/35.6= . Figure 5.10b shows the resulting weight 

function. The results suggest that the transition in the Hall resistivity slope occurs when 

the average magnetic moment reaches about 8% of the saturation moment ( Bµ7 ) for 

each Eu2+ site. Most interestingly, this critical magnetization is also consistent with the 

divergent magnetization from the 2M fit to the CMR shown in Figure 5.3. 

 

Figure 5.10  (a) Two-component model fit (black curve) to the scaled Hall resistivity in 
EuB6; (b) the weight function used in the fitting as defined as Equation 5.7. 

In this model, the weight function is dependent solely on the magnetization, thus it 

should also apply to the ferromagnetic phase. However, in the ferromagnetic phase, a 

magnetic field of ~100 G is sufficient to induce such a small critical magnetization; in 

addition, the magnetization at low field also depends on the history of the external field 

applied, thus within the resolution of the measurement, it is very difficult to precisely 

identify the switching fields in the Hall resistivity at low temperatures. 
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5.4 Carrier Localization and Electronic Inhomogeneities  

We now discuss the physical picture behind the two-component model. To 

qualitatively explain the existence of the critical magnetization, we begin with the view 

of intrinsic electronic/magnetic (non-chemical) inhomogeneities which have been 

evidenced by both theoretical [40, 41] and experimental [42] studies on systems that 

display CMR.  There are several possible reasons, including impurities, distortions, and 

exchange interactions (between charge carrier and local moments), that may cause such 

inhomogeneities in a magnetic system.  Particularly, a picture of magnetic polarons has 

been successfully developed to explain the observed giant negative MR in ferromagnetic 

Eu1-xGdxSe [43], and later applied to other magnetic systems [171]. However, the 

traditional concept of forming magnetic polarons cannot be straightforwardly used to 

explain the transport properties (including the CMR and the UHE) of EuB6 since the 

system has negligible impurities which act as the localization centers in the magnetic 

polaron theory [172].  The observed CMR and UHE in EuB6 should be related to a 

picture of electronic/magnetic inhomogeneous patches in the system due to the exchange 

interactions between holes and local moments.  At zero field, the electronic/magnetic 

inhomogeneities restrict the mobility of the strongly coupled holes, thus the holes are 

localized. However, with an applied magnetic field, local moments begin to be aligned 

which increases the size of the patches in a phase with higher magnetic ordering and 

electronic conductivity. Eventually, these more conducting patches overlap with each 

other, leading to delocalization of the holes. Importantly, we note such 

electronic/magnetic inhomogeneities are directly related to the coupling with local 

moments; on the other hand, magnetization is a macroscopic response of local moments 

to not only temperature but also magnetic field. Therefore, it is quite reasonable that the 

delocalization occurs at a universal critical magnetization where coalescing of patches in 

a phase with higher conductivity and degree of magnetic ordering occurs.   

Another consequence of the strong exchange interaction between the charge carriers 

and the local Eu2+ moments is a spontaneous band splitting. In Chapter 4, combining the 

analyses of the spin polarization and transport measurements, we conclude that during the 

ferromagnetic ordering, the valence band undergoes a band splitting and holes are 
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delocalized [159]. The unusual Hall effect implies that such delocalization of the holes 

can also be induced in the paramagnetic phase when a certain value of magnetization is 

reached by applying a sufficiently large magnetic field. 

From the delocalization picture, the constants of 0R  and 1R in Equation 5.6 have 

unambiguous physical meanings: with a negligible AHE term, 0R  corresponds to the 

localized phase and as an effective Hall coefficient, it predominantly reflects the electron 

density; on the other hand, 1R corresponds to the delocalized phase and reflects the 

competition of electrons and holes. Therefore, 1R is consistent with the Hall resistivity 

slope in the ferromagnetic phase, to which the two-band model has been successfully 

applied [159]. 

5.5 Connection with Other Experimental Results on EuB6 

Based on the above picture that the carrier delocalization is characterized by a critical 

magnetic magnetization far below the saturation value, the two consecutive transitions of 

EuB6 can be interpreted as follows: The higher temperature transition is a percolative 

transition from overlapping of the patches in a phase with higher electronic conductivity 

and magnetic ordering; at this temperature, the holes begin to be delocalized while the 

material is still paramagnetic. Global spontaneous alignment of local moments 

(ferromagnetic ordering) occurs at the lower transition temperature.  

This picture is consistent with earlier suggestion by Süllow et al. [148] where they 

argued that the higher transition temperature at 15.3 K is essentially a charge 

delocalization temperature. Figure 5.11 shows the temperature dependence of resistivity 

at different magnetic fields along with the calculated transition temperature (blue circles) 

for each field based on the critical magnetization obtained from the two-component 

model fit. The experimental curves are qualitatively consistent with that in refs. [148, 

146].  The calculated temperatures are clearly consistent with the charge delocalization 

point for each field; in addition, due to the broadening of the transition, the delocalization 

feature vanishes at high fields. In contrast, the ferromagnetic ordering temperature of the 

local moments shows negligible change with field. Furthermore, the picture of carrier  
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Figure 5.11  Resistivity of EuB6 versus temperature at different magnetic fields. The 
applied field is perpendicular to the current direction. A blue circle on each curve 
indicates the calculated delocalization temperature based on the critical magnetization 
obtained from the two-component model fit to the Hall resistivity. 

 

Figure 5.12  Specific heat versus temperature at zero field. The inset shows specific heat 
curves at various magnetic fields. After Urbano et al. [146]. 

delocalization can also be applied to explain some results in specific heat [145, 146, 148], 

magneto-optical [170] and quantum oscillation measurements.   

At zero field, the specific heat curve (Figure 5.12) shows a small kink at ~15 K and a 

much more pronounced feature at ~12 K. Since the carrier density is less than 10-3 of the 
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density of local moments, it is understandable that the feature corresponding to 

spontaneous alignment of local moments is much stronger than that corresponding to 

carrier delocalization. With an applied magnetic field, the delocalization feature is pushed 

to higher temperatures and gradually diminishes. Previous magneto-optical 

measurements (Figure 5.13) [170] demonstrate that the spectrum at a paramagnetic 

temperature in a high magnetic field is similar to the low temperature spectrum which is 

almost field-independent. The results can also be understood in terms of the prevalence of 

the charge delocalization, at a paramagnetic temperature by applying a magnetic field: 

the mobility of holes increases, leading to a blue shift of the plasma frequency edge; at 

large magnetic field, the mobility of the holes saturates hence the plasma frequency edge 

is stabilized.  Moreover, dHvA and SdH measurements [149, 150] on EuB6 imply that 

there is no significant change on the Fermi pockets from 0.4 K to 25 K because of the 

negligible temperature dependence of the oscillation frequencies, as shown in Figure 5.14. 

However, since the oscillation frequencies were resolved from data obtained at very high 

magnetic fields, it is reasonable to obtain nearly temperature independent Fermi pockets 

due to the saturation of the band structure.   

 

Figure 5.13  Magneto-optical reflectivity versus frequency for different fields at (a) a 
paramagnetic temperature (T  =  20 K) and (b) a ferromagnetic temperature (T = 1.6 K). 
After Broderick et al. [170]. 
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Figure 5.14  Temperature dependence of the quantum oscillation frequencies obtained in 
ref. [150]. The dash lines indicate the two transition temperatures. 

 

Figure 5.15  (a) Temperature dependence of the derivative of the resistivity vs 
temperature for applied pressures of A = 1 bar, B = 13 kbar, C = 42 kbar, and D = 67 
kbar for EuB6; (b) Pressure dependences of the upper transition temperature (squares) and 
lower transition temperature (circles) resolved from the resistivity measurements. Solid 
line represents the transitions taken from high-pressure magnetization measurements. 
After Cooley et al. [171]. 
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The pressure-temperature phase diagram (Figure 5.15) in ref. [173] indicates that both 

transition temperatures initially increase with increasing pressure, and then saturate at 

high pressures. The increase of the lower transition temperature is straightforward to 

understand: in EuB6, the coupling strength between local moments increases with 

pressure due to the squeezing of the lattice, leading to an increase of the ordering 

temperature of the local moments; the increase slows down when the lattice constant 

saturates at high pressures.  In order to understand the increase of the higher transition 

temperature, we again invoke the view of carrier delocalization. In this picture, carriers 

delocalization occurs at a critical magnetization. With an applied pressure, the increase in 

the coupling strength should make it easier to achieve such a critical magnetization, 

leading to an increase in the delocalization transition temperature. Of course, this increase 

is expected to saturate with increasing pressure in a similar way as the saturation of the 

lower ordering temperature.  

5.6 Connection with Other Magnetic Systems  

The model proposed here for the unusual HE has only two necessary ingredients: 

strong exchange coupling between charge carriers and local magnetic moments and 

localized carriers at zero magnetic field. In fact, these two characters are quite common in 

transition metal and rare-earth metal systems. Therefore, the magnetic field induced 

carrier delocalization should be a common phenomenon in these compounds and should 

be reflected in their transport properties, including their MR and HE. Thus the unusual 

nonlinear HE due to carrier delocalization is expected in other magnetic systems.  

Recently, a nonlinear Hall resistivity with a distinct slope change has been reported in 

an antiferromagnetic heavy Fermion material YbRh2Si2 by Paschen et al. [162]. As 

shown in Figure 5.16a, each Hall resistivity curve of the material at different 

temperatures takes two different slopes at low fields and high fields respectively, and the 

switching of the slope can be identified as near a crossover field. Moreover, the authors 

pointed out an important feature of the observed HE: the crossover field depends linearly 

on temperature as shown in Figure 5.16b.  More interestingly, we note that the 

extrapolation of the linear temperature dependence of the crossover field results in the 

Curie-Weiss temperature, K32.0− , at zero field [174]. These features of the HE in  



93 

 

Figure 5.16  (a) Hall effect of YbRh2Si2. Dots are Hall resistivities at different 
temperatures. The slope of each Hall resistivity curve changes in magnetic field. Thin 
lines are the best fits obtained in ref. [162]; (b) Temperature-field phase diagram of 
YbRh2Si2. The red dash line is a linear fit to the crossover field (red and green dots) 
obtained in Hall effect fittings. After Paschen et al. [162]. 

YbRh2Si2 bear remarkable similarities to the unusual HE in EuB6.  In ref. [162], the 

authors suggest the switch in Hall resistivity slope corresponds to a discontinuous change 

of the volume of the Fermi surface and essentially relates to the development of quantum 

criticality.  

The similarity of the observed HE in the two different systems suggests the two-

component model could be applicable to the unusual HE of the antiferromagnetic heavy 

Fermion metal. By utilizing the model, excellent fits to the Hall resistivity curves in ref. 

[162] have been obtained with a single weight function (Equation 5.7) for all 

temperatures. The results are shown in Figure 5.17.  

YbRh2Si2 is a well known heavy Fermion system with an antiferromagnetic ground 

state which shows a (thermal) phase transition with increasing temperature and a 

(quantum) phase transition with increasing magnetic field to a paramagnetic state. Our 

analysis implies that at finite temperatures in the paramagnetic phase, there is a transition 

at a universal critical magnetization at which there is a distinct increase in the effective 

carrier density. The magnetic fields corresponding to the critical magnetization depend 

linearly on temperature and extrapolate precisely to the critical field for the magnetic 

phase transition at 0 K. Since at 0 K an arbitrarily small magnetic field aligns all the 

magnetic moments in a paramagnet, in this picture the effective carrier density change   
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Figure 5.17  Two-component model fits to the Hall resistivities obtained in ref. [162]. 
All the fittings are based on a single weight function. 

should occur as soon as the antiferromagnetism is suppressed by the applied field. In 

other words, a sudden change in the band structure occurs right at the QCP, consistent 

with the scenario of Paschen et al. Finally, we point out that both the Curie-Weiss 

temperature [175] and the quantum critical point [176] are shifted with an applied 

pressure. Thus, HE measurements at high pressures may provide a valuable method to 

reveal more details about the interplay between the unusual HE and the magnetic 

quantum phase transition. 

As alluded to earlier, there is extensive theoretical [40, 41] and experimental evidence 

[42] for intrinsic electronic inhomogeneities in mixed valence perovskites near the 

ferromagnetic ordering temperature. Interestingly, there also exist broad similarities in 

the Hall effect of the manganites: there are ubiquitous observations of switches in the 

Hall resistivity slope unrelated to the AHE [163 - 167]. Various authors have noted a 

number of interesting observations: the Hall slope switch cannot be attributed to AHE; 

the observed HE may be related to  increasing carrier density [167] or polaron conduction 

[168]; excellent scaling of the Hall resistivities as functions of magnetization is evident 

[166]; and a near constant slope is obtained at high magnetic fields. These observations 

strongly suggest that the two-component model may be applicable to the HE in the 

manganites. Figures 5.18a and 5.18b show the magnetization and Hall effect data of  
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Figure 5.18  (a) Magnetization and (b) Hall resistivity of Nd0.7Sr0.3MnO3 at different 
temperatures. The plots are taken from ref. [163]. The blue line and the red line in plot (b) 
indicate the linear fits to the low field and the high field Hall resistivity at 240 K 
respectively; (c) the temperature dependence of the crossover field whose definition is 
described in the text.  

Nd0.7Sr0.3MnO3 (TC = 222 K) at different temperatures [163]. Similar to Figure 5.7, linear 

extrapolations of the low field and high field Hall resistivity result in a crossover field. 

An example of the determination of the crossover field for 240 K is shown in Figure 

5.18b. Although the HE data are rather noisy, a fairly good linear temperature 

dependence of the crossover field has been obtained as shown in Figure 5.18c. A linear 

temperature dependence is evident and a linear fit extrapolates close to the Curie 

temperature of the material. From the obtained linear fit (red line) in Figure 5.18c, we 

estimate the critical magnetization to be about 50 emu/cm3.  Moreover, the variation of 

the low field initial Hall resistivity slope (initial Hall coefficient) is also qualitatively 
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consistent with Equation 5.5 where a constant temperature-independent Hall coefficient 

reflects the effective carrier density while a temperature dependent term corresponds to 

the AHE.   

5.7 Summary 

As a summary of the observed  unusual HE in these magnetic systems, we create 

color-scaled plots of the weight functions (Equation 5.7) used in the fittings for both the 

ferromagnetic EuB6 and antiferromagnetic YbRh2Si2, as shown in Figure 5.19. In each 

plot, the green dashed line corresponds to the critical magnetization and the orange line 

represents the magnetic ordering of local moments. The green dots in Figure 5.18b are 

taken from ref. [162]. Obviously, the green line separates each field-temperature phase 

plane into red and blue regions corresponding to the carrier localized phase and the 

carrier delocalized phase respectively. The precise extrapolation of the green line in 

Figure 5.19b to the critical field indicates a possible relation between the unusual Hall 

effect and quantum criticality. 

 

Figure 5.19  Color-scaled plots of the weight functions in the temperature-field phase 
plane for (a) EuB6 and (b) YbRh2Si2. The orange curves correspond to ordering of the 
local magnetic moments. The green dots are taken from ref. [162]; the green lines 
represent the obtained critical magnetizations for the two materials from the two-
component model fits. 
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In conclusion, the unusual HE observed in a diverse set of magnetic systems has been 

quantitatively analyzed through a model based on carrier delocalization. The resulting 

universal critical magnetization has been demonstrated to be consistent with the colossal 

magnetoresistance of the material. The results indicate that the unusual HE, similar to 

CMR, may be an important common transport property associated with intrinsic 

electronic inhomogeneities and percolative magnetic phase transitions in the materials.    
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CHAPTER 6 

CONCLUSIONS 

The overarching theme of this dissertation is the investigation of the spin-dependent 

electronic states of novel materials and interfaces, two essential ingredients of spintronics 

devices. Different superconducting spectroscopy techniques have been used to probe the 

spin polarization. In particular, spin polarized tunneling was utilized to determine 

whether spin polarization exists at thiol-gold interface; and Andreev reflection 

spectroscopy, combined with electronic transport measurements, was used to resolve the 

long-standing controversy of the spin dependent band structure of the ferromagnetic 

semimetal EuB6. In the experiments, some fundamental electronic transport properties of 

molecular hybrid devices and magnetic materials have also been uncovered. Specifically, 

a pronounced humidity sensitivity was discovered and systematically investigated for 

several types of macroscopic-sized molecular tunnel junctions; an unusual nonlinear Hall 

effect was observed in EuB6 which was determined to originate from a percolative charge 

delocalization transition due to the overlapping of patches in a phase with higher 

conductivity and degree of magnetic ordering. 

Tunneling junctions incorporating a thiol-gold interface and a superconducting thin Al 

layer have been fabricated and probed through spin-resolved superconducting tunneling 

spectroscopy. The Zeeman-split tunneling spectra of the junctions were found to be 

symmetric and almost identical to those of Al/Au junctions with a pure AlOx barrier. The 

results indicate that there is no measurable spin polarization at the thiol-gold interface 

although it is expected from the reported induced giant magnetic moments. The results 

also demonstrate the difficulty of applying such induced magnetism, if it exists, at the 

hybrid organic-inorganic interface in a spintronic device.  

During the course of investigating the spin polarization at the thiol-gold interface, we 

discovered that the resistance of the molecular tunnel junctions is sensitive to the 

environment. It was unambiguously determined that the observation is due to water in the 
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ambient air and the COO-/AlOx interface in the junction structure is responsible for the 

change in junction resistance. I-V characteristic analyses indicate that the adsorption of 

water molecules affects the effective height of the hybrid barrier, leading to the changes 

in junction resistance. The observations demonstrate that the environmental effects are 

important even in molecular electronic devices of macroscopic size and closed 

architecture. Therefore, the issues of environmental sensitivity, reproducibility, and 

stability must be addressed in the fundamental studies of electronic transport in molecular 

electronics and in their applications.  

Andreev junctions have been fabricated on ferromagnetic EuB6 single crystals with Pb 

as superconducting electrodes. Spin polarization values were measured and found to 

cluster around 56%. The results clearly indicate that the material is not a half metal. 

Further investigations incorporating HE and MR data as well as early quantum oscillation 

results [149, 150] suggest the band structure of EuB6 is semimetallic in both the 

paramagnetic and ferromagnetic phases. In the paramagnetic state, the holes are localized 

because of the intrinsic magnetic/electronic (non-chemical) inhomogeneities which 

originate from the exchange interaction between charge carriers and the local Eu2+ 

moments. Upon ferromagnetic ordering, the valence band experiences a large 

spontaneous Zeeman splitting and the holes become delocalized. The splitting of the 

valence band accompanied by the delocalization of the holes leads to a fully spin-

polarized valence band in the ferromagnetic phase. Within this picture, the measured spin 

polarization is quantitatively consistent with calculated spin polarizations in the diffusive 

AR limit based on the Fermi surface obtained in quantum oscillation measurements and 

carrier densities obtained in HE and MR measurements. These results provide important 

clarifications in the long-standing controversy of the spin dependent band structure of 

EuB6.   

Furthermore, the magnetic phase transitions in EuB6 are manifested in rich and 

interesting behavior of the electronic transport, including colossal magnetoresistance and 

an unusual nonlinear Hall effect. CMR is observed just above the Curie-Weiss 

temperature and is attributed to a charge delocalization during the transition. On the other 

hand, the peculiar change in the Hall resistivity slope observed in a similar temperature 

range in the paramagnetic phase has eluded a definitive explanation. We demonstrate that 
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the change in the Hall resistivity slope cannot be attributed to the anomalous Hall effect, 

which is caused by asymmetric scattering of local moments. More importantly, we 

uncovered an important feature of the unusual Hall effect, that is, the changes in the Hall 

resistivity slope occur at a universal critical magnetization. We propose a two-component 

model characterized by such a critical magnetization, which provides excellent fitting and 

scaling to the Hall effect data. We further interpret the critical magnetization as the point 

charge delocalization occurs due to the coalescing of patches in a phase with higher 

conductivity and degree of magnetic ordering. Further analyses reveal that the charge 

delocalization is manifested in a host of other experimental results for EuB6, including 

CMR, specific heat, and magneto-optical reflectivity. Also, such a change of the Hall 

resistivity slope unrelated to AHE or two-band HE has been widely observed in a 

plethora of other transition metal and rare-earth compounds. As an example, we analyzed 

the published data on a heavy fermion metal YbRh2Si2 [162] with the two-component 

model and found excellent agreement. The prevalence of the unusual Hall effect in these 

magnetic systems and the general applicability of the two-component model indicate that 

this may be a common type of nonlinear Hall effect distinct from the AHE in magnetic 

materials. In YbRh2Si2, the change in the Hall resistivity slope at 0 K coincides with the 

field-induced antiferromagnetic to paramagnetic quantum phase transition, signaling 

possible relevance of the unusual Hall effect to the quantum criticality.  
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APPENDIX A 

EXPERIMENTAL TECHNIQUES 

A.1 Conductance Spectroscopy 

Figure A.1 shows a schematic circuit diagram for measuring the conductance 

spectrum of a tunnel junction or an Andreev junction. To obtain the conductance 

spectrum, a variable DC current modulated by a small AC current was applied to the 

junction; a multimeter was then used to directly measure the DC voltage across the 

junction to determine the bias voltage; the signal across the two leads was simultaneously 

sent to a lock-in amplifier to pick up the AC component through which the bias 

dependent differential resistance was obtained. In fact, the DC (or AC) current was 

realized by applying a DC (or an AC) voltage source onto a large resistor, dcR  (or acR ), in 

series with JR . With comparable amplitudes of V and V~ , to perform an ideal 

conductance spectrum measurement, resistors are chosen to satisfy  

 

Figure A.1  Schematic diagram of a standard four-terminal technique for conductance 
spectroscopy measurements.  To obtain a conductance spectrum, the lock-in amplifier 
picks up the first harmonic signal; to obtain an inelastic electron tunneling spectrum, the 
lock-in amplifier measures the second harmonic signal. 
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Jdcac RRR >>>>        (A.1) 

Hence, the AC current, acI , is a small modulation with a constant amplitude.  At any DC 

bias current, dcI , the generated potential across the junction can be expressed as a Taylor 

series expansion, 

( ) ( )( ) ( ) ( ) ( )2sinsin acac
dc

dcacdc IOtI
IdI

dVIVtIIVIV +





+=+= ωω   (A.2) 

where ω  is the frequency of the AC modulation. In Figure A.1, multimeter 1 reads the 

first term while the lock-in amplifier reads the amplitude of the second term. Therefore, 

( ) 1VIV dc =      (A.3) 

represents the bias voltage, and  

2V
I

IdV
dI ac

dc

=





      (A.4) 

is the conductance at the bias current dcI , or equivalently at the bias voltage ( )dcIVV =1 . 

By changing the bias current dcI  by sweeping the DC current source, the differential 

resistance/conductance spectrum can then be obtained.  Moreover, by setting a zero bias 

DC current, temperature dependence or field dependence of junction resistance can also 

be obtained with changing temperature or field. 

In this dissertation, both Andreev reflection spectra and tunneling spectra with or 

without an applied magnetic field were measured by the technique described above. 

Particularly, EG&G PAR 124A analog lock-in amplifier, a home-made DC sweep box, 

and two HP 34401A multimeters were used. The frequency πω 2/=f  was usually set 

as 17.3 Hz.  In all measurements, the AC modulation applied across the junction was 

always kept to be less than 50 µV. 

A.2 Inelastic Electron Tunneling Spectroscopy 

During the electron tunneling process, inelastic scattering in the tunnel barrier will 

cause energy shift or absorption of the tunneling electron and lead to a deviation from the 

elastic tunneling spectrum. Specifically, with organic molecules present in the tunneling 
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barrier, tunneling electrons with certain energies will excite vibrations or rotations of 

various bonds in the molecules; therefore slight conductance changes will be reflected in 

the tunneling spectroscopy at those specific energies. Despite the use of superconducting 

electrode in some tunnel junctions (which is the case in this work), most vibration or 

rotation energies are far larger than the superconducting energy gap, thus the elastic 

tunneling spectrum should be rather flat at these focused bias voltages. Obviously, such 

deviation from the near flat tunneling conductance spectrum can be much clear if a 

second derivative is taken. Starting from the Taylor series expansion and keep terms up 

to the second order, we have 

( ) ( )( )tIIVIV acdc ωsin+=  

( ) ( ) ( ) ( )322
2

2

2/sinsin acac
dc

ac
dc

dc IOtI
IdI
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+= ωω  (A.5) 

One can see that the second harmonic signal is proportional to the second derivative, 

( )22 / dIVd . This derivative can be converted to ( )22 / dVId  through 

( ) ( ) ( ) ( ) ( )2222322322 ///// dIVddIVddIVddVdIdVId ∝−=−= σ       (A.6) 

where σ  is the conductance and as indicated, it varies relatively smoothly and slowly. 

The idea of the IETS measurement is to pick out the second harmonic term in the 

overall signal with a lock-in amplifier and the schematic circuit is the same as Figure A.1; 

however, since the second harmonic signal is quite small, lots of efforts had been focused 

on optimizing the signal to noise ratio.  Our final set up included a Keithley 2400 current 

source as the DC source, an EG&G 7265 DSP lock-in amplifier as the AC source and the 

AC signal analyzer, two preamplifiers, and two multimeters. One of the preamplifiers 

was working in differential (A-B) mode to modulate the DC source with small AC 

oscillations, while the other was working as a band pass and an amplifier for the AC 

signal.  In our measurements, the AC modulation had a frequency of 15.971 kHz and an 

amplitude of 8 meV. 
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A.3 Hall Effect and Magnetoresistance Measurement 

As mentioned in the text, HE and MR of a EuB6 single crystal were simultaneously 

measured. Figure A.2 shows a schematic diagram for the measurement. A DC current 

source I  was first sent through the sample from left to right; two multimeters were used 

to read the voltages between leads 1 and 2 and between leads 1 and 3, respectively 

resulting in readings of +
1V  and +

2V ; the direction of the current was then reversed and a 

current with the same magnitude traveled from right to left; same voltage measurements 

were taken which led to readings of −
1V  and −

2V .  All the readings were done in a short 

period with negligible changes in other factors, such as temperature and magnetic field. 

The resistance between each pair of leads is then given by 

( ) IVVR nnn 2/−+ −=       (A.7) 

where =n 1 or 2.  The absolute values of +
nV  and −

nV are usually not the same, due to an 

almost inevitable presence of an offset from the thermoelectric voltage. Particularly, 

when capturing a voltage within µV range (which is the case in measuring HE and MR of 

EuB6), the offset is comparable to the actual signal and could cause large errors. The 

technique described above can get rid of such offsets in the measurement, leading to 

precise voltage readings. 

Ideally, 1R  should correspond to the Hall resistance while 2R should correspond to  

 

Figure A.2  Schematic diagram for Hall effect and magnetoresistivity measurements. 
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MR. Hence, 1R  is expected to be asymmetric with magnetic field and 2R  to be 

symmetric in the fields. However, because of the complications in the crystal shape and 

more importantly, the impossibility in perfectly aligning the two contacts for the HE 

measurements, the measured 1R  and 2R  usually contain components of both Hall 

resistivity and MR. Therefore, the obtained data need to be further processes to resolve 

the symmetric part for the MR and the asymmetric part for the HE.  Moreover, since it is 

difficult to determine the misalignment of the two contacts for HE measurements (leads 1 

and 2 in Figure A.2), 2R  obtained from two contacts on the same side of the sample 

(leads 1 and 3 in Figure A.2) was used to quantitatively calculate the MR. 

In this work, currents of 6 mA with different signs were generated from a Keithley 

2400 current source and two HP 34401A multimeters were used to read the voltages. The 

interval between two opposite currents was set as 0.35 s. The initial HE coefficient versus 

temperature curve was obtained from temperature dependent measurements at +0.2 T and 

-0.2 T respectively. 
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APPENDIX B 

MATHEMATICAL METHODS 

The spin dependent band structure of EuB6 has been determined by analyses of the 

results of Andreev reflection spectroscopy, quantum oscillation, and HE and MR 

measurements. The Fermi surface of the ferromagnetic EuB6 consists of a fully spin 

polarized hole pocket and an unpolarized electron pocket. The two ellipsoidal pockets 

mapped out by the angular dependent dHvA and SdH measurements [149, 150] allow us 

to further calculate the spin polarization within the determined spin occupation scheme.   

Figure B.1 schematically shows an ellipsoidal Fermi pocket. It is important to note 

that the surface area of the ellipsoid corresponds to the DOS at the Fermi level; the radius 

corresponds to the Fermi velocity; while the volume of the ellipsoid reflects the carrier 

density of the pocket.  According to the definitions of NP , υNP , and 2NvP [102], it is 

necessary to find an expression for the surface area before further calculations. Due to the 

rotation symmetry along the z axis, the surface area can be divided into a series of belts 

defined by an angle θ  and a width dl  

( ) ( ) ( )222 θrddrdl +=            (B.1) 

On the other hand, in the x-z plane,  

cbaczax <==+ 1// 2222             (B.2) 

The formula can be rewritten as, 

1/cos/sin 222222 =+ crar θθ        (B.3) 

Thus r can be expressed as θ  dependent 
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Moreover, the differential of r  can be written as 
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Figure B.1  Schematic diagram of an ellipsoidal Fermi pocket. 
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Eventually, the width, dl , can be written as  
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The DOS at the Fermi surface corresponding to a belt characterized by θ  and dl can then 

be defined as 
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On the other hand, the Fermi velocity is defined as 

( )
222

2

/tan/1
tan1

ac
rF θ

θθυ
+
+

=∝     (B.8) 

Since our Andreev junctions were fabricated on the <001> surfaces, the xυ  in Equation 

2.28 should be the Fermi velocity weighted by θcos  or θsin  according to Figure. 4.3 a. 

However, our junctions were clearly in the diffusive AR limit, thus we focus on the value 

of 2υNP . 

The obtained oscillation frequencies in dHvA and SdH measurements correspond to 

the cross-sections of the Fermi surface perpendicular to the applied magnetic field. For 

EuB6, the extremal frequencies in ref. [150] reflect the values of 2a  and ac  for each 

pocket. Therefore, the relative ratios of the four axes of the two ellipsoids can be 

determined.  Now, assume that the larger ellipsoid is the spin polarized hole pocket while 

the smaller ellipsoid is the unpolarized electron pocket, ∫ ↓↑/
2 dNFυ can then be calculated 

for each ellipsoid. The numerical calculations started from o25.0=θ and ended at 
o75.89=θ with a constant step of o5.0=θd .  The value of 2υNP was then obtained from 

the definition (Equation 2.29). 

For given carrier densities of holes and electrons, to estimate the value of 2υNP , we 

assume that the shape of each pocket does not change. Since the carrier density 

corresponds to the volume of each pocket, the Fermi pockets are well defined and 

calculation of 2υNP can then be made.  
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