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Summary

The study presented in this thesis has been concerned with measuring spin polarisation 

in magnetic materials using two methods: i) measurement of magnetoresistance in room 

temperature point contacts and ii) Point Contact Andreev Reflection (PCAR). Two novel 

techniques were developed to measure PCAR data. One of these involved the use of an 

eight-step lithographical fabrication process to produce lateral nanojunctions. The second 

involved the use o f an atomic-force microscopy (AFM) tip to puncture a nanohole in a 

soft polymer layer. A superconducting nanocontact was then deposited through this 

nanohole.

Huge magnetoresistance values were observed in several materials using the room 

temperature point contact method. A model was developed to explain these values, 

involving a combination o f spin polarised electron transport through a domain wall and 

spin-polarised turmeling across a sharp interface. The method was used to estimate spin- 

polarisation values in several interesting and topical materials, giving an indication of 

there suitability for use in spin-electronic devices.

The first o f the novel PCAR techniques, in which lateral nanojunctions were produced, 

was marginally successful. It was used to measure the spin-polarisation o f nickel, giving 

a large value. As far as the author is aware this is the first time that an attempt has been 

made to measure the spin-polarisation of an in-plane current in a thin film system, and as 

such is a major development. However the difficulty in producing the devices required 

for this measurement technique meant that its applications are somewhat limited.

The second technique involves AFM nano-indentation. The technique was compared 

to a standard one used for these measurements involving a sharpened superconducting 

tip. Both techniques gave similar results, proving the suitability o f our innovative 

method. However our technique has several advantages over this standard one. The 

profile of the point contact can be imaged, giving us an approximate value for the size of 

the nanocontact. Also, only one conduction path is created between the subject material 

and the superconductor. The standard method is believed to produce many conduction 

paths, which cause a smearing o f the data and affect the measured polarization.



This procedure was used to examine some interesting materials. In particular, a film of 

e-Fei-sN was studied using this system, the first time that the spin polarisation of this 

material had been measured. The results obtained were interesting and significant; a high 

value of spin polarisation was observed, in spite of the materials low magnetic moment. 

This paves the way for more studies of this material, which is expected to generate 

significant interest within the scientific community.
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Chapter 1

Introduction

The impact of the microchip on modern hfe cannot be overestimated - the times we 

hve in now are often referred to as the Information Age, primarily due to the vast amounts of 

data accessible to people on the internet using just a simple PC and a telephone connection. 

People’s desire for easier access to more information has driven scientific research at a hectic 

pace. The number of transistors that can be stored per unit area has been systematically 

doubling roughly every 18 months for the last 35 years in what has been dubbed "Moore’s 

law", and the industry expect the trend to continue well into the next decade. A similar 

trend has been experienced with magnetic storage.

However for Moore’s law to continue researchers have to keep finding new ways to 

downsize the fundamental devices required to store and process data. As a result, much 

research has been recently carried out on new types of electronic devices based on the spin 

of the electron. Precise control of the electron spin adds a new degree of freedom to the 

engineering of such devices. This research has already led to many developments, including 

the manufacturing of commercially viable products such as GMR based read heads and 

MRAM. Researchers hope that further developments in this new field of spin electronics will 

lead the way to the production of single electron transistors, which in turn would pave the 

way for a new wave of technological devices such as quantum computers.

The success of spin electronics may depend on the development of half metallic mate

rials - that is materials where the electrons at the fermi energy are all of one spin direction. 

Such materials could provide fully spin-polaxised currents, which is not possible with con-
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ventional ferromagnets such as Fe, Co or Ni. In this thesis, I have examined the half metallic 

properties of a variety of materials.

1.1 Spin Transport

In the 1930’s Mott [1] suggested a new model for electronic transport in metallic fer

romagnetic materials. He proposed that currents in such materials could be divided into 

two distinct spin channels - one for spin up and one for spin down electrons. These chan

nels would have different transport properties and would thus contribute differently to the 

electrical transport process. The difference in the properties of these two bands is due to 

the ferromagnetic exchange field. This creates different band structures for the spin up and 

spin down channels, thus affecting their density of states at the Fermi energy, which in turn 

affects their mobility and transport properties.

As electrons get scattered while travelling through a material, they can also undergo 

spin-flip scattering. This is a process where the electron is ’flipped’ from one spin channel 

into another due to electron-electron collisions etc. The average path length an electron can 

travel before undergoing a spin-flip transition is known as the spin diffusion length, \ s d ,  and 

is calculated using

A , .  =  ( I )

where A is the mean free path, v p  is the velocity of the spin (the Fermi velocity) and T ||is 

the time taken for the spin to flip. An electron may experience many scattering events before 

there is one tha t flips its spin. As a rule of thumb, X s d  is typically 10 times greater than A.
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F igure 1.1 Illustration of spin travelling through a material, where A is the mean free path and Xsd is the
spin diffusion length

Due to this relationship, factors which reduce the mean free path, such as impurities, 

will also reduce the spin diffusion length. Also, since the Fermi velocity and the mean free 

path may be different for each spin channel in a ferromagnet, Xsd will be different for the 

spin up and spin down electrons. Spin diffusion lengths vary from microns in high purity 

metals to a few nm in silver doped with 10% Au. Detailed measurements of the diffusion 

length in various metallic multilayers have been made by Yang et al [2]. Impurities with 

strong spin-orbit coupling are efficient spin scatterers.

1.2 Spin  P olarisation  and h a lf m etals

For spin-electronics to be truly successful, it is necessary to be able to  completely 

isolate the spin channels i.e. to be able to produce currents of one spin only. One method for 

producing such spin currents involves using materials where only spins of one direction are 

present a t the Fermi energy. Such a material would thus only be able to provide electrons 

of one spin, and if it were to be used as an electrode in a device would provide a fully 

spin-polarised current.

Spin polarisation is a measure of the ratio of the electron density for each spin at the 

Fermi energy, and is generally given by

P„ =  . 100 % (2)
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where Pn is the spin polarisation and n |,n j  are the spin up and spin down density 

of states at the Fermi level respectively. One major setback with this definition however 

is that it is only truly valid at zero temperatures - above 0 K the actual value of the spin 

polarisation is reduced by spin flip excitations, such as spin waves. A half metal is a metallic 

solid with Pn = 100%.

For a half metal, the density of states at the Fermi energy differs significantly for 

majority and minority spins. For electrons of one spin it is a metal with a Fermi surface, 

but for the opposite spin there is a gap in the spin polarised density of states, as in a 

semiconductor or an insulator, and there is no Fermi surface. As a result of this only 

electrons of one spin direction contribute towards conduction. While half metals have to be 

ferromagnetic or ferrimagnetic, a ferromagnet is not necessarily a half metal. This is because 

the Fermi energy may cross unpolarised electron bands, such as the 4s bands in Fe, Ni, and 

Co, or else it may cross both |  and [ d-bands as in Fe.

The following nomenclature has been developed for half metals [3], [4]. Type lA  (IB) 

are half metals that only have majority (minority) spin electrons appearing at the Fermi 

level. An example of a type lA  half metal is Cr02, where the 4s states are pushed above 

due to hybridization with the 0(2p ) state, leaving only majority d electrons at the Fermi 

energy. Sr2FeMoOe is a type IB half metal. In type II half metals, the electrons lie in a 

band that is sufficiently narrow for them to be localized. The heavy carriers may then form 

polarons, where conduction takes place via electron hopping between spin polarised sites. 

Fe3 0 4  is a type IIB material, where conduction takes place by |  electrons hopping between 

B sites in the spinel structure.
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F igure 1.2 Density of states for type I and type 11 half metals.

Type III half metals have electrons of both spin directions at the Fermi level, however 

one of the spin bands is narrow enough to leave these electrons strongly localised. These 

heavy carriers contribute very little towards conduction. An example of such a half metal is 

(Lao.7Sro.3)Mn0 3 . Type IV half metals are semimetallic half metals. A semimetal has small 

and equal number of holes and electrons because of a small overlap between the conduction 

and valence bands. In type IV half metals there is a huge difference in effective mass between 

the electrons and holes, and the conduction process is similar to that of a type III half metal.

heavy
holes'

I I I a  I I I b  Semimetal

F igure 1.3 Density of states for type 111 and type IV  half metals, as well as for a semimetal

conduction
electrons

1.3 M agnet oresistance

Magnetoresistance (MR) is when the resistance of a device changes upon application 

of a magnetic field. The definition used in this work is as follows
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M R  =  100% X (3)max[G(/j), G(0)J
where G(H), G(0) are the conductances in an apphed magnetic field and no field respectively.

All metals show some magnetoresistance when a field is applied perpendicular to the 

current direction. This magnetoresistance is called normal magnetoresistance (NMR) and 

is caused by the Lorentz force, F — ev x B. Charge carriers experience the Lorentz force 

in the presence of an applied field and are then deflected from the current direction. This 

reduces the mean free path of the carriers and thus increases the resistance. For small fields 

the NMR has a B^ dependence (the cyclotron effect). This dependence becomes linear and 

eventually saturates at higher fields. A typical value in normal metals is ~  0.1% in 1 T. 

Semimetals such as bismuth exhibit higher values.

Higher values of magnetoresistance can be also observed in ferromagnetic materials, 

with the MR depending on the angle between the current and the magnetization of the 

sample. This form is called Anisotropic magnetoresistance (AMR) as it depends on the 

anisotropy of the ferromagnetic material. It has its origin in spin-orbit coupling [5]. The 

AMR effect is quite a useful one, typically giving up to 3% MR in low applied fields. It has 

been used to develop the first generation of MR read-head devices, based on the AMR of 

permalloy.

The dependence of the resistance on an applied magnetic field for a ferromagnetic 

material can be represented by the following equation

^  =  P p e r p { B ) j  +  [ P p a r a i B )  ~  p p e r p { B ) ] { M  . j ) M  +  P h { B ) M  X J +  P d w ( B ) J  (4 )

where E  is the electric field, M  is the magnetic moment, j  is the current density, and 

and Ppara ^he perpendicular and parallel components of the resistivity. The first term in

9



this equation accounts for the NMR and the second term accounts for the AMR. The third 

term (the p^j term) takes into account the Hall effect (both ordinary and extraordinary) and

give the greatest values of magnetoresistance and accounts for the giant magnetoresistance 

(GMR) effect. It also eiccounts for effects caused by domain wall scattering.

Another form of magnetoresistance is powder magnetoresistance (PMR) [6). PMR 

occurs in pressed powders of metallic materials. The resistance of these pressed pellets 

is dominated by the interparticle contacts. The relatively high resistance of these pressed 

pellets as compared to single pieces suggests tha t the intergranular contax:ts are mostly 

tunnel barriers rather than metallic point contacts. Nevertheless, it is likely tha t there will 

be a very broad distribution of contact resistances, ranging from milliohms to gigaohms, and 

that the conduction is confined to a limited number of highly conducting paths through this 

random resistor network.

It is easy to reduce the number of these highly-conducting paths by diluting the con

ducting powder with an insulating powder of similar particle size. Close to the percolation 

threshold the conduction is restricted to a small number of paths which may involve grains 

which are surrounded by tunnel barriers. The maximum MR that could be expected in a 

type I or type II half-metallic powder compeict can be deduced by assuming that the magne

tization directions are random in the zero-field state, and fully aligned in a sufficiently large 

applied field. Transmission when electron transport is uninfluenced by any domain wall at 

the contact between two grains i and j  is given by

the fourth (the term) is the change in resistivity due to spin diffusion. This final term can

(5 )
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where 9ij is the misahgnment of the magnetization between the two grains. However, if 

the directions of magnetization on either side of the contact are random, the mean value of 

cos{9ij) becomes zero; hence, T changes from |  in the random case to 1 in the fully aligned 

case. Since the conductance is proportional to the transmission, the maximum observable 

PMR is 50%. This will be reduced if there is any tendency to alignment of the magnetization 

of contiguous grains in zero field, as might be expected in a remanent state after saturation 

of the magnetization. If the material is imperfectly polarized, the maximum MR is

p 2
M R  =  ---- — X 100%. (6)

1 +

1.4 Spin E lectronics

Conventional electronics has ignored the spin of the electron [7]

Up until recently electronic devices were based solely on the principle of manipulating 

electron charges using electric fields. However these neglect the fact that the electron is a 

magnet of its own right (a free electron has a magnetic moment of fj,g) which can thus be 

manipulated using magnetic fields. Making use of the spin in an electron adds a new degree 

of freedom. Within the past 17 years devices have been developed which do make use of this 

property of the electron. Such devices - called spin electronic devices - are primarily based 

on magnetoresistance effects, primarily GMR and TMR.

The GMR effect was discovered in the late 1980s by two European scientists working 

independently: Peter Grunberg of the KFA research institute in Julich, Germany [8], and 

Albert Fert of the University of Paris-Sud [9].  They saw quite large resistance changes -  6 

percent and 50 percent, respectively -  in devices comprising of alternating very thin layers 

of ferromagnetic and non-ferromagnetic elements. These results were only obtained at low
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temperatures and in the presence of very high magnetic fields, and thus the devices were 

unsuitable for mass production. However their results inspired further research to optimize 

the necessajy properties and it wasn’t long before room-temperature GMR devices were 

being manufax;tured on an industrial scale. Many of the pioneering developments that took 

place were carried out by Stuart Parkin and his colleagues in IBM [10], [11].

The spin-valve was the first device to make use of the GMR effect. It consists of two 

ferromagnetic layers separated by a non-magnetic spacer layer. This structure was then 

modified slightly by the addition of an antiferromagnetic layer. One of the ferromagnetic 

layers, called the pinned layer, is adjacent to the antiferromagnetic layer, thus coupling with 

it so that the orientation of its magnetisation does not change. The other ferromagnetic 

layer is called the free layer as the orientation of its magnetisation can be easily switched by 

application of a small magnetic field. When the alignment of the magnetic layers is switched 

from parallel to anti-parallel the resistance of the device increases. GMR values are generally 

much larger than those obtained by AMR and as a result spin-valve read heads have taken 

over the market. A good review of the GMR effect can be found in [12].

 ► AF

(a) (b)
F igure 1.4 (a) The original spin valve structure where both ferromagnetic layers (orange) are free to 

change the direction of their magnetisation and (b) the direction of magnetisation of the lower 
ferromagnetic layer is pinned by the antiferromagnetic (AF) layer

Another device similar in structure is the Magnetic Tunnel junction (MTJ). M TJ’s are 

based on what is called Tunneling magnetoresistance (TMR) [13]. M TJ’s are very similar
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structures to spin valves, except a very thin insulating tunnel barrier is now used to separate 

the two ferromagnetic layers, and the current is passed perpendicular to the plane. When 

the ferromagnetic layers are aligned anti-parallel, it is difficult for electrons to tunnel from 

one layer to the other since there may be few or no vacant states of the correct spin in the 

case of a half metal, and as a result the resistance of the device is relatively high. This drops 

significantly upon application of a field to align the layers parallel, and large (up to 69% 

using eq. (3) at room temperature [14]) values of MR are achieved.

For b oth  TMR and GMR, th e  MR is related to  P ja n d  P 2 , the sp in  polarisation  o f the  

tw o ferrom agnet layers, by th e Julliere form ula [15]

2P2 
~~ 1 +  P 2  ■

Prom this it is clear tha t to have more efficient spin-electronic devices we need materials 

with as high a spin polarisation as possible. A review of recent advances in the field of spin 

electronics is given by Bobo et al [16]. Other good reviews can be found in [17] and [18].
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Chapter 2 

Theory

2.1 Point Contacts

A point contact is a small region of atomic scale continuity between two crystallites. 

Unlike a nanoconstriction, there is generally no crystallographic coherence across the contact, 

and a grain boundary is present. Point contacts are made by bringing two pieces of a material 

together until they touch, then slowly pulling them apart. The region of contact between two 

pieces of metal may stretch out, like chewing gum, forming a narrow neck or nanoconstriction. 

In the following section we will go through some of the basic physical processes which axe 

important in electron transport through point contact geometries.

2.1.1 B allistic Transport and Q uantised C onductance

Ballistic transport is when an electron can pass through a region (such as a point 

contact) without being scattered. This requires that the radius of the contact, r, is smaller 

than the mean free path of the electron. A, and thus the only colhsions are clastic collisions 

at the edge of the contact. The resistance R of such a contact is given by the Sharvin formula

[1]

^ 47T

where kp is the Fermi wave vector and A  is the cross sectional area of the contact. For a 

circular contact in copper {kp = 1.36 x 10 °̂ ni~^), with a radius of 10 nm, this would give 

a resistance of 2.8 Q.

For extremely small contacts the conductance becomes quantized. Consider two elec-
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tron  gas reservoirs connected by a  nanoconstriction w ith a  radius r. Since r  <  A, transport 

through the constriction should be ballistic. The electrons would then  behave like a 1-D 

electron gas: the m om entum  will be quantised in the x  and y directions (assuming transport 

is in the 2: direction). The energy of the  electron is described by the following

where and Uy are the indices for the discrete allowed transverse modes, m  is the 

electron mass and kz is the component of the wave vector in the 2-direction. The first term  

on the right hand side of equation (2) is the quantized term , while the other term  represents 

the continuous contribution in the 2 direction. Applying a small potential difference between 

the two reservoirs, Vbias =  (Mi — 1̂-2) /^i leads to  a difference in chemical potentials ■

The number of electrons N  then  contributing to  the current is:

with gn[Ep)  the density of states a t the Fermi level for mode n. This leads to  an expression 

for the charge current /„  due to  mode n

N = ĝniEp) {1̂1 -  /̂ 2) . (3)

In  =  e V p n N  =  —^ g n { E F )  (^ 1  ~  1̂ 2)

with vpn the  group velocity of mode n a t the Fermi level. The density of states a t the Fermi

level for a  ID  electron gas is given by

Finally, substitu ting  equation (5) into (4) gives a  conductance Gq per mode of



or for the total conductance G

G ^ N G o  = ^ N ,  ( 7)
a

with N  the number of available modes below the Fermi level.

When changing the size of the constriction, we see from (1) and (2) that the number 

of allowed modes available for transport changes too, and this leads to a stepwise change in 

the observed conductance. For constrictions a few atoms in size, the energy level spacing 

becomes larger than the thermal energy, and conductance quantization can be observed at 

room temperature.

In the above derivation it is assumed that each electron emitted from the left reservoir 

will reach the right reservoir and vice versa. This implies complete transmission for each 

electron wave in each mode. In general, this condition need not hold, and this leads to the 

Landauer formula, a generalization of equation (7 ) .

N, \
T il + j > (8)

where the conductance is the sum over all available modes of the spin-dependent transmission 

probabilities Tj. For systems with spin degeneracy, and completely open or closed modes 

{Ti either 0 or 1), the Landauer formula reduces to equation (7 ).  The factor 2 in ( 7) comes 

from spin degeneracy, and some authors [2], [3] claim to have removed this degeneracy by 

application of a magnetic field, giving conductance steps of /h.

This quantization of the conductance is only possible at a nano-sized, impurity-free re

gion, and thus its observation requires the fabrication of samples of that scale and purity. As 

a result this effect was not experimentally observed until 1988, when Van Wees et al. [4] mea

sured the transport through a small constriction in a two dimensional electron gas (2DEG) 

where the width of this constriction was varied. This quantization has since been system-
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atically observed in electrodeposited, point and breaking metallic contacts. Widespread use 

is made of STM, where the tip is driven into the sample and then pulled back. This causes 

a nanowire to be formed, a behaviour similar to pulling some chewing gum apart. Both the 

electrical and mechanical properties of these nanowires can then be measured ([5]-[8]). A 

good review of the field is given in [8]

Mechanically-controlled break junctions, where the resistance of a wire is monitored 

while it is breaking, allow the measurement of quantum conductance steps. This was first 

demonstrated at the start of the 90s by Muller et al. [9J and heis been used more recently to 

successfully measure the magnetoresistance of atomic nickel contacts [10].

2.1 .2  D om ain  W alls

In a ferromagnet, electrons tend to align in the same direction because of the exchange 

interaction. These interactions are a direct consequence of Pauli’s exclusion principle, which 

is due to the fermionic nature of the electron itself. In an infinite bulk sample at zero Kelvin, 

the ground state would therefore be a homogeneously magnetized single domain. In finite 

samples however, one single domain would lead to magnetic charges at the surface, and with 

it demagnetizing fields Hd- This would increase the magnetostatic energy of the system by 

— ■ M  (this is positive as both Hd and M  are oppositely directed). This is why, in

a non-magnetized ferromagnetic material, the electron spins in the whole material are not 

aligned. Rather, they organize into magnetic domains in which the electrons spin in one 

direction.

This multiple domain structure, with alternating directions of magnetization [11] implies 

that, in between domains, the magnetization vector has to rotate from one direction to 

another. The resulting magnetic structure is called a domain wall. The rotation can be
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parallel (Bloch) or perpendicular (Neel) to the direction of the domain interface, as depicted 

by figure 2.1. In bulk structures, Bloch walls are energetically favorable, however Neel walls 

are more common in thin films.

Clearly, the magnetization in a domain wall is non-uniform, leading to an increase 

in exchange, anisotropy and dipole energies. The process of domain formation is therefore 

a balance between the energy cost of forming the domain walls and the decrease in the 

magnetostatic energy. This balance will determine the number and size of the domains. If 

the magnetostatic energy is very small, it is easy to form a single domain state. As this 

energy increases, more and more smaller domains form until you get to the limit of a normal 

metal.

F igure 2.1 M agnetic domain walls, a) R otation  in plane o f the m agnetization (Neel wall) and b) rotation  
out o f plane (Bloch wall). Neel walls are energetically favourable fo r  thin films. The change from  out of 

plane to in plane fo r  perm alloy film s occurs at about 30 nm.

The width of a domain wall [12], or how quickly the moments rotate from one direction 

to the other, is determined by the exchange energy and the anisotropy. The former favors 

a parallel alignment of the moments, which tends to broaden the wall, with only a very 

gradual rotation of the magnetization vector. The latter favors an abrupt change and hence
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a narrow wall. The total energy E  of the wall, is given by

E — Eex + Ea + Efi —
—  m j

+ dV, (9)

where A  is the exchange stiffness, /„ is the anisotropy energy density and 0 is the rotation 

of the magnetization between two adjacent moments in the rotation axis. Egx, Ea, and Ed 

are the exchange, anisotropy and demagnetisation energies respectively. Here we neglect 

energy due to applied stress and magnetostriction. A stable wall configuration requires a

The commonest type of domain wall is the 180° Bloch wall where the magnetization 

rotates in the plane of the wall. The Bloch wall has the remarkable property that it creates 

no divergence of the magnetization. Each of the three terms in V • M, dM^/dx  +  dM^/dx  + 

dMx/dx  is zero; there is no component of magnetization in the x-direction, and the spins 

in each plane are parallel to each other. Since V • M =  0 , there are no sources of 

demagnetizing field in the wall. This leads us to the Euler equation for a Bloch wall:

^ - 2 A g ^  =  0. (10)

For the uniaxial anisotropy case, with fa =  sin^ 0, where Ku is the uniaxial anisotropy 

constant, the wall profile can be calculated analytically;

minimization of the total energy with respect to the rotation of magnetization; ^  =  0.

9{z) — arctan sinh ( 11 )

where 5^ =  tt{A/K u)^ is the domain wall width. Typical values for in bulk are given in 

table 2.1.
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Material A (pJm-^) K (kJm-^) (nm)
Permalloy 10 0.15 810

Fe 8 50 40
Co 10 530 14

Nd2Fei4B 8 4900 3.9
Table 2.1 Domain wall width 6^ for 3d ferromagnets, permalloy and an Nd-Fe-B magnet. 

2.1.3 D om ain W all R esistance

The resistivity of a ferromagnetic metal can be expressed as:

P ( T )  — Pi +  Pph ( T )  +  Pe-e  ( T )  +  Pm ) (13)

where is the intrinsic resistivity of the material, is due to electron-phonon interaction 

(which depends on the temperature), is the electron-electron interaction (neglected in 

a free electron model) and is the contribution due to magnetic fields or scattering with 

domain walls and spin disorder.

The magnetic contribution to the resistivity can be found from the general expression 

for the electric field in ferromagnetic materials in the presence of a magnetic field (sec eq. 

1.4). The domain wall magnetoresistance in a classical approximation [13], [14] is due to the 

changing local magnetic field experienced by a single electron, and the resultant misalignment 

of the electron spin with this field, which leads to the expression;

2p ( h v F \  1
R  ~   ̂ ^

with Jex the exchange energy, P  the polarization of the material and 5^  the domain wall 

width. The estimated increase in resistance in (Bloch) domain walls for 3d ferromagnets is 

given in table 2.2.

22



Fe Co Ni
Art,,,

R 1.3 % 7.1 % 1.2 %

T able 2.2 Magnetoresistance due to domain wall scattering calculated from (14).

In a quantum model, the resultant magnetoresistance for a current perpendicular or 

parallel to the domain wall is [15]

5p.perp

perp

para

^para

{p̂  -  p̂ Y
5

[p^-p^y
5 ’

3 + p̂ +p̂  )

(15)

nhkp
and Ppara the perpendicular and parallel components of thewhere ^

resistivity, and p  ̂ and p  ̂ are the resistivities for each spin channel. Again the increase in 

resistance scales as

In the above calculations, the geometry of the sample is assumed to be of no importance, 

however this is untrue as we approach the nanometre scale. Bruno calculated the structure 

and properties of a geometrically constrained domain wall in a nanoconstriction separating 

two wider regions [16]. He found different analytical expressions for the domain wall width 

depending on the model used (see table 2.3).
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M od el S h ap e Form ula

I isthmus q j  So for ]a:| <  d 
1 S \ >  Sq for |a;| >  d

00 
1

II hourglass S  =  S „ ( l  +  ^ )
M
7T

III hourglass S  =  5o cosh(a;/c?) 2d

T able 2 .3  Expressions for domain wall width at nanoconstriction calculated for three 

different geometrical constraints [16] (S is width of structure, d is size of constriction).

One remarkable result of the calculation is that for these nano-scaled constrictions, the 

domain wall width is independent of material parameters and depends only on the geometry 

of the constriction. Now the width 5^ will depend only on the size of the constriction, 

d. These results are confirmed by Monte Carlo simulations of "isthmus" and "hourglass" 

geometries (similar to Model I and II, respectively) [17].  These simulations also show that 

the wall goes from a Neel-like configuration for narrow constrictions, via a cross-over region 

to Bloch-type for larger constrictions due to the demagnetising energy Ed- In the absence of 

this term, the wall would always be Bloch-type. The Monte Carlo simulations also indicated 

that there are thermally-excited fluctuations between a Neel-type and a Bloch-type domain 

walls with different chirahty depending on the shape and size of the point contacts [17] ,  [18].

In the bulk, the domain wall width 6y, is much larger than the Fermi wave length Xp, 

whereas for nanometric constrictions, the wall can become very narrow, in fact, as narrow as 

the constriction itself. This has important implications for the resistivity of the domain wall. 

The wall energy 7 ^, which is 2 \/A K  for a bulk wall, is now for the "isthmus" geometry, 

i.e. independent of the anisotropy constant K . Since the width of the domain wall will be 

roughly the size of the constriction, it could be possible to increase the contribution of the 

domain wall resistance to the total resistance merely by decreasing the size of the constriction.
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This could be a way to increase the magnetoresistance of nano-scaled structures for sensor 

applications.

2.1.4 Tunneling

When an electron encounters an energy barrier whose height is bigger that an applied 

difference of potential, the electron can still cross the barrier thanks to its quantum-wave 

behaviour. In a point contact, this barrier will usually consist of a narrow insulating region 

between two conductive crystallites. Since it is at the interface of the point contact, this 

barrier is essentially of one-dimensional nature in the direction of the electron flow.

For a square barrier (~ square well) the Schrodinger equation will have the simple

form

E'tp =- Ip, (16)

where m  is the electron mass, p the linear momentum, V’ the wave function, E  the energy 

of the electron and V  is constant in a given region. The general solution of (16) has the 

well-known form

(17)

E - V .  (18)

When E — V > 0 the wave functions are plane waves. When E — V < 0 we will write 

K = ik and

i;{x) =  ae-'^^ +  be'^̂ . (19)

If we assume real plane waves in regions I and III (figure 2.2 a and b) and tunneling in region 

II, and defining kj («j ) with j==l,2,3 as the k (k ) vector at the j region, we can neglect 

in comparison to in other words, we consider only a strongly attenuating barrier. Then
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we have

Ak\K2^e —  K 2 W

{kl + kIY {kl +
lOl,

ip =  ie exp (z/ciXi — ^^3X2)

(20)

(21)

The wave functions are now exponentially growing and decaying waves characteristic of 

barrier penetration problems. In a square, strongly attenuating barrier, it can be shown [19] 

tha t the ratio of the transm itted current j t  to the incident current is

j t  I G k i k s K l - 2 k 2 'w (22)
j i  { k j  +  K.I) { k l  +  k I)

In typical problems of interest the barrier penetration factor may be

so that it tends to dominate (22). This factor can seldom be calculated accurately, so that 

usually any experimental determination of the prefactor is doubtful or impossible [20].

The resistance and current, assuming tha t the electron conserves its energy when it 

tunnels through the barrier, can be approximated to

R t  oc exp
2 t  \  . ,  1
—  ) ( 23)

I  ocV  exp ( 24)

where t is the separation distance between the metallic electrodes and (p the work function. 

Note tha t a small change in the separation distance would change the resistance significantly.
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V=0

n m
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( C )

F igure 2.2 Schematic of the energy diagram for a square metal-insulator-metal barrier, a) Before a 
voltage is applied, b) when the applied voltage is small compared with the barrier height and c) when the 

applied voltage is bigger that the barrier height (field-emission).

A simple method to determine the thickness and height of an ideal barrier from the 

j  — V  characteristic was described by Simmons et al. [21]. At low voltages, the expression 

for tunneling current across a metal-insulator-metal structure can be reduced to give

(25)

with

7

Atts
{2rrnp) 1/2

7 r m  / e s \ 2

3 ^  ’

(26)

(27)

where v? is the height and s is the thickness of the barrier, j  is the tunneling current density, 

and V  is the device voltage. The expressions for s  and are obtained from (26) and (27). 

Thus,

and

s = 4.947-1L2

/ 0 .266\  ,  
V =  ( — ^  ) L,

'-y2

(28)

(29)
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where

L  =  logio (4.87 X 10^ )̂ 7/575 . (30)

The value of s is given in angstroms and (/? is in electron volts.

If the height of the energy barrier is smaller tha t the applied difference of potential 

(e.g. in a narrow air gap between conducting electrodes where the electric field overcomes 

the electron work function), the transport is in the field-emission regime (see figures 2.2 and 

2.3). The current I  can then be expressed in function of the applied voltage V  in terms of 

the Fowler-Nordheim equation [22]:

I' aV^\ I —b(p2s
V

(31)

where a and b are material constants, is the barrier height (or work function) and s is the 

gap width. A plot of In ( ^ )  vs. V~^ is shown below (Fig.2.3).

a)
250- breakdown-e lectrom lgratlon ■ 

(no-return point)

2 0 0 -

150-
C
0>E 100- ■ fit to tu n n e l  t r a n s p o r t

50-

fit to field e m iss io n  t r a n s p o r t

0 2 4 6 8 10 12 U  16

b)
break dow n-«i*ctrom lgratlan

-13 .0-

>
-13 .2 -<

c

-13 .4 -
>

- •  — Fowler-Nordheim plot
-  -13 .6-

0.1 0.2 0.3 0.4 0.5
Voltage (V) 1 / V [ V  ' ]

F ig u r e  2 .3  a) I -V  characteristic fo r  a m agnetite nanocontact fitted fo r  tunnelling (Sim m ons) and 
field-em ission regimes. A t high voltages the sam ple is destroyed, b) Fowler-Nordheim p lo t o f the sam e data. 

The negative slope is a sign of field-em ission transport [20],[22].

2 .1 .5  G rain  B ou n daries

Since there is no crystalline continuity across a point contact, there will be a grain 

boundary present. We thus need to examine transport across such a boundary. A precise
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understanding of the nature of grain boundaries and their transport properties is still lacking, 

but several models have been proposed [24 ] - [29]. Prom one point of view, the grain boundary 

is considered to be insulating layer, of order a nanometer wide, and transport takes place 

through spin dependent tunneling. The opposing view is that a low resistance grain boundary 

acts as an interface between two ferromagnetic grains, and it is the scattering at this interface 

that leads to GMR tjq^e magnetoresistance [30 ].

Transport measurements of grain boundaries show non-linear IV curves that agree with 

the Glazman-Matveev model [31 ],  suggesting resonant tunneling through grain boundaries 

via localized defect states. In this model, the grain boundary is modelled as an insulator, 

with one or more localized defects inside the barrier. When the Fermi level of the electrode 

coincides with the energies of these localized states, the conductivity is resonantly enhanced.

2.2 A nd reev  R eflection

2.2.1 B asic Principle

Andreev reflection is a process which occurs when a current passes between a super

conducting and a normal metal through a point contact. According to standard BCS theory, 

current is carried in a superconductor by Cooper pairs. A Cooper pair is a pair of electrons 

with equal but opposite momentum, and opposite spin, which are bound together with an 

energy twice that of the superconducting gap A. For an electron to pass from a normal 

metal to a superconductor it must form a Cooper pair with another electron. This requires 

that the energy of the electron be greater than A. Thus at voltages lower than A/e there 

should be no conduction.

However there is a process where conduction can occur for lower voltages. This process
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is known as Andreev reflection after its discoverer[32]. An electron passing through the inter

face can form a Cooper pair by pairing with an electron with an energy just below the Fermi 

energy of the normal metal. This leaves a hole in the normal metal, which is retro-reflected 

back from the interface. Thus for each electron passing through the interface with an energy 

below A, you get two conducting quasi-paxticles. We can thus say that the conductance at 

the normal/superconducting interface, Gtvs, is double that for a normal/normal interface, 

G n n , i-e.

^  =  2. (32)
^ N N

The process requires ballistic transport to eliminate the effect of bulk scattering, and a point 

contact between the metal and the superconductor provides this. For this reason the process 

is often referred to as Point Contact Andreev Reflection (PCAR).

incident
electron

2 A

Andreev
Reflected
hole

N(E) N,(E) N(E)

Metal (P=0) Superconductor
F igure 2 .4  Energy diagram depicting the Andreev reflection process between a normal metal and a super
conductor. The pairing process leaves a hole in the normal metal which is reflected back from  the interface,

effectively doubling the current.

If the normal metal is replaced by a half-metal the situation is different. Since one of
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the spin channels is effectively empty around the Fermi energy, Cooper pairs are unable to 

form, since electrons of both spins are required to form a pair. In this case no conduction is 

allowed for voltages less than A/e, i.e.

G n s

G =  0 .

N N
(33)

Metal (P=100%)

incident
electron

No Andreev 
reflection

N (E) N(E)

Superconductor
F igure 2.5 Energy diagram depicting the Andreev reflection process between a half metal and a supercon
ductor. An electron from the ferromagnetic metal is unable to find an electron of opposite spin with which 

to pair. Without formation of a Cooper pair conduction is completely supressed

For materials with intermediate polarisation, the suppression of conduction is not com

plete and can be approximated by the following relationship[33]

G n s

GN N
= 2 ( 1 - P ) . (34)

As we can see from above, we can use the Andreev Reflection process to measure 

the spin polarisation of a material. However the situation as described here is somewhat 

oversimplified: a temperature of 0 K is assumed, and it does not take into account scattering 

effects at the interface, caused by an insulating oxide barrier layer or impurities for example.
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To take these fax;tors into account a be tte r model m ust be used. Such a model has been 

devised by Blonder, Tinkham , and Klapwijk [34].

2.2.2 BTK Theory

The BTK (Blonder-Tinkham-Klapwijk) model is used to  describe the conductance vs. 

voltage curves obtained from the  PC A R  process. I t assumes transport is ballistic through 

the point contact. The reflection and transm ission coefficients for electrons a t the interface 

are then determ ined by solving the Bogoliubov-de Gennes equation.

W hen a  superconductor is at a  tem perature above 0 K, not all of the electrons form 

Cooper pairs. These unpaired electrons are known as quasi-particles, since they can be 

found in two base states: ‘electron-like’ , where the  electron is above the average energy 

of the Cooper pairs, and ‘hole-like’, where the electron is below the average energy of the 

Cooper pairs. They can be described using the Bogoliubov-de Gennes equation

where f { x ,  t) and g{x,  t) give the  probability of finding the quasi-particle in an electron-like 

s ta te  I e) and a hole-like sta te  [ h) respectively. The Bogoliubov-de Gennes equation tells us 

th a t, apart from the  coupling A (a;), the quasi-particle obeys the Schrodinger equation when 

it is in I e) and the time-reversed Schrodinger equation when it is in | /i).

In BTK, the mism atch in transport properties a t or near the contact interface is mod-

(35)

where H  is described by

(36)

and is the wavefunction of the  quasiparticle.

=  f { x , t )  1 e ) + g { x , t )  | h), (37)
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eled as elastic scattering, using a repulsive delta function energy barrier of height S, where 

E{x) = S5{x). S thus has units J.m, and the scattering is described by a dimensionless and 

temperature independent barrier strength parameter Z = | | | - ,  where is the Fermi wave 

number. One main reason for using a delta function shaped barrier is that it is numeri

cally solvable - more realistic shapes for the barrier make the solution of the equations nigh 

impossible.

Solving the Bogoliubov-de Gennes equation for this scenario allows the reflection and 

transmission probabilities for the interface to be determined. The Andreev reflection prob

ability, A, the normal reflection probability, B, the electron-like transmission probability, C 

and the hole-like transmission probability, D, are calculated for different particle energies. 

The following equations are obtained for the reflection coefficients;

E < A E >  A

4 A
— 1

.£;2 + (A 2-£;2)(l + 2Z2)2 £+(1+2Z2)12

to II 1 B = 4Z'^(1 + Z")
[e + (l+2Z2)12

where s is given by

E
-  A2 ■

The transmission coefficients can then be determined using

A + B + C + D = 1.

When A and B are known the transmission probability {C -t- D) can be easily calculated, 

however here we focus on A and B  to calculate the total Andreev current. In figure 2.6, the 

Andreev and normal reflection coefficients have been plotted against the particle energy for 

different Z values. As Z increases the probability of Andreev reflection reduces, and reflection
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becomes more normal. For very high values of Z, representing a tunneling transport regime, 

Andreev reflection is completely suppressed for low energies. At sub-gap energies the incident 

electron cannot enter the superconductor as a quasiparticle, i.e. A + B =  1. At above gap 

energies, the Andreev Reflection process no longer occurs.

1.00

0.75

0.00 s Z s  1.25
A 0.50

0.25

0.00

1.00

0.75

^  0.50

0.25

0.00
0 2 3

£ /A

F ig u r e  2 .6  Reflection coefficients A and B plotted as a function of particle energy 
fo r  different values of Z. A s Z  increases the probability o f Andreev reflection drops.

At above-gap energies, the transmission C + D equals 1 — [A + B).  To find the transmission 

of the N/N interface we let A =  0 or e = 1. In this limit, evaluation of 1 — (A 4- B) gives 

the transmission =  1/(1-|-Z^), which is the standard transmission for a 5-function barrier.

The known probabilities A and B are used to calculate the current at a given bias 

voltage. For simplicity’s sake the current is calculated in the normal metal using the model 

of an electron incident from the normal side. In the normal metal there are currents flowing
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to  th e  righ t and  to  th e  left. T he cu rren t flowing to  the  righ t consisting of th e  incident

electrons w ith  an  energy in [E, E  +  dE]  is given by

I  =  eAcv{E)  p{E)  f  { E ) d E , (39)

where e is th e  charge of the  electron, Ac  th e  cross sectional area  of th e  no rm al/superconducting  

interface, v{ E)  th e  electron velocity, p{ E)  th e  density  of s ta tes  and  f { E )  th e  Ferm i dis

trib u tio n  function. N ote th a t  p { E ) f { E ) d E  is th e  density  of electrons w ith  an  energy in

[E, E  +  dE].  To find th e  p ropo rtion  of the  cu rren t which is given by A ndreev reflection of

incident electrons, we ju s t m ultip ly  (39) by A (E) to  get

Ia =  e Ac v { E) p { E) A{ E) f { E) d E .  (40)

Similarly, the  cu rren t flowing to  the  left  ̂ caused by norm ally reflected electrons is given by

I b  =  e Ac v { E ) p { E) B{ E) f { E ) d E .  (41)

T here  is a  second cu rren t flowing to  th e  left o rig inating  from  particles incident from 

the  superconducting  side. T h is curren t can  be w ritten  as

I x  -  e A M E ) p { E ) X { E ) f { E ) d E .  (42)

In th e  absence of an ex ternally  applied  bias voltage, th e  to ta l curren t is zero, im plying 

th a t  X  =  1 +  A  — B.  If  we raise th e  p o ten tia l of th e  norm al side w ith  respect to  the  

superconducting  side by V,  th e  d is tribu tion  of th e  incom ing electrons from  th e  norm al side 

becom es f { E  — eV) ,  while th e  particles incident from  th e  superconducting  side still have the  

d istribu tion  f { E) .  R eplacing accordingly, and  sum m ing (40), (41) and (42), we get

I { V)  =  e A c J  v { E) p{ E) [ l  +  A{ E)  -  B{ E) ] [ f { E  -  V)  -  f { E) ] dE.  (43)
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The function f { E  — eV) — f {E)  is nonzero only in a region of size eV in the vicinity of the 

Ep.  Since eV  A < <  Ep  , the velocity and the density of states of the normal metal can 

be taken as constants, giving

I{V) = eA^vp J [ l  + A{E) -  B{E)][f{E - V ) -  f{E)]dE,  (44)

where now v and p are the electron velocity and density of states of the normal metal at Ep- 

The conductance G^ s  — d l  j d V  then becomes

Gns  = -e'^A.vp  | [ 1  + A{E) -  B { E ) ] f { E  -  V)dE.  (45)

where f  is the derivative of the Fermi distribution function. The function —f '{E)  is zero 

everywhere except near E  = 0, where it has a pulse-shape similar to a delta-function with 

a width proportional to ksT .  When both sides of the interface arc normal metal (A =  0), 

equation (45) reduces to

^  e^AcVp
~  1 _l_ ^ 2 -

The conductance in the superconducting state normalized by the conductance in the normal 

state becomes

^  =  - ( 1  +  Z ") / ( |1  +  A(E) -  B{E)]/ ' {E -  V)dE,  (47)
^ N N  J

which is the main result of the BTK theory. In figure 2.7, the normalised conductance values 

have been plotted as a function of bias voltage for different barriers at two different tem

peratures. As Z reaches very high values we essentially have tunneling across the interface, 

and application of a magnetic field must be used to determine spin polarisation - the famous 

Tedrow-Meservey experiment [35]. For higher temperatures we see a smearing of the conduc

tance peaks at A. As expected, higher barrier values impede the Andreev reflection process
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and the conductance drops for voltage values below A/e.

2.0
= 1.5 meV 

7  = 4.2 K ,

0.5
O.OOsZs 1.25T 3

uO.O
I  2.0

o
Z

0.5
. = 1.5 meV 
7 =  1.5 K

0.0

Bias Voltage [mV]

F ig u r e  2 .7  Norm alised conductance as a function of applied voltage 
fo r  an Andreev poin t contact. Curves are shown fo r  different values of 

Z at two different temperatures.

2.2.3 M odifications o f B T K  theory

The BTK theory, while being quite complex, still has many limitations. The exact in

terpretation of the Z-paxameter is somewhat unclear. The superconducting proximity effect, 

where the superconducting wavefunction decays a small distance into the normal metal, has 

been ignored. Perhaps most importantly in the scope of this thesis, the BTK theory does 

not take spin-polarisation into account. In this section I will review the attempts that have 

been made to modify these limitations, and give an overview on recent developments on the 

theory of Andreev reflection.

The first theoretical account dealing with spin polarisation in PCAR was given by
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deJong and Beenakker in 1995 [33]. Experimental results were then obtained by Soulen [36] 

on certain spin polarised materials such as Fe, LSMO and Cr02- In this paper the authors 

created a model to fit their results and extrax;t a value for the spin polarisation at the normal- 

superconducting interface. To do this they separated the current into two channels - one 

polarised, Ipoi and one non-polarised, lunpou so that

I  Ipo l  ” 1“  ^unpol

The unpolarized current, lunpoi, is calculated using the conventional BTK theory. The 

remaining current, Ipoi, is also calculated using BTK, however here the probability of Andreev 

reflection, A{E),  is set to zero, and only normal reflection and transmission can take place. 

The spin polarisation, P, can be extracted from the d l /d V  curves by noting that

^ I { V ,  T ,P ,Z )  = { 1 -  T, Z) + P ^ Ip o i iV ,  T, Z)

If we take the limit of minimal interfacial scattering (i.e. Z  ^  0), then for low voltages 

and temperatures we get

-^Iunpol{y,T, Z) = 2GmN

and

to give

G n s =  2 ( 1 - P ) ,
G n n

a result which was predicted in the paper by de Jong and Beenakker [33]. One should be 

aware that this model assumes that the ratio between normally reflected and transmitted 

probabilities B/{C  + D) is the same for the polarised and unpolarised channels. However 

this assumption has been shown to be valid elsewhere [42].
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Another model is presented by Strijkers et al. [37]. This model takes into account the 

proximity effect as well as spin polarisation. The proximity effect is when Cooper pairs from 

a superconducting metal in close proximity to a normal metal diffuse into the metal, causing 

a thin layer of the normal metal to become superconducting [38]. This superconducting 

proximity layer has a lower transition temperature and a lower A than the bulk. The 

Andreev reflection process, occurring at the metal/proximity-layer interface, is therefore 

limited to bias voltages smaller than the superconducting gap value of the proximity layer. 

However, quasiparticles can only enter the superconductor for voltages higher than the bulk 

gap of the superconductor.

The authors account for the proximity effect by using two values for the superconduct

ing energy gap, one for the Andreev reflection process (A i), and one for the quasiparticle 

transport (A 2 ). The reflection probabilities are then calculated, and from this the conduc

tance vs. voltage curves can be calculated. The proximity layer is observed as dips in the 

conductance at voltages between A i/e  and A 2 /e  (see fig 2.8). This model is the one used in 

this thesis to fit the data obtained from PCAR measurements. A good review of the prox

imity effect is given in [39] and [40], and [41] studies the effect in ferromagnet/superconductor 

structures.
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F igure 2 .8  Conductance curve from Strijkers et a/.[37] produced by a model which takes into account the

superconducting proximity effect.

A paper by Mazin et al. [42] proposed a  different approach in the treatm ent of the 

polarised conduction channel a t the ferrom agnet/superconductor interface. Instead of set

ting the Andreev reflection probability to  zero, the model describes the Andreev-reflected 

hole as a  spatially decaying evanescent wave with finite probability bu t carrying no net cur

rent. The author is able to  use this model to  calculate the conductance vs. voltage curves 

in the diffusive transport regime. They show th a t the value of spin polarisation obtained is 

independent of the model used; the only param eter affected is the strength  of the  Z param e

ter. This means th a t a  correct value for P  can be obtained using a ballistic model (such as 

Strijkers) to  fit data, even if the d a ta  is obtained from a  diffusive contact. O ther publications 

have since backed up this claim[43],[44], however it is also claimed elsewhere th a t different 

polarisation values can be obtained depending on which model is used [45]. A similar model
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was developed by Xia et al. for diffusive transport across ferromagnetic/superconductor 

contacts [46]. Another model proposed by Perez-Willard et al. [47] calculates two separate 

transmission coefficients for the majority and minority charge carriers in the ferromagnet.

Many papers have reported the suppression of the actual polarisation of the nor

mal/superconducting interface with an increase in the Z parameter. In a paper by Kant [48], 

the following relationship was derived

P  ~  Po exp(—2q:^Z^),

where P  is the observed polarization, Pq is the polarization for Z =  0, a  is the 

spin-flip probability for a scattering event and V' is the ratio between the probability for 

forward and backward scattering. In general it is shown that contacts with a lower value for 

Z will give higher spin polarization values.

More recently attempts have been made to use PCAR to measure spin polarisation 

in magnetic semiconductors. In a paper by Panguluri et al.[49], PCAR measurements were 

carried out on Ini.j^Mn^Sb, a magnetic semiconductor. Measurements were then carried out 

on its nonmagnetic analog, Ini_yBeySb. Comparisons were then made between the results 

obtained from the two materials, and a spin polarisation value of 53 ±  2% was estimated for 

Ini_xMn3;Sb. Attempts have also been made to measure Andreev reflection in other magnetic 

semiconductor systems [50], [51]. However for a truly accurate value to be obtained from 

such results, a model has to be produced for PCAR across a semiconductor/superconductor 

interface.
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Chapter 3 

Experim ental Procedure

Many of the materials examined within the scope of this thesis had to be fabricated 

in our lab. As a result it was important to carry out characterisation measurements, such 

as XRD and SEM imaging, to verify the purity and quality of our samples. In this section, 

the fabrication and characterisation techniques utilised will be outlined. For the section on 

Andreev reflection it was required to make device structures using our subject materials. 

The nanofabrication techniques utilised to create these devices will also be discussed.

3.1 Fabrication techniques

3.1.1 Therm al evaporation

Thermal evaporation is a technique used to deposit a thin film of a metal onto a 

substrate. The desired metal is evaporated in a vacuum environment, and the atomic cloud 

formed coats all the surfaces in the line of sight between the substrate and the metal source. 

This method can produce shiny, smooth films up to 0.5 fxm. The coating, however, is fragile 

and peels off easily, thus rendering the technique unsuitable for high resolution lithography 

applications (see fig. 3.1). It is also unsuitable for metals with a high melting point. However, 

it is a very useful method for creating metallic contacts and also for deposition of thicker 

films. Evaporation was used in this thesis for the fabrication of the Andreev Reflection nano

indentation devices, where a film of lead is deposited onto a soft-baked PMMA layer. The 

evaporator is an Edwards Auto 306 evaporator, and the operating vacuum in the evaporation 

chamber is typically 5 x 10“  ̂ mbar.
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F igure 3.1 Evaporated gold film  60 nm  thick on top o f a Fe3 0 i  sputtered film. Thermal evaporation 
produces good-conductivity films, but the topography does not have the same quality as sputtered or

PLD-deposited films.

3.1.2 Sputtering

Another technique used to make metallic films is sputtering. Sputtering is a vacuum 

process performed by applying a high voltage across a low-pressure gas (usually argon) to 

create a plasma. The ions in the plasma are accelerated towards a target, consisting of the 

desired deposition metal, by using a DC or RF voltage bias. Energized plasma ions strike 

the target and, under good vacuum, the struck target atoms will be ejected with enough 

energy to travel and form a bond with the substrate and subsequently form of a film of the 

extracted material on the substrate. To deposit on metallic substrates a DC bias is usually 

employed, whereas when the substrate is non-conductive, e.g. a polymer, radio-frequency 

(RF) sputtering is generally used. The resulting crystallographic phase of the film depends 

on the substrate type, temperature and the surrounding atmosphere. In the case of oxide 

films, e.g. magnetite, a partial pressure of oxygen is added to the argon. Films used in 

this study were grown either using a Leybold Z550-S DC-magnetron sputtering machine or 

a Shamrock DC-magnetron sputtering system. Substrates were cleaned using acetone and 

ethanol before deposition.
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3.2 C haracterisation  Techniques

3.2.1 X R D

XRD (X-ray diffraction) analysis was used to determine tfie structural characteriza

tion of our samples. This technique probes the crystal lattice with copper radiation 

(wavelength A = 1.5418 A).  The X-rays are specularly reflected from the successive parallel 

planes of atoms in the crystal (see fig 3.2). At certain angles the diffracted beams interfere 

constructively, leading to a peaks in the detected intensity.

(a)
F igu re 3 .2  fa j A Bragg reflection from  a particular set o f lattice planes separated by a distance d and (b) 

0 is ju s t half o f the total angle by which the incident beam is deflected

The position and intensity of these peaks is unique to each crystalline material. X-ray 

diffraction is based on Bragg’s condition:

n \  =  2d sin {6), (1)

stating that a diffraction pattern is observed only when the path difference between the 

reflected waves (the product of twice the lattice spacing d and the sine of the diffraction 

angle 6) equals an integral number of X-ray wavelength A. Spectra were recorded on a 

Siemens D500 diffractometer. For polycrystalline samples, powders were made by crushing 

a portion of the sample in a mortar and pestle. For a single crystal sample, XRD was 

performed on a polished edge of the crystal.
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3.2.2 E lectron M icroscopy

Sample morphology was studied using a Hitachi S - 3500N scanning electron microscope 

(SEM) in high vacuum mode with sub-micron resolution, in the Centre for Microscopy and 

Analysis (CMA), Trinity College. SEM involves the detection of secondary or back-scattered 

electrons following the bombardment of the sample with a beam of highly focused electrons. 

The electrons, which possess a much greater energy than optical photons, give rise to a much 

higher magnification and image resolution than an optical microscope.

This unit is also equipped with a PGT-Imix EDAX (energy dispersive analysis of X- 

rays) facility. This allows the analysis of x-rays emitted when a sample is bombarded with 

electrons, as illustrated in fig. 3.3. These x-ray are characteristic of the elements present. 

The data is calibrated with a known specimen and the relative concentration of the elements 

may then be concluded. The lighter elements such as O, H, N and C are difficult to detect 

due to the low energy of their characteristic x-rays. This technique is used to determine the 

chemical composition of compounds and to identify the impurities present. It is also used 

to see phase separation in metallic alloys.

Outer shell electron fills hole
Incident Electron

X-ray

l '

■^Ejected K-shell Electron

F igure 3.3 The incident electron from the SEM column causes an inner shell (K) electron to be emitted 
from the silicon atom, which is replaced by an electron from an outer shell (L), also producing an x-ray.
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3.2.3 A tom ic Force M icroscopy

The atomic force microscope (AFM),was invented in 1986 by Binnig, Quate and Gerber 

[1]. The AFM utiUses a sharp probe moving over the surface of a sample in a raster scan to 

reproduce the topography of the sample surface, thanks to  a tip on the end of a cantilever 

which bends in response to the force between the tip and the sample.

The first AFM used a scanning tunnelling microscope at the end of the cantilever to 

detect the bending of the lever, but now most AFMs, including the Nanoscope Multimode 

III (Veeco) used in this work, employ an optical lever technique. In this optical update a 

laser is reflected at the edge of the cantilever and into a photodetector. As the cantilever 

flexes, the light from the laser is reflected onto different regions of the photodetector.

Contact mode is the easiest method of operation of the AFM. As the name suggests, 

the tip and sample remain in close contact as the scanning proceeds. By "close contact" we 

mean in the repulsive regime of the inter-molecular force curve, i.e., they are touching. The 

AFM measures the forces (at the atomic level) between the sharp probing tip and the sample 

surface by measuring the changes in the bending of the cantilever through the variation of 

the reflected laser spot position 2  in the photodetector. Images are taken by scanning the 

sample and measuring the deflection of the cantilever as a function of lateral position. As 

the scanner gently traces the tip across the sample, the contact force causes the cantilever to 

bend, and the electronics react maintaining a constant z using a positioning device in what 

is called the z-feedback loop.

The movement of the tip or sample is performed by an extremely precise positioning 

device made from piezoelectric ceramics in the form of a tube scanner. The scanner is capable 

of sub-angstrom resolution in x-, y- and z-directions (z-perpendicular to sample), but the
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environmental conditions, such as vibrations, temperature and humidity fluctuations, lateral 

forces, sample roughness and adhesion of the tip to the gas-water layer on top of the sample, 

limit the resolution to approximately 2-5 nm laterally and to 0.1 nm for the direction for 

samples without sudden changes of topography (steps, as could be the case for focussed ion 

beam milled samples, see section 2.2.4) and 4-20 nm in lateral plus 1 nm in height for the 

more topographically challenged samples.

Another AFM technique is the tapping mode technique. Tapping mode is a patented 

technique by Veeco Instruments that maps the topography by lightly tapping the surface with 

an oscillating probe tip. The cantilever’s oscillation amplitude changes with sample surface 

topography, and the topography image is obtained by monitoring these changes and closing 

the z feedback loop to minimize them. When operated in air or other gases, the cantilever is 

oscillated at its resonant frequency (typically 50 to 300 kHz) and positioned above the surface 

at a height hx (amplitude setpoint) so that it only taps the surface for a very small fraction 

of its oscillation period. When imaging poorly immobiUsed (e.g., nanotubes or nanobeads 

spread on a substrate) or soft samples (like organic cells), tapping mode is generally a far 

better choice than contact mode for imaging.

In general, tapping mode is also much more effective for imaging larger scan sizes that 

may include large variations in sample topography. Tapping mode can be performed in gases, 

liquids, and some vacuum environments. A major advantage of the tapping mode is related 

to limitations that usually arise due to the thin layer of liquid that forms on sample surfaces 

in an ambient imaging environment, i.e. in air or some other gas. The amplitude of the 

cantilever oscillation in tapping mode is typically on the order of a few lO’s of nanometers, 

which ensures that the tip does not get stuck in this liquid layer.
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Lift pass

TaopingModa pass

F igure 3 .4  Schematic of the tapping and lift modes. Left: 1 & 2 the cantilever traces the surface 
topography on first trace and retrace, 3 the cantilever ascends to the lift scan height, 4 o,nd 5 the lifted 

cantilever profiles topography while responding to magnetic influences on second trace and retrace.

Alternative methods of obtaining image contrast are also possible with tapping mode 

(fig. 3.4). In constant force mode, the feedback loop adjusts so that the amphtude of 

the cantilever oscillation remains (nearly) constant. An image can be formed from this 

amplitude signal, as there will be small variations in the oscillation amplitude, frequency or 

phase between the oscillations of the cantilever driving piezo and the detected oscillations in 

the photodetector (due to the control electronics not responding instantaneously to changes 

on the specimen surface).

3.2.4 V SM

To carry out room temperature magnetisation measurements, a VSM (vibrating sample 

magnetometer) was used. The VSM uses a variable field created by two concentric Halbach 

cylinders. The magnitude of the field was changed by rotating the cylinders so that the 

vector addition of their magnetisation added to the desired applied field, up to a maximum 

of 1.1 T. The sample was vibrated at 29.4 Hz along the bore of the cylinders (H ±  bore). 

The displacement of the sample gives rise to a change in magnetic fiux # over time. This 

induces a voltage V in the coils:

where C is a constant. Integrating the voltage over time gives the total change in fiux which 

is proportional to the magnetization. A hysteresis curve is obtained when doing a series
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of magnetization measurements as a function of the applied external field. This induces a 

voltage in a set of pick-up coils, also inside the bore, which can be converted to magnetic 

moment after calibration with a nickel standard.

Oscillator

 Hall
probe

Outer
Halbach

I
Inner
Halbach

Sample

------------- Hall probe

------------- Pick-up coils

F igure 3.5 Schematic diagram of a VSM (vibrating sample magnetometer).

3.2.5 SQ U ID

For carrying out magnetisation measurements at lower temperatures, a Quantum De

sign Magnetic Property Measurement System (MPMS) sample magnetometer was used. A 

superconducting quantum interference device (SQUID) detection system is integrated with 

a temperature control unit, a high field superconducting magnet and a computer operating 

system. Liquid helium is necessary for refrigeration of the superconducting components as 

well as for low temperature measurements. Measurements can be made between 1.7 and 300 

K in a field of up to 5 T, with a sensitivity of 10'^^ Am^.

Measurements used the Reciprocating Sample Option (RSO) where the sample is vi

brated parallel to the field direction. Bulk samples were crushed into a powder using a 

mortar and pestle. These powders were weighed, then placed in gel caps and inserted into a 

straw, which could then be placed into the system for measurement.
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3.2.6 M agnetostriction

Magnetostriction is when ferromagnetic materials undergo a change to their physical 

dimensions when subjected to a magnetic field. Magnetostriction measurements were carried 

out using a pair of strain gauges in a Wheatstone bridge (see fig. 3.6) with two precision 

wire wound resistors, mounted in a die-cast box to shield from noise. One of the gauges is 

fixed to the sample using cyanoacrylate (i.e. superglue), the other is used as a dummy. A 

change in the length of the sample (AL) corresponds to a change in the resistance of the 

gauge (AR) according to the following formula

AR _  ^^AL 
R L

where K is a constant called the gauge factor and is 2.1 for the 5 mm aluminium gauges 

used here.

Since measured magnetostriction is typically of the order of microstrains, and one 

microstrain corresponds to a change in length of .0001%, a very sensitive detection device is 

required. The output of the bridge is measured using a circuit based axound a variable low 

noise, low drift linear dc amplifier, with 1000 gain.

G 1

-t- Bridge Supply  

C om p en sation

+ Input 

-  Input < -
out

Bridge Supply

F igure 3 .6  Schematic of bridge used for magnetostriction measurements. G l is the active gauge, R2 is the
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dummy gauge and R3 and R4 are precision wire wound resistors.

3.2.7 Mossbauer Spectroscopy

The presence of Fe and its properties were investigated in some samples using Moss

bauer spectroscopy. The Mossbauer effect utilizes the fact that ^^Fe nuclei in a lattice can 

absorb gamma rays recoil-free. This is due to the fact that the atom is bound in the crys

tal lattice, and the lattice vibrations are quantised, effectively opening the possibility of 

zero-phonon processes with no recoil motion of the absorbing atom. The emitted gamma 

ray’s energy is not affected. Any Fe nuclei can thus resonantly absorb the recoil-free radia

tion. In practice, the radiation is Doppler-shifted through a range of energies by movement 

of the source relative to the sample. The sample must be thin enough so as not to absorb 

the radiation completely in a non-resonant fashion and to discard the chance of re-emitted 

radiation to be re-absorbed.

7/2- (e’ capture 99.84%)

5/2-l36 .32keV

1 1 % - E 2 85%

.3/2*14.41keV

Ml
1/ 2 -OkeV

F igu re 3 .7  Schematic of the Mossbauer process. An electron is captured from Co by ^^Fe. As it drops to
the ground state, a gamma ray is released.

The source used is ^^Co, which has a conveniently long half-life of 270 days. The ®̂ Fe 

14.41-keV level is efficiently populated by electron capture of ^^Co and subsequent 7 -ray 

emission. The 14.41-keV state transition to ground state produces a 7 -ray (fig. 3.7) and the
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transition type is primarily Ml (with a tiny fraction of E2). The lifetime of this state give 

a Heisenberg width P// of 0.192 mm s~^

3.3  N anofabrication  techniques

3 .3 .1  U V  lith ograp h y

Lithography is a process used to transfer a pattern from a mask to the surface of a 

material. In UV-lithography this transfer is made by exposing to UV light a Cr-glass mask 

(which acts as a shield to the radiation), which is in contact with a photoresistive material 

whose properties vary when exposed to UV radiation (fig. 3.8). For the devices in this thesis 

we used a negative photoresist, which means that it becomes insoluble in certain solvents (in 

this case dilute acetone) after being exposed to UV light. After the exposure to UV light the 

exposed areas are removed in the solvent and we are left with the original pattern defined 

by the mask.

Our mask aligner is a Karl Suss MJB 3, which utilises a lamp with a UV wavelength 

A of 250 nm which defines the resolution of the masks used. This method therefore cannot 

then produce real nano-scale devices, but is instead used as an initial step for the patterning 

of contact masks and ^m tracks that can be reduced in size using other processes.
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F igure 3 .8  UV lithography schematic. Top left: Photoresist deposition. Top right: Photoresist thickness vs. 
spinning time at a speed of 3000 rpm. Bottom: exposure, developing and etching processes.

The resolution of the UV-hthography is reduced by vibrations and non-uniformities in 

the photoresist film, and the practical hmit is 0.5 to 1 fxm. The type of photoresist and the 

processing used will also determine this resolution. In general, the faster the spinning, the 

thinner the photoresist, giving initially better resolution due to a reduced shadowing effect.

However, as we thin the photoresist, any non-uniformities in the resist thickness become 

much more pronounced when compared with the actual thickness. This causes some areas 

to develop before others and may destroy the pattern. A compromise must thus be achieved 

between the speed, acceleration and time of the spinning to obtain layers which are thin 

and very uniform. The standard process used in this work is described in the table 3.1. For 

this work we used a spin coater EMS model 4000 with spin speed from 1 to 9000 rpm and
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9 programmable steps, and a hot plate EMS model 1000-1 with temperatures from 50° C to 

150° C, accuracy of ±1% across the working surface and a possible substrate size of up to 

150 mm.

Action Speed (rpm) Acceleration (rpm/s) Time (s)
Dispense Primer 500 1000 2
Spin Primer 3000/1800 1000 15
Dispense Photoresist 0 0 0
Spin Photoresist 4500 3000 40

T able 3.1 Standard spinning process for the positive photoresist Shipley 1813 used for the lithography
process described in section 3.5.8.

Once the photoresist is developed, we can remove the axea of the film that is not 

protected by the photoresist by milling. This milling is carried out using a Millatron VIII 

Kaufman type ion gun. This utilises accelerated Ar"'' ions, forming a 20 cm diameter beam 

which strikes the sample and remove the surface atoms (see fig. 3.9 for a schematic).

a)

Substrate holder 
(25-35 “)

%
AV

magnet

Ar ionization

neutraliser

b)

Substrate holder 
(25-35 “)

magnet

Ar ions

quartz 
collimator shakmg

F igure 3.9 Dry Ar~  ̂ milling schematic for a) D C  accelerated and b) RF oscillated and collimated beams.
The sample is positioned at an angle for an optimum etching, but needs to be rotated to obtain good

uniformity.

The Ar+ milling provides ideal atomic resolution for any material. However there are 

drawbacks with this technique, the main one being the non-selectivity of the ion beam - it 

will mill any surface in its path. The milling speed however will change between different 

surfaces, with the milling rate on any resist used being particularly slow. Some milling 

speeds for typical materials are listed in the table below.
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Mater ia l Mi l l ing  rat io  (*)

G o l d 1 0

Si lver 6

S i0 2 5

C o p p e r 3

N i c k e l / C o b a l t / I r o n 2

L SM O/ SF M O 1 .5

M a g n e t i t e / N b / T i 1

G l a s s <  1

* nm/minute @ 500 W RF power optimised 

T able 3.2 Milling ratios in the Millatron for some different materials.

Our system is operated with a cryopump, under initial vacuum of ~  2 x torr, a 

working pressure of 1.8 x 10“ ,̂ gas flow of 0.2 seem, magnet current of 2 A and a RF power 

of 500 W. The use of higher gas flow (> 0.25 seem) produces a pink plasma (instead of 

blue-purple) with almost no milling power. Lower gas flow or magnet current (< 0.19 seem 

or < 1.7 A) produce an unstable plasma which tends to disappear with time, and higher 

magnet currents (> 2.2 A) give rise to more reflected power.

Another patterning technique used in this thesis is the lift-off technique, used in UV 

and e-beam lithography. In this technique, the film is deposited after lithography instead of 

before, and therefore doesn’t require an etching or milling process. A thin film is deposited on 

top of a photoresist film previously exposed and developed. After the thin film deposition, the 

sample is immersed in a strong solvent (usually warm acetone) to dissolve the photoresist 

and the film on top of it. This way, the film will remain only at the areas which have 

previously been developed, i.e. the regions where we have removed the photoresist.

To enhance the resolution of optical lithography, extremely short wavelength UV (A 

below 200 nm), mirror projection printing (steppers) and phase shift masks are employed 

in the semiconductor industry. Optical photolithography processes can then be capable of
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resolution below 100 nm. However, for higher resolution, other techniques such as electrode

position, e-beam lithography and ion-beam milling are required.

3.4 Point Contacts

To study of transport properties of nanocontacts one needs contacts that are stable 

for a sufficiently long time to perform the required measurements. Here we describe the 

set-up used to investigate the magnetotransport behaviour of point contacts. Point contact 

phenomena like quantum conductance are most widely studied in nanocontacts formed when 

two macroscopic electrodes are put into contact and then slowly pulled apart. Precise control 

over the movements of the electrodes is desirable for the formation of a stable nanocontact.

3.4.1 Point C ontact Set-up

In our set-up (see fig. 3.10), the nanocontacts are made by putting two crystallites 

or metallic pieces into contact and then slowly pulling them apart again. One crystal is 

mounted on a block of aluminium, while the other is attached to the tip of a piezoactuator. 

This Physik Instrumente translator is made of stacks of piezo crystals and has a travel 

length of 45 /xm at room temperature. The voltage needed to fully extend the piezo crystals 

is supplied by a Physik Instrumente E>861.10 Single Channel AmpUfier. It accepts up to 

lOV at the input and amplifies it to up to lOOV for the full travel length of the translator.
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F igure 3 .10  Picture of set-up for creating point conacts.

The translator itself is mounted on a precision ball slide which can be moved by mi

crometer screw. This assembly is used for the rough approach of the two crystals. The 

actual making and breaking of the contacts is done by the piezo translator.

Samples

> • 0 -

VoutVbjas

R2

R4

R3

F igu re 3 .11  Schematic drawing of the electronics used to measure the conductance of a nanocontact. The 
voltage source supplies a voltage over the contact, while the current through the contact is converted to a

voltage using a OP37 op-amp.

Both the mechanical set-up and the electronics are mounted in a die-cast box to shield 

from electrical noise. For vibration insulation, the whole set-up is mounted on a stack of 

plywood plates separated by Viton 0-rings, which are placed on heavy metal plate on top 

of an inflated tube (from a bicycle tyre).
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The voltage source for the set-up can be a battery, a power supply or the output from 

one of the DAC’s from the ADA3100 data acquisition board, controlled by a PC, depending 

on the measurement required. The output from the I-V convertor can either be viewed and 

stored on an oscilloscope (Tektronix TDS220 digital storage oscilloscope), or fed directly 

into a PC using the ADA3100 card. The trace captured by the scope can be read into the 

computer using the RS232 serial port for further processing.

To study the transport behaviour of the nanocontacts in a small magnetic field, two 

coils are placed around the die-cast box. The coils axe driven by a home-built amplifier 

which has a -5 V to -1-5 V input and a -30 V to -|-30 V output which produces a field of up 

to 10 mT, which can be applied both parallel and perpendicular to the contact. The field 

can be controlled by the ADAS 100 card.

3.4.2 SoftwEire

All the data acquisition software developed for the quantum conductance experiments 

was written in QuickBasic. Each experiment has its own program; measuring the conduc

tance while slowly breaking the contact, measuring the current-voltage characteristics of a 

stable nanocontact, and the magnetoresistance of a stable nanocontact.

For measuring the conductance of a breaking nanocontact, the program first initializes 

the ADA3100 card and communications port. The scope is also initialized, setting it to single 

shot mode, and its trigger level to a few multiples of Go, the quantum of conductance (see 

section 2.1.1). The user has to manually bring the two crystallites into contact, using the 

micrometer screw, after which the program will make and break the contacts automatically 

using the piezo translator. After a contact has been established, the program reduces the 

voltage at the piezo amplifier input through one of the ADA3100 analogue output ports.
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thereby retracting the translator, and checking the scope until it has been triggered. The 

scope stores the trace in its internal memory, which can be accessed through a serial port. 

The data is plotted on the screen and automatically saved as a file. The two crystals are 

then put into contax:t again, and the next trace is obtained and saved. In this way hundreds 

of breaking curves can be obtained automatically, which can then be analysed in the form 

of a histogram. This technique is used to observe quantised conductance in samples.

For measuring I-V curves of a stable nanowire, one of the analogue output ports of the 

ADAS 100 has to be connected to the Kource input, and the Voutput output has to be connected 

to one of the analogue input of the ADA3100. Once the contact is made the translator is 

slowly retracted. Using an applied bias voltage of 30 mV, the value of the conductance of 

the nanocontact is constantly measured. We can thus adjust the voltage across the piezo 

translator until we get the conductance we require. The voltage across the nanocontax;t, 

Hias) is then swept from about -0.8 V to +0.8 V and back, at a preset speed. Voutput, which 

is a function of the current, is plotted on screen against Vbias and stored in a file. After thus 

obtaining an I-V curve, the Vbias is set again at 30 mV, a new contax;t is made, and another 

I-V curve obtained.

The program for measuring the magnetoresistance of a nanocontact is much the same 

as that for obtaining I-V curves. The Kource input is now connected to a battery, giving 

a 30 mV voltage difference over the nanocontact, while one of the analogue output of the 

ADA3100 is connected to the input coils amplifier. Again, the contact is made and the 

translator slowly retracted. When the conductance of the nanocontact reaches the desired 

level, the magnetic field is cycled between -hlO mT and -10 mT perpendicular to the current 

direction. The program plots Voutput and the voltage output to the coil amplifier on the
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screen and saves the data in a file. Magnetoresistance can also be observed by taking I-V 

curves as before both with and without an applied magnetic field. The resistances can be 

calculated from the I-V curves and then compared.

3.5 A ndreev  R eflection

As mentioned previously, Andreev reflection ideally requires the formation of a ballistic 

electrical contact between a subject material and a superconductor. Initially niobium was 

used as our superconducting material. Bulk niobium has a transition temperature of 9.25 

K, however this reduces for thin films, depending on the thickness of the film[2]. We then 

started to use lead as it is an easier material to deposit, and its transition temperature (7.2

K) is sufficiently high for our requirements. Several techniques were used to create the actual

nanocontacts. These are described in detail below.

3 .5 .1  S h arp en ed  N io b iu m  w îre

In this technique, a section of niobium wire (0.25 mm diameter) was sharpened using 

a polisher and used to create a nanocontact with the subject metal. The actual nanocontact 

was created using a technique similar to that described in section 3.4.1. A specially designed 

probe is fitted with piezo actuators and a micrometer screw gauge. These are used to slowly 

control the distance between the wire and the sample until a nanocontact is formed. The 

resistance between the sample and the niobium wire is continually monitored and thus an 

estimation of the size of the point contact can be made. Point contacts could be made for 

several minutes, enough time for a few conductance curves to be measured. The sample rod 

was wired up using copper wire and EPOTEK E4110 conductive low-temperature epoxy, 

and silver wire with Agar Scientific quick drying silver paint. The sample holders and piezo

64



tube were mounted using EPOTEK H77 low-temperature nonconductive epoxy.

To cool the system below the transition temperature of the niobium wire, the sample 

probe is placed into a custom designed Oxford cryostat (fig. 3.12). The continuous flow 

cryostat has a Cernox temperature sensor and heating element placed just after the needle 

valve between cryogenic reservoir and sample space which controls the temperature in the 

cold region of the cryostat, which is situated inside the tail. The reservoir of the cryostat is 

precooled with liquid nitrogen overnight before filling with liquid helium.

F igure 3 .12  Photo of the Niobium tip PCAR measurement set-up. a) Cryostat with its tail sitting inside a 
Multimag variable field source, b) Close up of the sample rod with piezo tube.

To measure conductance curves, an AC lock-in technique is used (fig 3.13). A Keithley 

6221 AC current source sends an oscillating current across the contact. A PerkinElmer 7265 

lock-in amplifier is then used to measure the resulting voltage change across the sample, thus 

giving us a direct differential measurement of the resistance of the contact. A Keithley 2400 

sourcemeter is used to step the bias voltage. The whole measurement process is controlled
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by PC using a command programme written in Labview. The technique described here was 

successfully used to perform PCAR measurements on copper, cobalt and nickel.

Niobium
wire

sample

Lock-in amp

AC current 
source

DC Voltage 
source

F igure 3 .13  Block diagram of circuit used for measurement of conductance as a function applied voltage. 

3.5.2 D ep osition  through a nanohole in PM M A

Another way of creating a nanocontact is to deposit through a nanohole made through 

a layer of PMMA (polymethyl-methacrylate) [3], [4]. The nanohole is made by penetrating 

the PMMA layer using an AFM tip. A layer of PMMA is spun onto a sample, which in this 

case should be a smooth film of the subject material. A spin speed of 7000 rpm was used for 

a duration of one minute, giving an even 80nm thick PMMA layer. The PMMA used was 

PMMA A2, an anisole based photoresist produced by Micro-Chem. The samples were then 

’soft-baked’ at 180° C for 2 minutes. This is so the PMMA layer is rigid enough to maintain 

the dimensions of any hole produced, but soft enough to allow the AFM tip to penetrate 

easily.

To create the nanoholes, a Veeco TESP tapping-AFM tip (fig. 3.14) is used in a Digital 

Instruments Multimode AFM. Such tips have an end diameter of < 15 nm and are thus ideal 

for this application. A ‘sacrificial sample’ is then used to test the conditions required to create 

the pcrfect nanohole, as they will change depending on such factors of the spring constant of 

the tip, the consistency of the PMMA etc. The AFM is set to contact mode and a deflection
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setpoint is used to press the tip into the sample.

F igure 3 .14 Profile of tapping AFM tip used for creating nanoholes. The end radius is < 15 nm and the
tip angle is typically 40°.

F igure 3 .15 Image of nanohole in PMMA layer taken in tapping mode.

The tip deflection should be such that the tip just passes through the PMMA layer 

fully - any more will cause the tip to scrape along the surface of the sample as it is pushed 

against it, thus forming too large a contact. Various holes are made and imaged until a 

desirable hole is obtained - a deflection setpoint of ~7 V is typical. The hole can then be 

imaged by switching the system to tapping mode and scanning the surface (fig. 3.15). A 

depth profile of the nanohole can then be obtained (fig. 3.16). Note that the imaged formed
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is a convolution of the tip profile and the hole, which is the same size of the tip. However 

imaging still enables us to get a rough estimation of the hole width and depth. Once the 

settings and conditions are optimised, a nanohole can be made on each sample. A layer of 

lead is then deposited onto the samples using an evaporator. A reasonably thick layer (>100 

nm) is used to ensure a good transition temperature. Kapton tape is placed around the 

edges before deposition to prevent shorting between the lead layer and the sample, and also 

to enable electrical contacts to be made onto the sample layer.

a)

To 1.00 2.00
U N

b)

F igu re 3 .16  Depth profile of nanoholes created using an AFM  tip. In a), the tip has been pressed too hard 
and a plateau has formed at the base of the hole. In b), the tip has ju st about passed through 80 nm of

PMMA, creating a good nanohole.

Once the lead has been deposited, electrical contacts axe made on the sample and on 

the lead layer using Agar silver paint. Conductance curves are then obtained using a lock-in
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technique slightly different to the one described above. In this case we use two PerkinElmer 

7265 lock-in amplifiers and an Agilent 33120A AC voltage source. One of the lock-ins is 

used to measure the differential voltage across a shunt resistor of known resistance, thus 

effectively measuring the current passing through the nanocontact. The other measures the 

differential voltage across the nanocontact. A Keithley 2400 sourcemeter is used to step the 

bias voltage and the whole measurement process is controlled using a Labview programme.

■nanocontact

PMMA

sample Shunt
resistor Lock-in amp

Lock-in amp

AC voltage 
source

DC voltage 
source

F igure 3 .17  Block diagram of electronic set-up for taking conductance vs. voltage curves.

The sample is cooled below the transition temperature of lead in a SQUID magne

tometer. Measurements were taken at 4.2 K and 2 K. Nanocontacts made using this method 

are extremely stable and an indefinite number of curves can be taken from one sample. The 

imaging technique also means that a reasonably accurate holesize estimation can be made, 

and also holes of various sizes can be produced for comparison. Copper, nickel, Co2 MnSi 

and e-Fe2 - 3 N were all successfully analysed using this technique.

3.5.3 Lateral N anojunctions

A method was developed in collaboration with another PhD student (Dr. Oscar Ces- 

pedes) to create lateral Andreev contacts. An 8 step process was developed (see figure 3.18): 

a) a Nb film about 50 nm thick is deposited and the transition temperature measured, b)
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half of the film is covered with photoresist, the other half is developed by UV lithography, 

c) half of the Nb film is etched by Ar"*" milling and the total milled depth is measured by 

AFM, d) a Cu or Ni film of equal thickness to the total milled depth is sputtered, e) the 

Cu or Ni on top of the photoresist is lifted off with acetone at 60 "C, f) contact pads and a 

20 fxm track are lithographed, g) the uncovered film is milled and h) a nanoconstriction is 

milled at the interface using focussed ion beam (FIB).

a)

Nb

Substrate

e)

b) c)

0 g)

C u 

ll)

<l)

fcIL ML
F igure 3 .18  Schem atic o f the eight steps fabrication process as described in the text.

To fabricate an edge junction following this method, the first step is to measure the 

transition tem perature of the deposited Nb film. The drop in transition temperature with 

film thickness is well documented for niobium [5], [6], and has its basis in an enhanced 

Coulomb repulsive interaction, which depresses the density of states [7].

One problem to take into consideration with this technique is that the Nb film is milled 

at a much slower rate than  the Si02 substrate. As a result, a precise thickness measurement 

is required to find the exact amount of metal to be deposited so that both thin films are at the 

same height. Another problem is associated with the lift-off process, which sometimes leaves
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a layer of the subject material overlapping the niobium film. To create a nanoconstriction 

at the boundary between both films we need to remove this overlapping metal layer (see fig. 

3.19a). Furthermore, once the sample is taken out of the vacuum environment of the FIB 

system, it starts to oxidize. The top of the Nb film is covered by a Au capping layer, but the 

walls of the nanostructure are exposed. To prevent damage, a layer of insulator Si02 can 

be deposited on top of the nanostructure (see fig. 3.19b). Alternately, a layer of photoresist 

can be deposited on the structure immediately after removal form the vacuum environment 

of the FIB.

iSterface
cleaning

E-Beam Mag FWDi Tilt Spot 02/12/04 i HFW ; — -------- 1pm  E-Beam Mag FWD Tilt Spot 02/12/04 HFW   2 pm
3.00 kV 35.0kX 501 6  52.0 ' 2 17:1607 ; G e S p m ' Baboon SenseM ode Lever 1000 V 20.0 kX 4.972 0 0  2 18:04 12 15 ,2 |jm  Baboon SenseM ode Lever

F igure 3 .19  a) The lift off process may leave a layer of subject metal overlapping the niobium film. This 
must be removed using the FIB. b) SiO^ may be deposited to protect the walls of the constriction.

The bad quality of the interface may enhance another problem: temperature-dependent 

strain of the films. This strain is in some instances large enough to open a gap between both 

films at low temperature. This process is reversible, and the nanocontact can be formed 

once more by increasing the temperature, but if the gap is opened at a temperature above 

the superconducting transition, the sample will obviously be useless for Andreev reflection 

measurements (an example is presented in fig. 3.20).
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F ig u r e  3 .2 0  Temperature induced strain on the m etallic films, together with poor bonding at the interface, 
m ay lead to a jum p in the resistance of a device, leaving it in the insulator regime. The effect is reversible 

with tem perature and independent o f the current used in the measuring process.

All these experimental difficulties, together with the numerous patterning steps, have 

as consequence a very low success rate for Andreev reflection in the edge junctions. Only 

around 1% of the initially lithographed samples present a good contact with a clean interface. 

Conductance curves can be obtained from these samples at low temperatures using the 

SQUID magnetometer and the measurement set-up described on page 69. This technique 

was successfully used to measure polarisation in copper and nickel.

72



R eferences

[1] G. Binnig, C. F. Quate, C. Gerber, Phys. Rev. Lett. 56, 930 (1986).

[2] A. F. Mayadas, R. B. Laibowitz, and J. J. Cuomo, J. Appl. Phys. 43, 1287 (1972).

[3] J. Carrey, K. Bouzehouane, J. M. George, C. Ceneray, T. Blon, M. Bibes, A. Vaures, 

S. Fusil, S. Kenane, L. Vila, and L. Piraux, Appl. Phys. Lett. 81, 760 (2002).

[4] K. Bouzehouane, S. Fusil, M. Bibes, J. Carrey, T. Blon, M. Le Dil, P. Seneor, V. Cros, 

and L. Vila, Nano Letters 3, 1599 (2003).

[5] M. S. M. Minhaj, S. Meepagala, J. T. Chen, and L. E. Wenger, Phys. Rev. B 49, 15235 

(1994).

[6] Q. D. Jiang, Y.L. Xie, W.B Zhang, H. Gu, Z.Y. Ye, K. Wu, J.L. Zhang, C.Y. Li and 

D.L.Yin, J. Phys.: Condens. Matter 2, 3567 (1990).

[7] S. Maekawa and H. Fukuyama, J. Phys. Soc. Jpn. 51, 1380 (1981).

73



Chapter 4

M aterials

In this chapter the materials studied within the scope of the thesis are discussed. These 

materials were examined to determine their spin polarisation and thus their suitability for 

spin-electronic applications. Many of them are predicted to be half-metallic.

4.1 M a g n e tite

Magnetite (Fe3 0 4 ) is the oldest known magnetic material. Naturally magnetized lode- 

stone was used as a compass in China as far back as 100 A.D., and it has been the subject 

of intensive study due to its interesting magnetic and transport properties [1], [2]. It is a fer- 

rimagnet with a Curie temperature of 860 K and a cubic inverse spinel lattice structure (see 

fig. 4.1), with the tetrahedral sites occupied by the ferric Fe^+ ions, and the octahedral sites 

shared by ferrous Fê "*" and Fê "*" ions. It can be seen as a fax;e centered cubic lattice of oxy

gen anions with the iron cations situated on the interstices. The lattice parameter is 0.8398 

nm [2].

From an ionic point of view, magnetite can thus be written as Fe^‘̂ [Fe '̂''Fe '̂'']BO|“ , 

where A  and B  denote the tetrahedral and octrahedal sites, respectively. Both the Fe^+ and 

Fe^+ ions are in the high-spin state, i.e. 5  =  2 and *5 =  1, respectively. One half of the Fê "*" 

ions occupy tetrahedral >l-sites, the other half half of the octahedral fi-sites. Since these two 

sublattices are coupled antiferromagnetically via superexchange, their 5 moments cancel 

out, and the total net moment ~  4 per formula unit Fe3 0 4  comes from the Fe^+ ion on 

the octrahedral 5-site.
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0  O •
F igure 4.1 Crystal structure of magnetite. The oxygen anions form a fee lattice, with iron cations placed

on the interstices.

Magnetite is a type IIB half metal, conducting via electron hopping. 3dit2g(Fe) elec

trons form polarons and hop among the B-sites in a fully I polarised band [3]. Following 

previous studies on single crystal magnetite point contacts [4], contacts were made from a 

natural bulk polycrystalline sample. XRD analysis produced sharp peaks (fig. 4.2), which 

indicates a well-defined crystalline structure. Polycrystalline samples of magnetite plated 

with ~  10 nm of gold were also examined. These samples were supplied by Dr. W. Egelhoff 

at the National Institute of Standards and Technology (NIST) in Washington.
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F ig u r e  4 .2  X R D  analysis o f polycrystalline m agnetite sample.

4.2 SFMO

SFMO (Sr2FeMo06) is a ferrimagnetic material with a double perovskite structure (see 

fig. 4.3). It has been classified as a type IB half metal [5]. It is a ferromagnet with a Curie 

temperature T c  =  426 K, and a saturation magnetisation of 4/^^ per formula unit. It has a 

shiny black colour, and a room temperature resistivity of 4 x 10® Q m. Single crystals of 

SFMO were grown by P. Berthet, at the Universite Paris Sud, using a laser imaging furnace. 

These were then used to make point contacts.
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F igure 4.3 Representation of an SFMO crystal, showing its double perovskite structure.

4.3 M nBi

MnBi is an intermetallic compound. It has a high tem perature zincblende phase 

(Mni.osBi) with a transition tem perature at 613 K. Below this it forms a hexagonal NiAs 

structure (see fig. 4.4). Recent calculations have suggested th a t this structure may be a 

type III half metal [6], with one of its spin bands highly localised so th a t only electrons with 

the opposite spin direction contribute significantly toward conduction.

MnBi has a coercivity which increases with increasing temperature, making it very 

interesting for high tem perature magnetic applications. It also has good magneto-optical 

properties, with the Kerr rotation angle 9k  =  0.9° at a wavelength of 633 nm. Its Curie
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temperature cannot be determined directly due to its phase transition; however data fitting 

suggests it has an estimated Tc of 775 K [7]. MnBi also has significant magnetocrystalline 

anisotropy, with Ki ~1.2 MJ m“  ̂ at room temperature. This also increases with tempera

ture, and an anisotropy field of 9 T at 512 K has been reported [7].

B i ^

<
< ►

J
F igure 4 .4  Unit cell of the low temperature phase of MnBi. It shows a hexagonal NiAs structure.

MnBi was formed in the lab by arc melting high purity (99.98%) manganese and 

bismuth (99.999%) under argon. This was repeated 3 or 4 times. The resulting sample was 

then slowly annealed in a vacuum at a rate of 3 K/min to 570 K. XRD analysis showed Mn 

and Bi peaks amongst the low-temperature phase MnBi (see fig. 4.5). SQUID measurements 

showed a magnetisation value of 0.9 /i^/f.u.(see fig. 4.6). SEM and ED AX pictures showed 

both manganese rich and bismuth rich regions together with regions of MnBi (see fig. 4.7). 

An estimate of the concentration gives a composition of 75-80% MnBi, with the rest mostly 

bismuth clusters. This compares favourably with previous efforts using this method [8].
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F ig u re  4 .5  X-Ray Diffraction pattern fo r  powdered sample of MnBi.
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F ig u re  4 .6 . Room tem perature m agnetization measurement carried out on an 
MnBi sample in the SQUID magnetometer.
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MnBi
F ig u r e  4 .7  SEM  and E D A X  of an M nBi sample. In the E D A X  images (top), brighter spots indicate 

higher concentrations of the particular elem ent (Mn on left, B i on right). Dark spots indicate a lack of that 
element. Relatively large areas of pure bismuth can be seen to  the left o f the image, while a clump of

manganese sits in the centre.

4.4 C02Cro.6Feo.4Al

Co2 FeAl is a Heusler alloy with a Curie temperature T c =  340 K. A Heusler alloy was 

originally defined as any magnetic alloy composed of metals that, in their pure state, are 

not magnetic [9]. The alloys are named after Fritz Heusler, 19th-century German mining 

engineer and chemist. Nowadays the term refers to magnetic face centred cubic alloys with 

a specific structure. The Heusler structures consist of four interpenetrating fee sublattices 

with atoms at Xi (0,0,0), X 2  (1/2, 1 /2 ,1 /2), Y (1/4, 1/4, 1/4) and Z (3/4, 3 /4 , 3 /4), some 

of which may or may not be filled. Full Heusler alloys have the X 2 YZ structure and all the



sublattices are filled. Half-Heusler alloys have the XYZ, where the Xi sublattice is empty. 

There has recently been a focus on Heusler alloys [10] for spin electronic applications. They 

are semimetallic or semiconducting when formed of non-magnetic elements with a valence 

electron count of 24 per formula unit [11]. Ferromagnetic alloys with a greater number of 

electrons are candidate half-metals. Co2CrAl, for example, has 27 valence electrons and is 

in the ordered L2i structure, as is the case for all full Heusler alloys. Its electronic structure 

shows a gap for minority spin electrons at the Fermi energy. It is thus a type IA half metal

[51-

Block et al [12] have recently argued tha t the ideal electron count is 27.8, which 

corresponds to a density of states peak in the majority spin electrons due to Fermi surface 

nesting. They therefore prepared the compound C02Cro.6Feo.4Al, with precisely the requisite 

number of valence electrons (9 x  2 -I- 6 x  0.6 -I- 8 x  0.4 +  3 =  27.8), for which they found T c 

=  640 K.

We reproduced this alloy by arc-melting the constituent elements and then remelting 

with extra aluminium to compensate for weight loss. No annealing was carried out on the 

alloys. Arc-melted pieces were ground to powder using a steel percussion mortar for sample 

characterisation measurements. X-ray diffraction indicated a B2 structure (fig. 4.8) with 

ao =  573.6 pm. The B2 structure is essentially the same as the L2i, except tha t there is 

disorder in the atomic structure. This is reflected by the la<;k of a (111) peak in the XRD 

pattern, which would normally be at 26 —  27° .  The (111) peak is a superlattice reflection, 

and its suppression indicates complete disorder beween the Al and both Cr and Fe atoms. 

However, the Co atoms are ordered within their sublattice, and this is shown by a sharp 

(200) superlattice peak.
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F igure 4 .8  X-ray diffraction pattern for Co2 Cro.6 FeoAAl.

Magnetisation was measured using a SQUID magnetometer. The magnetisation curves 

(fig. 4.9) show the alloy to be a soft ferromagnet with a low-temperature saturated moment 

of 3.65 j j ,Q  per formula unit, very close to the value of 3.7 predicted from the band 

structure calculations [13]. The Curie temperature of the alloy was found to be 665 ±  2 K. 

Resistivity at room temperature was 60 j i Q ,  cm.
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F ig u r e  4 .9  M agnetisation loop of (702 C'ro.6 -F’eo.4 ^^ both room temperature and 5 K. The insert shows a
m easurem ent of the Curie temperature.

Mossbauer spectra were obtained using a conventional constant-acceleration spectrom

eter with a source of 57 Co in Rh. The Mossbauer spectrum (fig. 4.10) shows a well-ordered 

structure with 90% of the absorption in a magnetically split pattern with a hyperfine field 

Bfe/ =  28.8 T, and a small central peak. The isomer shift is -0.10 mm s“  ̂ relative to Fe in a 

Rh matrix and the quadrupole shift is 0.16 mm s“ .̂ The spectrum at 60 K shows a hyper

fine field B/i/ =  29.9 T and a similar central peak. This central peak is attributed to iron in 

environments with more A1 and fewer Co neighbours than the expected (X, Z) (8,6) coor

dination, due to disorder of the X and Z sublattices. Extra aluminium neighbours tend to 

destroy the iron moment.
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F igure 4 .10  Mossbauer spectrum of Co2 Cro ^FeQAAl at room temperature. The insert shows the ordered 

L 2 i, X 2 YZ structure, where Fe (Y ) is in (8,6) coordination (8-Co, 6-Al).

4 .5  C o2M nSi

CoaMnSi is a particularly promising Heusler alloy, predicted to have a large energy 

gap in the minority band of 0.4 eV [14] and has a measured Curie temperature of 985 K [15], 

the highest amongst the known Heuslers. Co2 MnSi crystallizes in the L2i structure. The 

unit cell can be visualized as four interpenetrating fee lattices, each occupied by one of the 

participating elements, as indicated in fig. 4.11. Co atoms occupy the Xi and X 2  sublattices, 

with Mn occupying the Y sublattice and Si the Z. The manganese atoms are coupled to each 

other, and coupling also exists between the Mn and Co atoms, causing strong ferromagnetic 

behaviour in the material.
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•  Co O  Mn O  Si
F igure 4.11 Assembly o f atoms in the Co2MnSi unit cell displaying the L 2 \ structure: four  

interpenetrating fee lattices, each occupied by one o f the elements (Co, Co, Mn, and Si).

Films of Co2 MnSi were grown by sputtering onto a silicon substrate. Samples were 

post-annealed under vacuum at 500° C for 2 hours. XRD analysis confirms the L2j structure
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60

20 (degrees)
120

F igu re 4 .12. X-Ray Diffraction pattern for a thin film Co^MnSi. The sample was annealed under vacuum
after sputtering for 2 hours at 500° C.

4.6  £-Fe2—3N

The properties of iron-nitrogen systems have been investigated since the first half of 

the previous century, with extensive research carried out by Jack in the late 1940’s and early 

1950’s [16]. This early interest was generated largely due to their roles in steel technology. 

However more recently a focus has been placed on their magnetic properties, which combined 

with their high corrosion and wear resistance make them strong contenders for magnetic data 

storage applications.

It has been found that iron nitride has a variety of phases with different crystal struc

tures and magnetic properties owing to different nitrogen contents (see fig. 4.13). These 

are o;"-Fei6 N2 (BCT structure) [17],[18], 7 '-Fe4 N (FCC structure)[19], [20], e-Fe2 _3 N (hexago

nal structure) [19] and ^-Fc2 N (orthorhombic structure) [21]. Moreover, a"-FeieN2 , 7 '-Fc4 N
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and e-Fe2 _3 N exhibit ferromagnetism at room temperature, while ( -̂Fe2 N exhibits paramag

netism.

0001-

•  Sln|l« phtw  
O Two phase 
o  Phase boundar/

700 • •

/ . t c

MO
■••-o
b .c c .

c p .h .
f.ce. O I

300 and

N ltro jen  wciftit*/*

Nitrogen atoms per 100 Iron acorns
F igure 4 .13  Iron-nitrogen phase diagram [16]

Iron-nitride films were grown in a Leybold Z550-S DC-magnetron sputtering machine 

using similar conditions to those described in [22]. The samples were grown on two inch Si 

(1 0 0) wafers. A 6 inch disk of pure iron (99.99 %) was used as the sputtering target. Two 

films were grown at 400 K, in an A r/N 2  mixture. The base pressure of the chamber was 

1.5 X 10“  ̂ mbar, a nitrogen partial pressure of 2.5 x 10“  ̂ mbar was used for the first film 

and 2.1 X 10“  ̂ mbar for the second. The total pressure was 1.65 x 10“  ̂ mbar. The DC 

power was 24 W and the film thickness was 120 nm for both.
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F igu re 4 .14  X-ray diffraction pattern for iron nitride films. The peaks for Fe^N are indicated.

XRD analysis confirmed the hexagonal £-Fe2 _3 N phase (see fig. 4.14), with the (1 

0 0), (0 0 2), and ( 1 0  1) reflections cleaxly visible. The peaks are shifted for the second 

film, showing a reduction in the lattice parameters. This smaller unit cell is indicitave of a 

lower nitrogen concentration. Magnetisation measurements were carried out at 4.2 K using 

a Quantum Design SQUID magnetometer (figs. 4.15, 4.16). The first film showed isotropic 

behaviour, with no difference observed between in-plane and out-of-plane measurements. 

Magnetisation is unsaturated even at a field of 5 T. This suggests that another paramagnetic 

phase, C-Fe2 N, is also present in small amounts, reflecting previous reports on these films 

[22],[23]. A moment of 0.18 per formula unit is measured at 5 T. The second film showed 

some anisotropy. The moment saturated to a value of 2.9 at 0.5 T with the field parallel



to the sample, and 2.9 /lig at 1.7 T  with the field perpendicular.
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F igu re 4 .15  Magnetisation loop of e-Fe2 - 3 N, film # 1 ,  taken in a SQUID at 4-2 K.
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F igu re 4 .16  Magnetisation loop of e-Fe^-^N, film # 1 ,  taken in a SQUID at 4-2 K.
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Chapter 5

Point Contact M easurem ents

5.1 R esu lts

For point contact measurements, I-V curves were taken both in a field of 7 mT and 

without an applied field. The curves, often non-linear, were fitted to the following equation

I ^ G V  +  C V \  (1)

where G is the ohmic conductance of the sample at zero bias. The same behavior can be 

parameterized in terms of the height ip and width 5  of a rectangular tunnel barrier using the 

Simmons model [1]. The conductivity and the nonlinear coefficient can then be expressed

as

G =  ^  ( I )  (2m(^)^/^exp - h

^ (Trsm)2 / e \ 4  [ / 4 n s \  , 1 /2!
=  ( i t  j .

(2)

X const, (3)

where A is the cross sectional area of the contact (see section 2.1.4). We can assume that 

for point contacts of a given material, the material composition of any barrier layer will be 

the same for different contacts. Thus the barrier height ip should not change, and the ratio 

C / G  will give us an indication of the barrier thickness.

The magnetoresistance is calculated using

max[G(ii), G(0)J

where G(H) and G(0) axe the conductances in an applied field and zero field respectively.
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Note that with this definition the MR cannot exceed 100%, and it is positive when the 

resistance decreases in the applied field, as is usually the case. One difficulty with these 

experiments is that there is little control of the contact. When the measurement is repeated, 

a different contact is established so it is necessary to accumulate a great deal of data and 

view it statistically.

5.1.1 M agnetite

Magnetoresistance measurements were carried out on various point contacts of poly

crystalline magnetite over a range of conductance values ax:ross the contact. A typical I-V 

curve is shown below (see fig. 5.1). Resistance was also measured as a function of field for 

a few contacts, an example of this is given in fig. 5.2.

3x10®

2x10-®

1x10-®

< 0

-1x10-®

-2x10-®

-3x10-®
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

F igu re 5.1 I-V  curves taken on a magnetite point contact, with and without 
an applied field, fitted to I  =  G V  + CV^. The conductance of this contact 

was 0.03 Go, and the calculated MR was 93%.
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F igure 5.2 Resistance against applied magnetic field for a magnetite point contact
with conductance «  O.14G0.

Figure 5.3 shows a scatter plot of the magnetoresistance for various magnetite contacts. 

It can be seen that there is little magnetoresistance when G > Go, the quantum of conduc

tance (12900 but when G < Go the effect can exceed 80% (i.e. over 500% increase in 

conductivity). It is also evident that the magnetoresistance is almost always positive, i.e. 

the resistance almost always reduces in the presence of the field. Only one curve showed a 

negative MR value. These results are quite similar to previously published data for single 

crystal magnetite point contacts [2].
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F ig u re  5 .3  Magnetoresistance as a function of conductance in zero field across a magnetite point contact.
The applied field was 7 mT.

In fitting the curves using (1), there is a clear inverse correlation between C /G  and 

G; the less conducting the contact, the less linear the I-V curve (see fig. 5.4). This would 

suggest that when G < Gq, there is no direct metallic contact, and some sort of tunnel barrier 

is present. Quantised conductance measurements were also carried out on magnetite point 

contacts, but no steps in conduction were observed. This is not surprising considering the 

hopping conduction model used to describe electron transport in Fe3 0 4 . The results obtained 

on point-contacts of magnetite have been published in the Journal of Applied Physics [3].

96



10

OJ
I

2: 1 
o 
o

0.1 

0

F igu re 5 .4  Plot of C /G  against conductance (normalised with respect to Gq) for magnetite point contacts,
both with and without an applied field.

5.1.2 G old-plated M agnetite

In gold plated magnetite, values of magnetoresistance of up to 89% were recorded (see 

fig. 5.5). No significant negative MR was observed. Resistance was also measured as a 

function of field (fig. 5.6), showing a similar hysteresis to that observed in fig. 5.2. Once 

again non-linearity was clearly apparent in curves with low conductance. As in the case 

of uncoated magnetite, C/G rises sharply as the conductance drops (see fig 5.7) - however 

it seems to drop again for conductance values below O.OIGq. The magnitude of C/G was 

in general slightly lower than for uncoated magnetite. This is presumably due to a more 

metallic contact being formed by the gold layer.

A B = 7mT

.01 0.1 1

Conductance (G )
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B = 7mT
2.5x10 no field

0.0

-2.5x10

-5.0x10

F igure 5.5 I -V  curves taken on a gold-plated magnetite point contact, with and 
without a field , fitted to I  = G V  -h C V ^ . The conductance o f this contact was «  

0.01 Go, and the calculated M R was 89%.
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F igu re 5.6 Resistance against applied magnetic field fo r  a gold-plated magnetite 

point contact with conductance ~  O.OSGq.
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F igure 5 .7  C /G  plotted against conductance for gold-plated magnetite point contacts, both with and withom
applied field (7 mT).

Except for the smallest contacts, the magnetoresistance for gold-plated contacts gave 

generally higher values than for uncoated samples of equivalent conductance. A plot of 

magnetoresistance as a function of conductance is plotted along with those for uncoated 

magnetite (see fig 5.8) .
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F igure 5 .8  Magnetoresistance as a function o f conductance across gold-coated magnetite point contacts, 
shoxm with the same fo r  polycrystalline magnetite point contacts. The applied field was 7 m T.

Quantised conductance measurements were also performed on the gold-plated mag

netite point contacts. No consistent quantization was observed, however an occasional 

contact did show steps in the conductance with multiples of Gq (see fig 5.9), which are 

characteristic of gold nanocontacts.
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F ig u re  5 .9  Quantised conductance steps observed in a breaking contact of gold-plated magnetite.

5.1.3 G old /M agn etite

A contact was made between a magnetite crystal and a piece of gold so as to obser ve 

the field effects on what is essentially a nonmagnetic point contact. Both positive arid 

negative values of magnetoresistance were recorded, with maximum values of 80% (ste ifig 

5.10) and -99% (see fig 5.11) accordingly (note that for the definition of magnetoresislance 

used, the highest obtainable positive value is 100%). For low conductance contacts th a t 

showed negative MR, the curves were non-linear. However for those tha t showed positive 

MR, the curves were more linear. Switching behaviour was often found in the IV cu-ytJS, 

with the conductance jumping back and forth between a low and a high value. Unfortunitely 

point contacts between the substances were difficult to maintain for more than a few seccndls, 

making IV measurements quite problematic.
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Vsias (V)
F igure 5 .10 I -V  curves taken on a point contact consisting of magnetite against a 
piece o f gold, with and without a field, fitted to I  = G V  + C V ^ .  The conductance 

o f this contact was 0.03G q, and the calculated MR was 88%.

9x10
no field

B = 7mT

0

-9x10®
0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Vb„s (V)

F igure 5.11 I -V  curves taken on a point contact consisting o f magnetite 
against a piece o f gold, with and without a field, fitted to I  = G V + CV^.  The 

conductance o f this contact was O.SGq, and the calculated M R was -99%.
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F igure 5 .12 Plot of MR obtained from point contacts obtained between a 
piece of gold and a magnetite crystallite. Both positive and negative values

were observed.

5 .1 .4  SF M O

In samples of single crystal SFMO, values of magnetoresistance of up to 15% were 

recorded for conductance values less than 0.1 Go across the contact (see fig. 5.13). No 

significant negative MR was recorded. Once again, curves were non-linear for low values 

of conductance (see fig 5.14), and C/G rises sharply as the conductance reduces (see fig 

5.15). However the values of C/G are much smaller than those obtained for magnetite and 

gold-plated magnetite.
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Figure 5.13 Magnetoresistance as a function of conductance across SFMO point 
contacts. The applied field was 7 mT.

2.0x10

1.0x10
no field

0 . 0 -

0x10
B = 7mT

-2.0x10
,4 3 2 -0.1 0.0 0.1 0.2 0.3 0.4
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Figure 5.14 I-V  curves obtained across a point contact of SFMO. These curves are 
a contact with conductance <0.01 Go and show magnetoresistance of 15%.
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F igure 5.15 C /G  plotted against conductance for single crystal SFMO point contacts, both with

and without an applied field (7 mT).

5.1.5 M nBi

Magnetoresistance measurements were carried out on point contacts consisting of MnBi 

crystallites. Quite high magnetoresistance was observed even in relatively highly conductive 

contacts (see fig 5.16) . However some contacts showed no magnetoresistance at all, even 

at very low conductances. One contact showed negative magnetoresistance (i.e. resistance 

increased in field).
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Figure 5.16 Magnetoresistance as a function of conductance across MnBi point 
contacts. The applied field was 7 mT. One negative value of MR was obtained.
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Figure 5.17 I-V  curves obtained on an MnBi point contact. 72% magnetoresistance 
observed here. The conductance of this contact was »  0.003 Go in zero field.
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The IV curves showed some nonUnearity (see fig 5.17), but were certainly more linear 

than those obtained from SFMO and magnetite point contacts. Switching behaviour was 

often found in the I-V curves, with the conductance jumping back and forth between a low 

and a high value. This is presumably caused by rearrangement of the contact size.

2.0x10

1.5x10

1.0x10

5.0x10

0 . 0 .

no field-5.0x10

-1.0x10

B = 7mT-1.5x10

0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Vbias (V)

F igu re 5 .18  I-V  curves obtained on an MnBi point contact. The two curves almost overlap; the magne- 
toresistance is negligible. Some switching is seen in the curve in field. The conductance here was «

O. 45G0.

The values of C/G are much smaller than those obtained from the other materials (see 

fig 5.19), reflecting the relative linearity of the curves. Unlike the case with magnetite and 

SFMO point contacts, the C/G values do not seem to increase with decreasing conductance.
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Figure 5.19 C/G  plotted against conductance for MnBi point contacts, both 
with and without an applied field (1 mT).
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Figure 5.20 Parallel and perpendicular components of magnetostriction in 
MnBi as a function of applied field, where A is the relative change in length.
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Magnetostriction was also directly measured (see fig 5.20). A large magnetostriction 

was observed parallel to the field. This was unsaturated at 5 T, where the relative length 

change A was close to 190 xlO “®. The value obtained for A at 7 mT was within the noise 

level of the measurement i.e. a relative length change of less than 0.3 x 10~®. No significant 

magnetostriction was observed perpendicular to field. The results for MnBi point contacts 

were published in the Journal of Magnetism and Magnetic Materials [4]

5 .1 .6  Co2Cro,4Feo.6Al

Point contax;ts were made from C0 2 Cro.4 Feo.6 Al crystallites, and I-V curves were taken 

both with and without an applied field (see fig 5.21). A scatter plot of around 40 measure

ments is shown in fig. 5.22. Points were taken both in vacuum and under ambient pressure. 

Carrying out the measurements under vacuum would presumably remove any water vapour 

that could condense at the point contact, however a comparison between the two data sets 

shows no significant differences. Any magnetoresistance observed was generally positive, 

however five contacts did show negative MR. The MR values were typically 10 - 40% when 

G < Go; in a few instances it was as high as 80%.
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F igure 5.21 Typical magnetoresistance data for a C02 Cro.4 ^60 .6 ^  ̂point contact.

The applied field is 10 mT.
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F igure 5 .22 Scatter plot showing magnetoresistance measured in 36 
C0 2 Cro.4 Feo.6 Al point contacts at room temperature.

Magnetostriction measurements were also carried out on a piece of C02Cro.4Feo.6Al (see
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fig 5.23). The magnetostriction is small, saturating at 5 x 10“®, but there is no discernible 

length change in fields less than 100 mT. This is because the initial magnetisation process 

involves domain wall motion, not magnetisation rotation. Movement of a 180° wall does not 

influence the magnetostrictive strain.
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F igure 5 .23  Magnetostriction measurement carried out on a piece of Co2 Cro,QFeo,iAl. The insert shows a 
possible domain wall movement from a ^  b which produces maximum magnetoresistance but no

magnetostrictive strain.

Following previous reported results [5], MR measurements were carried out on pressed 

powders of C0 2 Cro.4 Feo.6 Al. Powders were created by crushing the powders in a steel per

cussion grinder, followed by further grinding in a standard marble mortar and pestle. For 

PMR measurements, the powder was pressed into disks of diameter 5 mm and thickness ~ 1  

mm using cold compression under pressures of up to 10 MPa. In some cases, the powder 

was mixed with various amounts of Teflon powder to bring the mixture closer to the per

colation threshold. The powder magnetoresistance was measured at room temperature for
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pressed powders and metal/Teflon composites with resistances ranging from 50 mSl to 10 

kJ7, and a field of up to 2 T was applied. However in no case were we able to measure PMR  

in excess of 1 %. The results obtained for C0 2 Cro.4 Feo.6 Al were published in Solid State 

Communications [6 ].

5.2 D iscussion

5.2.1 M agnetoresistance

For all the materials examined, large values of magnetoresistance were obtained on at 

least 50 % of the measurements. The first issue to consider is whether the point-contact 

magnetoresistance arises from mechanical or magnetic changes in the junction. The highest 

MR values were obtained when the resistance of the contacts were quite high. One possible 

model would be to compare such contacts to a tunnel barrier between two ferromagnetic 

electrodes. The barrier could consist of a thin insulating oxide layer on the surface of each 

crystallite, or perhaps a condensed layer of water vapour.

Let us first suppose that there is no direct local magnetic effect on the conductance 

across the contact, but only a magnetomechanical effect on the barrier. It is then expected 

that there will be a decrease in the barrier thickness, and hence C /G , upon application of a 

magnetic field.

However this cannot be the case for all of the contacts showing MR; fig 5.24 shows the 

C/G  in an applied field divided by C /G  in zero field, plotted against the conductance of the 

contact in zero field. A value of less than one for this ratio means that the thickness of any 

tunnel barrier is decreased in the presence of a field. For all but the most highly resistive 

contacts, the value of this ratio is close to one, with many contacts having a ratio greater
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than one. This suggests that the magnetoresistance for these contax;ts is related to the 

spin-polarized transmission probability as opposed to any mechanical change in the contact. 

Also the hysteresis observed in resistance as a function of applied field for magnetite [see fig. 

5.2] supports the theory that the MR must be related to the magnetisation processes of the 

crystallites.

H
E

a
u

magnetite (polycrystaliine)

U  0.6

0.5 1.0 1.5 2.0
Conductance (Ĝ )

F igure 5 .24  C /G  in an applied field divided by C /G  in zero field, plotted against the conductance of the 
contact in zero field for polycrystalline magnetite point contacts. C /G  gives an indication of tunnel barrier 
thickness. When C/G  is independent of field (dashed line) the barrier remains unchanged and any MR is a

magnetic rather than a mechanical effect.

The possibility of magnetostriction, which might be expected to influence the bar

rier thickness, or indeed contact area, was investigated in several ways. The experiments 

with point contacts between polycrystalline magnetite and a gold electrode established that 

magnetoresistance of either sign could be observed [figs 5.10 & 5.11]. In that case, the mag

netoresistance was as often negative as positive and the average was near zero. Since gold
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is obviously non-magnetic, the MR observed here was more than likely due to magnetome- 

chanical effects, most probably magnetostriction.

However we discount magnetostriction as the major reason for the magnetoresistance 

of the point contacts between magnetic materials for several reasons. Firstly, the observed 

magnetoresistance is almost always positive, unlike in the case of magnetite and gold where 

magnetoresistance of either sign is found. Secondly, the initial magnetization process in 

ferromagnets involves reversible domain wall motion, not a reorientation of the magnetization 

direction. Hence magnetostriction should not be observed in the small applied fields of 7-10 

mT.

Finally, resistance measurements were carried out in a rotating field on point contacts. 

The field was rotated at a frequency of 10 Hz, and a spectrum analyzer was used to examine 

the strength of the corresponding resistance signal at 10 and 20 Hz. Since magnetostrictive 

effects are identical in positive and negative fields, a purely magnetostrictive effect would 

give a very strong signal at 20 Hz (double the frequency of the field rotation). However 

the signal observed at 20 Hz was much less than the signal observed at 10 Hz. A similar 

experiment carried out on point contax:ts between a magnetite crystallite and a gold piece 

gave the opposite result, with a much stronger signal observed at 20 Hz.

Another possible magnetomechanical effect arises from the dipole-dipole interaction be

tween the crystallites [7]. The dipolar force between the two crystallites is of order iiQHdMcP, 

where d is the crystallite diameter, and the field Hd produced by one crystallite on the other 

is approximately (1/47t)M. The strain e produced by this force is ij,qM ^ /4nY , where Y  

is Young’s modulus. Taking F  as 2 x 10̂  ̂ Nm~^, and M  =  400 kAm“  ̂ (the saturation 

magnetization for magnetite) gives e =  8 x 10~*. Since d ~  10~  ̂ m for our magnetite crys-
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tallites, the change in size of the gap due to dipolar forces is at most 0.01 nm, and therefore 

negUgible.

Let us now look at possible magnetic effects on the conductance across a point contact. 

Two possible magnetization processes, both involving domain wall movement, that can give 

rise to large magnetoresistance are illustrated in figure 5.25. In one case, a domain wall at 

the contact is pushed into an adjacent crystallite. In the other case, a wall present in one 

crystallite is swept across the contact.

a) b)

F igu re 5 .25  Two magnetization processes that can give rise to a large magnetoresistance. a) a domain 
wall at the contact is pushed into an adjacent crystallite, b) a wall present in one crystallite is swept across

the contact.

In the more conducting point contacts with no gold plating it is expected that exchange 

coupling propagates across the contact (gold acts as an exchange barrier). A domain wall is 

likely to form there, as it is well known that domain walls tend to become trapped at the 

narrowest part of a nanoconstriction [8], [9]. As discussed in section 2.1.3, a domain wall 

at a narrow point contact will also be quite narrow, of the order of the eictual width of the 

contact. Such narrow domain walls would have a very large resistance associated with them, 

as a polarised spin current would experience fewer spin flips before entering the unaligned 

region. This would also explain why MR increases sharply as the conductance (and thus the 

size) of the contact decreases.
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The position of the domain wall will be modified by the applied field. As it is pushed 

into a wider area, the domain wall width would increase (see fig 5.25a), and the resistance 

associated with it would reduce. It is also possible that the domain wall could be pushed 

away from the contact altogether, meaning that the current would no longer have to pass 

through it (see fig 5.25b). Any change in the resistance caused by the field is reversible, 

changing to its original value once the applied field is switched off. This indicates that if 

there is a domain wall at the contact, it returns to its original position when the field is 

removed.

It is also quite possible that there is no domain wall present at the interface at all, 

i.e. the two crystallites are magnetically decoupled. In such a scenario the transmission 

probability will depend on the relative orientation of the magnetisation of the crystallites, 

6*1 ,2 , i-e.

r o c c o s ^ ( ^ ) .  (5)

As a field is applied, the magnetisation directions would rotate in the direction of the 

applied field, the transmission probability would increase and the resistance would reduce. 

This would explain why large magnetoresistance is only observed when G <  Go - eliminating 

direct metallic contact would reduce the exchange coupling at the interface and ensure a 

sharp change of magnetisation direction from one crystallite to the next. If there is exchange 

coupling, a domain wall tends to form between the crystallites, and the magnetic interface 

is diffuse. This would increase the likelihood of spin-scattering events for the electrons, and 

the effect of magnetisation alignment between the two crystallite on the resistance would be 

less pronounced.

The maximum values of MR obtained for magnetite and gold-plated magnetite respec-
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tively are 93 % and 89 %. According to Julliere [10], MR is related to the polarisation by 

equation (6), chapter 1. This gives us approximate polarisation values of 0.93 and 0.89 re

spectively for contacts of magnetite and gold plated magnetite which showed the highest 

MR. It is somewhat surprising that, in the case of gold-plated magnetite, the gold layer does 

not spin-scatter the electrons. However it is quite possible, especially for the more highly re

sistive contacts, that the act of forcing the crystallites together has removed the gold coating 

at the actual point contact.

In SFMO, the observed magnetoresistance was not as high. This may be due to the 

presence of defects in the crystal structure, such as antiphase boundaries and antisite defects, 

which would allow spin-flip scattering to take place, reducing the spin polarisation of the 

current. Such defects are common in Fe-Mo based double perovskite crystals [11]. Using the 

Julliere formula, a spin polarisation value of 0.11 is obtained for the most highly resistive 

SFMO contact.

Many of the curves obtained from MnBi point contacts show no magnetoresistance even 

at very low conductances. This is most likely due to the high degree of phase segregation 

in the sample. If we accept the suggested percentage of MnBi in the sample i.e. 75%, the 

probability of both contacts consisting of MnBi becomes ~  56%. Even if both contacts are 

MnBi, we are not assured that a domain wall will be trapped at the constriction. The highest 

MR obtained in MnBi point contacts was 86%, giving a spin polarisation of 0.87.

The magnetisation measured for Co2 (Cro.4 Feo.6 )Al at room temperature is around 90% 

of its value at 5 K. If we assume that the polarisation scales with temperature in a similar 

way we can thus presume an upper limit on the spin polarisation of 90%. In point contacts 

of this material, it is seen that the magnetoresistance can be as high as 80%. We deduce

117



from the JulUere formula that the spin polarisation is 81% for these contacts. Otherwise, 

taking a more typical value of 25% for the magnetoresistance, we get P ~  38 % at room 

temperature.

5.2.2 N on-linearity o f  I-V  curves

Almost all of the I-V curves taken on point contacts show some degree of non-linearity. 

The relationship between C and G shows us that the I-V curves become less linear as the 

resistance across the point contact increases. The most obvious explanation for this is the 

presence of a tunnel barrier, with shape of the curves depending on the height and thickness 

of the barrier according to the Simmons model [see section 2.1.4].

The crystal interface is also likely to contain a disordered region with impurities and 

defects, which could act like a barrier containing localised states. As the potential across 

the barrier increases, more localised stated become involved in the tunnelling process and 

the resistance reduces.

The I-V curves for MnBi point contacts appear more linear than those obtained for 

other materials [see fig. 5.19 as opposed to figs. 5.4, 5.15]. One possible reason for this is 

that any secondary phases in the substance would still be likely to be quite metallic and thus 

highly conducting. Thus the main source of tunnelling would be across the grain boundary, 

and the tunnel barrier effect described above would be suppressed.

It has been speculated elsewhere that non-linearity in point contact I-V’s may be due 

to domain wall movement [12]. In this model spin pressure acts on the domain wall at the 

contact, causing it to move into a region with greater cross section. According to Bruno, this 

would mean that the width of the domain wall would expand, reducing the resistance across 

it. This would be similar to the magnetic field effect on a domain wall as shown in fig. 5.25a.

118



It has been shown on many occasions that domain walls can be moved using spin-polarised 

currents (eg.[13],[14]), and current densities of the order of 10® A/cm^ are typically reported 

as being necessary for this movement. If we take a nanocontact with an area 10 nm x 10 

nm, this means a current of the order of 1 jxA should be sufficient to move a domain wall.

However one problem with this model is that once the domain wall is fully removed 

from the constriction, its width, and therefore resistance, should no longer depend on its 

position. Thus we should see the non-linearity disappear at higher currents. Also due to the 

random nature of the point contacts, it is unlikely that the aspect ratio of the crystallites 

would be equal either side of the contact. Thus we should expect the change in domain wall 

width, and thus resistance, to vary depending on current direction. However no asymmetry 

has observed in the I-V curves.
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Chapter 6

A ndreev R eflection M easurem ents

6.1 R esults

The PCAR curves obtained were fitted using a procedure based on the BTK model [1] 

written in Mathcad (see Appendix I). Data is fitted using the variable parameters, A, P,  and 

Z,  where A is the superconducting gap for the superconductor, P  is the spin polarisation 

and Z  is the barrier coefficient.

6.1.1 N iobium  Tip

PCAR measurements were taken on materials by pressing a sharpened niobium tip 

against the material. The contact size was controlled using a piezo-actuator, as described in 

section 3.5.1. The Niobium wires showed a superconducting transition at 9.2 K.

6.1 .1 .1  C opper

Copper is a highly conductive non-magnetic metal and was used to test and compare 

the different measurement techniques. A sharpened niobium wire was pressed against a 

mechanically polished piece of copper (99.99% pure) and data was taken at both 4.2 K and 

2 K. Curves showed a near doubling of the conductance at zero bias voltage. A typical curve 

is shown in fig 6.1. A value of 0.08 was used for Z in this fit.
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F igure 6.1 Andreev reflection measurement carried out on a point contact be
tween copper and niobium. The fit parameters were A =  1.0 m eV  , P  =  Q and

Z =  0.08.

The curve was fitted with a superconducting gap A =  1.0 meV, which is much less 

than experimentally measured values for bulk niobium (1.35-1.5 meV) [2],[3]. The data 

clearly shows the presence of a dip in conductance around the superconducting gap energy. 

A temperature of 2K was used in the fit, which was the measurement temperature. The 

resistance of this particular contact was 1.2 f2.

6 .1 .1 .2  C obalt

Measurements were carried out on point contacts between a cobalt film and a sharpened 

niobium tip (see fig. 6.2). The doubling of conductance below the superconducting gap is 

suppressed due to the spin polarisation of the ferromagnetic metal. A value of P  =  0.41 is 

inferred from the data. The value for the superconducting gap (A = 1 meV) used in the fit 

is less than the accepted value for niobium. A temperature of 4.2 K is used to fit the data,
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which is also the experimental temperature.
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F igure 6.2 Andreev reflection measurement carried out on a point contact be
tween cobalt and niobium. The fit parameters were A =  1.0 m eV  , P  =  0.41 and

Z  =  0.05. The resistance of the sample was 27 Cl.

6 .1 .1 .3  N ickel

Measurements were carried out on a 60 nm film of nickel on a silicon oxide substrate. 

A value of 0.34 for the spin-polarisation was inferred from the data. Once again the data

was fitted at the experimental temperature, 4.2 K, and a value of A =  1 meV for the

superconducting gap had to be used.
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F igure 6.3 Andreev reflection measurement carried out on a point contact be
tween nickel and niobium. The fit parameters were A =  1.0 m e V , P  =  0.34 and 

Z  =  0.04. The resistance of the sample was ~ 5  Ci.

6.1.2 Lateral N anojunctions

PCAR measurements were carried out on lateral nanojunctions. These junctions were 

made using the novel 8 step process outlined in section 3.5.3. Due to the difficulty in 

successfully creating these lateral junctions, only two materials were measured; copper and 

nickel. The superconducting layer consisted of 60 nm thick niobium film. This showed 

a superconducting transition at 6.4 K (see fig. 6.4), significantly less than the transition 

temperature in bulk niobium (9.2 K), however a reduced transition temperature is expected 

for a thin film of niobium [4]. The production of these lateral junctions is quite tricky and 

time consuming, and we had some difficulty in creating low resistance junctions.
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F igure 6.4 The superconducting transition for a 60 nm Nb film is observed at 6.4 K.

6 .1 .2 .1  C opper

We successfully created a copper junction with a resistance of «  350 on which we 

were able to make some measurements (fig 6.5). The data obtained is very similar to that 

obtained using the niobium tip technique. A temperature of 2 K was required for the fitting, 

despite the fax:t the measurement took place at 4.2 K.
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F igure 6.5 Andreev reflection measurement carried out on lateral nanojunction between 
copper and niobium. The fit parameters were Aj =  1.0 m e V , P  =  0 and Z  =  0.01.

6 .1 .2 .2  N ickel

We were able to fabricate two nickel junctions with relative success. The first of these 

samples (fig 6.6) was highly resistive (~  1 kfi), most likely due to a poor interface at the 

contact. This is reflected by the high value for the Z-parameter used to fit the data, indicating 

a strong barrier at the interface. Such a strong barrier would invariably lead to much spin-flip 

scattering at the interface, efl'ectively eliminating any polarisation of the current.
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F igure 6 .6  Andreev reflection curve for a lateral Ni-Nb contact. The fit parameters were 
A =  1.2 m e V , P  =  0 and Z  =  1.94. The resistance of the sample was «  1 kQ. A 

temperature of 2 K  was used in the data fit.

The resistance of the second measurable sample (fig 6.7) was not as high (silOO fi), 

however a high value of Z was still required to fit the data obtained. A value of 0.7 was 

obtained for the spin-polarisation in this sample. A temperature of 2 K was used for the 

fit, despite the measurement occurring at 4.2 K, as was the case for all of the lateral nano

junctions. The results for these junctions were presented at the Joint European Magnetism 

Symposium (JEMS) in Dresden, 2004 [11].
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F igure 6 .7  Andreev reflection curve for a lateral Ni-Nb contact. The fit parameters were A =  1.2 

m e V , P  =  0.7 and Z  =  1.0. A temperature of 2 K  was used in the data fit.

6.1.3 N anocontacts deposited  through nanoholes in PM M A

Andreev point contacts were created by depositing lead onto the subject material 

through a nanohole in PMMA, as described in section 3.5.2. A 150 nm lead layer was 

evaporated onto all samples, showing a transition temperature of 7.09 K, quite close to the 

expected value of 7.19 K [3]

6 .1 .3 .1  C opper

Copper was studied firstly as a proof of concept to test the nanostructures. An increase 

of the conductance is cleaxly seen below the superconducting gap (fig 6.8). A fit of the data 

gave a value of 0.14 for Z. Once again the value used for A was lower than expected. A
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temperature of 2 K was used in the data fit, which was the experimental temperature. Dips 

were observed around the superconducting gap.
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F igure 6 .8  Andreev reflection curve for Cu/Pb nanocontact. The fit parameters 
were A =  1 m e V , P  =  0 and Z  =  0.14. The resistance of the sample was fv 3 A 

temperature of 2 K  was used in the data fit.

6 .1 .3 .2  N ickel

Measurements were carried out on a 90 nm film of nickel on a silicon oxide substrate 

(fig 6.9). A value of 0.39 for the spin-polarisation was inferred from the data. The data was 

fitted using the experimental temperature of 4.2 K, and once more a lower value (A = 1 

meV) for the superconducting gap than expected had to be used.
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F igure 6 .9  Andreev reflection curve for N i/P b nanocontact. The fit parameters 
were A =  1 m e V , P  =  0.38 and Z  =  0.01. The resistance of the sample was «  14 

f2. A temperature of 4-2 K  was used in the data fit.

6 .1 .3 .3  Co2M nSi

Measurements were carried out on films of Co2MnSi grown a silicon substrate (fig 

6.10). The films were post-annealed under vacuum at 500° C for 2 hours. A value of 0.2 was 

obtained for the spin-polarisation. Once again quite a low Z-value (0.12) was used in the fit, 

and the fitting temperature was the same as the measurement temperature.
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F igure 6 .10 Andreev reflection curve fo r Co2M nSi/Pb nanocontact. The fit para
meters were A =  1 m e V , P  =  0.20 and Z  =  0.12. The resistance of the sample was 

»  14 A temperature of 2 K  was used in the data fit.

6 .1 .3 .4  e-Fe2-3N

Measurements were carried out on two 120 nm films of e-Fe2 - 3 N. A typical curve form 

the first film is shown in fig. 6.11. The fit shows a spin polarisation of 0.58 and a value of 0.4 

for Z. In this caise a value of 1.4 meV was used for A. The fitting temperature was carried 

out at the same temperature as the experimental temperature i.e. 4.2 K.
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F igure 6 .11 Andreev reflection curve for Fe2 - 3 ^ /P b  nanocontact (film # 1 ). The fit 
parameters were A =  1.4 m e V , P  =  0.58 and Z  =  0.40. The resistance of the sample 

was ^  20 Q.. A temperature of 4-2 K  was used in the data fit.

Similar results were obtained on the second film (fig 6.12). Here a spin polarization of 

0.53 was obtained, with a value of 0.1 for Z.
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F ig u r e  6 .1 2  Andreev reflection curve fo r  Fe2 - 3 N /P b  nanocontact (film # 2 ) .  The fit pa
ram eters were A  =  1.4 m e V , P  =  0.53 and Z  =  0.10. The resistance of the sam ple was 

»  18 Q.. A temperature of 4-2 K  was used in the data fit.

6.2 D iscussion

Successful PCAR measurements were carried out using three different methods, giving 

polarisation measurements for various materials. All of the data obtained from the AFM 

indented nanocontacts showed a very low Z-value, characterised by the lack of a dip at zero 

bias in the conductance vs. voltage curves. The relationship between Z and P has been 

studied extensively (e.g. [5],[6], see section 2.2.3). It has been shown that curves with higher 

Z-values give lower polarisation values, presumably due to increased interface scattering due 

to a stronger barrier. It is common practice to obtain polarisation values for several different 

barrier strengths and extrapolate to Z =  0. However in this study we have tried to keep
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the values of Z as low as possible in all our data (see [7]), thus eliminating the need for 

extrapolation. As a result the polarisation values quoted are taken from the samples with 

the lowest Z-values.

Before examining the measured polarisation values, some other issues that arose with 

the data will be discussed.

6.2.1 D ips in th e conductance curves

In the conductance vs. voltage curves obtained, dips are often seen around the value of 

the superconducting gap. These dips are most apparent in the copper curves (figs. 6.1, 6.5, 

6.8), but can also be seen in curves obtained for Co2 MnSi (fig 6.10) and Ni (fig 6.3), albeit 

much less pronounced. These dips are not accounted for in the BTK model. However their 

most likely cause is the proximity effect, where leaking of Cooper pairs from a superconductor 

into an adjacent material produces a superconducting layer in this material (see section 2.3). 

This superconducting proximity layer has a lower transition temperature and a lower A than 

the bulk. The Andreev reflection process, occurring at the metal/proximity-layer interface, is 

therefore limited to bias voltages smaller than the superconducting gap value of the proximity 

layer. However, quasiparticles can only enter the superconductor for voltages higher than the 

bulk gap of the superconductor. As a result a dip in the conductance would occur at energies 

between the superconducting gap of the proximity layer and that of the superconductor.

The Strijkers model [1] discussed in section 2.3 takes this proximity layer and incorpo

rates it within the BTK model. Two superconducting gaps are used, one for the proximity 

layer (Ai)  and one for the superconductor itself (A 2 ). This new model produces conductance 

curves that do indeed show dips around the superconducting gap (see figure 2.8).

We therefore refitted the data for copper from figure 6.1 using this model (see fig 6.13).
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A pronounced proximity layer would be expected in a relatively clean (i.e. low Z value) 

contact such as this, as there would be very few impurities at the interface to impede the 

proximity effect. The model gives a very good fit for the dips, and indicates a value of 

1.0 meV for the superconducting gap of the proximity layer and 1.60 meV for niobium, 

somewhat higher than the expected value. Thus it seems in fitting with the BTK model we 

axe in fact using the superconducting gap of the proximity layer as opposed to that of the 

superconductor itself. The reason that these dips are not as pronounced in the magnetic 

samples is that ferromagnetism and the superconducting proximity effect are competing 

processes - ferromagnetism inhibits the formation of cooper pairs.

•  Data2 .0 -

(UQ

H 1.6 -Ia
" S  1.2-

t/3

1.0 - '•  • •  ••  •

g  0.8-

0.6 - 1—  

-0.004 - 0.002 0.000 0.002 0.004

Bias Voltage (V)

F igure 6 .13  A fit for a Cu/Nb andreev curve using a model that takes into ac
count the proximity layer. The fitting parameters were Z  =  0.08, P =  0,

A i =  1.0 meV, A 2 =  1.60 meV.

6.2.2 R educed value o f A

The transition temperature, Tc, for bulk niobium and lead are 7.19 K and 9.26 K
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respectively. Prom BCS (Bardeen-Cooper-Schrieffer) theory [8] we can calculate the super

conducting gap using

2A S.bksTc. (l)

This gives us values of 1.38 and 1.08 meV for the gaps of niobium and lead respectively. 

However recent studies suggest that lead may not always follow the BCS model very closely, 

and results from a study of the material using photoemission spectra give a value of 1.2 meV 

for the gap[3]. Other calculations [9] have indicated a gap of 1.36 meV for lead, and this 

value has been used in previous Andreev studies [10].

In many of the fitted curves, the value for the superconducting gap is significantly less 

than that expected for both niobium and lead. This behaviour has been reported elsewhere 

in the literature [14], where the value of A is reduced in samples with a low Z value (i.e. 

negligible barrier at the interface). All of the curves obtained using the AFM indentation 

method show quite a low Z-value. One possible reason for this is that during the indentation 

process, the AFM tip pushes through any oxide layer on the sample surface.

It is well documented that the superconducting transition temperature, and thus A, 

reduces with the thickness of superconducting thin films [12] (see fig 6.14). This is observed 

for the lateral nanojunctions, where the transition temp is 6.4 K as opposed to 9.2 K. The 

corresponding value for A thus becomes 0.95 meV from (1), quite close to the value used in 

the fitting.

One proposed explanation for this reduction is due to the so called scaling-theory [13]; 

in low dimensional metallic systems all ground state electrons become localised, however 

weak the disorder. This leads to a suppression of the superconducting density of states 

and an enhanced Coulomb repulsive interaction [16]. We have seen how this affects the
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lateral nanoj unctions; it may have a similar effect in the AFM indented nanocontacts and 

the niobium tip nanocontacts. Since we are dealing with nano-scale point contacts we can 

expect a reduction of the critical temperature localised at the contact itself. However this 

would not effect the rest of the sample, and a sharp drop in resistance will still be seen at 

the bulk transition temperature.

10

8

6

4

2

0 0
Md [tr̂

F igure 6 .14 Relationship between transition temperature and film thickness, d, for single crystal (squares) 
and polycrystalline (circles) Nb thin films (from Jiang et al [4]J.

Another possible reason for the reduced values of A is the proximity effect, as discussed 

in the previous section - we may actually be fitting to the gap value of a proximity layer as 

opposed to that of the superconductor. This may also explain why the trend observed by 

Miyoshi et al. [14] showed the reduction to be less pronounced for contacts with a higher 

Z-value, as a stronger barrier at the interface would impede the superconducting proximity
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effect. This would explain the use of a more acceptable value for A in the Fe2 _3 N data. 

Since the material shows a much higher level of polarisation, the proximity effect is more 

likely to be eliminated - a reduction in the Andreev reflection process generally means a 

suppression of the proximity effect, since both require electrons of both spin.

6.2.3 Value o f fitting tem perature

In recent studies [6],[15] , [18], it has been observed that the temperature used to fit data 

obtained by PCAR is often increased with respect to the actual measurement temperature. 

This was never observed in our studies - in fact for the data obtained on lateral nano junctions 

a reduced temperature had to be used to fit the data accurately.

The most common method for recording PCAR data is the sharpened niobium tip 

method described in section 3.5.1. For such measurements, the end diameter of the tip is 

rarely in the ballistic range - in fact SEM observations suggest that it could be as large as 

50 nm  [17]. However this method is still very successful for recording PCAR data, and the 

curves produced can only be fitted using the ballistic BTK model. It is therefore likely that 

the actual point contact is formed by the following process (see fig 6.15). An oxide layer 

(covering the subject material, or the sample, or both) initially prevents metallic transport 

across the interface. Pressure between the tip and the substrate causes cracks or weak spots 

to appear in the oxide layer. Application of a potential difference across the contact causes 

a breakdown across the oxide at these weak spots, and conduction can now occur. The 

breakdown voltage for the oxide would be relatively low, since the thickness of this layer 

would be quite thin (of the order of nanometers), especially at these weak spots.

139



crack

S
^  oxide

S

N N
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F igure 6 .15  Possible scenario allowing formation of point contacts between a niobium tip and a sample. 
Pressure from the tip causes weak spots to form in the oxide layer. Breakdown then occurs across the oxide

layer, allowing conduction paths to form.

In such a scenario it is likely that there are in fact many parallel conduction paths 

formed between the superconductor and the subject material, and thus the measured spectra 

are the superposition of the characteristics of these paths. This averaging would spread 

the features of the PCAR curves in a similar manner to thermal broadening, and a larger 

temperature would thus have to be used in the fitting. This idea was discussed in Bugoslavsky 

et al. [18]

In both the lateral nano junctions and the AFM indented nanocontacts there is only one 

conduction path present. As a result the broadening mentioned above will not occur and no 

increase is required for the fitting temperature. In our niobium tip method, a piezo-actuator 

is used to control the size of the point contact. This is in contrast to most set-ups reported 

in the literature where the contact size is controlled using just a micrometer screw gauge. 

It is thus likely that in our set-up the physical size of the point contact is of the order of 

nanometers, and thus multiple conduction paths will not be formed.

However this does not explain why the fitting temperature used is less than the exper-
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imental one for the lateral junctions. Fortunately this should not have a major effect on the 

determination of spin-polarisation from the data fits, as it will not affect the conduction at 

zero bias voltage. It may in fact make it easier to determine the correct spin-polarisation, as 

a lower fitting temperature gives sharper features, which make it easier to separate the effects 

of spin polarisation and an interface barrier. At higher temperatures it becomes difficult to 

discriminate between the effects of P and Z, leading to some ambiguity in the interpretation 

of the PCAR curves.

6 .2 .4  Sp in  p o lar isa tion  values

Spin polarisation was measured in Cu, Ni, Co and Co2MnSi using the three different 

methods. In all three methods, fits to the copper data showed zero polarisation, supporting 

the validity of the three different techniques. The value obtained for cobalt using a niobium 

tip (0.41) is quite reasonable, comparing well to quoted literature values (see table 8.1). The 

same can be said for those obtained for nickel using both the niobium tip and the AFM 

indentation method, giving 0.34 and 0.39 respectively.
N b  tip L ateral 

nano ju n c
tio n

A F M  in d en ted  
n an ocon tact

L iterature

N i 0.34 0.7 0.39 0.32 [10], 0.37 [1]
C o 0.41 - - 0.37 [10], 0.46 [20]

C o2M nSi - - 0.2 0.55 [21], 0.50-0.60 [22]
Fe2_sN - - 0.60 -

T able 6.1 Polarisation values obtained for various materials in this work and in the literatur

However the value obtained for nickel using the lateral nanojunction, P=0.70, is much 

greater than reported elsewhere. Our proposed explanation is the presence of nickel oxide at 

the interface. The absorption of s electrons by the oxygen atoms of the NiOx layer and the
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local narrowing of the d  band in the nanostructure could have a spin filtering effect on the 

electrons, enhancing the polarisation of the current [23] . It is also possible that the difference 

in polarisation measured here is because we are measuring the current parallel to the film, 

whereas all of the measurements in the literature have had the current perpendicular to the 

plane of the film.

The polarisation value obtained for Co2 MnSi (P=0.2) using the AFM indented nanocon

tact method is somewhat disappointing for a material predicted to be a fully-polarised half 

metal. This low value could be explained by antisite disorder, particularly between the Co 

and Mn atoms, which have a similar atomic radius. Studies have shown Co-Mn site swap

ping of up to 18 % for this material [22]. While the literature has reported higher values, it 

still is nowhere near 100 %. In fact a recent study by Wang et al. estimated a polarisation 

value of only 0.12 at the Fermi level using spin-resolved photoemission spectra [24].

The maximum values of polarisation observed for the Fe2 _3 N samples were 0.58 and 

0.53 for the first and the second films respectively. The value for the first film is surprisingly 

high, especially considering the relatively low moment of the films ( 0.18 /x^/f.u.). The 

presence of small amounts of the paramagnetic (-Fe2 N may account for a lowering of this 

value; the moment at the ax t̂ual point contact may be slightly higher. It is possible that, 

while the overall band structure of the material may not show significant spin-polarisation, 

the actual chaxge carriers do. This could occur if an electron band with high-mobility was 

spin polarised, for example. In PCAR it is the spin polarisation of the current itself we are 

measuring, not the actual density of states. However considering the similar value obtained 

for the second film, which had a much higher moment, the former scenario is more likely. No 

band structure calculations showing any of the iron nitrides to be half-metallic have been
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reported in the hterature ([25] calculates no half-metallicity in FesN). However, since it is so 

difficult to accurately determine the nitrogen concentration in Fe2 _ 3 N, a realistic density of 

states would be extrem ely hard to calculate.
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Chapter 7

C onclusion and Future Work

The study presented in this thesis has been concerned with measuring spin polarisation 

in magnetic materials. Materials have been examined using room temperature point contacts 

and Andreev reflection. Two novel Andreev techniques for measuring spin-polarisation have 

been developed successfully.

7.1 Point Contacts

The magneto-transport properties of several materials have been examined using point 

contacts. It has been proposed tha t the huge values of magnetoresistance observed in these 

point contacts are caused by spin-polarised transport through a domain wall, as well as 

spin-polarised tunneling transport, between two crystallites. A maximum spin polarisation 

has been inferred using the Julli^re formula (chapter 1, equation (6)); these are tabulated 

below.

Material Spin Polarisation
Poly crystalline magnetite 0.93
Gold-plated magnetite 0.89
Sr2FeMoOe 0.11
MnBi 0.87
C02Cro.6Feo.4Al 0.81

These measurements provide a simple and fast method to get a rough estimation of the 

spin polarisation of a ferromagnet at room tem perature and thus determine its suitability for 

use in spintronics devices. This method can thus be used to examine the new potentially high 

spin-polarised materials th a t are constantly appearing in the scientific community, such as
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Co2 FeSi [1] and Co2 FeGa [2], [3]. These are both Heusler alloys with high Curie temperatures 

and thus show great promise for spintronics applications - Co2 FeSi shows the highest Curie 

temperature (1100 K) and magnetic moment (6 of any potential half-metal. The work 

could also be extended to lower temperatures to examine, for example, the relationship 

between spin polarisation and temperature in different materials.

The set-up could also be modified to measure breaking contacts in a similar manner to 

that described by Viret et al [4]. This would allow us to examine polarisation in thin films 

as well as bulk crystallites, where the structure is well defined.

7.2 A ndreev R eflection

Two novel methods of recording point contact Andreev reflection data were developed 

and compared with the established method. In the lateral nanojunctions, nickel was mea

sured with some success. The difficulty in producing these junctions meant that very few 

reliable samples could be produced. The lift-off  ̂ process required was rarely fully success

ful, often leaving a poorly defined interface. However this could be overcome by making 

use of electron lithography processes, which are better equipped for creating features on a 

nanometre scale. Another problem encountered was thermal contraction of the two films 

as the samples were cooled towards the transition temperature of the superconductor. The 

strain often proved too great for the samples, and many of them broke before any Andreev 

measurements could%e made. This method would therefore be more suitable in examining 

materials with a low thermal expansion coefficient.

The AFM indented nanocontacts proved to be very succesful for recording PCAR data. 

Once the procedure had been optimised, samples could be produced with relative ease. These 

had many advantages over using the standard niobium tip method. The samples are robust
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and could be measured several times and then stored. The nanohole produced by the tip can 

be imaged, thus giving us an idea of its diameter and its profile. Only one conduction path 

is present, thus reducing the ‘smearing’ effect that multiple paths have on the curve features, 

and enabling a more reliable fit. Also, most of the samples produced by this method gave a 

very low Z value, indicating a low barrier. It is acknowledged that such measurements give 

a more accurate value for the spin-polarisation of the material as there is less likelihood of 

spin-scattering events.

The AFM indentation method could be developed further in a variety of ways. Different 

tips could be used to give holes of different profiles, enabling us to see the effect this would 

have on the Andreev curves and on superconducting nanocontacts in general. Also multiple 

channels could be deliberately produced to see what effect this would have on the ’smearing’ 

of the PCAR curve features.

The high value of spin polarisation observed in the iron nitride films show that it could 

be suitable for spin-electronics applications, and certainly warrants further investigation. Its 

suitability for use in structures such as spin valves and magnetic tunnel junctions could be 

examined; the facilities to make such structures are available in our laboratory. It may be 

interesting to directly probe the density of states of the material using spin-resolved pho

toemission spectroscopy, to see if its band-structure reflects the spin polarisation observed. 

Single phase films of the material could also be made with differenty nitrogen concentrations, 

allowing us to study the spin polarisation as a function of the nitrogen concentration..

Further studies on these films could also be carried out using Mossbauer studies. It is 

possible that the moment of the iron atoms axe much higher than the magnetisation curves 

indicate, but that the overall moment is reduced by an uncompensated antiferromagnetic
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structure. This would be confirmed by a strong hyperfine field for the Fe-57 isotopes. Oth

erwise the large spin polarization may be mainly due to the 4s electrons (or due to N holes).

Further materials could be examined using this method, such as the Heusler alloys 

mentioned in the previous section. Also much interest has arisen recently in magnetic semi

conductors [5]. This method could be developed to study spin polaxisation materials. This 

may require doping of the semiconductor to increase its conductance, thus reducing the ef

fects of series resistance and improving the transparency of the interface. Also some recent 

PCAR studies of magnetic semiconductors [6] indicate that some modifications of the BTK 

theory may have to made to accommodate the physics involved.
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Appendix I: Fitting Procedure for 
Andreev Reflection data

T 1=4.2 te m p e ra tu re

E f:=0

P c := 0 .2  polarisation

A := M 0 '^  supe rconduc t ing  g ap

Z ;= .12 height of scatter ing  barrier

k :=  8.631710’  ̂ Boltzm ann in electron volts

Below a re  the  eq u a t io n s  for determinig probabilities of A n d re ev  reflection, normal 
backscatte r ing  e tc  a s  defined in Strijkers p a p e r

Fermi functionE - E f
k-Te

£ ( E ) : = — ^

A
2

e ( E ) ^ -  1
A 1 ( E ) : = A2 (E)  :=

B1(E) : = 1 -  A1(E)
B2(E)  :=4  Z-.2

A(x)  := A l ( x )  i f  I x |<A 

A2(x)  i f | x | ^ A

Bpol(x)  := 1 i f  I x |<A

Bunp(x )  := B l ( x )  i f | x | < A  

B2(x) i f  I x |>A 1 -  A2(x )
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I_unp(V) :=
r.0105

-.0015
( f (E -  V ) -  f(E)) ( l- | -A (E ) -  Bunp(E))dE

I_pol(V) :=
’.0105

-.0015
(A:E- V ) -  f(E)) ( l -  BpoI(E))dE

I(V) := (1 - Pc) I_unp(V) +  Pc I_pol(V) total current 

100

da := 0.0002001

a^:=-.01

1 crea tes  bias vo ltage values

p(x) := I(x) if  x>0 

- I(-x ) if x<0 

0  if  JF=0 I

CXV):=— p(V) 
dV

G fa.) ^
out . :=— norm alised conductance  

' CX.008)

data := augment (a, out)

WRITEPRN;"D:\Andreev\fits\Fitl.dat" ) :=data

unpolarised current

polarised current
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