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Chapter 1

Introduction

In this thesis, the spin-dependent transport of electrons in multilayered structures is
studied. In the first part of this chapter a general introduction to the field of spin-
tronics is presented. Problems and progress in the main research areas of spintronics:
magnetoresistance and spin injection into nonmagnetic materials are discussed. In
the second part of this chapter we introduce the theoretical basis of our numerical
scheme, namely density functional theory, the linearized-muffin tin orbitals method,
the wave function matching method and finally the Landauer–Büttiker transport for-
malism. At the end we give a brief outline of the remainder of the thesis.

1.1 Spintronics

The central object of study in this thesis is the spin degree of freedom of an electron
in electronic transport. Just as a planet orbiting the sun and spinning about its own
axis possesses both orbital and spin angular momenta, so does an electron orbiting
a nucleus. Since the electron has no radial extent and cannot be “turning” about its
axis, this is purely an analogy. The spin is an intrinsic property of the electron and has
a constant value. However, just as the planets can rotate clockwise or anticlockwise,
the electron spin can also be considered to be clockwise or anticlockwise: there are
two different kinds of spin according to whether the projection of the spin onto a
given quantization axis is +~

2 or −~
2 , which we term spin “up” and spin “down”,

respectively. The relative number of electrons with spin up and spin down is very
important for the magnetic properties of a chosen material. Nonmagnetic materials
are characterized by the same number of electrons with the same properties in both
spin channels1. As for magnetic materials, there is an imbalance in the density of
states for spin up and spin down electrons as illustrated in Fig. 1.1. In the following
the channel with more (fewer) states below the Fermi level is termed the majority
(minority) spin channel. The spin of an electron is an intrinsic angular momentum s
which is directly coupled to its magnetic moment m by the relation m = −gsµB(s/~)

1the term “channel” is used to emphasize our interest in studying electronic transport

1
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Figure 1.1: Spin-dependent densities of states in case of a nonmagnetic metal
(a) and of a ferromagnetic metal (b). EF is the Fermi energy. Majority (minority)
describes the spin-channel with more (fewer) states below the Fermi energy.

where µB = e~/(2me) is the Bohr magneton and gs the Landé factor which is roughly
equal to two.

The spin of an electron was first measured in 1922 by Stern and Gerlach [1], in
an experiment that was proposed by Stern in 1921 [2]. A theoretical explanation was
developed by Kronig who, however, decided not to publish his results because the lin-
ear speed required on the electron surface was larger than the speed of light. Later,
in 1925 a theoretical study of intrinsic electron spin by Uhlenbeck and Goudsmit
[3] appeared. In 1927 Pauli introduced spin into quantum mechanics [4]. A break-
through in the understanding of spin was made by Dirac who, by combining quantum
mechanics and special relativity, developed a theoretical framework from which the
magnetic moment and “spin” of electrons followed automatically.

Despite the central role played by electron spin in many areas of condensed matter
physics, it barely figured in the mainstream of charge-based electronics. The situa-
tion changed with the discovery of oscillatory interlayer exchange coupling in Fe|Cr
and Co|Cu multilayers by Grünberg et al. [5] and later by Parkin et al. [6–8]. This
led to the near simultaneous discovery of the giant magnetoresistance effect (GMR)
by two experimental research groups led by A. Fert [9] in Paris and P. Grünberg [10]
in Jülich. The GMR effect is a milestone in condensed matter physics for which both
Fert and Grünberg were awarded the Nobel Prize in Physics in 2007. From the study
and application of this effect a new branch of solid state physics has emerged, which is
called spintronics or spin electronics2. This field refers to the study of the role played
by electron spin in transport, and to possible devices that specifically exploit spin
properties instead of or in addition to charge degrees of freedom. Though, current
efforts in this field involve several major directions, we will restrict ourselves to a dis-
cussion of spin transport phenomena in metal and semiconductor-based devices. The
focus of the former is on perfecting the existing magnetoresistance - based technology
by either developing new materials or making improvements or variations in the ex-

2I use spintronics to include magnetoelectronics which sometimes used just to describe spin
transport in metals
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current perpendicular 
to the plane (CPP)

current in the 
plane (CIP)

FM FMNM

Figure 1.2: Example of a magnetic layered junction that consists of two ferro-
magnetic metallic electrodes and a nonmagnetic metallic spacer layer between them
(FM|NM|FM junction). If the current flows perpendicular to the planes of a junc-
tion (perpendicular to the growth direction) we speak of a current-perpendicular-
to-the-plane (CPP) geometry. If the injected current flows parallel to the planes
we speak of a current-in-plane (CIP) geometry.

isting devices that allow for better spin filtering. The second field focuses on finding
novel ways of generating and utilizing spin-polarized currents in semiconductor-based
systems. Range of interests includes investigation of spin transport in semiconductors
(SC) and looking for ways in which semiconductors can function as spin polarizers
and spin valves. In the following subsections we discuss in more detail some major
issues in these two fields.

1.1.1 Magnetoresistance

We consider here metal-based spintronic devices that consist of the leads made of
a ferromagnetic metal (FM) with a nonmagnetic spacer layer between them. To be
more specific we focus on the electrical resistance of such devices. The electrical re-
sistance of a ferromagnetic metal (FM) can be changed in different ways. One of the
simplest ways is to influence the electrical resistance by changing the temperature.
Resistance grows as a function of temperature due to the increase of electron scatter-
ing by thermally activated ions. A more complicated way of changing the electrical
resistance of a FM is associated with the change of a FM magnetization direction
relative to the current direction. Since this effect depends on the angle between the
current direction and the orientation of the magnetization it is called the anisotropic
magnetoresistance (AMR) effect. It was discovered by Thompson3 in 1857 [11]. This
magnetoresistance (MR) effect is small, typically ∼ 1%.

With the progress of fabrication techniques it became possible to produce thin
layered structures that exhibited MRs much larger than the AMR effect. In the

3also known as Lord Kelvin
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Figure 1.3: Fermi surface projection of Cu (a) and (b) and of Co for majority (c)
and minority (d) spin channels. The number of propagating states is colour-coded
following the colour bar on the left. Spin polarization of current in Cu|Co junction
is made clear with majority (e) and minority (f) transmissions.

following we discuss the successors of the AMR effect - giant and tunneling magne-
toresistance effects.

The GMR effect is a quantum mechanical effect which is observed in a junction
consisting of two ferromagnetic (FM) leads separated by a nonmagnetic metal (NM)
spacer layer. In such a FM|NM|FM junction the relative orientation of magnetization
directions in the magnetic layers can be changed by applying an external magnetic
field. Changing the relative orientation of these magnetizations from parallel to
antiparallel gives rise to a change of the electrical resistance of the device. The GMR
effect is observed with various combinations of materials. To explain it, we consider
a Co|Cu|Co(111) junction in the so-called current-perpendicular-to-the-plane (CPP)
geometry shown schematically in Fig. 1.2. From this figure a difference between the
CPP and current-in-the-plane (CIP) geometries is obvious: an electron contributing
to electrical transport must pass through every plane in the CPP geometry. We also
assume perfect periodicity in the planes parallel to the Co|Cu interface. A Co|Cu|Co
junction consists of two identical Co|Cu interfaces. Let us first study spin-dependent
transport through a single interface. We assume that the electric current through
such an interface consists of independent majority and minority spin components.
This approximation is called Mott’s “two current model” and it works well at low
temperatures where the spin relaxation length, λsf (how far an electron can travel
before it loses its spin information), is much larger than the elastic mean free path,
`e (the average distance an electron travels before it is elastically scattered at a
defect) [12–14]. The resistance of a Co|Cu interface is represented within the two-
current resistor model as two resistors in parallel, one for each spin channel. Most
important is that these resistances are different so the current injected from Co into
Cu will be spin-polarized. We can understand this by considering how electrons on
the Fermi surface are transmitted (or reflected) at a Co|Cu(111) interface. Because
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Figure 1.4: Schematic layout of two states of a spin-valve structure. In the an-
tiparallel configuration (a) both type of electrons are subject to strong interface
reflection while in the parallel configuration (b) only minority spin electrons en-
counter a highly reflective interface. The two current model shows that the parallel
configuration (d) results in a lower resistance than the antiparallel configuration
(c).

the momentum parallel to the interface is conserved, the transmission T depends on
the two-dimensional Bloch wavevector k‖ which we can use to label the electron states
as well as the spin σ, T = Tσ(k‖). Results of calculations of Tσ(k‖) from Ref. [15]
are shown in Fig. 1.3. In Fig. 1.3(a-d) we show projections of the Fermi surfaces
for Co and Cu majority and minority spin electrons on a plane perpendicular to the
[111] direction. As can be seen, the Fermi surface projection (FSP) for Cu (Fig. 1.3a)
and Co majority spin (Fig. 1.3c) are very similar, as are the electron velocities and
their wave function characters. The transmission from Co to Cu is almost perfect
(unity) (Fig. 1.3e) and the resistance is small. In this figure the transmission Tσ(k‖)
is maximum in most of the points where the Cu and Co majority FSPs overlap. The
FSPs of Cu and Co minority spin electrons as well as their velocities and wave function
characters are quite different, therefore, strong scattering takes place (Fig. 1.3f).
Thus, due to spin-dependent mismatch between the electronic properties of these
two materials, spin filtering of a current injected from Co into Cu occurs at the
interface.

Experimental measurements of the spin polarization of a current injected into a
nonmagnetic material are complicated. This problem can be circumvented by adding
another FM layer as shown in Fig. 1.4. We assume that the thickness of the NM layer
is such that in the absence of an external magnetic field the magnetizations of the FM
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layers are oriented antiparallel. As already mentioned the relative orientation can be
switched to parallel if an external magnetic field of sufficient strength is applied. The
electrical resistance of a magnetic junction in the parallel (P ) and antiparallel (AP )
configurations can be calculated using the two-current resistor model as illustrated
in Fig. 1.4. According to this model, the AP conductance GAP = 2/(Rmaj + Rmin)
while the P conductance GP = (Rmaj +Rmin)/(2RmajRmin). For different Rmaj and
Rmin the nonzero magnetoresistance is MR= (GP −GAP)/GAP.

Tunneling magnetoresistance (TMR) is observed in a magnetic tunnel junction
(MTJ) in which the NM spacer layer is replaced with a nonmagnetic insulator (I).
In a MTJ the conductance depends on the relative orientation of the FM magneti-
zations. However, in a FM|I|FM junction the electron transmission is characterized
by quantum mechanical tunneling which is spin-dependent at a FM|I interface. The
electrical resistance of the CPP FM|I|FM junction is larger than that of the CPP
FM|NM|FM junctions which makes MTJs valuable for practical applications. It
worth mentioning that the TMR effect was discovered in 1975 by M. Jullière [16]
before the GMR effect. In his pioneering experiments Jullière measured a nonzero
TMR in an Fe|Ge-oxide|Co system. Unfortunately, these results were difficult to re-
produce4 and it took about 20 years for experimentalists to make a system with a
reproducible TMR effect. Successful room temperature magnetic tunneling transport
measurements in CoFe|AlOx|Co junctions were performed by Moodera [17] in 1995.
These results strongly accelerated study of spin-transport due to possible applica-
tions to magnetic sensors and magnetic memories. Aluminum oxide was for almost
10 years the most suitable and commonly-used insulator barrier. MTJs based on
Al2O3 are now routinely fabricated with very reproducible characteristics. With a
proper choice of materials and an optimized junction preparation the TMR ratio can
reach 70% at room temperature [18]. Since the discovery of much higher values of
TMR in epitaxial MgO-based MTJs, research in this area is focused on the study of
these materials systems. First experiments performed by Parkin et al. [19] and Yuasa
et al. [20] on MgO-based CPP tunnel junctions reported values of TMR exceeding
200%. New records for room temperature TMR are regularly reported and current
record is about 500% for FeCoB|MgO|FeCoB junction with amorphous FeCoB elec-
trodes [21]. For more details on the GMR and TMR effects we refer to a number of
reviews [22–29].

The MR effects just discussed can be used to make magnetic sensors and mag-
netic memories. The variation of electric resistance is used to detect small changes
in magnetic fields by magnetoelectronic devices that can be found inside all modern
computers and laptops: modern hard drives use a GMR spin valve, a device that
reads information from disks. Such magnetic reading heads can be made small which
enabled a thousand fold increase in the storage capacity of disk drives since it was
introduced in 1998. A couple of years ago, TMR read heads were introduced by Sea-
gate for laptop and desktop drives. Nowadays, the TMR head is mature technology
for hard disk drives. A different application of TMR could be a new type of computer
memory known as a MRAM (Magnetoresistive Random Access Memory). In 2006,

4as mentioned by A.Fert in his Nobel lecture
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Figure 1.5: Datta-Das spin transistor. In the absence of gate voltage the elec-
trons from FM source pass through the channel and are detected by the FM drain.
With the gate voltage on, the electric field causes spins to precess (Rashba effect).
Electrons with their spin misaligned with the drain magnetization direction are not
detected as shown on the right.

the company Freescale began to market 1MB MRAM devices.

1.1.2 Spin injection into semiconductors

Since the 1970s conventional semiconductor microprocessors have operated with pack-
ets of electronic charge propagating along channels which are made smaller all the
time. This progress is often summarized in Moore’s Law according to which micro-
processors will double in power every 18 months as more transistors are squeezed
onto a chip. Although this trend will continue, it cannot continue forever as the size
of individual devices approaches the dimension of atoms. This problem cannot be
solved by spintronics. What spintronics could do is provide additional functionality
such us programmable logic using the spin degree of freedom.

Many basic questions arise when attempts are made to combine semiconductors
with magnetic metals in devices such as the field effect spin-transistor proposed in
1989 by Datta and Das [30]. Such a device consists of a semiconductor with a FM
source to inject a current of spin-polarized electrons and a FM drain to detect spin-
polarized electrons transported along a channel between them. This transistor is
schematically shown in Fig. 1.5. As in a conventional field effect transistor there is a
third electrode (gate) that generates an electric field to modulate the current in the
two-dimensional transport channel by means of the Rashba effect. The magnetization
directions of source and drain are assumed to be parallel. In case of zero gate voltage,
every electron emitted from the source with its spin oriented along the magnetization
direction should be able to enter the drain in the absence of spin flip during transport.
When the gate voltage is non-zero the electric field causes the spins to precess. The
electron current through the transistor is then modulated as the electrons with their
spins not aligned with the direction of magnetization of the drain can not pass to
the drain (Fig. 1.5 right panel). To realize this device requires: efficient injection of
spin-polarized current from FM into SC; transfer of electrons through SC without
losing their spin; detection of a spin-polarized current by FM electrode [31]. Already
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the realization of efficient spin injection appeared to be rather difficult. Because the
conduction electrons in a FM is spin-polarized, the most straightforward thing to
try is to inject spins directly from FM into SC via an ohmic contact. However, it
was shown experimentally that the efficiency of spin injection via ohmic contact into
a SC is not large. The problem has been identified as the “conductivity mismatch”
[32] between FM and SC. The effectiveness of the spin injection depends on the
ratio of the (spin-dependent) FM conductivity σFM and the spin-independent SC
conductivity σSC . A substantial spin injection occurs if σFM ≈ σSC . For typical FM
and SC σFM >> σSC , and the spin injection efficiency is small. This problem can be
resolved by introducing an additional tunneling barrier [33] at the FM|SC interface
(see Fig. 1.5) or by means of a Schottky barrier formed at FM|SC interface like
in Fe|GaAs junction. In Chapter. 2 we study the spin-dependence of the intrinsic
interface resistance and how it depends on interface disorder. As an alternative
approach one can use diluted magnetic semiconductors as spin injectors. Diluted
magnetic semiconductors, however, have limited practical application due to low
(of the order of 100 K) Curie temperature [36, 37]. One can also use half-metallic
ferromagnets [38] as the 100% spin-polarized ferromagnetic injectors, although these
are challenging materials with which to work.

1.2 Computational scheme

The spintronic effects introduced in the previous section are manifestations of electron
spin-filtering at the interface between a FM and various nonmagnetic materials, at a
FM|I interface in the case of the TMR effect, and at a FM|SC interface in the case of
spin injection. To study such spin-dependent transport of electrons in inhomogeneous
mainly layered, transition metal magnetic materials we use a so-called first-principles
computational scheme because it is material specific and requires no empirical input
data.

Our computational scheme can be divided into two parts: (i) the self-consistent
calculations of “atomic” potentials and the corresponding electronic band structure
and (ii) the transport calculations. In the first part we use the “tight-binding linear
muffin-tin orbitals” method to find the self-consistent solutions of the Kohn-Sham
equation in the local density approximation. In the second part we use the “wave
function matching”method to calculate the transmission probability amplitudes used
to calculate the spin-dependent conductance (resistance) in the linear-response regime
from the Landauer-Büttiker formalism. In the rest of this section we discuss the major
points of our method in more detail.

1.2.1 Landauer-Büttiker formalism

For a quantitative study of spin-dependent transport we have to be able to calcu-
late spin-dependent conductances (resistances). The conductance of a macroscopic
conductor that obeys Ohm’s law can be written as

G = σ
A

L
= 1/R, (1.1)
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Figure 1.6: Schematic representation of a junction as a two-terminal device.
Conductance through the scattering region (grey area) sandwiched between left
and right semiinfinite leads with translational symmetry (dark areas on the left
and right) can be expressed in terms of the transmission probability amplitudes
tµ,ν using the Landauer-Büttiker formula Eq. (1.2)

where A is the conductor cross section area, L is the length of the conductor, σ is
its conductivity, and R is the electrical resistance. Eq. (1.1) does not hold on a scale
shorter than the mean free path or when the wave character of electrons becomes
dominant and electronic transport has to be treated quantum-mechanically. These
corrections are taken into account by the Landauer-Büttiker scattering formalism
[41–43] which we use to describe the electronic transport on mesoscopic scale. In the
following we study electronic transport in a system that consists of a scattering region
(an interface, junction etc.) connected by two semi-infinite ideal leads as shown in
Fig. 1.6 to reservoirs (not shown). Landauer and Büttiker formulated the problem
of electronic transport in terms of scattering matrices where the transmission matrix
element tµ,ν is the probability amplitude that a state |ν〉 incident on the scattering
region from the left lead is scattered into a state |µ〉 in the right lead. Conductance
in one spin channel in the linear response regime G = dI/dV |V=0 is then given by

GLB =
e2

h

∑
µ,ν

|tµ,ν |2 = Tr[tt†]. (1.2)

The Landauer-Büttiker approach is intuitively very appealing because the electronic
transport through nanostructures is naturally described in terms of transmission
and reflection probability amplitudes. Explicit calculation of the scattering states is
usually avoided by making use of the invariance properties of the trace in (1.2) to
calculate the conductance directly from Green functions expressed in some convenient
localized orbital representation [45]. Our computational scheme, however, allows us
to calculate the full transmission and reflection matrices and to make explicit use of
the scattering states to analyse the results.
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1.2.2 Density Functional Theory

The transmission probability amplitudes (elements of the transmission matrix) can
be calculated as soon as the incoming and transmitted modes are known. To find
the full transmission matrix we have to find the wave function Ψ of a system, where
Ψ is the solution of the Schrödinger equation

HΨ = EΨ, (1.3)

and H is the Hamiltonian operator of the system under study. Analytical solution
of (1.3) is only possible for very simple systems. To solve (1.3) for a system of
many interacting particles, different methods have been developed. However, the
only scheme capable of handling the complex systems we are interested in is the
density functional theory (DFT) within the local density approximation (LDA). It is
one of the most successful parameter-free, material-specific approaches in quantum
mechanics giving an accurate description of the electronic ground state properties of
a wide range of itinerant electron many-particle systems.

We start by considering a system that consists of N electrons and K ions. The
Schrödinger equation for such a system is written as follows

HΨ(r1, r2, ..., rN ) = EΨ(r1, r2, ..., rN ), (1.4)

where ri is the position operator of an electron. In specifying the Hamiltonian H we
make use of the Born-Oppenheimer approximation and restrict ourselves to consid-
eration of the electronic properties. The nuclear degrees of freedom are taken into
account in the form of an external potential acting on the electrons, therefore, the
wave function is an explicit function of the electronic coordinates only. The Born-
Oppenheimer or adiabatic approximation is possible because nuclei are much heavier
than electrons. H is then given by

H =
N∑
i=1

− ~2

2m
∇2
i +

1
2

N∑
j 6=i

e2

|ri − rj |
+ Vext(ri)

 , (1.5)

where the first term is the kinetic energy operator, the second term is the electron-
electron interaction and the third therm describes the electron-ion interaction.

The DFT which was first formulated by Hohenberg and Kohn [46] is based upon
two theorems. The first theorem states that the energy of the interacting electron
system in its ground state is a unique functional of the electron density

E[n(r)] = F [n(r)] +
∫
Vext(r)n(r)d3r, (1.6)

and the second theorem states that the density functional reaches its minimum at
the exact ground state density nGS(r) and the total energy of the ground state can
be written as

EGS = F [nGS(r)] +
∫
Vext(r)nGS(r)d3r. (1.7)
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However, the DFT approach in the form of Eq. (1.7) is of a little practical use since
the functional F is not known. The next step proposed by Kohn and Sham [47] was
to map the complex system of many interacting particles in an external potential
Vext(r) onto a system of non-interacting particles in an effective potential Veff(r).
For a system of non-interacting particles the electron density is given by the single-
particle wave functions ψi as

n(r) =
N∑
i=1

|ψi(r)|2, (1.8)

which can be obtained by solving a set of equations for N non-interacting particles

[− ~2

2m
∇2 + Veff(r)]ψi(r) = εiψi(r), (1.9)

in the effective potential

Veff(r) = Vext(r) + e2

∫
n(r)
| r− r′ |

d3r +
δExc[n]
δn(r)

. (1.10)

Eqs. (1.8-1.10) are the so-called Kohn-Sham equations and they have to be solved
self-consistently. Formally, these equations allow an exact treatment of the many-
body system in the ground state. In the last term of Eq. (1.10) Exc = Ex + Ec

is the exchange-correlation energy. It is the only unknown term in the Kohn-Sham
equations and an approximation has to be made in order to make further progress.
Kohn and Sham proposed to use knowledge of the total energy of the homogeneous
interacting electron gas of density n to define an exchange-correlation energy per
electron εxc(n). This approach is called the Local Density Approximation (LDA) for
the exchange-correlation energy functional Exc of the inhomogeneous systems with
density n(r). According to this approximation the exchange-correlation energy of an
inhomogeneous system is approximated in terms of εxc(n) as

ELDA
xc =

∫
n(r)εxc(n(r))dr, (1.11)

There are several schemes available within the LDA for parameterizing the exchange-
correlation energy. The most frequently employed parameterizations are due to von
Barth and Hedin [48], Ceperley and Alder [49] as parameterized by Perdew and
Zunger [50] and Vosko, Wilk and Nusair [51].

1.2.3 Tight-Binding Muffin-Tin Orbitals

In the previous subsection the problem of finding a solution of the Schrödinger equa-
tion for an interacting many-particle system was reduced to the problem of finding
a solution of the Kohn-Sham equations for a system of non-interacting particles.
Here, we briefly discuss the method which we use to solve the Kohn-Sham equations
self-consistently.
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Figure 1.7: (a) Atomic potentials in a crystalline structure, and (b) the muffin-tin
approximation to this potential. In the interstitial regions between the atoms the
potential is set to constant V0.

There are many different basis sets which can be used to express the Kohn-Sham
wavefunctions. For practical purposes the basis set is always truncated. On the one
hand the accuracy of calculations depends on the size of a basis set. On the other
hand the size of a basis set determines the computational effort that is required. We
are interested in studying both ideal and, more realistic, disordered systems consisting
of many atoms. This requires use of as small a basis set as possible. The small size
should not prevent us from treating complex electronic structures (like ferromagnetic
metals) efficiently. These requirements are met by the tight-binding linearized muffin-
tin orbitals (TB LMTO) method which forms a flexible, minimal basis set leading
to highly efficient computational schemes for solving the Kohn-Sham equations [52–
54]. We use the TB-LMTO surface Green function approach which is suitable to
study the electronic structure of interfaces and layered systems. When combined
with the coherent-potential approximation, it allows self-consistent calculation of the
electronic structure, charge and spin densities of layered materials with disorder [55].
Below we review the TB-LMTO method in more detail.

To introduce the muffin-tin orbitals (MTO) we begin with an observation about
the external electrostatic potential Vext(r) sketched in Fig. 1.7(a). As can be seen
from the figure, the potential can be divided into two parts: a rapidly changing part
in a region near the atomic cores and a smoothly varying part between the atoms
(the interstitial region). It suggests approximating the external potential by the
spherically symmetric potential Vext(r) −→ Vext(r) within each sphere, and constant
potential Vext(r) −→ V0 in the interstitial region as shown in Fig. 1.7(b). This
so-called “muffin-tin potential” was introduced by Slater in 1937 [56]. The muffin-
tin potential allows for considerable simplification, since the wavefunction can be
represented in terms of the solutions of the Schrödinger equation in each region:
product of spherical harmonics and radial wave functions inside the sphere and plane
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(a) (b)

Figure 1.8: (a) Illustration of the “muffin-tin” approximation of the effective
potential of a simple square lattice. It allows representing wavefunctions differently
in the different regions. (b) Illustration of the atomic sphere approximation (ASA)
in which the muffin-tin spheres are chosen such that their total volume is equal to
the volume of a crystal. In both cases black dotes correspond to atom cores. The
ASA can be used for both close-packed and open structures. In the former case
so-called “empty spheres” are used to make the open structures close-packed.

waves in the interstitial region.
In 1971 Andersen [57] proposed a new minimal, atom-centered basis set. In the

following we concentrate on the atomic spheres approximation (ASA) where (i) the
radius of muffin-tin spheres is expanded until they fill all the space (compare the
muffin-tin spheres and atomic spheres in Fig. 1.8(a) and Fig. 1.8(b), respectively) and
(ii) the kinetic energy in the interstitial region is taken to be zero κ =

√
E − V0 = 0.

On the one hand, the MTO-ASA approach results in the simplest version of the
MTO equations which allows dramatic simplification of electronic band structure
calculation demonstrated below. On the other hand, it also gives accurate results
especially for close-packed structures.

The MTO-ASA approach can be understood by just considering a single atomic
sphere with a flat potential in all space outside the sphere. We mentioned above that
the effective potential inside an atomic sphere of radius s is spherically symmetric,
therefore, the wave function inside the spheres can be found by solving numerically
the radial Schrödinger equation5. Outside the spheres the wave function is a solution
of the Laplace equation ∇2Ψ = 0 which can also be solved in spherical coordinates.
The energy dependent MTO can be written as

ΦL(ε, r) = ilYL(r̂)


ul(ε, r) if r ≤ s;[
Dl+l+1

2l+1 ( rs )l + l−Dl

2l+1 ( rs )−l−1
]
ul(ε, s) if r > s,

(1.12)

where L stands for both l and m quantum numbers, ul(ε, r) is a solution of the radial
Schrödinger equation and YL(r̂) is a spherical harmonic. Dl(ε) = su′l(ε, s)/ul(ε, s)
is the logarithmic derivative of ul(ε, r) at r ≡ s. However, this function can not be
normalized because of (r/s)l “tail” outside the atomic sphere. By subtracting from

5Spherical symmetry allows us to separate the Schrödinger equation into angular and radial parts
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(1.12), both inside and outside the atomic sphere, the (r/s)l term which is irregular
at infinity, a new orbital is formed which is regular, continuous and differentiable in
all space

φL(ε, r) = ilYL(r̂)


2l+1
l−Dl

ul(ε,r)
ul(ε,s)

− Pl(ε)
2(2l+1) ( rs )l if r ≤ s;

( rs )−l−1 if r > s,

(1.13)

where the so-called potential function Pl(ε) is

Pl(ε) = 2(2l + 1)
Dl(ε) + l + 1
Dl(ε)− l

. (1.14)

Note that Eq.(1.13) is no longer a solution of the Schrödinger equation inside the
atomic sphere because of the (r/s)l term.

We now consider a crystal by centering an atomic sphere on every atom as il-
lustrated in Fig. 1.8(b). Inside every atomic sphere the wave function is the sum of
the “head function” given by Eq. (1.13) for r ≤ s and “tails” of the MTO given by
Eq. (1.13) for r > s coming from the other atomic spheres. However, we know that
the solution of the radial equation inside an atomic sphere is ul(ε, r). Therefore, the
linear combination of MTOs centered on different atoms given by

Ψ(ε, r) =
∑
R,L

φL(ε, rR)CRL, (1.15)

will be a solution of the Schrödinger equation for the crystal if all of the (r/s)l terms
cancel on the central site. If we expand the tails from sites R′ 6= 0 on the central site
as

ilYL(r̂R)(
rR
s

)−l−1 = −
∑
L′

(
rR′

s
)l
′ 1
2(2l′ + 1)

il
′
YL′(r̂R′)SR′L′,RL (1.16)

where rR ≡ r −R, rR ≡ |r −R| and SR′L′,RL are the expansion coefficients called
structure constants, then this so-called “tail-cancellation condition” can be expressed
as ∑

R′,L′

[PRL(ε)δRR′δLL′ − SRL,R′L′ ]CR′L′ = 0. (1.17)

All information about the crystal structure is contained in the structure constants
SRL,R′L′ , and all information about the atomic potentials is in the potential functions
PRL(ε). This equation can be used to determine the electronic band structure ε(k)
if the summation of R′ in (1.17) is over all sites in a crystal and the wavefunction is
a Bloch state.

By introducing a set of “screening” parameters {βl} as follows

P β(ε) = P (ε) (1− βP (ε))−1
, (1.18)

and
Sβ = S (1− βS)−1

, (1.19)
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left  lead right  leadscattering region

HLHL HL H1,1 Hn,n HR HR HR

-∞, … I=0,  1,… …, n,   n+1,       …, ∞

BL BL H0,1 BR BR

transport direction

Hn,n+1

Figure 1.9: Tight-binding model of an infinite junction divided into slices (prin-
cipal layers). The left and right ideal leads span the cells from I = −∞, . . . , 0 and
I = n+ 1, . . . ,∞, respectively. Scattering region spans cell I = 1, . . . , n. Leads are
characterized by the on-site and hopping matrix elements HL/R and BL/R. The
scattering region has site-dependent matrix elements HI,I and HI,J .

a short range (“tight-binding”) MTO (TB-MTO) can be defined [52–54] allowing us
to consider only the first and second nearest neighbors in the case of close-packed
structure. It turns out that the form of the tail-cancellation condition remains un-
changed when rewritten with the screening transformation. A big disadvantage of
Eq. (1.17) is that it contains an energy dependence in the potential function P β(ε)
which complicates the calculation of the band structure from Eq. (1.17). The prob-
lem can be solved using energy-independent, Linearized MTOs (LMTO). However,
for transport calculations we need to know only the potential function at the Fermi
energy, therefore, the linearization is only used for the self-consistent calculations.

1.2.4 Wave function matching

In the previous subsection a brief description of the method we use to solve the Kohn-
Sham equations was presented. However, the electronic transport problem for the
infinite system consisting of the scattering region (an interface, junction etc.) sand-
wiched between two semi-infinite ideal leads (which have perfect lattice periodicity;
see Fig. 1.6) can not be solved directly. Here we review the wave-function matching
(WFM) method [58] used to calculate the transmission and reflection matrices [15].
In this method the semi-infinite leads are replaced by appropriate energy dependent
boundary conditions, which allows us to reduce an infinite system to a system of
finite size. More details of the formalism can be found in [15, 59–61].

We start by setting up a tight-binding representation of the Hamiltonian and
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divide the system into slices (“principal layers”) perpendicular to the transport direc-
tion (see Fig. 1.9). A principal layer is a slice chosen so thick that there is only an
interaction between neighbouring slices. The thickness of a principal layer depends on
the spacial extent of the basis, the more localized the better. Then the Schrödinger
equation has the form of an infinite chain of equations with I (a composite layer
index) running from −∞ to ∞

−HI,I−1cI−1 + (EI−HI,I) cI −HI,I+1cI+1 = 0, (1.20)

where cI is a vector containing the wave function coefficients and HI,I and HI,I±1 are
the on-site and hopping matrices of the Hamiltonian, respectively. I is the identity
matrix. By construction the Hamiltonian matrix is the same for each slice in the leads
HI,I ≡ HL/R, HI,I−1 ≡ BL/R, and HI,I+1 ≡ B†L/R for left/right leads respectively
(see Fig. 1.9). Using the tail-cancellation condition (1.17) instead of the Hamiltonian
(1.20), we have

−Sk‖
I,I−1CI−1 +

[
PI,I(ε)− S

k‖
I,I

]
CI − S

k‖
I,I+1CI+1 = 0, (1.21)

where CI ≡ CIRL is a vector of size M which is a product of the number of orbitals
per atom (lmax + 1)2 (lmax = 2 i.e. s, p, d basis set in most of our calculations) times
the number of atoms (sites) per principal layer. We have assumed two-dimensional
translational symmetry in-plane and

S
k‖
I,J =

∑
T∈{TI,J}

Sβ(T)eik‖T, (1.22)

is the Bloch summation of the screened structure constant matrix over the set of
vectors TI,J that connects one lattice site in the I-th layer with lattice sites in layer
J . Screening parameters β are chosen to minimize the range of hopping. Potential
functions PI,I and S

k‖
I,J are M ×M matrices, PI,I is diagonal. Explicit reference to

k‖, ε and β is omitted from now on.
Following Ando the first step is to find solutions for the left and right leads. The

periodicity in the leads imposes Bloch symmetry on the lead solutions (modes) i.e.
CI = λCI−1 and CI+1 = λ2CI−1, where λ is the Bloch factor. Substituting this into
Eq. (1.21) written for I = −∞, . . . ,−1 and I = n+2, . . . ,∞ i.e. for the left and right
leads, respectively transforms Eq. (1.21) into a generalized linear eigenvalue problem
for λ. By calculating the eigenvectors and velocities of the lead modes for a given
energy (usually the Fermi energy) and k‖, the right- and left-going propagating and
evanescent modes can be found6.

Let u1(−), ...,uM (−) stand for the left-going solutions of C0 corresponding to
eigenvalues λ1(−), ..., λM (−) and u1(+), ...,uM (+) the right-going solutions of C0

corresponding to eigenvalues λ1(+), ..., λM (+). Define the matrix U(±) as

U(±) = [u1(±)...uM (±)] , (1.23)

6for the evanescent modes |λ| ≷ 1, and for the propagating modes |λ| = 1
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and the matrix Λ(±) as the diagonal matrix with elements λ1(±), ..., λM (±). Fol-
lowing Ando, we introduce the matrix of Bloch factors (including evanescent states)

F(±) ≡ U(±)Λ±U−1(±). (1.24)

By means of this F matrix it is possible to translate a general solution of Eq. (1.21)
from layer J to layer I in the leads using the recursion relation

CI(±) = FI−J(±)CJ(±). (1.25)

We now consider the scattering problem. The scattering region is defined by
I = 1, . . . , n, see Fig. 1.9. Using the recursion relation Eq. (1.25) for states in the
leads we can write

C−1 = F−1
L (+)C0(+) + F−1

L (−)C0(−)
=

[
F−1

L (+)− F−1
L (−)

]
C0(+) + F−1

L (−)C0, (1.26)

with C0 = C0(+) + C0(−) and

Cn+2 = FR(+)Cn+1(+) + FR(−)Cn+1(−), (1.27)

where the subscripts L and R distinguish between the F matrices of the left and right
leads. Equations (1.26) and (1.27) truncate the infinite chain of equations Eq. (1.21)
from the left and right side, respectively, because C−1 and Cn+2 can be eliminated
from the chain. To set up the boundary conditions the vector C0(+) is treated as the
incoming wave, C0(−) stands for the reflected wave and Cn+1(+) is a transmitted
wave. We also assume that there is no incoming wave from the right lead by setting
Cn+1(−) = 0

Having set the boundary conditions we can rewrite Eq. (1.21) using Eqs. (1.26)
and (1.27) in the new region I = 0, . . . , n+ 1

−S′I,I−1CI−1 +
[
PI,I − S′I,I

]
CI − S′I,I+1CI+1 = QIC0(+), (1.28)

with a modified structure constants matrix S′ whose matrix elements are identical
to those of the original structure constant matrix, except for the first and the last
diagonal elements, which are

S′0,0 = S0,0 + S0,−1F−1
L (−); S′n+1,n+1 = Sn+1,n+1 + Sn+1,n+2FR(+). (1.29)

Q is a “source” vector of length n + 2, whose elements are zero, except for the first
element

Q0 = S0,−1

[
F−1

L (+)− F−1
L (−)

]
. (1.30)

Eq. (1.28) describes the wave function in the scattering region which is matched to
the wave functions in the leads. This procedure gives the name to the method.

To summarize, we have replaced an infinite dimensional problem, Eq. (1.21), by a
finite dimensional one, Eq. (1.28). Now, the set of equations (1.28) can be solved using
standard methods to find the total wave function CI . The transmission probability
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amplitude given by the amplitude of the wave function in the right lead normalized
to the amplitude of the incoming wave can be written as follows

tµν =
(
υµ
υν

)1/2 {
U−1
R (+)gN+1,0S0,−1

[
F−1
L (+)− F−1

L (−)
]
UL(+)

}
µν

(1.31)

where gN+1,0 is a block of matrix elements of the Green function g = (P−S′)−1, and
υµ, υµ are the components of the corresponding group velocities in the transport
direction.

Finally we calculate the total conductance through the scattering region given by
Eq. (1.2) using Eq. (1.31).

1.3 Thesis outline

In this thesis we study the influence of interface disorder on spin injection (into a
semiconductor) and on tunneling magnetoresistance using the methods which were
briefly described in the previous section. The experience gained doing this led us to
propose a new material system with ideal spin injection and filtering properties.

In Chapter 2 we present a detailed study of spin injection from a ferromagnetic
metal into a semiconductor choosing Fe|InAs and Fe|Au|InAs junctions. It has been
suggested that in the absence of disorder a large spin-dependent interface resistance
might solve the conductivity mismatch problem. However, interface disorder reduces
the interface resistance significantly [34]. From our study we have found a decrease
of the polarization of the current injected from Fe into InAs that is proportional
to interface disorder. To prevent intermixing of FM and SC (interface disorder) we
propose using a buffer layer of Au. We demonstrate a decrease in the sensitivity of
the spin-dependent interface resistance to the interface disorder in the Fe|Au|InAs
system.

In Chapters 3 and 4 we study transport in a semirealistic Fe|vacuum|Fe model
tunneling junction. In particular we show that resonant tunneling plays an important
role in this ideal magnetic tunnel junction. It dominates the conductance of the
minority spin channel in the parallel configuration leading to huge values of the
TMR. In Chapter 3 we study the effect of interface roughness and magnetic alloy
disorder in the leads on the tunneling magnetoresistance and compare it with that of
the ideal case. Observation of a new relation between the parallel and the antiparallel
conductances has lead us to a better understanding of Julliere’s model. The results
of this study are presented in Chapter 4.

In Chapters 5 and 6 we propose a completely new family of systems for spintronic
devices. For minority spin electrons there is no overlap between the Fermi surface
projections of graphite and Ni or Co (in both fcc and hcp cases) leading us to predict
perfect spin-filtering at a graphite|FM(111) interface. We predict maximum magne-
toresistance in a FM|graphite|FM(111) system. We also observe a weak sensitivity
of the MR to interface roughness and alloy disorder. Furthermore, based on the fact
that filtering occurs at one interface, we study systems like FM|graphite|NM(111) to
demonstrate that perfect spin-injection (100% spin polarization of injected current)
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into NM takes place. We hope that low temperature Andreev reflection experiments
would allow this to be proved experimentally. From our first principles calculations
we predict that two-dimensional hexagonal-BN and BC2N are a direct gap insulator
and semiconductor, respectively. These results allow us to introduce new family of
highly planar devices.
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Chapter 2

Spin injection from Fe into
InAs

It has been proposed that the interface resistance of a defect-free (001) interface be-
tween bcc Fe and zinc blende semiconductors (such as GaAs, InAs or ZnSe) can be
so large and spin-dependent [1, 2] that direct spin injection should be possible. In [2]
however, it was pointed out that even a modest amount of interface disorder would be
sufficient to destroy the spin-dependence. In this chapter, we extend our earlier ab-
initio study to much lower concentrations of disorder. We show that the minority-spin
transmission is very sensitive to local interface geometry and the factors governing
the polarization quenching are identified in the dilute limit where a single Fe atom
occupies an interface In or As site. In principle, the equilibrium geometry of these
configurations could be determined by total energy minimization. However, because
interface structures are frequently kinetically determined, there is no guarantee that
the lowest energy configurations will dominate the interface transmission behaviour.
Rather than attempting such a computationally very demanding total-energy study,
we attempt to circumvent the problem entirely by inserting a buffer layer (BL) between
Fe and InAs to prevent Fe minority-spin states coupling to the semiconductor directly
while still preserving the transmission spin-polarization. We identify a candidate BL
and demonstrate by explicit calculation that it preserves the transmission polariza-
tion of the ideal epitaxial structure remarkably well. Disorder at the Fe|BL interface
are shown to have small effect on the large transmission polarization. However, we
have found that spin polarization depends sensitively on the disorder at nonmagnetic
BL|InAs interface. We expect the BL to work similarly for Fe|GaAs and Fe|MgO
interfaces.

2.1 Introduction

Achieving efficient injection of a spin-polarized current into a semiconductor is a nec-
essary condition for realizing “spintronic” devices which combine traditional semicon-
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ductor-based electronics with control over spin degrees of freedom. Thanks to the
robustness (high Curie temperature, TC) of their magnetism, elemental metallic fer-
romagnets such as Fe, Co and Ni should be ideal sources of polarized electrons.
Unfortunately devices based upon metals suffer from the “conductivity mismatch”
problem [3]. The very large, spin-independent resistivity of the semiconductor domi-
nates the potential drop throughout the device and the spin-dependent contribution
of the metallic polarizer is by comparison negligible. One way around this problem is
to use magnetic semiconductors but at the moment the Curie temperatures of these
materials are still too low for practical applications. Another solution is to introduce
a large spin-dependent interface resistance. To date, spin injection has been demon-
strated in systems where such a resistance originates either from an intrinsic Schottky
barrier (SB) (Fe|GaAs [4] and Fe|GaAlAs [5–7]) or from an additional insulating layer
[8]. The record room temperature polarization for injection from metallic electrodes
currently stands at 32% using the latter technique [9]. However, such barriers have
drawbacks. They limit the maximum current which can be passed through the inter-
face and can lead to large thermal dissipation at the interface. An ideal system for
realizing spin-injection would be an Ohmic contact between a metallic ferromagnet
and a semiconductor. One possible candidate is the Fe|InAs system. Unlike Fe and
GaAs which are almost perfectly lattice matched, there is a large (5.4%) lattice mis-
match between Fe and InAs. Nevertheless, it has been demonstrated that Fe films
can be grown epitaxially on top of InAs [10, 11]. In spite of the absence of a Schot-
tky barrier, it has been pointed out [2] that the interface resistance (IR) resulting
from differences in the electronic structures is quite sizable and its spin dependence
sufficiently large to overcome the conductivity mismatch problem. Unfortunately
the spin-asymmetry of the transmission through a Fe|InAs interface was found to be
quenched by disorder.

In this chapter we present a more detailed theoretical study of the Fe|InAs(001)
system focussing on interfaces with low concentrations of substitutional impurities.
We study the properties of a Fe|BL|InAs system with an additional buffer layer (BL)
or bilayer introduced between Fe and InAs. The chapter is organized as follows. In
the next section we describe the method used to calculate the interface resistance.
Our new results on spin injection from Fe into InAs are given in Section 2.3 where
we explicitly demonstrate that the quenching of spin injection is proportional to the
interface disorder. In Section 2.4 we study the effect of a buffer layer introduced
to reduce the sensitivity of spin polarization to interface disorder. We study the
effect of disorder at both interfaces formed with the buffer layer and finish with some
conclusions.

2.2 Method

The method we use is essentially the same as that employed in the earlier short
study by Zwierzycki et al. [2] and discussed in more detail in [12]. In the first
step, a potential profile for the Fe|InAs interface is calculated self-consistently within
the local spin density approximation (LSDA) of density-functional theory (DFT).



2.2. Method 25

This was done using the layer TB-LMTO (tight-binding linearized muffin-tin orbital)
[13] surface Green’s function (SGF) method [14] in the atomic-sphere approximation
(ASA) [15]. Throughout this study the exchange and correlation potentials we use are
those calculated by Ceperley and Alder [16] and parameterized by Perdew and Zunger
[17]. The lattice mismatch between Fe (aFe = 2.866Å ) and InAs (aInAs = 6.058Å )
was taken into account by tetragonally distorting iron so that the in-plane lattice
constants of the two materials match. The height of the Fe unit cell was reduced in
order to preserve its volume. The interlayer separation at the interface was calculated
using the condition of local space-filling with atomic sphere radii kept at their bulk
values. A similar procedure was used on introducing buffer layers.

Since the atomic spheres approximation (ASA) [15] for the potential works very
well for close-packed solids, we adopt the usual procedure [18] of introducing addi-
tional “empty spheres” at the tetrahedral interstitial positions in the zinc blende (zb)
structure, i.e. atomic spheres without nuclear charge, effectively converting the open
diamond structure into a close-packed one where every sphere has eightfold coordi-
nation. Besides In and As atoms at (0, 0, 0) and (1

4 ,
1
4 ,

1
4 ), the unit cell of InAs then

contains two types of empty spheres, E1 and E2 at (1
2 ,

1
2 ,

1
2 ) and ( 3

4 ,
3
4 ,

3
4 ) positions,

respectively, all in units of InAs lattice constant. For simplicity, equal sphere sizes
are used for In, As, E1 and E2.

A well-documented deficiency of DFT is the failure of the Kohn-Sham eigenvalue
spectrum to reproduce the single particle gap of even weakly correlated semiconduc-
tors and insulators. This is systematically and seriously underestimated in the LDA
[19]. In particular, the experimental band gap of InAs is 0.42 eV [20] but no gap or
a much smaller gap is found in LDA calculations. In our study, the gap in InAs was
opened using a“scissor operator”correction applied as follows: an attractive constant
term was added to the potential inside the As atomic sphere and the Kohn-Sham
equations iterated to self-consistency. This procedure was carried out for different
values of the constant until a value was found which reproduced the experimental
band gap. Once the correct gap was obtained, the InAs and Fe electronic structures
were lined up by applying a constant shift to the InAs potential until the bottom of
the InAs conduction band (EC) and the Fermi energy (EF ) were aligned. In most
calculations we chose EF − EC = 0.02 eV, corresponding to a doping concentration
of about 1017cm−3. The resulting band structure is plotted in Fig. 2.4(d) in the kz
direction for k‖ = 0, i.e., the Γ−X direction for bulk InAs or the point Γ̄ in the two-
dimensional BZ (2D BZ). Since there are two Fe atoms in 2D unit cell, its 2D BZ is
folded down and additional states, marked with dashed lines in Fig. 2.4(a,b), appear
at Γ̄. These states come from the corners of the unfolded 2D BZ and correspond to
the P-N direction in the original 3D BZ.

In the second step, the self-consistent ASA potentials are used to calculate en-
ergy dependent transmission matrices using a TB-MTO wave-function matching [21]
(WFM) scheme [12, 22]. The conductance (in units of e2/h) is given by the Landauer-
Büttiker formula

Gσ =
∑
µ,ν,k||

|tµν(k||)|2, (2.1)
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where tµν(k||) is a transmission coefficient and ν and µ denote incoming and trans-
mitted Bloch waves, respectively. The resistance R = 1/G, calculated as the inverse
of the conductance given by Eq. 2.1, cannot be interpreted as an interface resistance
because if this procedure is applied to an “interface” between two identical materials,
R does not vanish. The reason is that the conductance (per unit area) of perfect
crystalline materials is finite [23]. To calculate interface resistances (IR) we must use
an expression derived by Schep et al. which corrects for the Sharvin conductance in
the limiting case of two identical materials [24]:

RFe/InAs =
h

e2

[
1∑
|tµν |2

− 1
2

(
1
NFe

+
1

NInAs

)]
(2.2)

The first term is the inverse of the Landauer-Büttiker conductance and NFe(InAs) is
the Sharvin conductance (in units of e2/h) of Fe (InAs). The integration over the
2D BZ is performed with a sampling density corresponding to 106 k-points for the
1 × 1 interface unit cell. Disorder is modeled using lateral supercells [12, 22] with
the potentials calculated using a version of the coherent potential approximation
[14, 25] (CPA) generalized to treat disorder which is only homogeneous within a
layer. Where necessary, a large number of disorder configurations (usually more than
10) was considered in order to estimate an error bar. To study low concentrations
of disorder in this way, large supercells are required. In the present study, lateral
supercells containing 32 In (or As) or 64 Fe atoms in each atomic layer were used.

Little is known about the microscopic structure of Fe|InAs interfaces. In partic-
ular, we are not aware of structure relaxation calculations for this system. However
the results obtained for the closely related Fe|GaAs interface [26, 27] suggest that
As-termination is energetically favorable for GaAs. Though experimental results [11]
suggest the formation of an FeAs alloy at the Fe|InAs(001) interface, we will examine
both terminations and model interface disorder as one layer of FexAs1−x (FexIn1−x)
with Fe substituting interfacial As (In) atoms in case of As (In) terminated InAs
interface.

2.3 FeInAs revisited

It was shown in Ref. [2] that while a perfect Fe|InAs (001) interface acts as a very
effective spin-filter, the spin-dependence of the interface transmission (or of the cor-
responding IR) is very sensitive to interface disorder. In particular, even the smallest
amount of disorder considered at the time, corresponding to 1 in 8 In (or As) atoms
substituted by Fe, was capable of quenching the polarization almost completely. It
is natural to ask how much disorder can be tolerated while still maintaining an ac-
ceptable polarization. To answer this question we revisit the problem using larger
lateral supercells that allow us to study concentrations of disorder 4 times lower than
previously [2]. The results are summarized in Fig. 2.1, where in the top (bottom)
left panels we show majority and minority conductances as a function of the number
of As (In) atoms substituted by Fe for As (In)-terminated interfaces. The symbols
denote the values calculated for various randomly generated configurations of dis-
order and the lines connect the average values. The corresponding IRs are shown
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Figure 2.1: Conductance (on the left) and interface resistance (on the right)
for As- (upper panels) and In-terminated (lower panels) Fe|InAs interfaces as a
function of the fraction of interfacial In atoms substituted by Fe for majority (N)
and minority (H) spins. The green and blue lines connect the values averaged over
configurations. Corresponding polarizations are shown in the insets.

in the panels on the right in Fig. 2.1 where the average polarizations are shown as
insets. Starting with perfect interfaces, we see spin-polarizations approaching 100%
for both interface terminations, with the majority channel dominating over a much
less conducting minority channel. As explained in Refs. [1, 2], this is the result of
a symmetry-related selection rule. For perfect k||-preserving interfaces, transmission
occurs only in the small area around the center of the 2D BZ (Γ̄ point) corresponding
to the occupied states at the bottom of the InAs conduction band (see Fig. 2.4). At
Γ̄, these states have the full ∆zb

1 symmetry of the C2v group. The very similar ∆1

states (of the C4v symmetry group) in the Fe majority band can transmit into InAs
very efficiently with probability approaching unity. In the Fe minority spin channel
there are ∆2′ states which are formally compatible with the InAs ∆zb

1 symmetry
states. However the differences in spatial distribution and orbital composition of
these states (in-plane dxy for ∆2′ versus predominantly s and pz for ∆zb

1 ) reduces the
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Figure 2.2: Conductance for As- (left panel) and In-terminated (right panel)
Fe|InAs interfaces as a function of single Fe impurity potential shift in a supercell
of 32 atoms for majority (N) and minority (H) spins.

transmission probability at Γ̄ to the 10−2 range. As seen in Fig. 2.1 the introduction
of disorder in the form of Fe substituting some of the interfacial In or As atoms, has
a quite small effect in the majority channel. In the minority channel, the picture
changes much more dramatically where disorder breaks the symmetry and overrides
the selection rule which prevented transmission of minority spin states. This leads to
the opening of new channels for transmission through the interface and the average
conductance increases roughly in proportion to the fraction of substituted atoms, as
seen in Fig. 2.1 for both As and In terminated Fe|InAs interfaces. The polarization,
originally close to 100% and positive, decreases to zero at a disorder concentration of
about 5/32 and becomes negative when the fraction of substituted atoms is increased.
The increase of transmission in the minority channel occurs via diffusive scattering 1

which dominates the transmission even for the lowest concentration (1/32) shown in
Fig. 2.1 and accounts for 80% and 93% of the total value for As- and In-termination,
respectively.

It might, however, be misleading to consider only average values of the trans-
mission since some configurations of disorder presumably have a lower energy than
others and may be present at the interface with a correspondingly higher probabil-
ity. Fig. 2.1 exhibits a very substantial spread of values for microscopically different
configurations of disorder, especially in the minority channel. In fact the distribu-
tion of values for majority and minority channels overlaps for concentrations above
2/32. Interestingly, there seems to be a positive correlation between the value of the
minority conductance and the degree of clustering of the Fe impurities.

The spread in conductances in Figs. 2.1 for different configurations of disorder

1By diffusive we mean scattering into the states with different k‖.
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Figure 2.3: Normalized interface resistance of As-terminated and Fe|InAs inter-
faces as a function of a single Fe impurity displacement in 4 × 4 lateral supercells
in units of Fe|InAs interface distance for majority (N) and minority (H) spins.

indicates a strong sensitivity of the Fe|InAs interface transmission to fine details of
the interface structure. If we were to allow the atoms to relax to their minimum
energy configurations, it is conceivable that we would observe sizeable changes in the
conductance. Since a geometry optimization for a system of this size is not possible
[26, 27], we instead illustrate the sensitivity with model calculations in the spirit of
a tight-binding Hamiltonian. We focus on the dilute limit of a single substitutional
Fe atom on one of 32 interface In (or As) sites.

In the first of two model studies, we added, non self-consistently, a constant
attractive or repulsive potential shift inside the atomic sphere of the single Fe im-
purity. The effect on the minority and majority conductances is shown in Fig. 2.2
as a function of the potential shift. The shift is seen to have only a limited effect
in the majority channel. For minority spins however there are large resonant-like
transmission peaks which can be moved in and out of resonance by the shift. The
effect is especially large for As where it can lead to almost complete quenching of
the polarization. Such features were not observed when the same potential shift was
applied to one of the interface In (or As) atoms in the absence of Fe impurities. The
potential shifts applied in Fig. 2.2 are of course entirely arbitrary. One can however
imagine that they correspond qualitatively to changes in the position of Fe d state
which might result from changes in the local geometry and chemical coordination of
an Fe impurity if it were allowed to relax.

The sensitivity to the structure is further illustrated in Fig. 2.3 where we show the
effect on the interface resistance of displacing a single Fe impurity along the (001) axis,
perpendicular to the interface. The atomic sphere potential is not recalculated self-
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consistently for each displacement but is displaced rigidly. Negative displacements
correspond to displacements towards the Fe lead and positive ones in the direction
of the InAs lead. Displacements are given in units of the Fe-InAs interfacial distance
which is about 1.4Å in our calculations. The values of IR are given relative to
their zero-displacement values. While the majority channel is not changed at all, the
minority one varies by as much as 40% for the range of displacement studied.

In view of the great sensitivity of the transmission through an Fe|InAs interface
to the details of its structure and composition, it is difficult to make any detailed
interpretation of experimental observations without having much more information
about the interfaces which were studied, or to make useful predictions if the interface
structure and composition cannot be controlled experimentally. Though it is, in prin-
ciple, possible to theoretically determine relaxed interface geometries by total energy
minimization, in practice an extensive study of systems of this size are prohibitively
expensive. Even if it were possible, the relevance of the results of such calculations
to real experiments is doubtful because real interfaces are frequently metastable and
their structures depend on the growth conditions, annealing etc. Even though Fig. 2.1
shows that spin-injection is in theory possible, it may be impossible to approach this
limit in practice if Fe reacts with InAs during growth.

The resonant features of Fig. 2.2 indicate that the effectiveness with which Fe
impurities facilitate forward scattering in the minority channel quenching the polar-
ization, is determined in large part by the local electronic structure of the impurity
and the way it bonds with the InAs host. This is turn suggests that the spin-injection
properties of the system could be improved if Fe with its open d-shell were prevented
from reacting with the InAs substrate during growth. In the following sections we
study the properties of systems where such reactions are prevented by introducing a
buffer layer (BL) of non-magnetic metal at the Fe|InAs interface.

2.4 Fe|BL|InAs system

A suitable buffer layer would be a nonmagnetic metal whose lattice constant matched
those of both the ferromagnet and the semiconductor to permit epitaxial growth. It
should not act as a barrier to transmission of ∆1 states from Fe into InAs. The latter
condition is met by e.g. noble metals with their Fermi level-crossing bands possessing
∆1 symmetry along Γ – X direction. In the following we present calculations for a
Au buffer layer. The lattice constants of fcc gold and bcc Fe are known to match
very well and near perfect interfaces can be prepared experimentally. It has also been
shown that, despite the lattice mismatch, crystalline Au can be grown on top of InAs
[28]. In the following, we assume a thin layer of face-centered tetragonal Au whose
in-plane lattice constant has been adjusted to match that of InAs. The out-of-plane
lattice constant is chosen to preserve the volume of the bulk cubic unit cell with
aAu = 4.078Å.
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‘

‘

Fe bct MAJ Fe bct MIN Au fct InAs

Figure 2.4: Band structure of Fe bct majority and minority, Au fct and InAs
in (001) growth direction. Downfolded bands are marked with green dashed lines.
Only unfolded bands are labeled with the names of their irreducible representations.

2.4.1 Ideal Fe|Au|InAs junction

We first present results for a junction with specular Fe|Au and Au|InAs interfaces.
In Fig. 2.5 the conductance is shown as a function of the distance between the Fermi
energy and the bottom of the InAs conduction band, EF − EC , for a junction with
a five monolayer (ML) thick Au buffer layer. The Au layer should not have to be so
thin that pinholes might occur during growth. It should not be so thick that spin-flip
scattering becomes appreciable. Results for both In- and As-terminations are shown
in the figure. We see that the polarization of injected current is higher than 90%
for a wide range of values of EF − EC . We can understand these results in terms of
the band structures shown in Fig. 2.4. In the center of the 2D BZ, the ∆1 states of
Au couple effectively with the states of the same symmetry in majority spin Fe and
with ∆zb

1 in InAs thus preserving the high transmission of the majority channel. The
filtering of minority carriers on the other hand is even more effective than for pure
Fe|InAs. Unlike the ∆zb

1 states in InAs, the ∆1 states of Au are strictly orthogonal
to ∆2′ in Fe which are thus forced to tunnel through the buffer layer to reach the
semiconductor. These arguments only hold strictly for the states at Γ̄ where distinct
symmetries are well defined. As EF − EC increases and a larger area of the 2D BZ
around Γ̄ becomes occupied with InAs conduction band states, the effectiveness of
the above selection rule decreases leading to a gradual reduction of the polarization.

The results shown in Fig. 2.5 were obtained for a single thickness of buffer layer,
5 ML of Au. Multiple reflections occur in ideal layered structure and can sometimes
lead to substantial thickness-dependence of the transmission. Therefore, before pro-
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Figure 2.5: Conductance (in units of e2/h) through ideal Fe|Au5|InAs junction
for As-terminated (left panel) and In-terminated (right panel) Au|InAs interfaces
as a function of concentration of dopants in InAs for majority (N) and minority
(H) spins. Corresponding polarizations are shown on the insets.

ceeding to study the effect of interface disorder, we should study how the results
presented in Fig. 2.5 are modified by size effects. As just discussed, the situation
in the majority channel is simple. The Au ∆1 state matches the Γ̄ states in Fe and
InAs very well and is therefore only very weakly confined within the buffer layer.
We expect the modulation of the majority spin transmission probabilities to be very
weak and, for finite values of EF −EC , to be washed out in course of the 2D BZ in-
tegration. Note that confinement occurring outside the central area of 2D BZ, where
there are no states in InAs, will not affect transport properties. The minority spin
channel, where Au ∆1 states encounter the “symmetry gap” in Fe (see Fig. 2.4), is
more complicated.

Fig. 2.6 shows the ∆1-symmetry local density of states (LDOS) on the interface
Fe atoms at k|| = Γ̄ as a function of energy for a large range of Au thickness. A
small imaginary part (z = 0.001 Ry) was added to the energy in order to make
the DOS plots smoother (transport calculations are performed for real energies).
The top and bottom panels of the figure show the minority spin ∆1-symmetry bulk
DOS for tetragonal Fe and cubic InAs, respectively. The symmetry gap in Fe for
minority spin states with ∆1-symmetry can be seen in the vanishing DOS in the
energy range -1 to +0.2 eV with respect to the Fermi energy in the top panel of
the figure. The 0.42 eV InAs gap is clearly visible between -0.44 and -0.02 eV in
the bottom panel. For junctions with more than 11 MLs of Au, the potentials were
prepared non-self-consistently by repeating the potential of the central Au layer.
For energies falling within the band gap of InAs, Au minority-spin ∆1 states are
perfectly confined inside the buffer layer leading to the formation of quantum well
(QW) states, well documented in the literature [29]. These are visible in Fig. 2.6
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Figure 2.6: Local density of minority spin states with ∆1 symmetry (on a
logarithmic colour scale) for interface Fe atoms at the Γ point as a function of the
energy and the thickness of the Au buffer layer. The minority spin local DOS for
∆1-symmetry states is shown on a linear scale for bulk Fe (upper panel) and InAs
(lower panel).

as sharp, well quantized resonances. Below and above the InAs gap, Au states are
able to spill into the semiconductor by coupling to the InAs ∆zb

1 band. The sharp
resonances are then replaced by a relatively weakly modulated DOS on the interface
Fe atoms. At about 0.2 eV above the Fermi energy, the Fe ∆1 symmetry gap ends,
the Au minority-spin ∆1 states are not confined on either side and changing the
thickness of Au does not lead to any significant modulation of the interface Fe DOS.
For the energies we are primarily interested in - low in the conduction band of InAs
and in the Fe symmetry gap - the LDOS modulation visible on the logarithmic scale
used in Fig. 2.6 is rather weak on an absolute scale and unlikely to substantially
alter the transmission from the poorly matched ∆2′ states of Fe. As we move away
from Γ̄ and have to integrate over a larger region of reciprocal space about Γ̄, the
confinement at the Fe|Au interface decreases, the quantization becomes weaker (the
maxima occurring at different energies) and the net effect decreases. To test the
above picture explicitly, we calculated the conductance as a function of EF −EC for
a range of buffer layer thicknesses (1 – 10 ML) and found no signs of ∆1 QW effects
in either spin-channel.
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In the minority channel the downfolded “corner” states (dashed lines close to
zero energy in Fig. 2.4(c) are strongly confined within the Au layer leading to the
formation of QW states with a symmetry different to the ∆1 symmetry discussed in
the context of Fig. 2.6. The confinement follows from a combination of the orbital
character of these states (which is free-electron-like px, py) and the in-plane Bloch
phase coming from downfolding the states at the “corner” of the Au surface BZ onto
the origin Γ̄ of the smaller, common interface BZ which is determined by the material
with the largest lattice constant InAs. This Bloch phase factor dictates that even
though the orbital composition of the Au states is qualitatively similar to that of
the four ∆5 states in the Fe minority band, the coupling between them is identically
zero at Γ̄ and remains weak around it. If the Au “corner” states are brought down
to the Fermi level, e.g. by altering the amount of the tetragonal distortion of Au,
then resonant transport can occur, allowing minority ∆5-derived states in Fe to be
transmitted into InAs for some values of k‖. The effect can lead to a substantial
reduction of the polarization but occurs only for specific combinations of EC − EF
and thickness of the Au buffer layer. Consequently it should be possible to avoid it
in experiment, especially as it is unlikely to survive the presence of disorder.

2.4.2 Disordered Fe|Au|InAs junction

The next step is to study the effect of interface disorder on the transmission through
a Fe|Au|InAs junction. We fix the Au thickness at 5 ML and start by introducing
disorder at the magnetic Fe|Au interface while keeping the Au|InAs interface clean.
We consider substitutional disorder with Fe impurities replacing Au on some interface
sites. The calculated spin-dependent resistances are shown in Fig. 2.7 as a function
of the fraction of the substituted Au atoms. Note that while the maximum fraction
considered here (14/64) is formally the same as in Fig. 2.3, the actual areal density
of impurities is twice as large here because there are twice as many Au atoms per
unit area which can be substituted with Fe as there are In (or As) sites. We see
the same main trends as we saw in Fig. 2.7: for both terminations the majority
channel is almost unaffected by disorder while the minority resistances are substan-
tially reduced. Comparing Figs. 2.3 and 2.7, we note, however, that the minority
resistances are almost an order of magnitude larger than in the original Fe|InAs sys-
tem. Consequently, average polarizations do not vanish as they did previously but
remain positive. However, the configuration spread in the minority channel remains
substantial and, for In termination, overlap with the majority values occurs.

As a further test of the stability of these results, calculations similar to those
of Fig. 2.3 were performed by displacing a single Fe impurity perpendicular to the
interface. The change in interface resistance is shown in Fig. 2.8 as a function of the
displacement of one Fe impurity (1/64) given as a percentage of the Fe–Au distance
(1.57 Å). Negative displacements are towards the Fe electrode, positive ones towards
Au. The calculations were performed non-self-consistently and the resistances in the
plot are normalized to their zero displacement values. Comparing Figs. 2.3 and 2.8
we see that the relative change in the minority channel is about 4 times smaller in
the present case.
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Figure 2.7: Interface resistance of As- (left panel) and In- (right panel) termi-
nated Fe|Au|InAs junctions as a function of the fraction of interfacial Au atoms
substituted by Fe for majority (N) and minority (H) spins.

Turning now to disorder at the non-magnetic Au|InAs interface, we consider two
scenarios for substitutional disorder: (i) with In (As) atoms substituting Au in the
buffer layer, for which results are shown in the left-hand panels of Fig. 2.9 and (ii)
with Au atoms substituting In (As), for which results are shown in the right-hand
panels of Fig. 2.9. The upper panels are for As termination, the lower panels for In
termination. As before, the results for the majority spin case are quite insensitive to
disorder and do not need to be discussed in any detail.

In scenario (i), the In (As) impurities can occupy either of two inequivalent sets
of sites as there are two Au atoms for each In (As) interface atom. The two inequiv-
alent sites are considered separately and the results are shown as filled and empty
symbols for the minority spin case. Mixed configurations were not considered. The
configuration averaged results, shown as continuous and dashed lines, scarcely differ
for As termination (upper left) but are very different for In termination (lower left).
For both terminations, the configuration averaged resistances for the majority and
minority channels are well separated. The configuration spread for As-termination is
exceptionally large for the sites depicted with open triangles and dashed line yielding
zero polarization for some higher concentration configurations. Clearly, it would be
important to establish the relative stability of the two different sites by determining
the difference in their energies. Results for the second scenario, with Au substitut-
ing In or As interface atoms, are shown on the right-hand side of Fig. 2.9. The
minority spin resistance is seen to be quenched much more rapidly by disorder at
the non-magnetic interface than by disorder at the magnetic interface, with the av-
erage polarization dropping quickly to zero and becoming negative. For all but the
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Figure 2.8: Normalized interface resistances of As-terminated Fe|Au5|InAs junc-
tion as a function of a single Fe impurity displacement in units of Fe|Au interface
distance for majority (N) and minority (H) spins.

lowest concentrations of disorder considered, some minority-spin configurations have
resistances which are lower than the majority spin resistance making it important to
know whether such configurations are energetically favoured or not.

Comparison of Figs. 2.7 and 2.9 with Fig. 2.1 shows that overall, introducing a
gold buffer layer leads to a higher minority channel interface resistance and a higher
polarization for a given level of interface disorder. However, the results are also
sensitive to the details of the interface disorder: the chemical nature of a substitu-
tion, its local atomic structure and how a given concentration of impurity atoms is
configured. In many cases the spread of resistance values in the minority channel
is very large, with resistances for some configurations overlapping with that of the
majority channel, even when average values remain well separated. Surprisingly, the
polarization seems to be more sensitive to the disorder at the non-magnetic Au|InAs
interface. This is unfortunate because while it is probably possible to prepare nearly
ideal Fe|Au interfaces [30], the same is less likely for the non-magnetic Au|InAs in-
terface. The situation is also likely to deteriorate if there is disorder present at both
interfaces simultaneously.

2.5 Conclusions

In this chapter an earlier study [2] of the effect of interface disorder on the transmis-
sion properties of Fe|InAs interfaces has been extended. In particular, it has been
shown that for small concentrations of substitutional disorder, with Fe substituting
interface In or As atoms, a proportionality between the minority spin conductance
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Figure 2.9: Majority- (N, 4) and minority- (H,O) spin resistance of a Fe|Au|InAs
junction for In- and As-terminated interface in case of Au|InAs interface disorder
with In(As) substituting Au atoms. Filled and empty symbols denote the configu-
rations where As (In) impurities occupy only one of the two inequivalent Au sites
shown on the left top(bottom) panels. Majority (N) and minority (H) spins resis-
tance of Fe|Au|InAs junction for In- and As-terminated in case of Au|InAs interface
disorder with Au substituting As(In) atoms shown on the right top(bottom) panels.

and the concentration of disorder is observed. Interface disorder results in quenching
of the spin polarization of current injected from Fe into InAs. It has been possible to
demonstrate that in the dilute limit of a single interface impurity, the interface trans-
mission is very sensitive to the details of the interface atomic structure by applying a
shift to the potential and/or position of the Fe impurity atom. This suggests trying
to improve the spin-injection efficiency by preventing Fe from directly interacting
with InAs by introducing a buffer layer which is reasonably lattice-matched to both
Fe and InAs. A suitable candidate is Au which is unlikely to mix with Fe [30]. Au
is a noble metal which at the Fermi level has only states with ∆1 symmetry along
the Γ – X direction. We showed that Au buffer layer increases the efficiency of spin
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injection in an ideal Fe|Au|InAs system compared to an ideal Fe|InAs interface. A
thin metal layer like Au can form quantum well states for energies and k‖ vectors
for which the transmission into Fe and InAs is poor. These states, however, play
an important role only for clean interfaces and they are quenched by small amounts
of interface disorder which destroy the translational symmetry and conservation of
crystal momentum parallel to the interface.

The most important part of these work concerns the effect of interface disorder
on the polarization of current injected into InAs in the Fe|Au|InAs junction. The
effect was again studied using larger lateral supercells to model disorder. We found
that disorder at the Fe|Au interface reduces the polarization but to a smaller degree
than for Fe|InAs. Unfortunately, disorder on the non-magnetic Au|InAs interface is
shown to have much stronger impact and can quench the polarization or change its
sign.
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Chapter 3

Influence of Roughness and
Disorder on Tunneling
Magnetoresistance

In this chapter we present a systematic, quantitative study of the effect of inter-
face roughness and lead disorder on the transport properties of Fe|vacuum|Fe and
FeCo|vacuum|FeCo MTJs. From parameter-free, electronic structure based calcu-
lations we find that surface roughness has very strong effect on the spin-polarized
transport. The effect of lead disorder is weaker but still sufficient to suppress the
huge TMR predicted for ideal systems.

3.1 Introduction

Spintronics is a rapidly developing branch of a modern condensed matter physics. It
aims at exploiting the quantum spin state of the electrons as well as their charge.
Control over additional degree of freedom leads to observation of new effects. Most
important for practical applications is the magnetoresistance - dependence of resis-
tance of a system on external magnetic field. Here we concentrate on the tunnel-
ing magnetoresistance (TMR) which refers to the dependence of the resistance of
a FM1|I|FM2 (ferromagnet|insulator|ferromagnet) magnetic tunnel junction (MTJ)
on the relative orientation of the magnetization directions of the ferromagnetic elec-
trodes when these are changed from being antiparallel (AP) to parallel (P): TMR =
(RAP − RP )/RP ≡ (GP − GAP )/GAP . Since the discovery of large values of TMR
in MTJs based upon ultrathin layers of amorphous Al2O3 as insulator, [1] a consid-
erable effort has been devoted to exploiting the effect in sensors and as the basis for
non-volatile memory elements. Understanding TMR has been complicated by the
difficulty of experimentally characterizing FM|I interfaces. The chemical composi-
tion of the interface has been shown [2] to have a strong influence on the magnitude
and polarization of the TMR and knowledge of the interface structure is a neces-
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sary preliminary to analyzing MTJs theoretically. In the absence of detailed struc-
tural models of the junctions and the materials-specific electronic structures which
could be calculated with such models, the effect was interpreted in terms of electrode
conduction-electron spin polarizations Pi, using a model suggested by Julliere [3] in
which the TMR = 2P1P2/(1 − P1P2). A great deal of discussion has focused on
the factors contributing to the quantity [4] P but the use of amorphous oxide as
barrier material made impossible a detailed theoretical study with which to confront
experiment [5, 6].

The situation changed quite drastically with the recent observation of large values
of TMR at room temperature in FeCo|MgO|FeCo MTJs in which the MgO tunnel
barrier was mono- [7, 8] or poly-crystalline [9]. This work was motivated in part
by the prediction [10, 11] by materials-specific transport calculations of huge TMR
values for ideal Fe|MgO|Fe structures. This new development lends fresh urgency
to the need to understand the factors governing the sign and magnitude of TMR
because the largest observed value of 353% at low temperature, [8] is still well below
the ab-initio predicted values of order 10,000% for the relevant thicknesses of MgO
[10]. Some effort has been devoted to explaining the discrepancy in terms of interface
relaxation [12] or the formation of a layer of FeO at the interface [13, 14] but the role
of interface disorder has only been speculated upon.

In this chapter, which is a follow-up to our earlier study, [15] we use first principles
electronic structure calculations to study the effect of roughness and lead disorder
on TMR in MTJs with a vacuum barrier and Fe or Fe1−xCox alloy electrodes. A
vacuum barrier was chosen due to its simplicity and because there are many studies
of spin-dependent vacuum tunneling in its own right [16–20].

The chapter is organized as follows: in the next section we discuss theoretical
approach used to obtain results presented in remaining sections. In Sec. 3.3 we briefly
discuss the electronic structure of the ideal MTJ concentrating on the potential profile
of VTB. Sec. 3.4 is devoted to the detailed study of the transport properties of ideal
Fe|vacuum|Fe junction. In the next two sections we discuss the results obtained for
MTJ with disorder in the form of surface roughness (Sec. 3.5) and substitutional
disorder in the leads (Sec. 3.6). We finish with the conclusions in the last section.
Technical details concerning the convergence of our calculations are relegated to the
two appendices.

3.2 Methods, Models and Technical Details

We study transport properties of the MTJs in the linear-response regime within the
framework of the local spin-density approximation (LSDA) of the density functional
theory (DFT) in a two-step procedure. In the first step self-consistent potentials,
charge- and spin-densities are determined for a system (Fig. 3.1) consisting of two
semi-infinite ideal leads and the scattering region (SR). The scattering is restricted
to the latter part of the system which encompasses vacuum tunneling barrier (VTB)
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Figure 3.1: Top figure represents Fe|vacuum|Fe MTJ with interface roughness
(surface coverage). Grey circles stand for Fe atoms. SR in this figure is given by
vacuum barrier and 4MLs of Fe on each side of it. Interface roughness is mod-
elled as an incomplete Fe layers. Bottom figure represents alloy lead disorder in
FeCo|vacuum|FeCo MTJ. Grey and black circles in the SR stand for Fe and Co
atoms respectively. In this case FeCo atoms in the leads are treated in the virtual
crystal approximation (VCA). These atoms are represented with brown circles.

and several monolayers (MLs) of metal immediately next to it. The assumed in-plane
translational invariance preserves k|| as good quantum number. The self consistent
calculations are performed using surface Green’s function [21] implementation of
the tight-binding linear muffin-tin orbitals (TB-LMTO) method [22]. Throughout
the paper we use spd basis set and exchange-correlation potential is parameterized
according to von Barth and Hedin [23]. During the calculations the potentials in the
scattering region are allowed to relax. The potentials of the leads are kept at their
previously calculated bulk values. Atomic spheres approximation (ASA) is used with
the sites of the fixed bcc lattice occupied with either atomic or empty spheres (ES),
the latter used to model VTB. In the case of Fe only MTJs (Fig. 3.1, top panel) an
experimental lattice constant aFe = 2.866Å is used. (001) is the transport direction.

In the second step, the self-consistent potentials are used to calculate the elements
of the scattering matrix (transmission and reflection coefficients) using a TB-MTO
implementation [24] of wave-function matching (WFM) scheme due to Ando [25].
With these the conductance can be calculated using Landauer-Büttiker formula [26].
This involves integration over two-dimensional Brillouin zone (2D BZ). Convergence
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Figure 3.2: Bulk magnetic moments of FeCo bcc alloy as the function of alloy
concentration calculated in the VCA (solid line) and CPA (dashed line) approxi-
mations.

of the results with respect to sampling density is discussed in Appendix 3.8.
The disorder is modelled using lateral supercells with typical size of 100 atoms

(10x10). The convergence with respect to supercell size is discussed in Appendix 3.9.
Two different kinds of disorder, shown in panels of Fig. 3.1, are considered.

The first one is the roughness at Fe|vacuum interface (Fig. 3.1, top panel). In
this case the topmost layers of either electrode is covered with additional Fe atoms,
occupying the sites of underlying bcc lattice. The potentials inside atomic and empty
spheres are calculated using the layered version [21] of a coherent potential approxi-
mation (CPA) [27] with the surface layer treated formally as substitutional FexES1−x
alloy. The spheres are then randomly distributed in the lateral supercell with the
concentration of Fe corresponding to the assumed surface coverage x.

The second case studied is the junction with electrodes composed of the random
Fe1−xCox alloy (Fig. 3.1, bottom panel). It is known from the experiments that Co
forms a substitutional random alloy with Fe (Fe1−xCox) which assumes bcc structure
in the concentration range from x = 0.0 to x w 0.7 [28]. For higher Co concentrations
a phase transition to the hcp structure occurs. For the sake of simplicity we assume
here a bcc crystal structure for all concentrations. The FexCo1−x alloy lattice constant
is calculated from Vegard’s law whereby

aFexCo1−x = xaFe + (1− x)aCo (3.1)

Here aCo = 2.817Å [29] is a lattice constant of bcc Co determined assuming that
the volumes of bcc and hcp cells are identical. Like previously the atomic potentials
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inside SR are calculated using CPA and the atomic spheres distributed randomly
in lateral supercells. Note that we do not introduce additional roughness at the
FM|vacuum interface. Using this approach it is possible to model substitutional
disorder in the part of the electrodes falling inside the scattering region. However,
doing the same for the leads would require the use of supercells also in the transport
direction as the WFM scheme is based on the assumption that the leads possess
the full translational symmetry. It would considerably increase the computational
costs and is in practice not feasible. Instead we describe the leads using virtual
crystal approximation (VCA) where the alloy is replaced by homogeneous material
consisting of ”atoms” with fractional atomic numbers calculated using equation akin
to Eq. (3.1). Given their closeness in the periodic table and similarity of their bcc
lattice constants one expects VCA to work reasonably for the alloy consisting of
Fe and Co. We test it explicitly by comparing the magnetic moments of the bulk
FexCo1−x alloy calculated using VCA and CPA. An excellent agreement is found
between VCA and CPA values for the whole range of concentrations as shown in
Fig. 3.2. Furthermore the values agree well with other experimental and theoretical
results [30]. Note that only spin magnetic moment is calculated with the orbital
contribution being neglected. Treating the scattering region and leads differently
means that the fictitious interface is introduced at the boundaries between these
parts of the system (Fig. 3.1, bottom panel). However its presence is of no practical
consequence as the resistance of the whole structure is strongly dominated by the
tunneling barrier. This point is further discussed in Appendix 3.9.

All conductances in the paper are given in e2/h units and normalized to the area
of the in-plane 2D unit cell, equal to a2

FexCo1−x
.

3.3 Barrier profile

The usual point of reference when discussing TMR is the textbook problem of free
electron tunneling through a rectangular potential barrier. Before proceeding it is
useful to establish to what extent our VTB conforms to this simple model.

In order to determine the potential profile of VTB we start with the self consistent
calculations for ideal Fe|vacuum|Fe junction. Then for each “layer” of vacuum we use
corresponding ES to populate the sites of bulk bcc structure and perform band-
structure calculations. The position of the bottom of resulting parabolic band with
respect to the Fermi energy of the system is taken to be the barrier height for a given
layer. The results of this procedure are shown in Fig. 3.3 for two different thicknesses
of VTB. It can be seen that for a sufficiently thick barrier (20 MLs equals 28Å) the
shape is indeed approximately rectangular. The work function extracted from the
20 MLs plot equals to 4.75 eV which agrees reasonably with the experimental value
of 4.5 eV [31]. We note that for MTJs with barrier thickness exceeding 10 MLs the
calculated conductances are smaller than the numerical accuracy [32]. Because of
that in the following we shall restrict our calculations to barriers of 10 MLs or less.
An example of the potential profile for thinner (8 MLs) VTB is shown in the inset of
Fig. 3.3
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Figure 3.3: Potential profile of vacuum barrier for Fe|vacuum|Fe MTJs with
barrier width of 20 MLs with respect to Fermi energy. Inset: profile of the potential
profile for the barrier of 8 MLs.

3.4 Ideal Fe|vacuum|Fe MTJ. Transport calculations

Before embarking on a study of roughness and disorder effects on the TMR it is
important to understand what factors determine the transport properties of an ideal
MTJ. We start by calculating conductance of ideal Fe|vacuum|Fe system with VTB
of increasing thickness. The results for majority and minority spin channels in par-
allel configuration of the magnetic moments, GmajP and GminP , are shown in Fig. 3.4
together with a single spin conductance for antiparallel configuration, GσAP . It is
instructive to compare these results with the predictions of a simple model of free
electrons tunneling through a rectangular barrier. In this model the decay of the
conductance is asymptotically described by a simple exponential factor exp(−2dκ)
where d is the thickness of the barrier and κ =

√
(2m/~2)Vb with Vb being the height

of the barrier.
All three curves in Fig. 3.4 reach exponential limit for VTB thicker than 8 MLs

with the same decay rate (i.e. the slope of the curve). Extracting the barrier height
from the slopes of the curves yields Vb ≈ 4.7 eV in good agreement with the value
extracted from the potential profile of Fig. 3.3.
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Figure 3.4: Conductances GminP (H), GmajP (N), and GσAP (×) of an ideal
Fe|vacuum|Fe MTJ as a function of the barrier thickness (measured in units of
layers of a bcc lattice). The corresponding values of TMR are shown in the inset.

The TMR, shown in the inset of Fig. 3.4, increases with the thickness of VTB
and eventually saturates at about 20,000%. This number is comparable to the TMR
those calculated from the first-principles for ideal Fe|MgO|Fe MTJ [10, 11].

Even though all three curves reach the same asymptotic limit of exponential
attenuation, their behavior is very different for thinner barriers. This is the conse-
quence of different underlying mechanisms of transmission. We will discuss these in
the following subsections concentrating on majority and minority channel in parallel
configuration.

3.4.1 Parallel configuration: Majority channel

Majority conductance for parallel configuration exhibit the simplest behavior of the
three shown in Fig. 3.4. For all but the thinnest barriers the curve follows a simple
exponential decay. Accordingly we expect the tunneling to qualitatively follow the
predictions of the free electron model. This is confirmed by examination of the k‖-
resolved transmission shown in the right hand panel of Fig. 3.5. The transmission has
a maximum in the center of 2D BZ (Γ̄ point) and decays rapidly once we move away
from the center. As the thickness of VTB increases the maximum value decreases
exponentially and the transmission becomes increasingly more concentrated around
Γ̄ in accordance with free electron model.

Nearly spherical symmetry of the transmission plot might seem surprising when
compared with the projection of the majority Fermi surface (FSP) shown in the left
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Figure 3.5: Fe majority Fermi surface projection (FSP) on plane perpendicular
to [001] direction (on the left) and k‖ resolved majority transmission for VTB of 6
MLs shown on a logarithmic scale (right panel). The results are shown in full first
2D BZ.

hand panel of Fig. 3.5. The latter is multiply sheeted and far from free electron
sphere. This apparent contradiction can be resolved by noting that the transmission
is dominated by the contribution from a single sheet of the Fe’s FS which possesses
relatively simple geometry and is visible as a rectangular cyan shape in the back-
ground of the FSP plot. Thanks to their high symmetry, ∆1 at Γ̄, and mostly sp
orbital character these states are able to couple most effectively to the simple decaying
modes in the vacuum layer.

3.4.2 Parallel configuration: Minority channel

The dependence of minority conductance on VTB thickness (Fig. 3.4) is quite dif-
ferent from that seen for majority spins. For thicknesses greater than 3 MLs the
minority channel dominates the conductance giving rise to large and negative po-
larization [33] of the current in the parallel configuration. The differences are even
more apparent for k‖-resolved transmission shown in Fig. 3.6 for varying thickness
of VTB. The symmetry of the plots clearly deviates from spherical symmetry of tun-
neling in the majority channel. The most important feature however is that for all
but thinnest barriers the transmission comes predominantly from the small areas of
very high (comparable or equal to unity) transmission. One set of such ”hot spots”
or resonances is located immediately next to the Γ̄ point. In the following we will
be referring to these as A type resonances. Another set of very narrowly defined
resonances is located further away from the center of the 2D BZ. The position of
these B type resonances is marked with arrows in Fig. 3.6. The dominance of ”hot
spots” is more apparent when a linear scale is used. An example is shown in Fig. 3.7
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Figure 3.6: The k‖ resolved minority transmission for VTB of 2, 4, 6 and 8 MLs
shown on a logarithmic scale. For the latter the positions of B resonance are shown
with arrows. The results are shown in full first 2D BZ.

for VTB of 8 MLs.
Resonant peaks in k‖ transmission has been found in first principles calculations

of tunneling through both vacuum [34–36] and other barriers [10–12]. The resonances
arise when there exists a surface state on the surfaces of metallic electrodes. Such
state can indeed be found for Fe(001) surface [16]. Its existence is made possible by
the so called ”symmetry gap” present in Fe’s band structure. Along Γ−H direction
in 3D BZ, corresponding to Γ̄ point in 2D BZ, the two ∆1 bands are separated by a
gap of about 3 to 4 eV depending on the spin orientation. The other bands present in
this range of energies possess distinctly different symmetries. Consequently a surface
state of ∆1 symmetry can exists at Γ̄ point provided that its energy falls within
the gap. The surface states exist for both majority and minority spins. They are
however positioned very differently with respect to the Fermi level which reflects the
differences in the positions of ∆1 symmetry gaps in the bulk band structures. The
majority channel surface state is located about 2 eV beneath the Fermi level and
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Figure 3.7: The k‖ resolved transmission for Fe|vacuum|Fe MTJ with barrier
width of 8 MLs shown using linear scale. A and B labels stand for two resonances
close to Γ̄ and far from the center of the 2D BZ correspondingly.

consequently does not influence transmission. The minority surface state on the
other hand is located close to the Fermi level and it is closely associated with the
“hot spots” visible in Figs. 3.6 and 3.7.

The existence of surface state can be demonstrated by explicit calculation of den-
sity of states (DOS). However it is difficult to distinguish its features in the plots
of the full or even layer-resolved DOS (LDOS). Instead we calculate for minority
channel k‖-, layer- and orbital-resolved DOS. Setting k‖ = (0, 0) and summing over
the orbitals compatible with ∆1 symmetry (s,pz and d3z2−r2) we then obtain, for
the surface layer, the results shown in Fig. 3.8 [37]. There are no ∆1 states in the
minority band structure of the bulk Fe for the energy range shown in the figure.
Indeed the same procedure repeated for the layers away from the interface shows
that the peaks visible in Fig. 3.8 vanish over the distance of few monolayers from the
Fe|vacuum interface (see Ref. [38] for details). The surface state consists predomi-
nantly of d3z2−r2 orbitals extending into the vacuum. For VTB of limited thickness
the states at both Fe surfaces can interact through the vacuum forming bonding-
antibonding pairs. This leads to the splitting of the peak visible clearly in Fig. 3.8
for 5 MLs curve. As the thickness of VTB increases the splitting becomes weaker
and the two peaks merge into one as seen for 8 MLs curve in the plot.

The surface state located exactly at Γ̄ is orthogonal to states in the bulk and thus
does not contribute to the coherent tunneling studied in this paper. However, as we
move away from the center of 2D BZ the surface state evolves into resonant states of
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Figure 3.8: ∆1 contribution to the minority LDOS of the interfacial Fe atom for
k‖ = Γ̄ in the Fe|vacuum|Fe MTJ for 5 MLs (solid line) and 8 MLs (dashed line)
vacuum.

lower symmetry capable of coupling to the states in the bulk. These states pos-
sess weak but non-negligible in-plane dispersion (i.e. k‖ dependence). Just as the
surface state the resonant states can interact through the barrier forming bonding-
antibonding pairs. Whenever either of the pair aligns with the Fermi level a resonant
tunneling can take place. There are two parameters that characterize the resonant
tunneling: the surface resonance half-width ΓR and bonding-antibonding splitting ∆
or equivalently the resonance life time tR = ~/ΓR and hopping time tH = ~π/∆.
The resonant transmission without attenuation (T = 1) is observed if ∆ ≥ ΓR [34].

In order to map out the positions of resonant states in 2D BZ we have plotted
the minority k‖-resolved LDOS for atomic layer at the interface and in the bulk of
Fe. These are shown in Fig. 3.9 for VTB of 8 MLs together with the projected Fermi
surface. The energy has been fixed at the Fermi level. The interfacial LDOS is vividly
different from that of the bulk layer with characteristic sharply peaked structures.
The amplitudes of the peaks drop rapidly as me move way from Fe|vacuum interface.
What is more the presence of the peaks coincide with the “hot spots” of tunneling
transmission shown in Fig. 3.6.

With the increasing thickness of the barrier the bonding-antibonding splitting
decreases and as a result the position of the resonances in the 2D BZ changes as well.
However, as long as the splitting is large enough for the resonance condition to be
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Figure 3.9: Minority spin FSP on the plane perpendicular to [001] direction (top
left). The LDOS (logarithmic scale) as a function of the k‖ for Fe atom in bulk (top
right) at the subinterface (bottom left) and interface (bottom right). The LDOS
calculations were performed for energy equal to the Fermi level. The positions of
B resonance are shown with arrows in the right-bottom panel.

fulfilled, the maximum transmission remains equal to one. This is illustrated in
Fig. 3.10 where the maxima of k‖-resolved transmission for A and B resonances are
shown separately. The maximum transmission for majority channel and for a single
spin transmission in AP configuration are shown as well for comparison. We see that
the maximum for A type resonances start decreasing only for VTBs thicker than 7
MLs. This coincides with the onset of the exponential decay for the total minority
channel conductance shown in Fig. 3.4. The correlation might seem surprising given
that the maximum for B type resonances remains equal to one for even thicker bar-
riers. However, in practice the contribution to the total conductance comes entirely
from A type resonances. The reason for this is that B type peaks are extremely
localized in the momentum space. This is illustrated in Fig. 3.11 where we plot a
cross-section through the A and B type peaks in transmission. We see that the widths
of the peaks differ by as much as three orders of magnitude. Thus the regions of high
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Figure 3.10: Maximum transmissions for majority (N) and minority (H) spin
channels and one spin channel in antiparallel configuration (×) are shown as a
function of barrier width.

transmission associated with B type resonances form effectively a set of measure zero
and do not contribute to the integral over 2D BZ.

In the AP configuration surface state appears in minority spin channel on only one
of Fe|vacuum interfaces. However, as seen in Fig. 3.10, for sufficiently thin barrier
even a single resonant state can give rise to significant transmission. Just as for
parallel configuration there exists a rough correspondence between the features of
the curves in Figs. 3.10 and 3.4.

3.5 Effect of interfacial roughness on the TMR

An ideal tunnel junction considered in the previous section is impossible to realize in
practice; there will always be some finite amount of disorder in the form of surface
roughness, islands, dislocations etc. In this section we will consider Fe|vacuum|Fe
junction with disorder introduced in the form of incomplete (rough) surface layers,
modeled by occupying, at random, a fraction of the lattice sites of the topmost layer
with Fe atoms. A sketch of the system is shown in the top panel of Fig. 3.1. Three
different mechanisms can influence the transmission through the MTJ with rough Fe
surfaces. Firstly, introduction of the disorder breaks the point group symmetry of
the system and is bound to destroy the surface state together with the associated
resonant states. This in turn should result in the huge decrease of minority conduc-
tance as the resonant tunneling is mostly responsible for the high values seen for ideal
structures. Secondly, in case of the weak disorder the surface state might possibly
survive but it can be shifted with respect to the Fermi level and the associated reso-
nances broadened. That latter effect might in some cases lead to an increase of the
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Figure 3.11: Profiles of peaks in minority transmission probability of A (top)
and B (bottom) resonances for VTB of 8 MLs.

conductance depending on the details like the original energy of the resonant state
and the amplitude of bonding-antibonding splitting. Thirdly, introducing random
coverage implies that in some areas the local thickness of VTB will be smaller than
for original ideal junction. In view of steep exponential dependence of tunneling on
thickness (Fig. 3.4) this can lead to increase of conductances. This effect is likely
to influence the majority channel with its simple free-electron like tunneling. These
broad predictions are supported by results of calculations for 50% surface coverage
shown in Fig. 3.12. 10x10 lateral supercells were used and the results were averaged
over 20 configurations of disorder. The disorder was generated by randomly extract-
ing half of Fe atoms from one of Fe surfaces and depositing them (also randomly) on
the other surface thus keeping the average VTB thickness unchanged. As expected
the minority channel exhibits the most spectacular changes in comparison to the
conductances of ideal system also shown in Fig. 3.12 for comparison. The values
of the minority conductances decrease by up to four orders in magnitude and are
now actually smaller than the majority ones. The conductance of majority channel
is moderately increased and the antiparallel case falls in between the two parallel
conductances. The values of TMR (see the inset in Fig. 3.12) are greatly reduced
and are now in the range of 10 to 100% in qualitative agreement with experiments
[7–9].

All three conductances for disordered system shown in Fig. 3.12 decay exponen-
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Figure 3.12: Conductances GminP (H), GmajP (N), and GσAP (×) of an
Fe|vacuum|Fe MTJ as a function of the barrier thickness (measured in units of
layers of a bcc lattice). The dashed lines are for ideal junctions. The solid lines are
configuration-averaged conductances for rough junctions prepared by removing, at
random, half of the Fe atoms from one surface and depositing them, at random, on
the other surface. The results are normalized to the 1× 1 surface unit cell used for
the ideal case. The large symbols refer to data points which also appear in Fig. 3.4.

tially with the thickness of the barrier already for very thin barriers. This, together
with the huge drop of minority conductance, suggests that disorder in the form of
50% coverage is sufficient to kill the surface resonant effects in the transmission.

In order to better understand the effect of the disorder it is useful to follow the
evolution of the conductance with the increasing surface coverage. This is shown in
Fig. 3.13 together with the TMR in the inset. The VTB thickness has been fixed to
8 MLs and the roughness is created by depositing additional Fe atoms on surfaces
of both electrodes. This means that 50% point in Fig. 3.13 corresponds to 7MLs in
Fig. 3.12. Equivalent points in both figures have been marked with large symbols. As
we can see there are qualitative differences in the dependence of the conductances on
surface coverage. In the following subsections we will discuss these in more details.

3.5.1 Majority transmission

Majority channel for parallel configuration exhibits the most trivial behavior of the
three conductances shown in Fig. 3.13. Conductance increases as the function of
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Figure 3.13: Configuration-averaged conductances GminP (H), GmajP (N), and
GσAP (×) of an Fe|vacuum|Fe MTJ with 8 MLs barrier width as a function of the
surface coverage, normalized to a 1 × 1 surface unit cell. The dashed line denotes
GσAP predicted from (3.2) and the dash-dotted line gives the majority conductance
calculated using Eq. (3.2). Inset: TMR as a function of the surface coverage. The
dashed line is the value predicted using Julliere’s expression and a calculated DOS
polarization of 55%. Large symbols refer to the similarly marked data points in the
previous figure.

surface coverage due to reduction of an effective barrier thickness. A simple ’weak-
link’ model can be used to approximate these results. According to this model a
transmission depends locally only on the thickness of the barrier. Conductance of
the rough MTJ with 8 MLs barrier is then described as weighted average over the
conductances of ideal systems with VTB of 6,7 and 8 MLs:

GmajP (x) = P6(x)Gmaj6 + P7(x)Gmaj7 + P8(x)Gmaj8 (3.2)

where GmajP (n) is the majority conductance of ideal junction with VTB of n MLs
and the weights are defined as: P6(x) = x2, P7(x) = 2x(1− x) and P8(x) = (1− x)2.
The results calculated using Eq. (3.2) are shown as dash-dot line in Fig. 3.13. The
values predicted for intermediate coverages differ from the results of first principles
calculations. However the overall trend and the values at extreme points of the plot
are well reproduced.
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Figure 3.14: Minority conductance as a function of surface coverage in case of
5, 8 and 10 MLs VTBs. Note that results for 5 and 10 MLs are multiplied by 100.
Results for 5 MLs are shown using the linear scale on the right hand side of the
plot.

3.5.2 Minority transmission

The minority conductance exhibits fairly complex dependence on the amount of sur-
face coverage. For coverages of up to 5% we see a rapid decrease followed by a plateau
of approximately constant (on logarithmic scale) values extending to about 20% of
coverage. For even larger coverages the conductance value decreases again, reaches a
minimum around 35% and afterwards start to increase. In the last part the minority
and majority curves are practically parallel. This suggests that the same mechanism,
namely the decrease of the average thickness of the barrier, is responsible for the
observed growth. Similarity to the majority channel indicates also that the reso-
nant effects, dominating transmission through an ideal system, have been entirely
destroyed at this point.

A huge decrease of conductance is visible already for coverages as small as 1%. It
is unlikely that surface state and associated resonances are destroyed by disorder so
weak. Instead, a second mechanism discussed in the beginning of this section might
be a culprit. Changes to a local electronic structure, in particular broadening of the
resonances, can either decrease or increase the transmission depending on the details
like the position of the peak with respect to the Fermi energy and the strength of
bonding-antibonding splitting. Both possibilities are demonstrated in Fig. 3.14 where
we have plotted the minority conductance calculated for VTB of 5,8, and 10 MLs.
The behavior of 8 and 10 MLs curves is qualitatively very similar, although the values
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Figure 3.15: Specular (top panels) and diffusive (bottom panels) contributions of
transmission calculated for 20% (a,d), 35% (b,e) and 50% (c,f) of surface coverage
(logarithmic scales). Calculations are performed in 20x20 SC. The single k‖-point
in supercell 2D BZ was chosen to be close to the Γ̄ point. The results are averaged
over 40 disordered configurations.

of course differ very substantially. For 5 MLs however the introduction of weak
disorder results in a modest increase of the conductance. Note that 5 MLs results
are shown using linear scale given on the right hand side of the plot.

The fact that minority conductance, while substantially reduced, remains far
larger than the majority one for coverages of up to 20% suggests that transmission in
this region of the curve is still assisted by the resonant states on Fe surface. A possible
scenario is that the random disorder removes the mirror symmetry of the junction and
effectively “detunes” resonant states. In this situation the perfect resonant tunneling
without attenuation is no longer possible. However even the single resonant state
can contribute significantly to the transmission as we have seen in Sec. 3.4 for AP
configuration.

The conductance of MTJ in the presence of the disorder can be factorized into
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the specular and diffusive contribution:

G = Gspec +Gdiff =
e2

h

∑
k‖

T (k‖,k‖) +
e2

h

∑
k‖ 6=k′‖

T (k‖,k′‖) (3.3)

where each of the transmissions is summed over the incoming and outgoing states
T (k‖,k′‖) =

∑
µν |tµν(k‖,k′‖)|

2. As the disorder present in the system increases the
diffusive term in Eq. (3.3) start playing increasingly more important role. Using
a channel decomposition technique (see Ref. [24] for details) we can separate the
two terms. In Fig. 3.15 we show the k‖-resolved specular [T spec(k‖) = T (k‖,k‖)]
ad diffusive [T diff (k‖) =

∑
k′‖(6=k‖)

T (k‖,k′‖)] transmissions for varying coverages.
The calculations were performed using 20x20 supercells with a single k‖-point in the
downfolded BZ. This is equivalent to 400 k‖-point sampling of the original BZ. In
all three cases the diffusive contribution outweighs the specular one with most of the
contribution coming from the area around the center of 2D BZ. It is only for the
highest concentration that the transmission becomes more evenly spread over the
2D BZ.

3.5.3 Antiparallel spin alignment

The AP conductance assumes values intermediate between GmajP and GminP . Inter-
estingly it can be approximated by a simple formula

GσAP =
√
GmajP GminP . (3.4)

As we see in Fig. 3.13, where the results of Eq. (3.4) are shown using dashed line,
perfect agreement sets in as soon as the surface resonance contribution is killed by
roughness [39]. Somewhat similar relation has been demonstrated before for the ideal
MTJs [40]. It is easy to show that as long as Eq. (3.4) holds the TMR is positive.

3.6 Substitutional disorder: FexCo1−x electrodes

In this section we study the transport properties of the MTJ with the electrodes
composed of random Fe1−xCox alloy. As discussed in Sec. 3.2 the calculations are
performed for the structure shown schematically in the bottom panel of Fig. 3.1. The
uniform potential in the leads is calculated using VCA. The substitutional disorder
is introduced within the scattering region with Fe and Co atoms distributed over the
lateral supercell. The potentials for these are calculated using CPA. We denote such
structure as VCA|CPA|vacuum|CPA|VCA. Four MLs of disordered alloy are used on
both sides of VTB with the thickness of the latter fixed to 8 MLs. See Appendix 3.9
for the discussion of the associated convergence issues.

The results of transport calculations for VCA|CPA|vacuum|CPA|VCA structure
are shown in Fig. 3.16 using dashed lines. The overall trend seen in the figure is
the decrease of the conductance with the increasing concentration of Co. The only
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Figure 3.16: GminP (H), GmajP (N), and GσAP (×) for an
Fe1−xCox|vacuum|Fe1−xCox MTJ with 8 MLs barrier width as a function of
x, the concentration of Co atoms, calculated in the virtual crystal (VCA: solid
lines) and CPA/supercell (SC: dashed lines) approximations. Conductances are
configuration averaged and normalized to a 1× 1 surface unit cell. Inset: TMR in
VCA (◦) and CPA/SC (•) approximations.

exception is the minority channel exhibiting an increase in a limit of Co concentrations
over 80% that is when a limit of pure Co electrode is approached. Similarly TMR
decreases with the increasing concentration of Co down to the 100% range and picks
up again only for the largest concentrations. Overall the effect of substitutional
disorder is similar to that of surface roughness discussed in the preceding section.
The most spectacular changes take place in the minority channel and lead to the
reduction of TMR ratio. However, no change of the polarization sign is observed.

The interpretation of numerical results is difficult in this case as the effects of
substitutional disorder and the changes to the electronic structure are intertwined.
In order to shed some light on the importance of the latter we have performed trans-
port calculations also for ideal MTJ with the whole electrodes described using VCA.
The results are shown as solid lines in Fig. 3.16 and empty symbols in the inset.
The agreement between both sets of results is nearly perfect for majority and AP
curves. For minority channel we see substantial differences for concentrations up to
10%. Above that both conductances assume comparable values up until 80% Co
concentration where they start to diverge again. The two TMR curves reflect this
behavior. As there is no symmetry breaking for VCA|vacuum|VCA structure the
evolution of the conductance in this case must be related to the changes in under-
lying electronic structure. The transport for VCA|vacuum|VCA junction is initially
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Figure 3.17: The LDOS with ∆1 symmetry for different concentrations x of
FexCo1−x alloy shown as a function of energy.

dominated by the resonant tunneling in the minority channel. However as the Co
concentration increases the surface state is gradually removed from the vicinity of
Fermi level. This is illustrated in Fig. 3.17 where we have shown the ∆1 contribution
to the LDOS at Γ̄ and the surface layer of the electrode. Once the contribution of
the resonant states is switched off, the conductances for both structures become very
similar. For VCA|CPA|vacuum|CPA|VCA MTJ the process is decrease of the mi-
nority conductance is sped up by the symmetry breaking and the presence of diffuse
scattering

The antiparallel conductance is once again well described by Eq. (3.4).

3.7 Discussion and Conclusions

In this chapter the transport properties of FexCo1−x|vacuum|FexCo1−x tunnel junc-
tions using the first principles WFM method have been studied. Starting with ideal
Fe|vacuum|Fe system it has been found that the minority channel in parallel con-
figuration is dominated by resonant tunneling also found in other first-principles
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calculations [10, 11, 41]. This effect is responsible for the predicted TMR ratio of
20,000%. The resonances take the form of “hot spots” that is the regions of 2D BZ
where the tunneling takes place with little or no attenuation. Two kind of such reso-
nances have been found. Type A spots are located close to the center of 2D BZ and
are closely related to the surface state of ∆1 symmetry which form on Fe(001) sur-
face. The other set, type B, consists of points further removed from the center of the
zone. This latter type resonances do not contribute meaningfully to the integrated
conductance because of their extreme localization in the momentum space.

However, ideal junction will never be fabricated. In fact there are experimental
evidences for presence of interfacial roughness and lead disorder etc in the real MTJs
[7]. Disorder (surface roughness or substitutional disorder in the leads) has been
found to decrease the huge TMR predicted for ideal system to order of magnitude
of the experimental values [7, 9]. The interface roughness has two main competing
effects: i) it increases the transmission due to decrease of effective barrier width and
ii) by breaking the point group symmetry of the system it destroys the resonant
and surface states thus decreasing the minority conductance and consequently TMR.
The latter effect is most important for MTJs studied in the present paper where the
resonant effects dominate the tunneling for ideal system. Even the small amount
of disorder (roughness) is sufficient to substantially degrade the transmission in the
minority channel even though the resonant states are likely not removed at this point.
In the limit of strong disorder the minority conductance exhibits the same thickness
dependence as the majority one which indicates that the resonance effects are entirely
removed in this limit.

The effect of FexCo1−x alloy leads was studied using both VCA (ideal system)
and CPA/supercell (substitutional disorder) approach. It has been found that the
effect of disorder in this case is generally similar, although less spectacular, to that
of surface roughness. Interestingly, the changes of the electronic structure caused by
alloying Fe with Co are in themselves enough to effectively remove the surface and
associated resonant states from the vicinity of the Fermi level. In this regime there
is little difference between the results of VCA and CPA/supercell calculations.

Extremely high TMR ratios predicted by other groups for ideal Fe|Mg0|Fe [10–
12, 41] overestimate by far the values found in the experiment [7, 9]. The results for
clean and disordered MTJs suggest that these experiments are still in the disorder
limited regime. It should be noted however that direct application of our results to
MgO based junctions can be disputed. Unlike for our systems, the tunneling through
ideal MgO is not dominated by minority channel. Instead, the conduction is largest
in the majority channel thanks to good matching of ∆1 band states in Fe to the
evanescent solutions within MgO energy gap. Therefore, even though the resonances
has been predicted for the minority conductance their destruction by disorder might
not have equally potent effect as for our Fe|vacuum|Fe.

Another interesting aspect of these results is that for the disordered junctions
the conductance of antiparallel configuration can be successfully approximated using
simple formula of Eq. (3.4). This suggests that the tunneling through a general non-
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Figure 3.18: Conductance of ideal Fe|vacuum|Fe MTJ (left hand panel) and
Fe|vacuum|Fe MTJ with 50% roughness in 10 × 10 lateral supercell (right hand
panel) for majority and minority spins for 8 MLs barrier width plotted as a function
of the normalized area element in the Brillouin zone summation 1/Q2, where Q is
the number of intervals along the reciprocal lattice vector.

symmetric junction can be expressed in a factorized form reminiscent of the Julliere
formula [3].

3.8 Appendix 1: The k-point sampling

Calculation of the conductance involves the summation over a set of k‖ points that is
integration over the 2D BZ. Naturally, a question arises about the number of points
necessary to achieve sufficient accuracy. In view of the qualitative differences in the
nature of transmission through ideal and disordered system we will address these to
cases separately.

The majority and minority parallel conductances in case of ideal Fe|vacuum|Fe
MTJ (left hand panel) and Fe|vacuum|Fe MTJ with 50% roughness in 10×10 lateral
supercell (right hand panel) with 8 MLs of vacuum barrier are shown in Fig. 3.18 as
the function of the normalized area element in the Brillouin zone summation 1/Q2,
where Q is the number of divisions of the reciprocal lattice vectors. As it can be
seen both conductances in case of ideal MTJ are essentially converged for Q over
600. Note that resolving of the B type resonances would require Q > 107. However
thanks to their extreme localization these resonances can be safely ignored as they
do not contribute to the total integrated conductance. The same procedure has been
applied to a system with surface roughness at 50% coverage modelled using 10x10
supercells. We see that both conductances, especially minority, converge much faster
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Figure 3.19: Conductance of Fe|vacuum|Fe MTJ with 50% roughness in a√
H ×

√
H lateral SC for majority and minority spins for 8 MLs barrier width

plotted as a function of
√
H. The results are given for different randomly generated

configurations of disorder.

and the values are stabilized already for Q > 80. Better convergence is caused by
the destruction of the localized resonances in the minority channel. The other factor
involved is that in downfolded BZ of the supercell the sampling for a given value of
Q corresponds to 100 times (for 10x10 supercell) as many points in the original BZ.

3.9 Appendix 2: Configurational averaging and the
size of the scattering region

Modeling of the disorder by means of lateral supercells becomes exact for infinitely
large supercells. Of course all practical calculations have to be performed using
the cells of the finite size. It is therefore important to estimate the inaccuracies
introduced by the finite size of the cells. In order to estimate these, the conductance
calculations for disordered (surface roughness) Fe|vacuum|Fe junction using 20 (40 for
smaller systems) different configurations of disorder for superlattices of increasing size
(
√
H) have been performed. The results, shown in Fig. 3.19, demonstrate relatively

slow convergence in minority channel in comparison to the metallic interfaces [24].
This reflect the fact that the tunneling transmission probabilities are hugely sensitive
(exponential dependence) to the local variation in the thickness of VTB. The averaged
values on the other hand are well converged already for

√
H = 10 case. Increasing



3.9. Appendix 2 65

0 10 20 30 40 50
10

−8

10
−7

10
−6

10
−5

10
−4

c
o

n
d

u
c
ta

n
c
e

 (
e

2
/h

)

surface coverage (%)

MIN

AP

MAJ

0 10 20 30 40 50

−0.1

0

0.1

Figure 3.20: Conductances GminP (H), GmajP (N), and GσAP (×) of an
Fe|vacuum|Fe MTJ with 8 MLs barrier width as a function of the surface coverage,
normalized to a 1 × 1 surface unit cell are shown for all calculated configurations
of disorder at the interface layers. Inset: The difference in conductance between
two antiparallel spin channels normalized to the full AP conductance shown as a
function of surface coverage.
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Figure 3.21: Conductances GminP (H), GmajP (N), and GσAP (×) of an
Fe1−xCox|vacuum|Fe1−xCox MTJ with 8 ML barrier width as a function of x, the
concentration of Co atoms, calculated in the CPA/supercell approximation. Re-
sults are shown for all calculated configurations of disorder. Inset: The difference
in conductance between two antiparallel spin channels normalized to the full AP
conductance.
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Figure 3.22: Resistance of Fe0.9Co0.1|vacuum|Fe0.9Co0.1 MTJ as a function of
number of disordered FeCo monolayers on each side of the vacuum tunneling barrier
in the scattering region.

the size of the supercell makes the calculations considerably more expensive. As
there is little to be gained from using supercells larger than 10x10, this size for all
the calculations performed in the main body of the text has been chosen.

In order to verify that above mentioned convergence is not significantly different
also for coverages smaller than 50% we show in Fig. 3.20 the non-averaged results cor-
responding to Fig. 3.13. The lines connect the averaged values, same as in Fig. 3.13.
As we can see the spread of values can be considerable but the spin channels re-
main well separated and the general trends are well reproduced by averaged values.
The disorder described using the supercells of finite size and a single configuration
of scatterers breaks the mirror symmetry of the ideal junction and allows the con-
ductances of the two spin channels in AP configuration to diverge. However a truly
random disorder is expected to restore the symmetry and brings the two spin chan-
nels into agreement. Therefore the agreement between configuration-averaged AP
conductances serves as a useful metrics for the validity of our approach to disorder
modeling. In the inset of Fig. 3.20 we show the normalized difference of averaged
antiparallel conductances ε defined as:

ε = 2
G1
AP −G2

AP

G1
AP +G2

AP

(3.5)

where the GσAP is configurationally averaged AP conductance. As we can see the
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Figure 3.23: Resistivity of disordered Fe1−xCox alloy as a function of Co con-
centration x for both majority and minority spin channels.

values of ε remain modest all throughout the range of coverages. Similar conclusions
can be drawn for alloy disorder case as it is demonstrated by Fig. 3.21.

Another problem arises in calculations for the junctions with FexCo1−x electrodes
where the substitutional disorder is restricted only to the part of the electrodes con-
tained within the scattering region (Fig. 3.1, bottom panel). Simple VCA approx-
imation is used for the remaining parts of electrodes. This approach makes the
calculations feasible but can potentially also be a source of inaccuracies. In Fig. 3.22
we show resistances calculated for different configurations of substitutional disorder
in Fe0.9Co0.1 alloy and MTJs with 4 to 12 MLs included in the scattering region on
both sides of the barrier. The spread of values is relatively large and convergence
slow, especially in the minority channel. The average values, on the other hand,
remain essentially the same even though we are increasing the size of the scattering
region. The reason for this is that the resistance of MTJ is dominated by the tunnel-
ing through the barrier. Indeed using the values of resistivity for FexCo1−x, plotted
in Fig 3.23, we conclude that the resistance of several layers of an alloy is insignificant
compared to the resistances given in Fig. 3.22 for the whole MTJ by many orders
of magnitude. The numbers in Fig. 3.23 were determined by the calculation of the
inverse of the conductance for the FexCo1−x slab of varying thickness and extracting
the resistivities from the slope of the curve (Ohm’s low). All the calculations in the
main body of the text were performed with just 4 MLs of disordered alloy on both
sides of VTB. As we have seen in Sec. 3.6 it is enough to break the symmetry and
destroy the resonant states in the minority channel. This is further confirmed in
Fig. 3.21 which corresponds to the Fig. 3.16 in the main text. As we can see the
spread of non-averaged values is insignificant on the scale of the plot. The normalized
differences of the AP conductances, shown in the inset, are also in good agreement.
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Chapter 4

Recovering the Jullière model
by including interface
disorder

A model proposed by Jullière relates the tunneling magnetoresistance (TMR) to
conduction-electron or tunneling spin-polarizations which are properties of individ-
ual electrodes that can be measured separately. Despite much experimental evidence
supporting this model, the factors governing the tunneling spin-polarizations and the
related tunneling densities-of-states are poorly understood and our microscopic un-
derstanding of the Jullière model far from complete.
We use a first-principles scattering formalism to study transport through the simplest
possible magnetic tunnel junction with non-trivial transition metal (TM) electrodes,
a TM|vacuum|TM junction. Including only interface roughness is enough to recover
a Jullière-like factorization of the TMR and to allow us to study the factors entering
the tunneling spin-polarization. We then show how the procedure can be generalized
to the finite bias case leading to a substantial reduction in the computational cost.
We illustrate the approach by showing how the sign of the TMR can change as a
function of the bias potential for an Fe|vacuum|Fe MTJ if the interface roughness is
sufficiently different on the two interfaces.

4.1 Introduction

Magnetoresistive (MR) effects attract a lot of interest because of the considerable
scope they offer to increase the density of data stored on hard disk drives by reduc-
ing the size of read heads and as the basis for both reading and writing mechanisms
in magnetic random-access memories. In this chapter, we focus on the tunneling
magnetoresistance (TMR) observed in magnetic tunnel junctions (MTJ) that consist
of two ferromagnetic leads (FM) separated by a thin insulating (I) layer. The elec-
trical resistance of an FM|I|FM junction depends on the relative orientation of the
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magnetizations in the leads which can be changed from antiparallel (AP) to parallel
(P) by applying an external magnetic field along one of the magnetization directions.
In the so-called “optimistic” definition, the tunneling magnetoresistance is defined as
TMR ≡ (GP − GAP )/GAP ≡ (RP − RAP )/RP , where GP (RP ) and GAP (RAP )
are the total conductances (resistances) of a junction in the P and AP orientations,
respectively.

Despite significant progress in realizing MTJs with high values of TMR at room-
temperature [1], our understanding of the factors governing the TMR is still very
unsatisfactory. One of the earliest models, and certainly the one most frequently
used, was proposed by Jullière [2]. It is based upon two approximations. First, it is
assumed that the spin of electrons is conserved during tunneling. This assumption
is known as Mott’s two-current approximation [3, 4]. Second, it is assumed that the
conductance in each spin channel (σ =maj, min or σ = 1, 2; in an AP configuration,
majority and minority are only well-defined in individual leads) is proportional to
the product of spin-dependent tunneling densities of states (TDOS) ρσi in the left (L)
and right (R) FM leads, i = L,R:

GP = Gmaj
P +Gmin

P ∝ ρmaj
L ρmaj

R + ρmin
L ρmin

R ,

GAP = G1
AP +G2

AP ∝ ρmaj
L ρmin

R + ρmin
L ρmaj

R .

(4.1)

If the FM leads are identical ρσL = ρσR = ρσ and GAP is given by

GAP = 2
√
Gmaj
P Gmin

P ∝ 2ρmajρmin. (4.2)

In terms of this model, the TMR can be expressed as 2PLPR/(1−PLPR), where
PL and PR are the conduction-electron or tunneling spin-polarizations (TSP) of
left and right leads given by Pi = (ρmaj

i − ρmin
i )/(ρmaj

i + ρmin
i ). The TSP can be

measured in an electrical transport measurement for an FM|I|S junction where S is
a superconductor [5, 6]. Values of the TSP measured in this way predict the TMR
correctly if the FM|I interface is the same in the FM|I|FM and FM|I|S experiments
[7–9]. This indicates that the TSP is a property of an FM|I interface and not a
property of a bulk ferromagnetic material. Factorization of the TMR in this way
is an important simplification and it needs to be shown how it might follow from a
more fundamental theory.

The success of Jullière’s model in describing the TMR in terms of TSPs conceals
how poorly we understand the ρσi in terms of which the TSP is defined. Originally
specified [5] in an operational fashion, the tunneling density-of-states is frequently
assumed to be just equal to Dσ

i (EF), the spin-projected bulk density-of-states at the
Fermi energy EF. However, the experimental demonstration that the TMR depends
on the barrier material used [10–13] or the theoretical demonstration that it depends
sensitively on interface roughness [14] show that this simple interpretation is not
tenable.

The structure of this chapter is as follows. In the next section, we briefly review
a number of studies [15–21] which have contributed to our theoretical understanding
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d

Vb

EF

Figure 4.1: Schematic representation of free-electron tunneling through an ideal
rectangular barrier.

of TMR and form the background to our own ab-initio work which is presented in
Section 4.3. We introduce a new expression for the TMR which has the same form as
(4.1) as well as a factorization procedure which allows us study both zero and finite
bias cases. We summarize our results and draw some conclusions in Section 4.4.

4.2 Early models

In the more than thirty years since Jullière proposed his model, a number of theo-
retical approaches have been proposed to study spin-dependent transport in MTJs.
One of the first was an adaptation by Slonczewski [15] of the textbook tunnel barrier
to include exchange-split free electron gases on either side of the ideal rectangular
tunnel barrier of height Vb and width d shown in Fig. 4.1. The exchange-splitting
is included by introducing different constant potentials, Vmaj and Vmin, for the two
spin channels. Assuming translational periodicity in the plane of the barrier, the
tunneling conductance is given by

Gσ =
e2

h

∑
k‖

Tσ(k‖), (4.3)

where k‖ is the conserved transverse momentum and Tσ(k‖) is the spin-dependent
transmission probability. By matching the wave functions and their derivatives at
the left and right interfaces between the FM leads and non-magnetic barrier, the
Tσ(k‖) can be found. For Vmaj < EF , Vmin < EF and EF < Vb, the expression for
Tσ(k‖) simplifies in the limit of thick tunnel barriers (large d) to

Tσ(k‖) =
16kσLk

σ
Rκ

2

(kσL
2 + κ2)(kσR

2 + κ2)exp(−2κd)
, (4.4)
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where kσi =
√

(2m/~2)(EF − Vσ)− k2
‖ is the component of the wavevector normal

to the interface of electrons propagating at the Fermi level in the left and right leads
and κ =

√
(2m/~2)(Vb − EF ) + k2

‖ describes the evanescent states inside the tunnel
barrier. Taking into account that the magnetizations of the left and right electrodes
can be oriented parallel or antiparallel, this equation can be rewritten as

Tσσ
′
(k‖) = TσL (k‖) exp(−2κd) Tσ

′

R (k‖), (4.5)

where TσL (k‖) and Tσ
′

R (k‖) are the spin-dependent transmission coefficients calculated
at the left and right FM|I interfaces, respectively,

Tσi (k‖) =
4kσi κ

(kσi
2 + κ2)

. (4.6)

In Eq. (4.5) σ = σ′ for P and σ 6= σ′ for AP aligned magnetizations. To calculate the
total conductance, one should sum over all k‖ contributions in the two-dimensional
Brillouin zone (2D BZ) according to (4.3). In the limit of thick barriers, however,
this is not necessary because the exponential dependence on κ means that, with the
exception of the k‖ = 0 term, all other contributions can be neglected. The total P
and AP conductances are then

GP ≈
e2

h
exp(−2κd)

[
TmajL (0)TmajR (0) + TminL (0)TminR (0)

]
,

(4.7)

GAP ≈
e2

h
exp(−2κd)

[
TmajL (0)TminR (0) + TminL (0)TmajR (0)

]
.

Comparing Eqs. (4.7) and (4.1) we see that the role of the TDOS, ρσi in the Jullière
model, is played by the transmission coefficient Tσi (0) and (e2/h)exp(−2κd) is the
proportionality coefficient missing in (4.1). Slonczewski’s TSP can be written as

PSi =
Tmaji (0)− Tmini (0)
Tmaji (0) + Tmini (0)

= Pi
κ2 − kmaji kmini

κ2 + kmaji kmini

, (4.8)

where

Pi =
kmaji − kmini

kmaji + kmini

(4.9)

is the TSP which would result from assuming ρσi ≡ Dσ
i (EF) in the free electron

limit. The TSP given in (4.8) depends not only on the electronic properties of the
FM leads as described by Pi, but also on those of the tunnel barrier. PSi is also
known as a generalized TSP. For the spin-polarized free electron model, the TMR
can be evaluated numerically essentially exactly. In the limit of large d and small
Vb, the functional dependence of the TMR on P (≡ PL,R for symmetrical junctions
with identical leads) is reasonably well described by (4.8) [15, 19]. Eqs. (4.5) and
(4.6) are important because the (k‖-dependent) transmission factorizes into terms
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corresponding to transmission from the left lead into the barrier, attenuation in the
barrier, followed by transmission from the barrier into the right lead. The multiple
reflections which would make this factorization impossible can be neglected because
of the assumed strong attenuation by the tunnel barrier. If the tunnel junction
is sufficiently symmetrical that resonant tunneling can occur, strong attenuation is
not a sufficient condition to neglect multiple reflections [22]. Unlike the empirical
Jullière model which quite successfully relates TMRs and TSPs determined for the
same FM|I interfaces, the realm of validity of the free electron approach is much more
limited because of the difficulty of unambiguously mapping the complex open d-shell
electronic structure of real itinerant electron magnetic materials onto free electron
models.

The factorization discussed in relation to (4.5) is a general property of waves and
is not restricted to the free-electron model [20, 23]. Assuming lattice periodicity
in the plane of the barrier and sufficient barrier attenuation to suppress multiple
reflections, (4.5) can be generalized as

Tσσ
′
(k‖) ≈ TσL (k‖)Tm(k‖)Tσ

′

R (k‖) (4.10)

where TσL (k‖) and Tσ
′

R (k‖) describe incoming and outgoing states in the left and
right FM leads, respectively, and Tm(k‖) describes the spin-independent attenuation
inside a tunnel barrier. Unlike the free-electron case, analytical expressions for the
spin-dependent transmission probabilities Tσi and for the spin-independent barrier
attenuation Tm cannot be derived for realistic MTJs. For sufficiently thick tunnel
barriers, the summation over k‖ reduces to one or more discrete values of k‖ corre-
sponding to minimal attenuation at the valence band maxima and conduction band
minima of the tunnel barrier.

The above factorization concerns MTJs which have translational periodicity par-
allel to the interface and the factorization occurs for each individual value of k‖. If
we multiply (4.10) by e2/h, we can use it to write

GσAP (k‖) =
√
GmajP (k‖) GminP (k‖). (4.11)

This k‖-dependent factorization was studied by Belashchenko et al. using a first-
principles transmission matrix formulation. It was found to hold quite well for clean
(111) and (001) Co|vacuum|Co MTJs as long as the vacuum barrier was sufficiently
thick [20] but not for a Co|Al2O3|Co MTJ [21]. A key question is to determine how to
proceed from such a factorization to a Jullière-like model. It is reasonably clear that
transverse momentum-destroying disorder must play a role [16–18]. Because TMR
had been mainly studied in MTJs based upon amorphous Al2O3 tunnel barriers, it
was often assumed that barrier disorder was responsible for this symmetry breaking.
However, recently, large values of TMR were observed in FM|MgO|FM MTJs where
the MgO tunnel barriers were (poly)crystalline [9, 24] and the TMR values were
consistent with TSPs determined for FM|MgO|Al junctions [9]. This adds extra
urgency to the need to better understand the factors governing the TMR, TSP and
the validity of the Jullière model.
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If, as the MgO results seem to indicate, disorder in the tunnel barrier and in the
leads is not responsible for a Jullière like factorization, the question arises whether
interface disorder on its own is sufficient [18]. We address this issue in the present
chapter by studying the effect of interface disorder on TMR in a “semi-realistic”
Fe|vacuum|Fe MTJ. This is the most complex model of a MTJ for which disorder
can currently be studied without sacrificing the realistic treatment of the electronic
band structure responsible for transition metal itinerant magnetism and, ultimately,
for giant magnetoresistance.

4.3 Ab-initio results

We begin by briefly summarizing how the calculations were performed. In the ab-
sence of experimental information on interface disorder (which in the present model
is equivalent to surface roughness) we calculate the transmission from first-principles
within the framework of density functional theory (DFT). For an Fe|vacuum|Fe MTJ,
the calculation proceeds as follows [14, 25, 26]. Self-consistent DFT calculations are
first performed by solving the Kohn-Sham equations for bulk Fe. These calculations
yield charge- and spin- densities and potentials, and the corresponding Fermi energy.
A self-consistent calculation is then performed for the MTJ subject to the poten-
tials (and densities) far from the junction being equal to their bulk values [27]. The
junction breaks the lattice periodicity perpendicular to the surface leaving only two-
dimensional periodicity in the plane of the junction that is characterized by the Bloch
vector k‖. The electronic structure of the localized perturbation formed by the tun-
nel junction is handled using a Green’s function method, a so-called “Surface Green’s
Function” (SGF). The rank of the matrix of the perturbation is made finite by mak-
ing use of translational symmetry parallel to the interface and minimized by using a
maximally-localized basis of tight-binding (TB) muffin-tin orbitals (MTOs) [28, 29].
To calculate the transmission matrix element tnm(E) at real energies (at or close
to the Fermi energy in the context of transport), we use a wave-function-matching
scheme due to Ando [30] which involves the calculation of individual scattering states
n and m. The rank of the transmission matrix is determined by the number of Bloch
states at a given energy E and transverse wave-vector k‖. The transmission coef-
ficient T (E,k‖) is obtained by summing over all incoming and outgoing channels,
T (E,k‖) = Tr{t(E,k‖)t†(E,k‖)}. The minimal TB-MTO basis is very efficient
making it possible to model disorder using large lateral supercells [25, 26, 31] con-
taining 10 × 10 sites per atomic layer in the present case. Surface roughness where
one or more layers of atoms is incomplete is conveniently treated by calculating the
potentials self-consistently using a layer version [27] of the coherent potential ap-
proximation [32] and then distributing at random the site potentials in the lateral
supercells subject to maintenance of the appropriate layer concentrations [25]. This
method allows us to calculate “exact” values of the conductances GP and GAP and
from them, the TMR. We can also calculate atom-resolved local densities of states
(LDOS) in order to evaluate approximating the TSP by a LDOS [6]. We focus on
surface roughness because, as shown in the previous chapter, it has a larger effect on



4.3. Ab-initio results 77

0 20 40 60 80 100

10
−7

10
−6

10
−5

10
−4

10
−3

co
nd

uc
ta

nc
e 

(e
2 /h

)

surface coverage (%)

MIN

MAJ

AP

0 20 40 60 80 100
0

200

400

600

T
M

R
 (

%
)

Figure 4.2: Configuration-averaged conductances GminP (H), GmajP (N), and GσAP
(×) of an Fe|vacuum|Fe MTJ as a function of the surface coverage, normalized to a
1×1 surface unit cell. The barrier width for the MTJ with clean surface for x = 0%
(x = 100%) is 8 MLs (6 MLs). The dashed line denotes GσAP predicted from (4.12).
Inset: TMR as a function of the surface coverage.

the TMR than alloy lead disorder [14] and is unambiguously localized at the FM|I
interface: the Fe leads are perfectly ordered and the vacuum barrier is structureless.
There are also many experimental studies of spin-dependent vacuum tunneling in its
own right [33–37].

The effect of “interface disorder” on the TMR is illustrated in Fig. 4.2. In this
figure, GσP and GσAP are shown as a function of the surface roughness for each spin
channel. The surface coverage x characterizes the disorder and corresponds to a
concentration of Fe impurity atoms on each surface. Because x is here the same
for the left and right surfaces, xL = xR ≡ x, we call this MTJ symmetric. The
microscopic configuration of adatoms on each surface is, however, different. The left-
hand (x = 0%) and right-hand (x = 100%) sides of the figure correspond to ideal
Fe|vacuum|Fe MTJs with the equivalent of 8 and 6 monolayers (MLs) respectively of
vacuum 1.

The monotonic increase of GmajP in Fig. 4.2 is attributed to the continuous de-

1thickness of a vacuum ML is equal to a half lattice constant of Fe aFe/2= 1.433 Å
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crease of the average vacuum barrier width as the surface coverage increases. The
more-complicated behaviour exhibited by GminP is due to the effect of roughness on a
well-documented surface state on the Fe(001) surface [33]. When the surface is ideal,
this state is strictly localized at the centre of the 2D BZ, k‖ = Γ, but on moving
away from Γ, it becomes a surface resonance whose lifetime decreases continuously
as the separation increases. In a symmetric MTJ, the surface resonances on the
two opposing surfaces couple and form bonding-antibonding pairs. As discussed by
Wunnicke et al. [22], depending on the ratio of the bonding-antibonding splitting
to the resonance linewidth, this coupling can give rise to resonant tunneling where
the transmission is unity, independent of the barrier width (up to a critical barrier
width). Surface roughness quenches this contribution and therefore reduces GminP in
spite of a decreasing average barrier width. Even when the contribution from the
resonant tunneling has become negligible, GminP continues to decrease as the surface
state, and its contribution to the conductance, is destroyed by disorder2. At around
40% coverage, the decreasing barrier width asserts itself and the conductance begins
to increase. Increasing x past 50% corresponds to decreasing roughness and a re-
covery of the surface states. Their relative influence, however, is less dominant for
the substantially reduced barrier width. The corresponding TMR is shown in the
inset. It is seen to vary over a huge range from in excess of 104% for clean surfaces
(x = 0%) to values comparable to experimentally observed ones. Hence, surface
roughness alone can close the gap between the experimentally measured and much
larger theoretically predicted TMR values [38, 39]. More technical details together
with the deeper analysis of spin-dependent transport in Fe|vacuum|Fe MTJ can be
found in the previous chapter.

We already noted that the (theoretically ill-defined) tunneling spin polarization
in the Jullière model is frequently modelled by or interpreted in terms of bulk or
local DOS [6]. The calculations shown in Fig. 4.2 were all carried out with the same
Fe leads; a bulk Fe DOS in the Julliere model would predict a fixed TMR which is
clearly not the case. We have used the local DOS in various combinations to calculate
the TMR (not shown here) but none reproduces the “exact” results shown here nor
its bias-dependence (see below).

4.3.1 Factorizing the conductance

In the previous chapter, we made the empirical observation that the total AP con-
ductance was very well approximated by

GσAP ≈
√
GmajP

√
GminP ≡ e2

h

√∑
k‖

TmajP (k‖)
√∑

k′‖

TminP (k′‖). (4.12)

for 10% . x < 50%. Note that the summation over k‖ in (4.12) refers to Bloch
vectors in the small 2D BZ corresponding to the 10 × 10 lateral supercell used to
model disorder and, even for a small amount of disorder, the k‖-dependence of T (k‖)

2x=50% corresponds to the most disordered surface
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Figure 4.3: Test of the k‖-dependent factorization of the transmission. The ratio

TAP (k‖)/
√
TmajP (k‖) TminP (k‖) is plotted as a function of k‖ in the 2D BZ for ideal

Fe|vacuum|Fe MTJs with 6 MLs (left) and 8 MLs (right) of vacuum.

is small. This approximation for GAP is plotted in Fig. 4.2 as a dashed line for the
extended range of surface coverage shown there. It can be seen that the approxima-
tion also fails for 90% . x < 100%. It would appear that, for a given barrier width,
a minimum amount of roughness is required to destroy the transmission resonance.

By plotting the ratio of TσAP (k‖) and
√
TmajP (k‖) TminP (k‖) as a function of k‖

in the large 2D BZ corresponding to a 1 × 1 unit cell in Fig. 4.3, we can visualize
the resonant tunneling responsible for the breakdown of (4.12) for ideal interfaces,
x = 0% (right-hand panel) and x = 100% (left-hand panel). The figure makes it clear
that a k‖-dependent factorization works well in large areas of the 2D BZ but not for
values of k‖ where there are surface states and where transmission resonances occur.
The linear scale used in the figure is somewhat misleading because in the relatively
small areas of the 2D BZ where resonant tunneling occurs, the ratio deviates from
unity by orders of magnitude making it difficult to gauge its quantitative impact from
this representation.

Resonant tunneling (RT) appeared as anomalously large values of TminP (k‖) in
Fig. 3.6 and shows up as values less than unity in Fig. 4.3 which are colour-coded
blue. However, not all points which appear blue in the figure correspond to resonant
tunneling. In the previous chapter, points where RT occurred were identified in terms
of their characteristic behaviour of having an amplitude which does not change as
the barrier thickness is increased. For 8 MLs of vacuum, RT occurs close to the
Γ point at the centre of the 2D BZ (A) and at another point which we labelled
(B) which is so sharp that it is not visible in Fig. 4.3. The other blue areas are
interpreted as points where surface resonances give rise to enhanced but not resonant
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xL=12% xRxL=5% xR

Figure 4.4: Configuration-averaged TMR of asymmetric Fe|vacuum|Fe MTJs
with 8 MLs barrier width as a function of the surface coverage xR for fixed coverages
of the left surface, xL = 5% (left panel) and xL = 12% (right panel). The solid red
lines are the results of explicit transport calculations while the dashed black lines
are the values predicted using (4.14).

conduction. The features in the figure which are most conspicuous are the red-brown
areas corresponding to antiresonant behaviour which become broader as the vacuum
thickness is decreased.

Comparison of (4.12) with (4.2) shows that
√
GσP , which can be measured for a

symmetric MTJ, plays the role of ρσ in the TSP that can now be defined as

P =

√
GmajP −

√
GminP√

GmajP +
√
GminP

. (4.13)

Using (4.12) it can be seen that the TMR of a symmetrical MTJ takes only nonneg-
ative values, as illustrated in the inset in Fig. 4.2.

The factorization described by (4.12) can be generalized to asymmetric MTJs
with interface roughness xL on the left, and xR on the right interfaces using the
expression

Gσσ
′
(xL, xR) =

√
GσP (xL) Gσ′P (xR) (4.14)

where GσP (xi) is the σ component of the total conductance in the P configuration of
a symmetric MTJ with surface roughness xi. We already have GσP (x) as a function
of x for symmetric MTJs (Fig. 4.2). To test (4.14) we need to calculate Gσσ

′
(x, y)

for asymmetric Fe|vacuum|Fe MTJs and compare these “exact” results with those
predicted by (4.14).

For two values of xL, the TMR calculated explicitly and using (4.14) are shown
as a function of xR in Fig. 4.4. All results shown are configuration averaged. There
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Figure 4.5: Schematic figure of an asymmetric tunnel junction in which the
asymmetry is expressed in terms of triangular (left lead) and semi-oval (right lead)
tunneling densities of states. In the left-hand panel, the junction is in equilibrium.
In the right-hand panel, the potential of the left-hand lead is raised by V/2, that
of the right-hand lead is lowered by the same amount. Current-carrying channels
from occupied states in the left-hand lead into unoccupied states in the right-hand
lead are indicated by right-pointing arrows.

is almost perfect agreement between the “predicted” and exact TMR values if the
interface roughness is sufficient to destroy resonant tunneling in the calculations
for the symmetric MTJ. The only serious discrepancy occurs when xR . 10% for
xL = 5%. Unlike the symmetric case, the TMR can become negative for asymmetric
junctions if the asymmetry is large enough for the TSP for left and right sides of
the junction to have opposite signs, which is precisely what we see in Fig. 4.4. From
Fig. 4.3 we see that the TSP is negative for x . 25%. For the values of xL = 5%
and 12% shown in Fig. 4.4, once xR exceeds ∼ 25%, the TSP becomes positive and
the TMR becomes negative. These conclusions are in qualitative agreement with
experimental findings where negative TMR has been observed in asymmetric MTJs
[10, 11, 40].

4.3.2 Factorization of conductance for finite bias

The sign of the TMR can also be changed by applying a finite bias [10–12, 40], posing
the question of how to generalize Jullière’s model to this case. We first consider how
to calculate conductances with an applied voltage and calculate the bias dependent
TMR for an asymmetric MTJ before developing a factorization scheme analogous to
that discussed in the previous section.

To calculate the bias dependence of the TMR, we apply a rigid shift of ±V/2 to
the atomic sphere potentials in the left and right leads, respectively; see Fig. 4.5.
The conductance as a function of applied bias V is obtained by integrating over the
energy interval from µR = EF − V/2 to µL = EF + V/2, where µL and µR are the
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Figure 4.6: Configuration averaged (over 7 configurations) TMR as a function
of bias voltage for an asymmetric MTJ with 8 MLs of vacuum and with xL = 12%
and xR = 28%. Results of “exact” calculations are shown by the solid red line,
those obtained with the factorization procedure discussed in the text are shown as
a dashed black line.

chemical potentials of the left and right leads, respectively,

Gσσ
′
(xL, xR, V ) =

1
µL − µR

∫ µL

µR

Gσσ
′
(xL, xR, E)dE (4.15)

and Gσσ
′
(xL, xR, E) are the energy-dependent P or AP conductances for the asym-

metric MTJ. Defining an average conductance in this way is common practice in
phenomenological studies of tunneling transport [41, 42]. Neglecting any charge re-
arrangement on applying a bias might be expected to be a small effect when the
tunnel currents are small. Explicit calculations for ideal MTJs showed good agree-
ment between the results of a similar non-self-consistent procedure and self-consistent
results for small bias voltages [43].

In our numerical scheme, the integration over energy is replaced by a finite sum,
with an energy step ∆E = 0.01 eV for biases lower than 0.04 V, and ∆E = 0.02 eV
for larger biases. Even for a modest bias of 0.2 V, this increases the computational
cost by an order of magnitude. The results of calculations for an asymmetric junction
with xL = 12% and xR = 28% and fixed vacuum thickness of 8 MLs are shown in
Fig. 4.6 as a solid red line. The results are averaged over seven configurations of
disorder. The TMR is negative at zero bias and changes sign to becomes positive
when the positive bias exceeds about 0.05 V. A positive bias corresponds to µL > µR
with electrons flowing from left to right (electrical current flowing in the opposite
direction) and vice versa. This result is qualitatively similar to the experimental
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findings in asymmetric Fe|GaAs|Fe(001) MTJs [40].
From the point of view of computational costs, finite-bias calculations for disor-

dered systems are rather expensive. For a bias voltage of ±0.2 V , 11 calculations to
perform the integral in (4.15) are required for each spin channel, for P and AP config-
urations: 44 calculations in total. Configuration-averaging over seven configurations
increases this by a factor of seven. This yields a single data point in Fig. 4.6. Making
the full curve required almost seven times as many calculations, 2100 in total, all of
them with 10× 10 lateral supercells corresponding to a scattering region containing
2000 atoms (atomic spheres).

To reduce this cost, we extended the factorization discussed in the previous sec-
tion to the finite bias case. The key element is to use energy-dependent conductances,
GσP (x,E), calculated for symmetric MTJs to approximate the energy-dependent con-
ductance Gσσ

′
(x, y, E) for an asymmetric MTJ:

Gσσ
′
(xL, xR, E) ≈

√
GσP (xL, E − V/2) Gσ′P (xR, E + V/2) (4.16)

We first calculate GσP (x,E) for two symmetric junctions with surface roughnesses
x = xL and x = xR in the energy ranges [EF −V,EF ] and [EF , EF +V ], respectively,
with an energy step ∆E. Then we use (4.16) to calculate the energy-dependent
conductance for the asymmetric junction for both spin channels and P and AP
configurations. Note that for an asymmetric MTJ, both spin channels need to be
calculated for the AP configuration; both are obtained using the two spin components
of the symmetric MTJs’ P conductances. We then sum over the energies to calculate
the bias dependent P and AP conductances. This procedure is repeated for as many
different configurations of disorder as are needed, typically of order ∼ 10. Finally,
we calculate the TMR.

The results of this energy dependent factorization are shown as a dashed line in
Fig. 4.6 and are seen to be in good agreement with the“exact” results. The remaining
discrepancy can be attributed to the finite energy grid used and to the limited number
of configurations (seven) used in the configuration averaging. The factorization can
be used to explain the behavior of the TMR as a function of finite bias. In the inset
in Fig. 4.6 we show the TSPs for left and right sides of the MTJ as a function of
the bias voltage. From these results it can be seen that the sign change of the TMR
corresponds to the change of sign with energy of the TSP of the right interface. These
conclusions are in broad agreement with those reached for Fe|GaAs|Fe(001) MTJs
on the basis of calculations which did not include disorder [44].

In view of the above, it is important to discuss the computational gain from
the factorization procedure. Assume that we are interested in calculating the bias-
dependent TMR for asymmetric MTJs with n different values of surface roughness.
The total number of combinations (and therefore of exact calculations) would be
n(n − 1)/2 per spin per P or AP orientation and per configuration. At the same
time with the factorization procedure one needs to perform only n such calculations
per spin per configuration. Moreover, the AP conductance is factorized into the
components of P alone. Therefore, in the limit of large n, the number of calculations
needed to be performed for calculating bias dependence of the TMR in the MTJs
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with n different surface roughness is a factor n smaller. A similar consideration holds
for the maximum value of bias, V . Summation on a discrete energy grid with energy
step ∆E requires N = V/∆E calculations for each value of V . If the require the
conductances and TMR for N values of bias up to a maximum value V , of order
N2/2 calculations must be performed. The factorization makes a linear scaling with
N possible because energy points required for the integration over energy can be
reused for different values of the bias.

4.4 Summary and Conclusions

The Jullière model assumes that a MTJ can be separated into left and right indepen-
dent parts that are characterized by some TDOS. The total conductance in each spin
channel through the junction is then factorized in terms of TDOS for left and right
parts. Polarization of the TDOS (TSP) can be measured experimentally and the va-
lidity of the Jullière model has been demonstrated from numerous experiments [7–9].
Despite plenty of experimental results, the physical basis of the TDOS is unclear.

Spin-dependent transport of electrons in a MTJ has been investigated in a number
of theoretical studies. From ab initio calculations for ideal material-specific MTJs,
it has been demonstrated that tunnel transmission does not factorize when resonant
tunneling occurs [21]. The transmission could be factorized in a single-band tight
binding model if the complete tunnel barrier was sufficiently disordered [16, 17]. A
formalism for handling disorder based upon Bardeen’s transfer-Hamiltonian method
was recently developed [18] but has not been used to treat MTJs containing transition
metals or realistic atomic structures.

In the present work, we have used an ab initio approach to study transport in
Fe|vacuum|Fe MTJs taking interface roughness into account. Interface disorder is
important because it quenches resonant tunneling [14] and by including it in this
chapter, we could recover the form of the Jullière model. Our factorization makes it
possible to predict the TMR for asymmetric MTJs with different disorder xL and xR
on the left and right interfaces using only results for symmetrical junctions xL ≡ xR.
Negative TMR has been shown to occur if the difference between xL and xR increases.
Similarly to the Jullière model, the negative sign has been attributed to opposite
signs of TSP for left and right parts of junction. The factorization procedure could
be confirmed experimentally by performing a study of symmetric and asymmetric
MTJs but would require some means of characterizing the disorder quantitatively.
The factorization approach was extended to the energy dependent case and shown to
correctly reproduce bias-dependent TMR. Change of the sign of TMR as a function
of bias has been shown to correlate again with the change of sign of the TSP.
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Chapter 5

Graphene and Graphite as
Perfect Spin Filters

Based upon the observations (i) that their in-plane lattice constants match almost
perfectly and (ii) that their electronic structures overlap in reciprocal space for one
spin direction only, perfect spin filtering for interfaces between graphite and (111)
fcc or (0001) hcp Ni or Co is predicted. The spin filtering is quite insensitive to
lattice mismatch, roughness and disorder. The formation of a chemical bond between
graphite and the open d-shell transition metals that might complicate or even prevent
spin injection into a single graphene sheet can be simply prevented by dusting Ni or
Co with one or a few monolayers of Cu while still preserving the ideal spin injection
property.

5.1 Introduction

We recently predicted a perfect spin filtering effect for ultra-thin films of graphite
sandwiched between two ferromagnetic leads [1]. This prediction emerged from the
interface between two rapidly developing branches of condensed matter physics: mag-
netoelectronics and graphene electronics [2, 3]. Magnetoelectronics exploits the ad-
ditional degree of freedom presented by the intrinsic spin and associated magnetic
moment of electrons while graphene electronics is based upon the unique electronic
properties of two-dimensional graphene sheets. Based on the giant magnetoresistance
effect discovered twenty years ago [4, 5], magnetoelectronics was rapidly applied to
making improved read head sensors for hard disk recording and is a promising tech-
nology for a new type of magnetic storage device, a magnetic random access mem-
ory. The giant magnetoresistance (GMR) effect is based on the spin dependence of
the transmission through interfaces between normal and ferromagnetic metals (FM).
The effect is largest when the current passes through each interface in a current-
perpendicular-to-plane (CPP) measuring configuration but the absolute resistance
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of metallic junctions is too small for practical applications and the current-in-plane
(CIP) configuration with a much smaller MR is used in practice. Replacing the
non-magnetic metal spacer with a semiconductor [6] or insulator (I) [7, 8] results in
spin-dependent tunneling and much larger resistances are obtained with FM|I|FM
magnetic tunnel junctions (MTJs). Substantial progress has been made in increasing
the MR effect by improving experimental techniques, and by replacing the amorphous
Al2O3 insulator with crystalline MgO [9, 10]. Though there is a relatively large lat-
tice mismatch of 3.8% between Fe and MgO, the tunneling magnetoresistance (TMR)
in Fe|MgO|Fe junctions has been reported to reach values as high as 180% at room
temperature [11]. Low temperature values as high as 1010% have been reported for
FeCoB|MgO|FeCoB MTJs [12, 13]. The sensitivity of TMR (and spin injection) to
details of interface structure [14, 15] makes it difficult to close the quantitative gap
between theory and experiment so it is important for our understanding of TMR
to be able to prepare interfaces where disorder does not dominate the spin filtering
properties. This remains a challenge due to the high reactivity of the open-shell
transition metal (TM) ferromagnets Fe, Co, and Ni with typical semiconductors and
insulators.

With this in mind, we wish to draw attention to a quite different material sys-
tem in which a thin graphite film is sandwiched between two ferromagnetic leads.
Graphite is the ground state of carbon and as one of the most important elemental
materials, its electronic structure has been studied in considerable detail. It consists
of weakly interacting sheets of strongly bonded carbon atoms. Because of the weak
interaction between these “graphene” or “monolayer graphite” sheets, the electronic
structure of graphite is usually discussed in two steps: first, in terms of the electronic
structure of a single sp2-bonded sheet, followed by consideration of the interaction
between sheets [16–18]. From these early, and many subsequent studies, it is known
that graphene is a “zero-gap semiconductor” or a semimetal in which the Fermi sur-
face is a point at the “K” point in two-dimensional reciprocal space. The physical
properties associated with this peculiar electronic structure have been studied theo-
retically in considerable detail, in particular in the context of carbon nanotubes which
can be considered as rolled-up graphene sheets [19]. With the very recent discovery

Graphene Co Ni Cu
aexpt

fcc (Å) [20] 3.544 3.524 3.615
aexpt

hex (Å) 2.46 2.506 2.492 2.556
aLDA

hex (Å) 2.45 2.42 2.42 2.49
d0 (Å) 2.04 2.03 3.18

Table 5.1: Lattice constants of Co, Ni, Cu, and graphene, ahex ≡ afcc/
√

2.
Equilibrium separation d0 for a single graphene sheet on top of the graphite(0001),
Co, Ni or Cu(111) surfaces as calculated within the framework of the DFT-LSDA
using the in-plane lattice constant ahex = 2.46 Å.



5.1. Introduction 89

Co hcpNi fcc

Gr

(a)

(b)

Cu

MAJ

MIN

1 2 3 4
K

M

Co fcc Ni hcp

(c) (e)

(d) (f) (h)

(i) (j)

(g)

Λ

Figure 5.1: Fcc Fermi surface (FS) projections onto a plane perpendicular to the
(111) direction: Ni fcc majority (a) and minority (b) spins; Co fcc majority (c) and
minority (d) spins; Ni hcp majority (e) and minority (f) spins; Co hcp majority (g)
and minority (h) spins; Cu fcc (i). For graphene and graphite, surfaces of constant
energy are centred on the K point (j). The number of FS sheets is given by the
colour bar.

and development of an exceptionally simple procedure for preparing single and mul-
tiple graphene sheets, micromechanical cleavage [21], it has became possible to probe
these predictions experimentally. Single sheets of graphene turn out to have a very
high mobility [22] that manifests itself in a variety of spectacular transport phe-
nomena such as a minimum conductivity, anomalous quantum Hall effect (QHE)
[23, 24], bipolar supercurrent [25] and room-temperature QHE [26]. Spin injection
into graphene using ferromagnetic electrodes has already been realized [27, 28]. The
low atomic number of carbon implying weak spin-orbit interaction should trans-
late into very long intrinsic spin-flip scattering lengths, a very desirable property
in the field of spin electronics or “spintronics”, which aims to combine traditional
semiconductor-based electronics with control over spin degrees of freedom. However,
the room temperature MR effect of ∼ 10% observed in lateral, current-in-plane (CIP)
graphene-based devices with soft permalloy leads is still rather small [27].
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Instead of a CIP geometry, we consider a CPP TM|Gr|TM junction, where TM
is a close-packed surface of fcc or hcp Ni or Co and Gr is graphite (or n sheets of
graphene, Grn). We argue that such a junction should work as a perfect spin fil-
ter. The essence of the argument is given in Table 5.1 and Fig. 5.1. According to
Table 5.1, the surface lattice constants of (111) Ni, Co and Cu match the in-plane
lattice constants of graphene and graphite almost perfectly. The lattice mismatch
of 1.3% at the Ni(111)|Gr interface is, in fact, one of the smallest for the magnetic
junctions that have been studied so far. This small lattice mismatch suggests that
the TM|Gr|TM junction might be realized experimentally, for example, using the
chemical vapor deposition technique [29–31]. Assuming perfect lattice matching at
the TM|Gr interface, it is possible to directly compare the Fermi surface (FS) pro-
jection of graphite with the FS projections of Cu fcc (111), Ni and Co in both fcc
(111) and hcp (0001) directions, see Fig. 5.1.

The Fermi surface of graphene is a point at the high-symmetry K point in recip-
rocal space. The Fermi surfaces of graphite and doped graphene are centred on this
point and close to it. Figure 5.1 shows that there are no majority spin states for Ni
and Co around the K point whereas minority spin states exist (almost) everywhere
in the surface BZ. Only the minority spin channel should then contribute to trans-
mission from a close-packed TM surface into graphite. In a TM|Gr|TM junction,
electrons in other regions of reciprocal space on the left electrode will have to tunnel
through graphite to reach the right electrode. If the graphite film is taken thick
enough to suppress tunneling, majority spin conductance will be quenched and only
minority spin conductance through the graphite will survive i.e. perfect spin filtering
will occur.

In this chapter, we wish to study quantitatively the effectiveness of this spin fil-
tering: how it depends on the thickness of the graphite film, the geometry of the
clean metal-graphite interface, interface roughness and disorder, and lattice mis-
match. While we will be mainly concerned with the CPP geometry, we will also
comment on the applicability of some of our conclusions to the CIP geometry. The
chapter is organized as follows. In Sec. 5.2 a brief description of the computational
method together with the most important details of the calculations is given. In
Sec. 5.3 the electronic and structural properties of bulk materials like Ni, Co, graphite
and graphene, that are used for constructing TM|Grn|TM junctions, using the tight-
binding linear muffin tin orbitals (TB-MTO) within the atomic-sphere approximation
(ASA) are studied. These results are benchmarked against plane-wave pseudopoten-
tial calculations. Section 5.4 contains the results of spin-dependent electron transport
calculations for specular interfaces (ideal junction) as well as for junctions with in-
terface roughness and alloy disorder. Finally, the conclusions are drawn in Sec. 5.5.

5.2 Computational Method

The starting point for our study is an atomic structure calculated by minimizing the
total energy within the local spin density approximation (LSDA) of density functional
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theory (DFT). This was done using a plane-wave pseudopotential (PWP) method
based upon projector augmented wave (PAW) pseudopotentials [32] as implemented
in the VASP program [33–35]. The interaction between graphite and the TM surface
is modelled using a repeated slab geometry of six metal layers with a graphene sheet
on top and a vacuum thickness of ∼ 12 Å. A dipole correction is applied to avoid
interactions between periodic images of the slab [36]. The surface Brillouin zone
(SBZ) was sampled with a 36 × 36 k-point grid and the SBZ integrals carried out
with the tetrahedron integration scheme. A plane wave kinetic energy cutoff of 400 eV
was used. The plane-wave pseudopotential method is used to calculate energy band
structures, charge transfer, binding energies and work functions for single TM|Gr
interfaces [1, 37]. The equilibrium distances d0 between the graphene sheet and the
TM surfaces are summarized in Table 5.1.

The equilibrium geometries are used as input for a self-consistent TB-LMTO [38]
calculation for the TM|Grn|TM junction. The Kohn-Sham potentials are used to cal-
culate spin-dependent transmission probabilities through the TM|Grn|TM junction
using the wave-function matching scheme [39–41]. To do this, the junction is divided
into three parts: the scattering region sandwiched between semi-infinite left and right
leads, all of which are split into layers that are periodic in the lateral direction. The
semi-infinite leads are assumed to be ideal periodic crystals in which the electron
states (modes) are wave functions with Bloch translational symmetry. According
to the Landauer-Büttiker formalism of transport, the conductance for minority and
majority spin channels can be calculated by summing up all the probabilities for
transmitting an electron from the electron modes in the left lead through the junc-
tion into electron modes in the right leads [41–43].

We can study the effect of various types of disorder on the transmission using the
same formalism and computer codes by modelling the disorder within large lateral
supercells [39, 41] and averaging over many configurations of disorder generated by
choosing positions of impurity atoms or imperfections randomly. Three types of dis-
order are studied: interface roughness, interface alloying and lattice mismatch. In
the first two cases, averaging is performed over a minimum of ten configurations of
disorder. To model interface roughness, some surface atoms are removed (replaced
by empty spheres with nuclear charges that are zero in the ASA) and the ASA poten-
tials are calculated self-consistently using a layer version [44] of the coherent potential
approximation (CPA) [45]. The effect of interface alloying which might occur if de-
position of a thin layer of copper on Ni or Co (“dusting”) leads to intermixing is
modelled in a similar fashion. Thirdly, the small lattice mismatch between graphite
and TM is modelled by “cutting and pasting” AS potentials from self-consistent cal-
culations for TM|Grn|TM junctions with two different in-plane lattice constants. The
two systems are then combined using a supercell of the size determined by the lattice
mismatch. The lateral BZ of the supercell is sampled with a 24 × 24 k-point grid
for the self-consistent TB-ASA-LMTO calculations. To converge the conductance,
denser grids containing 800×800, 20×20 and 8×8 k-points are used for 1×1 (ideal
junction), 5× 5 and 20× 20 supercells, respectively.
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5.3 Geometry and electronic structure of TM|Grn|TM

In this section we describe in more detail how the electronic structure of TM|Grn|TM
junctions for TM=Cu, Ni or Co is calculated. These close-packed metals can be grown
with ABC stacking in the (111) direction (fcc), or with AB stacking in the (0001)
direction (hcp). We neglect the small lattice mismatch of 1.3%, 1.9% and 3.9% for
the Ni|Gr, Co|Gr, and Cu|Gr interfaces, respectively, and assume the junction in-
plane lattice constant to be equal to that of graphite, aGr = 2.46 Å. In the atomic
spheres approximation (ASA), the atomic sphere radii of Ni, Co and Cu are then
rTM = 2.574 a.u. The ASA works well for transition metals like Co, Ni or Cu which
have close-packed structures. For materials like graphite which has a very open
structure with an in-plane lattice constant aGr = 2.46 Å, and an out-of-plane lattice
constant cGr = 6.7 Å, the unmodified ASA is not sufficient. Fortunately, a reasonable
description of the crystal potential can be obtained by packing the interstitial space
with empty spheres [47]. This procedure should satisfy the following criteria: (i) the
total volume of all atomic spheres has to be equal to the volume of the entire system
(space filling), and the (ii) overlap between the atomic spheres should be as small as
possible.

5.3.1 Graphite and graphene

To see how this procedure works in practice, we benchmark the TB-MTO-ASA band
structure of graphite against the “exact” band structure calculated with the PWP
method. To preserve the space group symmetry which is D4

6h (P63/mmc) for graphite
[46], the positions of the atomic spheres are chosen at Wyckoff positions. There are

Model Atom Wyckoff position radius
position parameters (a.u.)

I C1 2b 1.556
C2 2c 1.556
E1 2a 1.454
E2 2d 1.61
E3 4f z=0.5 1.454
E4 24l x=1/3, y=0, z=0.376 1.454

II C1 2b 1.56
C2 2c 1.56
E 4f z=0.398 2.18

Table 5.2: Atomic parameters including five types of empty spheres: E, E1, E2,
E3,E4, (with nuclear charge Z=0); atomic positions according to Wyckoff notations
of space group D4

6h (P63/mmc) Ref.[46]; position parameters and atomic sphere
radii.
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Model I Model II

top view

side view

Figure 5.2: Top and side perspective views (top and bottom panels) of graphite
where the potential is represented in the atomic spheres approximation using addi-
tional, empty atomic spheres. Model I (left) contains 32 empty spheres in a unit cell
containing 4 carbon atoms (red spheres). Model II (right), contains just 4 empty
spheres. For model I, gray, green, blue and yellow spheres display the positions of
E1, E2, E3 and E4 empty spheres respectively. For model II, there is just one type
of empty sphere (green).

twelve different Wyckoff positions consistent with D4
6h symmetry, so the best choice

of empty spheres is not immediately obvious. We construct two models that describe
the band structure close to the Fermi energy well compared to the PWP results;
this is what is most relevant for studying transport in the linear response regime.
Model I with 32 empty spheres per unit cell and model II with only 4 empty spheres
per unit cell both preserve the symmetry of graphite within the ASA. The crystal
structures of graphite packed with empty spheres according to these two models is
shown schematically in Fig. 5.2 1. The Wyckoff labels, atomic sphere coordinates
and radii are given in Table 5.2. Figure 5.3 shows the band structure of graphite
obtained with the TB-MTO-ASA for models I and II compared to the “exact” PWP
band structure. Both models are seen to describe the graphite π bands around the

1note that not all the empty spheres in a unit cell are shown in Fig. 5.2
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Figure 5.3: Band structure of graphite for model I (on the left), and model II
(on the right). Green dots and black lines correspond to band structures calculated
using the PWP and TB-MTO-ASA methods, respectively.

Fermi energy very well. Model I provides a very good description of the bands
within ±2 eV of the Fermi energy, while the smaller basis model II is quite good
within ±1 eV. At the cost of including many more empty spheres, model I provides
a better description of the crystal potential between the graphene planes than model
II. For this reason we use model I to study the transport properties of ideal junctions,
junctions with interface roughness and alloy disorder. To be able to handle the large
20 × 20 lateral supercells needed to model lattice mismatch of 5% at the TM|Gr
interface, we use model II.

5.3.2 Graphene on Ni(111) substrate

The next step is to put a monolayer of graphite (graphene) on top of the Ni(111)
substrate at a distance d0 from the metal surface. From our studies of the energetics
of graphene on TM(111), we found [1, 37] that the lowest energy configuration (with
3m symmetry) for TM=Ni or Co corresponds to an “AC” configuration in which one
carbon atom is positioned on top of a surface TM atom (an “A” site) while the second
carbon atom is situated above a third layer TM atom (a“C”site), where A and C refer
to the ABC stacking of fcc close-packed planes, see Fig. 5.5. This is in agreement with
another recent first-principles calculations [48] as well as with experiments [30, 31] for
graphene on the Ni(111) surface. The electronic structure of a single graphene sheet
will depend on d0 and the details of such graphene-metallic substrate contacts can
be expected to play an important role in current-in-plane (CIP) devices [27, 28]. For
the less strongly bound BC configuration of Gr on Ni, the equilibrium separation is
rather large d0 ∼ 3.3 Å and the characteristic band structure of an isolated graphene
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Figure 5.4: The results of PWP calculations of majority (top panels) and minority
(bottom panels) spin band structures (green) of a single graphene layer absorbed
upon (both sides of) a 13 layer (111) Ni slab for a BC configuration with d0 = 3.3
Å, and an AC configuration with d0 = 2.0 Å. The bands replotted in black using
the carbon pz character as a weighting factor are superimposed. The Fermi energy
is indicated by the horizontal dashed line.

sheet is clearly recognizable; see Fig. 5.4. For the lowest energy AC configuration,
the interaction between the graphene sheet and Ni surface is much stronger, a gap
is opened in the graphene derived pz bands and there are no graphene states at the
K-point in reciprocal space at the Fermi energy for the minority spin channel. This
may prevent efficient spin injection into graphene in lateral, CIP devices [27].

5.3.3 Ni|Grn|Ni(111) junction

The transmission of electrons through a TM|Grn|TM junction will obviously depend
on the geometry of the metal-graphite contacts. Rather than carrying out a total
energy minimization explicitly for every different value of n, we assume that the weak
interaction between graphene sheets will not influence the stronger TM|Gr interac-
tion and construct the junction using the “AC” configuration and the equilibrium
separation d0 = 2.03 Å for each interface, as shown in Fig. 5.5. The interstitial space
at the TM|Gr interfaces is filled with empty spheres using a procedure analogous to
that described for bulk graphite [49].
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Figure 5.5: “AC” model of TM|Grn|TM structure for (a) even and (b) odd
number of graphene sheets. Carbon atoms are represented by small red spheres, TM
atoms by larger gray spheres. The configuration shown in (a) is a c1c1 configuration
with the carbon atom labelled c1 above an“A”site surface layer TM atom of the top
and the bottom electrodes. The other carbon atom, c2, is above a third layer TM
atom on a “C” site. An equivalent c2c2 configuration in which the c2 atoms are on
top of TM atoms can be realized by rotating the top and bottom electrodes by 180◦

about a vertical axis through the second layer “B” sites; this effectively interchanges
c1 and c2. Two other equivalent configurations c1c2 and c2c1 can be realized in an
analogous fashion by rotating either the top or the bottom electrode through 180◦.
For two sheets of graphene stacked as in graphite, a c2c2 configuration is sketched
in (b). Interlayer distance is indicated as d0 and c/2 is the distance separating two
neighbouing graphene sheets.

Because the two carbon atoms c1 and c2 in the graphene unit cell are equivalent,
either of them can be positioned above a surface Ni atom on an A site with the other
on the C site in an “AC” configuration, without changing the total energy. Since
this can be done for each TM|Gr interface separately, four different configurations
of the TM|Gr|TM junction can be constructed by rotating one or both electrodes
through 180◦ about a vertical axis through the second layer B sites which interchanges
electrode A and C sites in Fig. 5.5. We label these four different configurations c1c1,
c1c2, c2c1 and c2c2 in terms of the carbon atoms which are bonded to A site TM
atoms. For more than one graphene sheet, the second sheet breaks the symmetry
between the c1 and c2 atoms. While we have not checked this explicitly, we expect
the corresponding energy difference to be small and will neglect it.
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Figure 5.6: Lateral band structures of the Ni|Gr|Ni ideal junction with a mono-
layer of graphite and 6 monolayers of (111) Ni that on both sides in case of “AC”
model c1c2 configuration for majority (top panels) and minority (bottom panels)
spin channels. The PWP calculations are shown on the left (green dotted lines)
and the TB-LMTO-ASA results are on the right (black solid lines).

In Figure 5.4 we saw that the graphene π states interacted strongly with the nickel
surface in the minimum energy “AC” configuration. The interaction with the metal
substrate made the c1 and c2 carbon atoms inequivalent and led to the opening of an
energy gap in the graphene π bands. Having constructed an interface geometry, we
can examine the band structure of the Ni|graphene|Ni (111) junction as a function
of k‖, the two dimensional Bloch vector. This is shown in Fig. 5.6 for a single sheet
of graphene sandwiched between two slabs of Ni each of which is 6 monolayers thick.
The bands on the left-hand side were calculated using the plane-wave pseudopotential
(PWP) method and those on the right with the TB-LMTO-ASA. Assuming the
PWP as a benchmark, we see that the Ni-related bands are described well by the
TB-LMTO-ASA - as might be expected since the ASA is known to work well for close-
packed solids. The second thing we see is that there is no gap in the graphene π bands.
This is because the c1c2 configuration used in the calculation has inversion symmetry
and the symmetry between the two carbon atoms is restored; see Fig. 5.5(a). The
third point to be made is that the charge transfer from graphene (work function: 4.5
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eV) to Ni (work function: 5.5 eV) and strong chemisorption leads to the formation of
a potential step at the interface and a significant shift of the graphene π bands with
respect to the Fermi level which is pinned at that of bulk Ni. We find similar results
for Co|Gr|Co(111) and Co|Gr|Co(0001) junctions. There is a difference between the
position of the graphene π-derived bands, most noticably at the K point, in the PWP
and TB-LMTO-ASA band structures shown in Fig. 5.6 for both spin channels. It
appears that the interface dipole is not adequately described by the ASA. Since from
the point of view of describing transmission of electrons through this junction, the
electronic band structure is the most important measure of the quality of our basis,
description of the potential etc, this discrepancy is disturbing and will certainly
have quantitative consequences. However, our most important conclusions will be
qualitative and will not depend on this aspect of the electronic structure.

5.4 Electron transport through a FM|Grn|FM junc-
tion

Using the method and geometries outlined above, we proceed to study the spin-
dependent transmission through ideal Ni|Gr|Ni junctions in the CPP geometry as a
function of the thickness of the graphite spacer layer. We then discuss how interface
roughness, alloy disorder and graphite-metal lattice mismatch affect the spin-filtering
properties of the junctions using large lateral supercells to model the various types
of disorder. Similar results are found for all the TMs shown in Fig. 5.1.

5.4.1 Specular interface

The spin-dependent transmission through Ni|Grn|Ni (111) junctions is shown in
Fig. 5.7 for parallel (P) and antiparallel (AP) orientations of the magnetization
in the nickel leads, in the form of the conductances GσP and GσAP with σ = min,
maj. All the conductance values are averaged over the four interface configurations
of the Ni|Grn|Ni junction which are consistent with AC configurations of the Ni|Gr
(111) interface. Gmaj

P and GσAP are strongly attenuated, while Gmin
P saturates to an

n-independent value. The magnetoresistance (MR) defined as

MR =
RAP −RP

RAP
× 100% ≡ GP −GAP

GP
× 100%, (5.1)

rapidly approaches its maximum possible value of 100%, as shown in the right inset
in Fig. 5.7. This pessimistic definition of MR is more convenient here because GAP

vanishes for large n. It is usually the optimistic version, that approaches 1012 %
in our calculations but does not saturate, that is quoted [9, 10, 50, 51]. The left
inset in Fig. 5.7 shows how the conductance depends on the particular configuration
of the junction. The minority spin conductance in the parallel configuration, which
dominates the magnetoresistance behaviour, is highest for the c1c1 configuration with
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Figure 5.7: Conductances Gmin
P (O), Gmaj

P (M), and GσAP (×) averaged over the
four configurations c1c1, c1c2, c2c1 and c2c2 of a Ni|Grn|Ni junction as a function of
the number of graphene monolayers n for ideal junctions. Right inset: magnetore-
sistance MR as a function of n. Left inset: minority parallel conductance Gmin

P (O)
given for four different configurations. The points which are circled and connected
with a dashed line are the values which were shown in Ref. [1].

a value of Gmin
P ∼ 10−2G0. This is approximately an order of magnitude larger than

Gmin
P for the c2c1, c1c2 and c2c2 configurations. The c1c2 and c2c1 configurations

are equivalent so the corresponding values of Gmin
P should be identical. The small

differences which can be seen in the figure are an indication of the overall accuracy of
the numerical calculation. The points which are circled and connected with a dashed
line are the values which were shown in Ref. [1].

To demonstrate that spin-filtering occurs due to high transmission of minority spin
electrons around the K point, we plot the majority- and minority-spin transmission
for the P configuration as a function of k‖ for two graphite films of different thickness
in Figure 5.8. A single sheet of graphene (a monolayer of graphite) is essentially
transparent with a conductance of order G0 in both spin channels. In the minority
spin channel, the transmission is very low or vanishes close to Γ̄ and along the high
symmetry Γ-K line, close to K, in spite of there being one or more sheets of Fermi
surface in these regions of reciprocal space. This is a clear indication of the importan-
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Figure 5.8: Transmission as a function of the transverse crystal momentum k‖
in the two dimensional interface BZ for a c1c2 configuration of an ideal Ni|Grn|Ni
(111) junction in a parallel state. (a) and (b) are for a single graphene sheet, n = 1;
(c) and (d) are for n = 5; (e) shows the minority spin transmission in a small area,
r = 0.057 (2π/aGr) around the K point for 5 ML of graphite on an enlarged scale.

ce of matrix element effects: selection rules resulting from the incompatibility of wave
functions on either side of the interface [41].

For thicker graphite, the majority transmission must be zero around Γ̄ and around
the K point because there are no states there in the Ni leads. The only contribution
to the conductance comes from tunneling through graphite in regions of the 2D-BZ
where there are Ni states and the gap between graphite bonding and antibonding π
states is small. This occurs close to the M point; see Fig. 5.3 and Ref. [52]. Because
the gap decreases going from M to K, the transmission increases in this direction. At
the edge of the Fermi surface projection, the velocity of the Bloch electrons in the
leads is zero so that the maximum transmission occurs just on the M side of these
edges.

The total minority transmission consist of two contributions. On the one hand
there is a tunneling contribution from throughout the 2D-BZ which, depending on
the particular k‖ point, is determined by the gap in graphite as well as by the
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compatibility of the symmetries, at that point, of the wave functions in Ni and in
graphite. On the other hand there is a large transmission from the neighbourhood
of the K point coming from the Bloch states there in graphite. Once these have
coupled to available states in Ni, this contribution doesn’t change as more layers of
graphite are added. Perfect spin-filtering (100% magnetoresistance) occurs when the
tunneling contributions are essentially quenched compared to the minority spin K
point contribution. For four MLs of graphite the polarization is within a percent
of 100% and for five MLs it is for all intents and purposes complete. The only
discernible transmission in Figs. 5.8(c-e) is found close to the K point. Magnification
of this region in Fig. 5.8(e) shows a certain amount of structure in the transmission.
This can be explained in terms of the multiple sheets of Ni minority spin Fermi surface
in the vicinity of K (Fig. 5.1) and the small but finite dispersion of the graphite bands
perpendicular to the basal plane [52]. The transmission is seen to have the threefold
symmetry of the junction.

The spin-filtering does not depend on details of how graphite is bonded to the fer-
romagnetic leads as long as the translational symmetry parallel to the metal-graphite
interfaces is preserved. We have verified this by performing explicit calculations (re-
sults not shown here) for junctions in the“AB”and“BC”configurations with different
metal-graphite separations d.

5.4.2 Ni|Cum|Grn|Cum|Ni (111)

In Section 5.3, we saw that the electronic structure of a sheet of graphene depends
strongly on its separation from the underlying TM substrate. For Co and Ni, equi-
librium separations of the order of 2.0 Å were calculated for the lowest energy AC
configuration (see Table 5.1), the interaction was strong and the characteristic linear
dispersion of the graphene electronic structure was destroyed, Fig. 5.4. For a sepa-
ration of 3.3 Å, the small residual interaction does not destroy the linear dispersion.
Unlike Co and Ni, Cu interacts only weakly with graphene, there is only a small
energy difference between the “asymmetric” AC configuration with d0 = 3.3 Å and
the slightly more weakly bound “symmetric” BC configuration with d0 = 3.4 Å, and
bonding to Cu preserves the characteristic graphene electronic structure, opening up
only a very small gap of about 10 meV at the Dirac point [53].

Should it be desirable to avoid forming a strong bond between graphite and the
TM electrode, then it should be a simple matter of depositing one or a few layers of
Cu on e.g. Ni. Such a thin layer of Cu will adopt the in-plane lattice constant of Ni
and graphite will bind to it weakly so that the electronic structure of the first layer
of graphite will be only weakly perturbed. Because Cu oxidizes less readily than Ni
or Co, it may be used as a protective layer. Cu has no states at or around the K
point for either spin channel (Fig. 5.1) so it will simply attenuate the conductance
of the minority spin channel at the K point. This is demonstrated in Fig 5.9 where
the magnetoresistance of a Ni|Cum|Grn|Cum|Ni junction is shown as a function of
the number m of layers of Cu when there are 5 MLs and 7 MLs of graphite. The
MR decreases as the thickness of Cu is increased, reducing the transmission of the K
point channel. The decrease of MR can be compensated by increasing the thickness
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Ni|Cu|Gr|Cu|Ni

Figure 5.9: Magnetoresistance as a function of a number of Cu monolayers on
both left and right Ni leads in case of 5 ML (dashed line) and 7 ML (solid line) of
graphene.

of graphite. These conclusions are consistent with the qualitative conclusions drawn
above in connection with Fig 5.1(i).

Although the linear dispersion of the graphene bands is essentially unchanged
by adsorption on Cu, application of an in-plane bias will destroy the translational
symmetry parallel to the interface upon which our considerations have been based.
The finite lateral size of a Ni|Cu electrode will also break the translational symmetry
in a CIP measuring configuration and edge effects may destroy the spin-injection
properties. We will return to this issue in the last chapter.

5.4.3 Effect of disorder

Lattice Mismatch
Sofar, we have assumed TM and graphite lattices which are commensurate in-plane.
In practice there is a lattice mismatch with graphite of 1.3% for Ni, 1.9% for Co and
3.9% for Cu which immediately poses the question of how this will affect the perfect
spin-filtering. While lattice mismatch between lattices with lattice constants a1 and
a2 can in principle be treated by using n1 units of lattice 1 and n2 units of lattice
2 with n1a1 = n2a2, in practice we cannot perform calculations for systems with n
much larger than 20 which limits us to treating a large lattice mismatch of 5%. To
put an upper limit on the effect of a 1.3-1.9% lattice mismatch, we performed calcu-
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Ni|Gr|Ni

Figure 5.10: Magnetoresistance as a function of n for: (circles) ideal junctions;
(diamonds) Ni|Grn|Cu50Ni50|Ni junctions where the surface layer is a disordered
alloy; (squares) Ni|Grn|Ni junctions where the top layer of one of the electrodes is
rough with only half of the top layer sites occupied. The supercell conductances
are normalized to the 1 × 1 surface unit cell used for the ideal case. For the
rough surface layer, the error bars indicate the spread of MR obtained for different
configurations. Inset: schematic representation of Ni|Grn|Ni junction with alloy
disorder (roughness) at the right Ni|Gr interface. Ni atoms are given by large gray
balls while Cu (missing) atoms in the case of alloy disorder (roughness) are given
by large black balls. Positions of carbon atoms are represented by small grey balls.

lations for a Ni|Gr5|Ni junction matching 19× 19 unit cells of Ni in-plane to 20× 20
unit cells of graphite. The effect of this 5% lattice mismatch was to reduce the
(pessimistic) magnetoresistance from 100% to 90% (or ∼ 900% in the optimistic
definition). We conclude that the actual Ni|Gr mismatch of 1.3% should not be a
serious limiting factor in practice.

Incommensurability is not the only factor that might reduce the magnetoresis-
tance. Preparing atomically perfect interfaces is not possible and raises the question
of how sensitive the perfect spin-filtering will be to interface roughness or disorder.
Our studies of spin injection in Chapter 2 [15] and TMR in Chapter 3 [14] suggest
they may be very important and can even dominate the spin transport properties.
Interface Roughness
We envisage a procedure for making Ni|Grn|Ni junctions in which thin graphite lay-
ers are prepared by micromechanical cleavage of bulk graphite onto a SiO2 covered
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Si wafer [54] into which TM (Ni or Co) electrodes have been embedded. We assume
that the (111) electrodes can be prepared in ultrahigh vacuum and characterized on
an atomic scale and that the surfaces are flat and defect free. Layers of graphene
are peeled away until the desired value of n is reached. Assuming it will be possible
to realize one essentially perfect interface, we have studied the effect of roughness at
the second interface, assuming it is prepared by evaporation or some similar method.
The graphite is assumed to be atomically perfect and all of the roughness occurs
in the metal interface layer. We model this roughness as in Ref. [14] by removing
a certain percentage of the top layer atoms. The atomic sphere potentials are cal-
culated using the layer version [44] of the coherent potential approximation (CPA)
[45]. The CPA-AS potentials are then distributed at random with the appropriate
concentration in 5× 5 lateral supercells and the transmission is calculated in a CPP
geometry for a number of such randomly generated configurations. The effect on
the magnetoresistance of removing half a monolayer of Ni is shown in Fig. 5.10 as
a function of the number of graphite layers. 50% roughness at one interface is seen
to reduce the 100% magnetoresistance to about 70% pessimistic (230% optimistic).
Interface Disorder
The last type of disorder we consider is a layer of interface alloy. We imagine that
depositing a layer of Cu on Ni to prevent graphite bonding to the Ni has led to a
layer of Ni and Cu mixing. In a worst case scenario, we assume all of the disorder is
in the surface layer and assume this to be a Ni50Cu50 random alloy. The potentials
are once again calculated self-consistently using the layer CPA and the transmission
calculated as for roughness. The effect on a monolayer of CuNi alloy is to reduce the
MR to 90% (900% in the optimistic definition) for a thick graphite film, as shown in
Fig. 5.10.

These results indicate that the momentum transfer induced by the scattering
due to imperfections is insufficient to bridge the large gap about the K point in
the majority spin FS projections. Alternatively, it may be possible to prepare two
separate, near-perfect TM|Gr interfaces and join them using a method analogous
to vacuum bonding [55]. Graphite has a large c-axis resistivity [56]. If one of the
TM|Gr interfaces is ideal and the graphite layer is sufficiently thick, then it should
be possible to achieve 100% spin accumulation in a high resistivity material making
it suitable for injecting spins into semiconductors [57]. Because carbon is so light,
spin-flip scattering arising from spin-orbit interaction should be negligible.

5.5 Discussion and Conclusions

Motivated by the recent progress in preparing and manipulating discrete, essentially
atomically perfect graphene layers, we have used parameter-free, materials specific
electronic structure calculations to explore the spin transport properties of a novel
TM|Grn|TM system. Perfect spin-filtering is predicted for ideal TM|Grn|TM junc-
tions with TM = Co or Ni in both fcc and hcp crystal structures. The spin filtering
stems from a combination of almost perfect matching of Gr and TM lattices and



5.5. Discussion and Conclusions 105

unique features of their electronic band structures. Graphite films have occupied
states at the Fermi level only around the K-point in the first (interface) BZ. Close-
packed surfaces of fcc and hcp Ni and Co have only minority spin states in the vicinity
of the K point, at the Fermi energy. For a modest number of layers of graphite, trans-
port from one electrode to the other can only occur via the graphite state at or around
the K point. Thus, perfect spin filtering occurs if in-plane translational symmetry is
preserved.

The electronic structure calculations presented here have shown that there is a
strong hybridization of carbon π orbitals with Ni (Co) surfaces which may suppress
spin-injection for both CIP and CPP geometries due to a substrate-induced bandgap
in graphene. It has been suggested to use TM|Cum|Grn|Cum|TM junctions where no
bandgap opening exists in graphene because the Cu substrate binds graphene weakly.
Moreover, using a few monolayers of Cu(111) on the top of Ni(111) electrodes does
not degrade the MR for a sufficiently thick graphite film. The TM|Cum|graphene
layered structure can be made by intercalation of Cu underneath a graphene sheet
on the Ni(111) surface [58]. The use of Cu might also prevent rapid oxidation of
the Ni(Co)(111) surfaces, which could be important for making practical devices.
Explicit studies of rough or disorder interfaces indicate that the spin-filtering effect
will not be critically sensitive to these types of breaking of translational symmetry.

As already discussed in connection with Fig. 5.1, the graphite film in a TM|Grn|TM
junction acts as a tunneling barrier (similar to magnetic tunnel junctions) for ma-
jority spin electrons whereas it is conducting for minority spin electrons. The minor-
ity electron can then transmit via the graphite states similarly to the GMR effect.
However, the TM|Grn|TM junction has several important advantages if compared
with a conventional TMR junction. Firstly, it has three times smaller lateral lat-
tice mismatch compared to the 3.8% for commonly-used Fe|MgO|Fe(001) junction.
This should reduce some of the strain and amount of defects that otherwise limit
the thickness and degrade the efficiency of spin injection. Secondly, record break-
ing values of MR in the TM|Grn|TM junction are predicted. The spin polarization
will approach 100% for an ideal junction with n > 3 graphite monolayers, and only
reduce to 70-90% for junctions with extremely large disorder and roughness at the
TM|Grn interfaces. Thirdly, this spin-filtering effect should be less sensitive to the
temperature assuming sufficiently thick graphite interlayer. This conclusion is based
upon several observations. The first one is the highest tunneling rate of majority
states at M point demonstrated by Fig. 5.8(a). And the second is the large energy
gap (almost 1 eV) between the Fermi level and graphite band at this point shown in
Fig. 5.3. Typical thermal broadening is, therefore, too small to allow high transmis-
sion of the majority electrons in TM|Grn|TM system which could otherwise decrease
the spin polarization.

In conclusion, we propose a new class of lattice-matched junctions, TM|Grn|TM,
that exhibit exceptionally high magnetoresistance effect which is robust to the inter-
face disorder and roughness, and insensitive to the temperature. All that make these
junctions highly attractive for possible applications in spintronic devices.
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Chapter 6

A new material system for
highly planar electronics

Lattice matched materials have figured prominently in the discovery of new physical
effects at interfaces. Because the in-plane lattice constants of graphite, hexagonal
boron nitride (h-BN) and of the close-packed surfaces of Co, Ni and Cu match almost
perfectly, it should be possible using micromechanical cleavage [1] to prepare ideal
interfaces between materials which are respectively, a semimetal, a wide band gap
semiconductor, ferromagnetic and nonmagnetic metals. This observation motivated
us to investigate theoretically a range of novel layered devices. Using parameter-free
energy minimization and electronic transport calculations, we show how h-BN can
be combined with the perfect spin filtering property of Ni|graphite and Co|graphite
interfaces [2] to make perfect tunnel junctions or ideal spin injectors with any desired
resistance-area product. Noting that monolayers of h-BN and the structurally related
BC2N are direct gap semiconductors, we propose a novel system of planar electronic
and light emitting devices.

Progress in increasing the capacity of magnetic hard disk drives depends on find-
ing materials with large magnetoresistance (MR) ratios and suitable resistance-area
(RA) products for use as read-head sensors. Present read-head technology is based
upon magnetic tunnel junctions (MTJ) with amorphous Al2O3 barriers and tun-
neling magnetoresistance (TMR) ratios of 20-70%. The next generation of read
heads requiring a larger TMR effect will be based upon “giant TMR” MTJs with
MgO tunnel barriers and room temperature TMR ratios of 200-500% [3]. Unless
stated otherwise, we use, the so-called optimistic definition for magnetoresistance,
MR = (RAP − RP )/RP ≡ (GP − GAP )/GAP . Reducing the area A of a junction
with a fixed tunnelling resistance per unit area (RA = constant) will increase the
resistance R. To reduce RA, the insulating oxide barrier can be made thinner. Cur-
rently tunnel junctions are so thin (tMgO ∼ 1.0 nm or only 4-5 atomic layers thick)
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Figure 6.1: Conductances Gmin
P (O), Gmaj

P (M), and GσAP (×) of a Ni|BN|Grn|Ni
junction as a function of the number of sheets of graphene n. Results for 2 sheets
of BN are shown. Inset: magnetoresistance as a function of n for ideal junctions.
Here, the pessimistic definition, MR = (RAP −RP )/RAP ≡ (GP −GAP )/GP which
does not diverge when GAP is zero, is used.

that further reduction will introduce pinholes. If A is to be reduced even further, it
will become necessary to find systems with equally high or higher TMR ratios and
lower RA products.

We recently showed [2] that a very few atomic layers of graphite sandwiched
between close-packed Ni or Co electrodes should have an infinite magnetoresistance
because neither of these transition metal ferromagnets (FM) has majority spin states
in the vicinity of the K point of reciprocal space where the graphite Fermi surface is
located. As a consequence, the majority spin conductance is attenuated exponentially
when the number of graphene sheets (Gr) is increased. There are Ni and Co minority
spin states at the K point and once they couple to the Bloch states in graphite, they
are not attenuated when its thickness is increased. A FM|Grn|FM magnetic tunnel
junctions has a very low RA product (∼ 0.5 Ωµm2 ) which depends very weakly on
the number n of graphene sheets. This intriguing behaviour depends upon the happy
coincidence that the K points of all three materials coincide which in turn results
from a near perfect matching of the in-plane lattice parameters of graphite and close
packed surfaces of Ni and Co. Though this prediction of perfect
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Figure 6.2: Conductances Gmin
P (O), Gmaj

P (M), and GσAP (×) of a Ni|BNn|Ni
junction as a function of the number of BN layers n for ideal junctions. Insets:
optimistic magnetoresistance as a function of n for ideal junction (on the right) and
polarization of the parallel conductance P = (Gmaj

P −Gmin
P )/(Gmaj

P +Gmin
P ).

spin filtering has yet to be experimentally confirmed, the physical principles upon
which it is based are very well established and robust. Detailed calculations show a
remarkable insensitivity to interface roughness, disorder and lattice mismatch.

For other applications it is desirable to have a large RA product. Spin electronics
or “spintronics” aims to introduce into conventional semiconductor-based electronics
the additional spin degree of freedom used to such good effect in metal-based “mag-
netoelectronics” . Attempts to inject spins directly into semiconductors encounter a
so-called “conductivity mismatch” problem: the difference in spin-up and spin-down
resistivity in conventional ferromagnetic metals is negligible compared to the very
much larger spin-independent resistivity of semiconductors [4]. This problem can be
resolved by injecting spins through a spin-dependent tunnel [5] or Schottky barrier
[6] but up till now the spin polarizations achieved at room temperature are far from
complete. Here we show how the RA product of a FM|Grn|FM junction with FM =
Ni or Co, can be made arbitrarily large without reducing the polarization, by insert-
ing m sheets of h-BN to make an FM|BNm|Grn|FM(111) MTJ. Hexagonal BN is a
large band gap semiconductor with an indirect gap of 6 eV[7]. More importantly, it
has the same honeycomb structure as graphene, almost the same lattice parameter,
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Al
Gr

Figure 6.3: The most stable configuration of graphene on (111) surfaces of the
fcc non-magnetic metals Al, Ag, Au, Pd and Pt with one carbon atom on top of
a metal atom (“A” site), and the second carbon on a hollow site (“C” site). The
interface unit cell contains 8 carbon and 3 metal atom.

and can be prepared in monolayer form by micromechanical cleavage [1]. Inserting
two layers of h-BN increases the RA product by more than three yields of magnitude
without any deterioration in the polarization (Fig.6.1). By adjusting the number
of layers of h-BN, the RA product can be varied essentially arbitrarily. Relaxed
structures were determined ab-initio by energy minimization [2, 8] and conductances
were also calculated from first-principles [9].

The large magnetoresistance of Fe|MgO|Fe MTJs [10–13] is attributed to the
crystallinity of the MgO tunnel barrier. Since h-BN is crystalline and its in-plane
lattice constant matches those of (111) Ni and Co to better than a percent, we
investigated the magnetoresistance of FM|BNm|FM(111) MTJs with m sheets of h-
BN. The results are shown in Fig. 6.2 for Ni electrodes. It can be seen that in the
wide barrier limit the magnetoresistance vanishes. The small MR found for thin
barriers can be traced to the existence of a surface state in the minority channel on
Ni(111). As the barrier width increases, the contribution from this surface state is
quenched. MgO is a cubic material with a conduction band minimum at the Γ-point
that is much lower in energy than at other high symmetry points. States at the Fermi
energy of the metal electrode which match the s-like symmetry of this conduction
band minimum are attenuated much more slowly in MgO than states with other
symmetries. In the case of Fe, there is a state with this orbital character at the
Fermi energy for majority spin but not for minority spin. By contrast, the bottom
of the conduction band (top of the valence band) of h-BN at the K, Γ, M, H and
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Figure 6.4: Conductances Gmin
P (O), Gmaj

P (M) of a Ni|Grn|Al junction as a
function of the number of graphene layers n for ideal junctions. Inset: spin polar-
ization of injected current as a function of the number of graphene layers n for ideal
junctions.

L (respectively, K, Γ, M, H, A and L) high symmetry points in reciprocal space
have very similar energies [7] so that there is no preferential tunnelling of states
with a particular orbital character which might translate as in the Fe-MgO case into
preference for a particular spin channel. Perfect lattice matching is not sufficient
to obtain a large magnetoresistance and h-BN must be used in combination with
graphite to obtain a large TMR and large RA product.

The perfect spin filtering properties of graphite on close-packed surfaces of Ni
or Co means that this hybrid system, which we denote FM(111)|Grn, behaves as
a half-metallic material and can be used to inject a 100% spin-polarized current
into nonmagnetic materials. As an example, we consider spin injection into metallic
aluminium where till now the most successful means of injecting spin has been by
using an aluminium oxide tunnel barrier [14].

The lattice constants of the face-centred cubic non-magnetic metals (NM) Al, Ag,
Au, Pd and Pt are such that a 2× 2 unit cell of graphene containing 8 carbon atoms
matches a

√
3×
√

3 surface unit cell of the (111) non-magnetic metal almost perfectly.
The most stable configuration of a graphene|NM(111) interface is determined without
introducing free parameters by minimizing the density functional theory (DFT) total
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energy within the local density approximation. The lowest energy“AC”configuration
illustrated in Fig. 6.3 has one carbon atom above a NM atom (the surface “A” sites)
while the other is above a third layer Al “C” site. A and C refer to the conventional
ABC stacking of the layers in an fcc crystal. The equilibrium interlayer distance at
the interface is calculated to be d = 3.41 for aluminium. For the other non-magnetic
metals Ag, Au, Pd, and Pt, equilibrium geometries and bonding energies can be found
elsewhere [15]. Once an interface geometry has been determined, the conductance
can be calculated. The results are shown in Fig. 6.4 for Ni|Grn|Al(111) as a function
of n. This figure demonstrates the saturation of the minority spin injection and rapid
exponential attenuation of the majority spin injection resulting in 100% polarization
of the injected carriers.

In principle, FM(111)|Grn could be used to inject spins into a doped semicon-
ductor. In practice, it might be necessary to include some layers of h-BN in order
to match the impedance of the semiconductor (or to apply a finite bias, though this
would go beyond the linear response regime we have implicitly assumed so far). To
perform detailed atomistic calculations it is necessary to consider a semiconductor
with the same in-plane lattice parameter as graphite - or which can be matched using
a reasonably sized supercell. The layered BCxN alloy is in this respect a very attrac-
tive system because it is intermediate between graphite and h-BN and indeed, h-BN
belongs to this system with x = 0. Because its bandgap is 6 eV, considerable effort
has been devoted to the possibility of using h-BN as a source of ultraviolet light [16].
Unfortunately, it would appear that h-BN is an indirect band gap material [7], as is
BC2N [17].

Our calculations of the electronic structure of BCxN indicate however, that mono-
layers of h-BN or BC2N are direct band gap materials. Since calculations for a
graphite|BN|graphite sandwich yield a transmission of order 0.1, a monolayer is too
transparent to sustain an applied voltage. To inject carriers into a monolayer of h-BN,
the electrodes would have to be in the plane of the monolayer of h-BN as sketched
in the upper panel of Fig 6.5. A well-known difficulty with this configuration is that
electrons and holes injected from either side can pass through the semiconductor
without recombining to emit light. This can be solved by constructing a quantum
well in which the electrons and holes are trapped until they recombine. In this case
the obvious material to use for the quantum well is BC2N with a band gap of order
2 eV [17, 18]. A sketch of the quantum well structure is given in the lower panel of
Fig 6.5. These configurations are two dimensional analogues of BxCyNz nanotube
heterojunctions [19].
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Summary

As the technology of semiconductor-based microelectronics approaches fundamen-
tal physical limits and there is little prospect of increasing its functionality with cur-
rently known materials, more radically different approaches are studied in order to be
able to continue making progress in the areas of computing, mobile communication
technology etc. One direction being actively pursued is spintronics (spin electron-
ics) that exploits not only the charge of electrons but also their spin. Like compass
needles in a magnetic field, electron spins can point up or down which could be very
convenient for the binary logic of ones and zeroes. Assuming we can easily define,
access and process the electron spin, we can, in principle, make new devices whose
architecture relies completely upon quantum mechanical phenomena. This is advan-
tageous, particularly, on small scales and opens the possibility of developing devices
that could be much smaller, consume less electricity and be more powerful compared
to traditional charge-based devices.

The aim of this thesis was to study theoretically spin-dependent transport in
layered structures containing transition metal itinerant ferromagnets, based upon
a quantum-mechanical description of electronic transport as the most appropriate
for an accurate description on an atomic scale. Our parameter-free material-specific
method, which is based upon the density functional theory (DFT), was described
in detail in Chapter 1. In this chapter the basic concepts of the DFT and local
density approximation used for calculating the electronic structure were presented.
We reviewed the tight-binding muffin-tin orbital method in the atomic spheres ap-
proximation used to solve the Kohn-Sham equations for the one electron potential
and the wave-function matching technique for calculating scattering matrices from
which the conductance could be determined using the Landauer-Buttiker formalism.

Developing new spintronic devices with enhanced functionality within existing
semiconductor technology would be an important advance. Realizing this would re-
quire being able to efficiently inject spins into a semiconductor, preferably using direct
electrical contacts at room temperature. Ferromagnetic metals are good candidates
as spin-injectors because of their high Curie temperatures and because their physical
properties and fabrication processes are well studied. However, spin-injection into
a semiconductor from a ferromagnetic metal appeared to be very inefficient because
of the conductivity mismatch. In Chapter 2 we studied the influence of interface
disorder on spin injection from Fe into InAs. It had previously been suggested that
the spin-dependent resistance of an ideal Fe|InAs interface (interface resistance) is
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large enough to solve the conductivity mismatch problem. However, interface dis-
order rapidly quenches the spin-dependence of interface resistance. In our study we
revisited this subject. In particular, we found a reduction of the spin polarization
of the injected current which was proportional to the interface disorder. We also
demonstrated a large sensitivity of polarization to the Fe|InAs interface geometry.
To prevent the intermixing of Fe and InAs (interface disorder) and reduce this sen-
sitivity we proposed inserting a buffer layer between the Fe and InAs. A Au buffer
layer was found to preserve the injection spin-polarization in the absence of disor-
der and reduced the disorder quenching. We believe that similar conclusions can be
drawn for Fe|GaAs and Fe|MgO|Fe junctions.

The most important application of spintronics, in a broader sense, is as magnetic
field sensors in hard disk drive read heads where nowadays magnetic tunnel junctions
(MTJ) consisting of two magnetic electrodes separated by a thin insulating layer are
displacing metallic spin valves. The operating principle of a MTJ is spin-dependent
quantum mechanical tunneling. Tunneling magnetoresistance (TMR) is the change
of the electrical resistance of a tunnel junction in an external magnetic field. TMR
sensors exhibit large sensitivity and can be made very small, which makes them the
key player in the recent progress in magnetic recording. Study of the quantum me-
chanical magnetoresistance (MR) effects began almost 30 years ago, however, some
of the most important issues have remained unresolved. In Chapter 3 we study the
problem of the large discrepancy between theoretically predicted and experimentally
measured values of TMR. We shown how taking interface roughness or lead disor-
der into account can resolve this discrepancy. Observation of a simple relationship
between the conductances of MTJs in their parallel and antiparallel configurations
has helped us to understand better the Julliere model. This issue was studied in
Chapter 4 using ab initio approach. Not only have we demonstrated that Julliere
model can be recovered from our results we have also generalized this model to the
case of finite biases.

Chapters 5 and 6 are devoted to the study of a completely new family of spin-
tronic devices. For minority spin electrons there is no overlap between the Fermi
surface projections of graphite and Ni or Co (in both fcc and hcp cases) leading
us to predict perfect spin-filtering at a graphite|FM(111) interface. From our study
we find 100% (maximum) pessimistic MR in FM|graphite|FM (111) junction. We
also demonstrate weak sensitivity of the MR to the interface roughness and alloy
disorder. In addition, using spin-filtering at graphite|FM interface we demonstrate
perfect spin-injection (100% of spin polarization of injected current) into a NM in
FM|graphite|NM(111) junctions. We hope that low temperature Andreev reflection
experiments would allow proving this effect experimentally. From our first-principles
calculations we find that two-dimensional hexagonal-BN and BC2N are a direct gap
insulator and semiconductor, respectively which allows us to propose a new family
of highly planar devices like two-dimensional light emitting diodes.



Samenvatting

Zoals reeds in de inleiding tot deze thesis werd gesteld, nadert de halfgeleider
micro-elektronica de fundamentele fysieke grenzen voor de gebruikte onderdelen.
Meer nog, de traditioneel gebruikte materialen en architecturen begrenzen een verdere
verhoging van hun functionaliteit. Dit indachtig, is het niet verwonderlijk dat nieuwe
alternatieve methoden worden ontwikkeld voor de verdere vooruitgang op gebied van
computatie, mobiele communicatie etc. Spintronica (een samentrekking van spin
elektronica) zou zo een alternatief kunnen zijn. Hierbij wordt niet enkel gebruik
gemaakt van de lading van de elektronen, maar eveneens van hun spin. De spin van
een elektron kan net zoals een minuscule kompasnaald ”up” of ”down” gericht zijn
met betrekking tot de richting van een magneetveld, wat uitermate handig is in de
binaire logica van enen en nullen. Aannemend dat we de elektronspin gemakkelijk
kunnen definiëren, uitlezen en bewerken, dan kunnen we, in principe, nieuwe compo-
nenten bouwen waarvan de architectuur volledig is gebaseerd op kwantum mechanis-
che fenomenen. Dit is voordelig enerzijds op zeer kleine schalen, en anderzijds geeft
het toegang tot de mogelijkheid componenten te ontwikkelen welke veel kleiner zijn,
minder stroom verbruiken en krachtiger zijn dan hun traditionele ladingsgebaseerde
evenknie.

Het doel van deze thesis is het theoretisch bestuderen van de spinafhankelijke
transporteigenschappen van gelaagde structuren met nanoschaal afmetingen. Om
een nauwkeurige beschrijving van het elektronische transport op atomaire schaal te
kunnen maken is een kwantummechanische beschouwing het meest geschikt. Onze
parametervrije materiaalspecifieke methode, gebaseerd op dichtheidsfunctionaalthe-
orie(DFT), wordt in detail beschreven in Hoofdstuk 1. In dat hoofdstuk worden de
basisbegrippen van DFT en de lokale-dichtheids-benadering, gebruikt bij het bereke-
nen van de elektronen structuur, gegeven. Daarna beschrijven we de tight-binding
muffin-tin orbitaal methode in de atomaire bol benadering, welke wordt gebruikt
bij het oplossen van de Kohn-Sham vergelijkingen voor het berekenen van de één
elektron potentiaal. Bij het berekenen van de geleiding uit het Landauer-Buttiker
formalisme worden de verstrooiingsmatrices bepaald gebruik makend van de wave-
matching techniek.

Een belangrijk voordeel bij de ontwikkeling van nieuwe spintronische componenten
is dat ze een verbetering van chipfunctionaliteit binnen de huidige halfgeleider tech-
nologie kunnen mogelijk maken. De realisatie hiervan vereist een efficiënte productie
van een spingepolariseerd ladingsensemble binnenin de halfgeleider, liefst in direct
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elektronisch contact en bij kamertemperatuur. Ferromagnetische metalen zijn goede
kandidaten als bronnen van spininjectie enerzijds door hun hoge curietemperatuur en
anderzijds omdat hun fysische eigenschappen en fabricatie intensief bestudeerd zijn.
De spininjectie in een halfgeleider vanuit een ferromagnetisch metaal blijkt echter
niet zo doeltreffend ten gevolge van het geleidings-mismatch-probleem. In Hoofd-
stuk 2 hebben we de spininjectie van Fe in InAs bestudeerd. Zoals reeds eerder was
voorspeld is de spinafhankelijke weerstand van de ideale Fe|InAs interface (interface
weerstand) groot genoeg om het geleidings-mismatch-probleem op te lossen. Spi-
jtig genoeg wordt de spinafhankelijkheid van de interface weerstand snel vernietigd
door wanorde aan deze interface. In onze studie hebben we deze resultaten opnieuw
bekeken. In het bijzonder vonden we dat de afname in spinpolarisatie van de gëın-
jecteerde stroom evenredig is met de wanorde aan de interface. Ook hebben we een
grote gevoeligheid van de polarisatie aan de Fe|InAs interface geometrie aangetoond.
Om het opmengen van Fe in InAs (interface wanorde) tegen te gaan en daarmee de
bijhorende gevoeligheid te reduceren stellen we het gebruik van een bufferlaag voor.
We vonden een afname van de gevoeligheid van de spinafhankelijke interface weer-
stand, ten gevolge van interface wanorde, bij het gebruik van een Au bufferlaag in
de Fe|Au|InAs systeem. We zijn van mening dat soortgelijke conclusies mogelijk zijn
voor Fe|GaAs en Fe|MgO|Fe systemen.

Spintronica in brede zin omvat eveneens magnetoelektronica, waarbij passieve
(hierbij kan het signaal niet versterkt worden) spintronische componenten worden
bestudeerd. Tegenwoordig is de magnetische tunnel junctie (MTJ) het meest actief
bestudeerde object in het gebied van de magnetoelektronica. De werking van een
MTJ is gebaseerd op kwantummechanische tunnel magnetische weerstand (TMW),
waarvan de herkomst ligt in de mogelijkheid van een component om zijn elektrische
weerstand te veranderen ten gevolge van een extern magnetisch veld. Een MTJ
bestaat uit twee ferromagnetische metalen leads met daartussenin een dun laagje van
een isolator. Magnetische sensors, waarvan de werking is gebaseerd op TMW, hebben
een grote gevoeligheid en kunnen zeer klein gemaakt worden. Dit bezorgde TMW
een sleutelpositie in de recente ontwikkelingen op vlak van magnetische opname.
Hoewel de bestudering van kwantummechanische magnetische weerstand (MW) zijn
aanvang ongeveer 30 jaar geleden vond, blijven er nog steeds belangrijke punten
onopgehelderd. In Hoofdstuk 3 bekijken we één zo een probleem: de grote dis-
crepantie tussen de theoretisch voorspelde en experimenteel gemeten waarden voor
TMW. Op dit probleem op te lossen stellen we voor wanorde in rekening te brengen.
We waren de eersten die de invloed van interface ruwheid en wanorde in de lead leg-
ering op TMW bestudeerden op basis van een ab initio methode. We ontdekten dat
met het in rekening brengen van dergelijke effecten het mogelijk is de kloof tussen
theoretische en experimentele resultaten te dichten. Het waarnemen van een nieuwe
relatie tussen de spincomponenten van de geleiding voor parallelle en antiparallelle
oriëntatie van de magnetische richting in ferromagnetische leads heeft ons geleid tot
een dieper begrip van het Julliere model. Dit punt is in detail bestudeerd in Hoofd-
stuk 4 gebruik makend van onze ab initio aanpak. Niet enkel hebben we aangetoond
dat het Julliere model kan worden afgeleid uit onze resultaten, we hebben eveneens
dit model veralgemeend naar het geval waar een eindige bias over de MTJ aangelegd
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is.
Hoofdstukken 5 en 6 zijn toegewijd aan de studie van een compleet nieuwe

familie van spintronische componenten. Op basis van waarnemingen van de mismatch
tussen de projecties van het fermi oppervlak van grafiet en van het FM (Ni en Co in
zowel fcc als hcp geometrie) minoriteits spinkanaal en de goede overeenkomst tussen
de projectie van de fermi oppervlakken van grafiet en het FM majoriteits spinkanaal
samen met het feit dat hun roosterconstanten bijna identiek zijn, voorspellen we een
perfecte spinfiltering aan het grafiet(grafeen)|FM(111) interface. In ons onderzoek
vonden we 100% (maximum) MW, pessimistisch geschat, voor de FM|grafiet|FM(111)
junctie. Ook toonden we een zwakke gevoeligheid van de MW voor interface ruigheid
en legeringwanorde aan. Voorts, gebruik makend van spinfiltering aan het grafiet|FM
interface toonden we de mogelijkheid van perfecte spininjectie (100% spinpolarisatie
van de gëınjecteerde stroom) in een NM in FM|grafiet|NM(111) juncties aan. We
hopen dat lage temperatuurs Andreev reflectie experimenten dit effect experimenteel
kunnen aantonen. In onze ab initio berekeningen vinden we dat tweedimensionale
hexagonale BN en BC2N systemen directe gat isolatoren en halfgeleiders zijn, welke
ons toelaten een nieuwe familie van vlakke componenten, zoals tweedimensionale
LED’s, voor te stellen.
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