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Chapter I

Introduction

I.1 Context

Information storage represents one of the main pillars of our modern technology-based

society. Current technological needs for telecommunications, data processing, informatics

or digital imaging require reliable memory devices with high access speed, low power

consumption, non volatility and high memory storage density.

In conventional electronics, information is carried by electric charges, which are stored

in capacitors and driven by the application of bias potentials. This technology relays

on the electronic properties of semiconductor materials, where the spin of the electron

basically plays no role. In contrast, magnetic recording utilizes the local orientation of

spins in ferromagnets, -i.e., the local magnetization- for data storage and magnetic �elds

for information reading and writing.

The discovery of giant magnetoresistance in 1988 gave birth to �spintronics�: an emerg-

ing technology based on the combination of both charge transport and magnetization. In

turn, spintronics has given rise to a fast and not volatile memory concept: the Magnetic

Random Access Memory (MRAM), and more recently to the spin transfer torque MRAM

(STT-MRAM). This new class of magnetic memory presents very interesting features

such as non-volatility, large read and write endurance and fast read and write operations.

Although these characteristics point the MRAMs as potential candidates to replace a

number of other memory technologies, the exclusive use of ferromagnetic (F) materials

for their spin-dependent transport properties presents also some drawbacks. For instance,

high storage density is limited by stray �elds and high current densities are still required

for writing operations due to high magnetic moments inherent to Fs. Since antiferro-

magnetic (AF) and ferrimagnetic (FI) materials exhibit vanishing or signi�cantly reduced

magnetic moments and stray �elds with respect to Fs, this work aims to address a sys-

tematic study of spin-dependent transport properties of both materials for their potential

application in non-volatile magnetic memories.
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Chapter I. Introduction

In this Chapter, I present a brief introduction to spintronics as the general framework

in which the subject of this thesis is involved. Some of the main underlying spin-dependent

transport phenomena of this �ouring technology, namely giant magnetoresistance, tun-

neling magnetoresistance and spin transfer torque in currently used F nanostructures are

shortly explained, since they will be investigated in the following chapters in the case of

AF and FI nanomaterials. I included a concise description of the essential features char-

acterising the three di�erent magnetic orderings in the �rst section of this introduction.

Next, I discuss the state-of-the-art in AF and FI-based spintronics. Finally, the general

outline of the thesis is presented.

I.2 Magnetic ordering

The atomic magnetic moments in solid matter can be ordered in di�erent ways (see

Fig. I.1) depending on the interaction energy or exchange interaction between the spins

Si and Sj of neighbouring atoms i and j (Heisenberg Hamiltonian for N atoms, see IV.2.1

for more details):

eex =
N∑
i,j

−Ji,jSi ·Sj

If the exchange integrals Ji,j are positive, magnetic moments will align in the same

direction and in the same sense, resulting in a net macroscopic magnetization: ferromag-

netic order. If they are negative, magnetic moments will align in the same direction but

in alternating senses, creating two di�erent sublattices with opposite magnetic orienta-

tions, giving no net magnetization: antiferromagnetic order 1; if in addition the opposing

moments of each sublattice are unequal, then a spontaneous magnetization appears: fer-

rimagnetic order.

Figure I.1 � Three fundamental magnetic orderings of matter.

For these magnetic orderings to occur, the exchange interaction energy must overcome

the thermal energy: ferromagnetism and ferrimagnetism orders appear below the Curie

temperature TC , and antiferromagnetism appears below the Néel temperature TN .

1. More complicated antiferromagnetic con�gurations can also be found for spins arranged in a non-
collinear way or in the case of frustrated systems where antiferromagnetic interactions can lead to multiple
ground states with non-regular distributions of localized spins.

12



Chapter I. Introduction

A very general magnetic ordering: ferrimagnetism

As explained above, a FI material hosts two populations of atoms with opposing and

unequal magnetic moments formed from elements having an un�lled d or f electron shell,

which results in a spontaneous magnetization. The two di�erent populations consist of

ions of di�erent species or similar ions occupying crystallographically inequivalent sites.

A subsystem formed by all the magnetic sites in the crystal with identical magnetic

behaviour (pointing in a single direction) is called a sublattice. In the case of FIs, the

magnetic moments of ions of di�erent sublattices are aligned antiparallel due to a negative

exchange interaction. The spontaneous magnetization is equal to the vector sum of the

magnetizations of the sublattices.

Ferrimagnetism might be viewed as one of the most general cases of magnetic ordering.

As such, ferromagnetism is a particular case of ferrimagnetism in which only one sublattice

is present and antiferromagnetism is a limiting case in which the two sublattices consist

of identical magnetic ions and the net magnetization is zero.

As in the case of antiferromagnetism, the FI ordering notion was introduced by L.

Néel in 1948. The term "ferrimagnetism", is derived from the word ferrite, which is the

name of a large class of oxides of the transition elements in which the phenomenon was

�rst observed. Other examples of FI materials are: magnetic garnets, transition metals

compounds such as MnGa, MnCoAl, CrMnSb, and the archetypal magnet, lodestone,

which is a naturally magnetized piece of the mineral magnetite (Fe3O4), the oldest known

magnetic material. The �rst magnetic compasses were made out of suspended pieces of

lodestone, which in Middle English means 'course stone' or 'leading stone', indicating

their importance to early navigation.

Note that the ideal picture of staggered AF and FI has to be nuanced in realis-

tic systems where magnetic interaction frustrations occur due for instance to interfacial

roughness, structural defects, peculiar 3-D AF and FI spin structures, interdi�usion of

species and grain boundaries for polycrystals.

I.3 Conventional ferromagnetic-based spintronics

Conventional electronics has exploited until recently only the charge of the electron

for technological applications. Spintronics (spin electronics) makes reference to a new

technology emerged in the 1980s that takes also advantage of the electron spin to carry

information. It paves the way for new revolutionary devices with spin-dependent e�ects

arising from the interaction between itinerant spins and the magnetic properties of solid

state materials. It has been used in a number of applications and has allowed for instance

to strongly increase data storage capability. In comparison to conventional electronics, this

new technology o�ers performance and additional functionalities for electronic devices.

13



Chapter I. Introduction

The possibility to build magnetic multilayers with individual thicknesses comparable

to the electron spin di�usion lengths and below, so that spin-dependent transport e�ects

could be observed, lead in 1988 to the discovery of the Giant Magnetoresistance (GMR)

e�ect, which is considered the beginning of the new spin-based electronics.

Giant magnetoresistance

Giant magnetoresistance (GMR) was �rst observed by the groups of Albert Fert and

Peter Grünberg [Baibich et al., 1988], [Binasch et al., 1989], in thin-�lm structures com-

posed of alternating F and non-magnetic (NM) conductive layers of several nanometers

(thicknesses comparable to the electron mean free path). For current perpendicular to

plane, the e�ect consists in a signi�cant change in the resistance for an electric current

�owing perpendicular to the plane of the layers when the relative magnetic con�guration

of the F layers switches from antiparallel to parallel (see Fig. I.2). The overall resistance

is relatively low for parallel alignment and relatively high for antiparallel alignment. The

ferromagnetic layers are spontaneously coupled antiferromagnetically through the NM

metallic spacer (high resistance), but the magnetic con�guration can be tuned via an

external magnetic �eld.

Figure I.2 � Schematic illustration of GMR adapted from Ref. [Chappert et al., 2007] and
de�niton of the GMR ratio.

As depicted in Fig. I.2, the GMR ratio is de�ned as the di�erence between the

resistances in the antiparallel and the parallel states divided by the resistance of the

parallel state (or divided by the resistance of the antiparallel state, depending on the

convention). It strongly depends on temperature and thicknesses of the F and NM layers.

In addition to the spin-dependent re�ections at the interfaces, the e�ect can be inter-

preted in terms of the spin-dependent density of states (DOS) of the F electrodes for the

itinerant electrons at the Fermi energy. Electronic states are spin split in the Fs, which
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leads to unequal DOS for up and down spins at the Fermi energy. In turn, the DOS at

the Fermi level determines the conductance of each spin channel, i.e., up (down) spins will

be scattered more likely in a F with majority down(up) electrons. For instance when no

spin-�ip scattering processes are considered, the bulk conductivity of spin-up and down

carriers at the Fermi level is given by:

σ↑(↓) = e2DOS↑(↓)(EF )D↑(↓)

where D↑(↓) is the spin-dependent spin di�usion constant. When an electric �eld is applied

to such a material, a �ow of a spin-polarized current appears, with a polarization de�ned

by the conductivities:

P =
J↑ − J↓
J↑ + J↓

=
σ↑ − σ↓
σ↑ + σ↓

where the J↑(↓) denote the spin-resolved charge current densities.

Thus, when no spin-�ip processes are considered, the overall resistance will depend on

the magnetic orientation of the F leads.

Within three years after the discovery of GMR, the "spin valve" concept had been

introduced. A spin valve is a GMR-based device with two ferromagnetic layers (alloys of

nickel, iron, and cobalt) sandwiching a thin nonmagnetic metal spacer (usually copper).

The resistance of the spin valve increases typically from 5 to 10 % when the relative

orientation of the magnetizations of the two layers switches from parallel to antiparallel

alignment [Wolf et al., 2001]. One of the two magnetic layers is called the "free layer",

since its magnetization can be easily reoriented by relatively low magnetic �elds. The other

magnetic layer is called the "reference layer" or "pinned" layer, since its magnetization

is relatively insensitive to moderate magnetic �elds. Pinning is usually accomplished by

using an antiferromagnetic layer in contact with the pinned F layer, which yields to a

magnetic interfacial interaction called exchange bias 2.

Since the magnetization of the free layer can however be easily reoriented by relatively

low magnetic �elds, the spin-valve itself can probe the orientation of a small magnetic

�eld and act as a magnetic sensor through the GMR e�ect. This sensor can be used in

a magnetic-storage read head to detect the small magnetic �eld coming from an encoded

bit on magnetic media (such as in a hard disk drive, HDD), as illustrated in Fig. I.3. The

spin-valve sensor was introduced in 1997 by IBM to replace anisotropic magnetoresistance

2. Since the AF exhibits small or no net magnetization, the orientation of its spins is almost not
a�ected by external magnetic �elds, and it will pin the interfacial spins of the adjacent exchange-coupled
F. The switching �eld of the F is signi�cantly increased, and the hysteresis loop of the F �lm is shifted
away from the H=0 axis by the exchange bias �eld HB, which amounts to the exchange interaction energy
of spins at the F/AF interface. The exchange bias �eld can be considered to be proportional to the scalar
product of F and AF interfacial spins: HB ∝ SF ·SAF. A change in the direction of AF spins (due e.g.
to the e�ects of STT) will therefore show as a hysteresis loop shift.
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(AMR) sensors in commercial magnetoresistive HDD read heads.

Figure I.3 � Spin valve magnetic sensor introduced by IBM as a magnetoresistive head
for hard-disk recording, adapted from Ref [Chappert et al., 2007]. The inductive head
creates a magnetic �eld for writing on the recording medium.

The HDD areal recording density rapidly increased by three orders of magnitude (from

0.1 to 100 Gbit/ in2) between 1991 and 2003 [Chappert et al., 2007]. It gave birth to a

large commercial sector within this �eld of spintronics, with sales exceeding $3 billion in

2005.

Shortly after the discovery of the GMR e�ect, when considerable progress had been

made in deposition and nanopatterning techniques, it was found that replacing the non-

magnetic metallic spacer with an insulating tunnel barrier of a few nanometers or less

could result in large values of the magnetoresistance (MR) at room temperature. This

e�ect is referred to as "tunneling MR" (TMR). The whole structure is called magnetic

tunnel junction (MTJ).

Tunnelling magnetoresistance

TMR ratio is de�ned analogously to GMR, although the di�erence in the electric

resistances for parallel and antiparallel states in MTJs is signi�cantly enhanced. This

makes MTJs particularly suitable for technological applications.

Some of the most important properties of a MTJ is that the tunnelling current depends

on the applied voltage and the magnetic orientation of the two F leads, which can also

be tuned by an external �eld. In contrast to spin valves, the barrier plays a fundamental

role as a spin �lter, and TMR ratios strongly depend on the quality of the barrier and

the interfaces with the leads.

16



Chapter I. Introduction

In the case of a MTJ, the tunnelling conductance depends not only on the DOS at

the Fermi energy, but also on the tunnelling probability, which is di�erent for various

electronic states in the F. In other words, the tunnel barrier also has a �ltering e�ect,

i.e. electrons belonging to di�erent energy bands are �ltered di�erently by the barrier.

However, nearly free dispersive s-bands which are hybridized with more localized d-bands

in 3-d Fs can be assumed to provide all the tunnelling current [Tsymbal et al., 2003].

The probability for an electron to tunnel through the barrier depends on its Fermi

wave vector but the dispersive bands that dominate tunnelling are similar to free electron

bands, and therefore the DOS of these bands is in turn proportional to their Fermi wave

vector. Electronic bands are spin-split in F metals, which implies di�erent wave vectors

for up and down spin electrons and consequently a tunnelling probability that depends

on spin. Hence, as in the case of GMR, TMR might also be explained in terms of the F

electrodes' DOS.

For the situation depicted in Fig. I.4, when the magnetizations of the two F leads

are parallel, the DOS at the Fermi energy for majority(minority) electrons is high(low)

in both leads. Majority electrons in the left lead are transmitted through the insulating

barrier and occupy the majority band in the right lead.

Figure I.4 � Schematic explanation of the TMR e�ect in terms of the spin-split DOS of
two identical F leads for parallel (left) and antiparallel (right) states. The resistance in
the parallel state is lower since the DOS at the Fermi level for majority down electrons
at both leads is high. The Fermi levels at the left and right leads are shifted with respect
to each other by an energy eU when a voltage U is applied across the structure.

Current is essentially carried by the majority channel and the electrical resistance is

low. In the AP con�guration, majority(minority) electrons in the left lead tunnel to the

minority(majority) band in the right lead, where the DOS at the Fermi energy is low(high).

Both spin channels contribute similarly to the current. The overall conductance is however

lower than in the parallel state since the DOS for both spins is low either in the left or in

the right lead.

Alternatively, spin valves and MTJ can be used as a magnetic bit, with the two-

memory states corresponding to antiparallel and parallel con�gurations. Arrays of pat-
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terned spin valves or MTJ can be used to store binary information with resistive read-out,

creating a magnetic solid state memory. This is the basis for MRAMs.

The design principle of the �rst MRAM generation is illustrated in Fig. I.5. The

magnetic elements to store binary information are integrated at the crossing points of two

perpendicular arrays of conducting lines, working as a static semiconductor RAM chip

but with the advantage of non-volatility with power o�.

Figure I.5 � Basic cross point architecture of MRAM adapted from Ref.
[Prejbeanu et al., 2013]. The working principle is explained in the text.

The free layer of the magnetic element to write can be reversed by the Oersted �elds

generated by current pulses sent through the two perpendicular lines having that mag-

netic element in common. There is the only point where the resulting �eld is high enough

for the writing process. The magnetic state of an addressed cell can be read by measuring

the resistance between the same two lines. The potential main advantages with respect

to electric-based semiconductor memories are non-volatility, lower energy for writing and

much faster write times. The main problem is the scalability due to the use of a magnetic

�eld to write information. On the one hand, non-volatility and cell volume reduction im-

pose high anisotropy constants (see IV.2.1), since the thermal excitations energy must be

lower than the magnetic stability energy barrier given by KV , where K is the anisotropy

constant and V is the volume of the magnetic element. In other words, the only way to

increase the product KV while reducing the size of the magnet (V ) is by increasing the

anisotropy constant K. On the other hand the required writing �eld and consequently the

required current increases proportionally with K. However, the reduced dimensions of the

conducting lines restricts considerably the available current density due to electromigra-

tion [Chappert et al., 2007], that consists in the di�usion of metal atoms in the conductor

due to momentum transfer from conducting electrons. In addition, smaller devices imply

lower available power.

Last, but not least, the unavoidable spatial extension of the writing magnetic �elds

prevents the magnetic cells to be densely packed, since the writing process of one of them

might also alter the magnetic state of its neighbouring magnetic elements, leading to

undesired encoding errors.
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The prediction in 1996 that a spin-polarized current directly traversing each magnetic

cell could be used instead of external magnetic �elds for switching the orientation of

the free layer represented a promising improvement to solve the mentioned scalability

problems. This e�ect was called spin transfer torque (STT).

Spin transfer torque

Spin transfer torque in tunnel junctions and spin valves with ferromagnetic leads is one

of the essential underlying phenomena of modern spintronics by which the magnetic order

of a ferromagnetic (F) thin �lm can be reoriented by the transfer of angular momentum

from a spin-polarized current.

If the relative orientation of the magnetic layers in a spin valve or a magnetic tunnel

junction has a strong impact on the current density showing as GMR or TMR e�ect, the

spin transfer torque (STT) can be considered as the converse e�ect. In e�ect, a su�ciently

large current density might change the relative orientation of the magnetic layers, or even

reverse the magnetization direction of one of them, resulting in magnetization switching

by a spin polarized current. That is, the magnetic order of a F thin �lm can be reori-

ented by the transfer of angular momentum from a spin-polarized current coming from a

not collinear F layer. This e�ect was theoretically predicted by Slonczewski and Berger

[Slonczewski, 1995],[Berger, 1996], and has been since then the object of extensive inves-

tigations due to its applications in spintronics devices [Wolf et al., 2001]. It was experi-

mentally shown by the groups of M. Tsoi and Ralph-Buhrman, who observed variations

in the resistance of di�erent F multilayers when high current densities between 107 and

108 A/cm2 were applied [Tsoi et al., 1998],[Myers et al., 1999]. The observation of STT

in low-resistance MTJ was later observed using submicron-sized pillars [Huai et al., 2004]

for a critical current of about 8× 106 A/cm2.

Figure I.6 � Conducting electrons �owing through the �rst thin F layer get spin polarized
along the magnetization M. If magnetizations M and M' are not collinear, the spin
orientation of the polarized electrons is modi�ed again when traversing the second F'
thin layer. This last change of spin angular momentum of conducting electrons implies a
torque exerted on the magnetization M hence the term spin transfer torque.

The STT phenomenon in F materials is usually explained in terms of angular mo-
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mentum conservation. Let's F and F' be two Fs with non collinear magnetizations M

and M' separated by a nonmagnetic metallic spacer or a tunnel barrier (see Fig. I.6).

When a current is applied, conducting s electrons �owing through F (considered as the

reference layer) become spin polarized due to the the s�d exchange interaction along the

direction of the magnetizationM. In traversing the second F' (considered as a free layer),

the injected electrons are then polarized in the direction M'. Hence, this magnetization

M' exerts a torque on the spin angular momentum of the itinerant electrons and vice

versa, spin angular momentum from the itinerant electrons is transferred to the localized

electrons of F', responsible for the global magnetization M'. In other words, by conser-

vation of angular momentum, the spin current exerts an equal and opposite torque on

the magnetization M'. Therefore, there is a transfer of spin angular momentum from the

itinerant electrons to the magnetization, and that is why it is called spin transfer.

For a su�ciently large current density, or critical current, the magnetization M' can

completely reverse and switch from antiparallel to parallel state (and vice versa, changing

the polarity of the current). Microwave precession of M' is also possible, when more

complex dynamical modes are excited by current.

In such F materials, the loss of transverse spin momentum occurs over a very short

distance (around 1 nm), so that STT is an interfacial e�ect, more e�cient on a thin layer.

The amplitude of the torque per unit area is proportional to the injected current density,

so that the switching current decreases proportionally to the cross-sectional area of the

structure. With today's advances in nanofabrication techniques, lateral sizes of around

100 nm can be easily achieved, this represents an important advantage of spin transfer

over �eld-induced switching.

The spin transfer torque depends on the applied current density J and the relative

orientation of the two magnetizations. It can be decomposed into one component in the

plane of the layers, T‖, and another component out of the plane of the layers, T⊥. These

two components read:

T‖ = T‖(J, θ)M
′ × (M×M′) T⊥ = T⊥(J, θ)M′ ×M (I.1)

The in-plane torque T‖ with amplitude T‖(J, θ) is usually called "spin transfer torque",

although this term will not be used here to denote only this component. The out-of-plane

torque T⊥ with amplitude T⊥(J, θ) is commonly called �eld-like torque, since it has the

same form as the torque exerted on M' due to an external magnetic �eld "M". These

two components are illustrated in Fig. II.1.

The unwanted in�uence of the writing process of a magnetic element on neighbouring

cells is therefore signi�cantly reduced if the STT e�ect is used instead of non-local external

switching magnetic �elds (�eld-induced writing). The writing current is directly sent

into the magnetic element to write. Another important advantage is that the writing
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process through the STT e�ect (current-induced writing) is scalable. It turns out that

the amplitude of the torque per unit area is proportional to the injected current density;

as the cross sectional area of the magnetic cell is reduced, the current required to switch

decreases proportionally, since switching occurs at a certain threshold current density.

This recent MRAM concept is called STT-MRAM.

Problematic

Despite the fact that today's nanofabrication techniques can achieve the production

of magnetic nanopillars of diameter below 100 nm, the threshold current density for

magnetization switching still remains very high, around 107A/cm2 [Ikeda et al., 2007].

Although it has been signi�cantly reduced since the development of MTJ based on MgO

barriers, and perpendicular anisotropy structures, the high magnetization together with

the interfacial character of STT inherent to F materials are serious limitations for the

threshold current density reduction. Moreover, the large currents necessary for STT

switching are detrimental to the barrier quality, which implies a loss of endurance with

respect to magnetic �eld writing. In addition, the unavoidable presence of stray �elds

created by F thin layers represents an obstacle for high information storage density; similar

to the �eld-induced writing scheme, large stray �elds couple in densely packed arrays of

magnetic cells, leading to likely encoding errors in integrated circuits.

As discussed below, the use of antiferro and ferrimagnetic materials appears naturally

as a potential solution to these issues.

I.4 Antiferromagnetic spintronics: state-of-the-art

In the �eld of spintronics, the spin-dependent transport properties of Fs lie at the heart

of devices working principles, hence the terminology F-spintronics. By way of contrast,

AFs like IrMn, FeMn, NiMn, have been used so far mostly for their magnetic properties: as

explained above, they pin the magnetization of an adjacent F via exchange bias in order

to set the reference direction required for the spin of conduction electrons in spintron-

ics devices [Nogués and Schuller, 1999], [Baltz et al., 2010]. However, AF-spintronics, i.e.

spin dependent transport with AF, is now in its infancy [Basset et al., 2008],

[MacDonald and Tsoi, 2011] and is identi�ed as a signi�cant exploratory topic in spin-

tronics [Duine, 2011], [Sinova and Zutic, 2012], [Brataas et al., 2012]. In particular, AFs

show no stray �eld which is bene�cial for ultimate downsize scalability. Although synthetic

antiferromagnets (SAF, i.e. two Fs coupled antiparallel usually by RKKY interactions)

are used to overcome device malfunction at reduced lateral dimensions associated with F

stray �elds (e.g. crosstalk in MRAM: mutual in�uence of neighbouring cells supposed to

be isolated one from another, de�ned above), SAFs never entirely compensate, and small,
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but non-zero stray �elds persist. With AFs, the net compensation is intrinsic except for

a very small part at the interface (see Fig. I.7).

Figure I.7 � Reduction of the stray �eld for AF-like magnetic structures.

Over the last few years, a growing number of studies have considered both theoretical

and device aspects of AF-spintronics [Duine, 2011], [Sinova and Zutic, 2012],

[Brataas et al., 2012], [Saidaoui et al., 2014], including current-induced AF magnetic res-

onance for radio-frequency components [Gomonay et al., 2012], AF domain wall motion

[Manchon et al., 2008b], [Logan et al., 2012], [Swaving and Duine, 2011],

[Wieser et al., 2011], and tunnel anisotropic magnetoresistance with AFs for memories

and logic devices [Park et al., 2011], [Petti et al., 2013].

In particular, a �rst theoretical toy model showed AF STT and GMR for metal-

lic AF/PM/AF spin-valve-like multilayers [Núñez et al., 2006], where PM stands for a

paramagnetic metallic spacer. The authors considered ideal crystalline uncompensated

F monolayers with staggered AF order (i.e. two alternating F sublattices with opposite

magnetizations). Owning to such alternating moment orientations, commensurate stag-

gered torques occur generically. Furthermore, unlike the pioneering theoretical works on

STT in F multilayers [Slonczewski, 1995], [Berger, 1996], which predict torques exerted

by a spin polarized current close to the interface between a F and a nonmagnetic metal,

STT is expected to act cooperatively through the entire volume of the AF electrodes. This

feature together with the absence of shape anisotropy in AFs explain that smaller critical

currents for local magnetization switching are also predicted for perfect epitaxial AFs

compared to the typical values for Fs. The �rst theoretical model was soon followed by

experimental evidence of AF-STT with currents injected in F/AF polycrystalline bilayers

[Wei et al., 2007].

Ab-initio calculations based on nonequilibrium Green functions and spin-density func-

tional theory further con�rmed GMR and STT e�ects in AF elements for AF/NM/AF

spin valve-like multilayers [Haney et al., 2007].

Later theoretical studies have focused on the e�ects of disorder on STT and GMR

in AF spin valves, taking into account inelastic [Duine et al., 2007] and elastic electron

scattering [Saidaoui et al., 2014]. While the latter shows without ambiguity that elastic
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scattering is detrimental to STT in AFs, the former predicts that in contrast to F spin

valves, inelastic scattering increases the STT e�ciency. Authors of [Saidaoui et al., 2014]

propose the use tunnelling junctions instead of spin valves to ensure momentum conser-

vation and get rid of the undesirable e�ects of elastic scattering on STT.

The di�culty to pin the order parameter of an AF element along a reference direc-

tion together with the dwarfed magnetoresistance observed in AF/PM/AF multilayers

[Wang et al., 2009] makes the experimental observation of STT in AF a technological

challenge. Indirect mechanisms such as the study of exchange bias variations at F/AF

interfaces due to the e�ect of a spin polarized current on the spin orientation of the AF

interfacial layer [Wei et al., 2007], [Urazhdin and Anthony, 2007] have been used to study

STT in AFs.

Tunnel anisotropic magnetoresistance has become also a promising e�ect to detect

the orientation of the order parameter in AF elements since its observation in exchange-

coupled F/AF bilayers [Martí et al., 2012] and IrMn-based tunnel junctions

[Park et al., 2011]. Tunnel anisotropic magnetoresistance stands for a strong dependence

of the resistance of a M/B/NM stack on the relative orientation of magnetic moments in

the magnetic layer M and the crystalline anisotropy axes via spin-orbit interactions. The

amount of current tunnelling perpendicularly across the junction is de�ned by the density

of states (DOS) of M at the Fermi energy, which depends in turn on the order parameter

orientation with respect to the crystalline anisotropy axes. In particular, the authors

of [Park et al., 2011] observed more than 100% spin valve-like signal for a F/AF/B/NM

stack with an AF at one side of the tunnel barrier and a non magnet at the other side.

By using the exchange spring e�ect [Scholl et al., 2004], AF moments were rotated by

the reversal of the F moments via external magnetic �elds, which was detected by the

measured tunnel anisotropic magnetoresistance.

Furthermore, the use of the auxiliary F layer was avoided by the authors of Ref

[Petti et al., 2013], who detected distinct metastable resistance states by �eld cooling

NM/B/AF tunnel junctions. The work of Marti et al. [Martí et al., 2014] provides in ad-

dition demonstration of electrically readable magnetic spintronics memory devices which

contains no F elements and which stores the information in the AF at room temperature.

I.5 Ferrimagnetic spintronics: state-of-the-art

Ferrimagnetic materials are now used in most permanent magnets, recording media

and microwave-oriented magnetic materials. Although they are not signi�cantly exploited

for their transport properties, they also present a good potential for spintronics devices

such as MTJs due to their low magnetization and high polarization, as described below.
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Micro-wave applications

The most known FI material for micro-wave applications is YIG (Ytrium iron garnet).

It is a synthetic garnet FI insulator of chemical composition Y3Fe2(FeO4)3 that is used

in microwave, optical and magneto-optical applications due to its low propagation loss

properties [Boona and Heremans, 2014], [Odashima et al., 2013]. In particular, YIG is

highly attractive for ferrimagnetic resonance and spin pumping investigations (see IV.2.3)

due to its extremely low damping constant α ≈ 4 · 10−4 [Hahn et al., 2014], and insulating

nature [Wang et al., 2014]. It has been recently used to show a large inverse spin Hall

e�ect in the AF metal Ir20Mn80 [Mendes et al., 2014], which is investigated in Chapter

IV.

Synthetic-ferrimagnets

The e�ects of STT in "synthetic-ferrimagnet" layers have been investigated in spin

valves [Smith et al., 2008] and MTJ [Cornelissen et al., 2010], [You et al., 2011]. Synthetic-

ferrimagnets are structures of the form F1/NM/F2, where F1 and F2 are two ferro-

magnetic �lms of di�erent thicknesses separated by a nonmagnetic metallic spacer pro-

moting strong antiparallel coupling between the two F layers. Synthetic-ferrimagnets

are expected to provide a high volume to withstand thermal �uctuations while keep-

ing the e�ective magnetic moment per area low [Ikeda et al., 2007],[Sousa et al., 2002],

[Inomata et al., 2002], [Tezuka et al., 2003b], [Tezuka et al., 2003a].

Half-metallic ferrimagnets

The performance of spintronics devices is directly related to the spin polarization by

the magnetic electrodes of spin valves and MTJ [Inomata et al., 2008]. A small magne-

tization combined with high spin polarization would considerably enhance the e�ects of

STT for spintronics applications [Klaer et al., 2011]. This advantageous combination can

be achieved by the concept of half-metallic ferrimagnetism. Half-metals have a metallic

band structure for one spin channel (partially �lled valence band) and an insulating band

gap in the DOS at the Fermi level for the opposite spin, as shown in Fig. I.8.

They act as a conductor only to electrons of one spin orientation but as an insu-

lator or semiconductor to those of the opposite orientation, thus providing a complete

spin polarization of the current. The concept was introduced by van Leuken and de

Groot[van Leuken and de Groot, 1995], who show that even AFs can show half metallic

character due to a spin-polarized DOS at the Fermi level (see Fig. I.9 (a)).

Some kinds of half metals have been theoretically predicted, such as (La,Sr)MnO3

perovskites, and Heusler alloys. The later represent a class of ternary intermetallic com-

pounds with the general formula XYZ, where X and Y are transition metals and Z is
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Figure I.8 � Schematic illustration of the spin-resolved DOS for a half-metal showing
explicitly the gap at the Fermi level for the spin-down channel [Inomata et al., 2008].

Figure I.9 � (a) Spin-polarized DOS for the half-metallic AF V7MnFe8Sb7In predicted
in [van Leuken and de Groot, 1995] using the local density approximation. (b) Spin-
resolved DOS for the half-metallic Ti2CoAl ferrimagnet calculated in [Bayar et al., 2011]
using density functional calculations.

a main group element [Bayar et al., 2011]. In particular, Co-based Heusler alloys are

promising materials for spintronics applications and have been increasingly investigated

[Inomata et al., 2008]. These Heusler alloys can show both F order, such as Co2MnAl,

Co2MnSi, Co2MnGe, Co2MnSe, and FI order, such as Mn3−xCoxGa or Ti2CoAl (see Fig.

I.9 (b)). The latter have been pointed out as promising materials for highly e�cient STT

devices in future spintronics applications [Klaer et al., 2011], [Bayar et al., 2011]. Inter-

estingly, the nearly half-metallic FI Mn3Ga, with a 88% spin polarization at the Fermi

energy has also been explicitly identi�ed as a suitable material for STT applications

due to its high spin polarization, high Curie temperature and a low magnetic moment

[Balke et al., 2007].
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I.6 Outline of the thesis

The presence of undesirable stray �elds and the need of very high current densities for

current-induced magnetization switching being the main drawbacks of ferromagnets for

spintronics applications, this work aims to address a comprehensive study of alternative

materials with two di�erent magnetic orders, namely antiferromagnets and ferrimagnets.

The vanishing magnetization of AFs implies the absence of surrounding stray �elds,

whereas the partially compensated magnetic structure of FIs makes these stray �elds to be

signi�cantly reduced. In addition, lower demagnetizing �elds imply lower critical currents

for STT-related magnetization reversal.

Current-induced magnetization switching in thin F layers is favoured by spin transfer

torques acting through all the F volume to reorient homogeneously the localized magnetic

moments. However, very high current densities are required to produce STT over long

characteristic lengths in Fs. In contrast, as explained above, STT is expected to act on

a much longer length scale in AFs. Longer length scales are also likely to be observed in

FIs due to the similarities between the magnetic structure of AFs and FIs. The spatial

distribution of STT is therefore of fundamental interest, and is investigated thoroughly

in this thesis.

Lower critical currents for STT switching together with the absence (or reduction) of

stray �elds in AF and FI would eventually lead to lower device power consumption and

ultimate downsize scalability.

This work includes a theoretical investigation of STT and TMR in AF and FI-based

magnetic tunnel junctions and an experimental study of STT characteristic lengths in

AFs.

� In Chapter II the tight binding (TB) model and the nonequilibrium Keldysh for-

malism used here for the calculations on spin-dependent transport in magnetic tun-

nel junctions are described. The main outcome of this chapter is the derivation of an

analytical expression for the retarded Green function for AF and FI leads, which is

required for all the following calculations. Density of states (DOS) and local density

of states (LDOS) for the AF and FI leads are calculated from the retarded Green

function and next examined through their energy dependence. Their dispersion re-

lations are also computed, which will be useful for the following chapter. A new

method to extend the mentioned calculations to fully compensated AF is �nally

proposed.

� Chapter III reports the theoretical results obtained using the theory developed in

Chapter II for 1-D and 3-D geometries. The �rst part is focused on the spatial

distribution of STT in AF tunnel junctions (AF-MTJ). The important novelty with

respect to previous works is the use of a tunnelling barrier instead of a metallic
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spacer. STT is expected to be more robust face to disorder in MTJ, and TMR

ratios are considerably higher than the equivalent GMR in spin valve structures.

The dependence of STT and TMR on the applied voltage, magnetic and electronic

characteristics of the AF leads and the barrier properties are discussed.

The second part presents the �rst theoretical work on STT in FIs. In particular,

the in�uence of the magnetic and electronic properties of the FI on the spatial

distribution of torques within the FI leads is determined quantitatively. As in the

�rst part of the Chapter, the e�ects of the applied voltage on STT and TMR are also

analysed. Due to the similar spatial behaviour of STT in FIs and fully compensated

AFs, a preliminary study on the later is presented at the end of the Chapter.

� Since the e�ects of disorder were not taken into account in the theoretical calcu-

lations of Chapters II and III, an experimental investigation of STT charateristic

lengths in actual AF thin layers is addressed in Chapter IV. A general introduc-

tion to ferromagnetic resonance (FMR) and spin pumping phenomena in which the

experimental measurements are based is �rst presented in order to understand the

experimental results. Next, STT characteristic lengths and spin current absorption

mechanisms in two di�erent AFs are analysed and compared. The directional char-

acter of the AF lattice with respect to the spin current polarization is discussed at

the end of the Chapter.

� The conclusions of this work as well as the perspectives for further research are

included in Chapter V.

� In addition to the de�nitions given along the text, a list of acronyms and abbrevia-

tions can be found in the glossary provided on page 137.

� Appendix A recalls the computation of the nonequilibrium Keldysh function, nec-

essary to obtain the density operator or lesser Green's function.

� The calculation of the analytical expression for the retarded Green's function for AF

and FI leads is described thoroughly in Appendix B, starting from the resolvent

of a Bethe lattice.

� Finally, Appendix C reports a preliminary experimental investigation on the e�ect

of a spin polarized current on AF nanostructures.
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Chapter II

Quantum transport in magnetic tunnel

junctions with tight binding models:

nonequilibrium Keldysh formalism

In this chapter we will derive all the theoretical tools needed to investigate spin de-

pendent transport properties of a magnetic tunnel junction with two di�erent magnetic

orders: AF and FI. We shall examine a steady state regime, but in a nonequilibrium state,

since a bias voltage is considered to be applied across the junction, leading to di�erent

chemical potentials in each lead of the junction. Tight binding (TB) models and the

nonequilibrium Keldysh formalism are particularly adapted in this case, and they will

be used throughout this chapter to obtain the results presented in the next one. This

latter formalism is an extension of the theory developed by Caroli et al. to calculate the

tunneling current in a non magnetic tunnel junction [Caroli et al., 1971], and it is brie�y

described at the end of this Chapter. Even for the case of non-interacting electrons, it

has proven to be more convenient to calculate physical quantities in conventional F-based

tunnel junctions, compared to Landauer or Kubo-like approaches as demonstrated in pre-

vious works [Kalitsov et al., 2009],[Theodonis et al., 2006],[Kalitsov et al., 2006],

[Edwards et al., 2005]. In addition, as discussed in the following sections, the spatial dis-

tributions of torques and spin densities are needed here, taking into account the speci�c

local magnetic distribution of the leads, which cannot be treated by simple energy band

approach to a tunneling contact.

I will thus present a method to study spin dependent transport properties in AF

and FI tunnel junctions, whose magnetic order is much more complex than that of the

extensively studied conventional F-based tunnel junctions.
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II.1 Magnetic tunnel junction model

II.1.1 Coherent transport

A magnetic tunnel junction consists of a thin insulating layer of a few angstroms

[Serrano-Guisan et al., 2011] separating two magnetic metal layers. The schematic geom-

etry modelling the magnetic tunnel junctions analysed in this work is shown in Fig. II.1

for the most general case of FI-ordered leads. F and AF leads will be also studied, but

they can be considered as limiting cases of the more complex FI order. The thickness

of the insulating layer (taken here of a few atomic layers) allows the electrons to tunnel

through the barrier when a voltage is applied between two metallic leads. The relative

orientation of the order parameters of the two magnetic layers has a strong impact on

the most important properties of the magnetic tunnel junction depending on spin depen-

dent transport, namely the TMR and STT. In the case of F and FI leads this relative

orientation can be changed via an applied magnetic �eld.

The current-carrying electrons responsible for the spin-dependent transport properties

of the tunnel junction are assumed to be dispersive nearly free s-like electrons (charac-

teristic of the 3d magnetic materials' electronic structures). Some properties of the tun-

nel junction such as the tunnelling conductance depend on the tunnelling probability of

the di�erent electronic states in the magnetic leads, however, as pointed out by Stearns

[Stearns, 1977], most of the tunnelling current is carried by dispersive bands, since d elec-

trons decay much faster than s electrons into the barrier region due to their large e�ective

mass. Moreover, in the case of bulk Ni in [110] direction, the dispersive s band of majority

spins is the only one that crosses the Fermi level. More realistic electronic structures of

the insulator and the barrier interfaces are also disregarded here, thus, one of the essential

assumptions here is that transport properties are mainly determined by dispersive s elec-

trons. The spin of the electron is assumed to be conserved throughout the entire junction.

Therefore transport occurs through two independent spin channels. It follows that elec-

trons coming from one lead in a given spin state are accepted by the un�lled states of the

same spin in the other lead. In addition, when a voltage is applied across the junction,

nonequilibrium electrons from the occupied states below the Fermi level in the left lead

tunnel to the empty states of energy higher than the Fermi level in the right lead (lowered

by the bias-dependent chemical potential) [Tsymbal et al., 2003]. These electrons stay as

hot electrons in the right lead, since energy losses (or quantum dephasing) due to inelastic

scattering processes are neglected here (the emission of a magnon combines for instance

spin �ip and energy loss of the electron).

The cross section of typical tunnel junctions used in spintronics applications is large

in comparison with the longitudinal dimensions (thickness) of the magnetic layer stack.

Thus, boundary conditions on each cross section are expected to have little impact on the
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Figure II.1 � Schemes adapted from [Kalitsov et al., 2009] for the speci�c case of FI leads.
(Top) Schematic picture of the FI-MTJ consisting of left and right semi-in�nite FI leads
separated by a nonmagnetic barrier of NB atomic layers. The magnetization M' of the
right lead points along the z direction. The non equilibrium on-site torques are represented
by the in-plane T‖ and out-of-plane T⊥ components and the spin current densities are also
indicated (Qij). (Middle) Schematic representation of sublattices A and B in the FI leads,
with di�erent spin splittings ∆A and ∆B corresponding to up and down localized spins
respectively. The magnetization M of the left lead is parallel to the FI/B interface (i.e.
in the xz plane) and is rotated by an angle θ around the y axis. The Greek primed and
unprimed letters denote atomic sites in the right and left FI leads, respectively, and the
Latin letters denote the sites in the barrier. (Bottom) Schematic illustration of the spin-
resolved bands for itinerant electrons and the potential pro�le, where the 1-D densities of
states for up and down itinerant spins are split by δ = ∆A−∆B and the lower and upper
bands for a given spin are separated by a gap of ∆A + ∆B. εB is the spin-independent
on-site energy in the barrier and V is the potential applied through the junction. The
lower dashed line indicates the Fermi level at equilibrium, set at 0 eV in all regions, when
no voltage is applied.

tunnel junction properties. From a computational point of view, the calculation of these

properties is greatly simpli�ed if the quantum con�nement on each section is completely

ignored. Cross sections are thus commonly assumed to be e�ectively in�nite, and periodic

boundary conditions are applied in all the theoretical calculations.

Due to the fabrication process, actual tunnel junctions contain however a certain

amount of structural disorder in both leads, in the barrier and at the barrier/leads in-

terfaces, especially in amorphous barriers. This disorder might be present in the form

of impurities, interstitial or vacancy defects, interdi�usion at the interfaces, interface
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roughness, grain boundaries, stacking faults, etc. Collective excitations such as phonons

(crystal lattice atoms) and magnons (lattice spin structure) contribute also to disorder

in a "dynamic" way. This disorder is responsible for the elastic and inelastic scattering

processes experienced by electrons in their motion through the tunnel junction. One of

the main consequences of these scattering processes is the intermixing between trans-

port modes with di�erent transverse momenta k‖ in the plane perpendicular to transport

and consequently the loss of coherence in the tunnelling process. However, since ballistic

transport is considered here, all these scattering processes are neglected. Invoking the

narrow layers' thickness of typical tunnel junction stacks, the electron mean free path

(which is of the order of 50 monolayers in typical AF metals [Núñez et al., 2006]) is then

assumed to be longer than the typical longitudinal dimensions of the junction. Calcula-

tions are carried out in the "clean limit" [Saidaoui et al., 2014], that is in the absence of

electron momentum scattering by defects or other types of disorder. Thus, the structural

quality of the junction could be decisive to observe the quantum e�ects reported in the

next chapter, which are intended to be robust in epitaxially-grown tunnel junctions. Al-

though the spin relaxation processes as well as momentum scattering with impurities are

expected to weaken STT and TMR in AF-based tunnel junctions, the transport calcu-

lation model is expected to capture the essential features of spin dependent transport in

AF-based tunnel junctions since this approach was successful to predict and explain STT

and TMR properties in traditional F-MTJs (see for instance, [Theodonis et al., 2006] and

[Kalitsov et al., 2009]). The precise e�ect of disorder is nevertheless out of the scope of

this work, although it will be discussed as future research.

II.1.2 One-particle basis

The absence of defects together with the periodic boundary conditions lead to the

translational invariance of the tunnel junction in the plane parallel to the barrier/leads

interfaces. It is then useful to split the Hamiltonian of the system into a longitudinal part

depending exclusively on the y direction of transport and a transversal part depending

on x and z directions [Datta, 2000]:

Ĥ = ĤLNG(y) + ĤTRV(x, z)

The above decomposition of the Hamiltonian suggests to use di�erent quantum repre-

sentations (one-particle Hilbert basis) in the longitudinal and transversal components, in

order to separate the problem in simpler parts:

Transversal component of the Hamiltonian: Bloch states

The potential on an in�nite plane perpendicular to transport is assumed to be periodic,

and it is thus convenient to use a Bloch state basis. The Bloch states are basically plane
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waves labelled by a transverse wave number k‖ (which is a 2-D vector), and they are

eigenstates of the transversal part of the Hamiltonian:

ĤTRV |k〉 = εk‖ |k〉

Here εk‖ is the energy of the plane wave or Bloch state, or in other words, the dispersion

relation. The choice of the particular periodic distribution on each plane will determine

the expression of εk‖ , and it will be treated in a subsequent section.

Longitudinal component of the Hamiltonian: discrete atomic-like basis

For the non-periodic longitudinal part of the Hamiltonian, a typical TB discrete basis

of localized orbitals is used. These localized orbitals are assumed to be spatially con�ned,

that is, only the overlap between nearest neighbours is not negligible.

With the above considerations, the Hilbert one-particle space consists of mix states

|p,k‖, σ〉, where p denotes the site index or position in real space of the electronic orbital

and σ stands for the spin state. This is a useful choice, since as pointed out by Datta

[Datta, 2000], the matrix elements of the entire Hamiltonian in this basis are considerably

simpli�ed:

〈p,k‖, σ| Ĥ |q,k′‖, σ′〉 = 〈p,k‖, σ| ĤLNG |q,k′‖, σ′〉+ 〈p,k‖, σ| ĤTRV |q,k′‖, σ′〉

= (〈p, σ| ĤLNG |q, σ′〉+ εk‖)δσ,σ′δk‖,k
′
‖

As described above, two important assumptions are made here:

1) No spin �ip processes connecting di�erent spins σ and σ′ are present (however ĤL

is spin-dependent).

2) Elastic and inelastic scattering processes connecting the two transverse modes (or

reciprocal lattice vectosr) k‖ and k
′
‖ are neglected. Coherent transport is assumed.

As a consequence of assumption 2) each k‖ Bloch state can be treated as an indepen-

dent transport channel; the individual k‖ contributions to the system transport properties

are thus considered independently: each transverse mode k‖ has an extra energy of εk‖

that is added up to the longitudinal energy whenever the total energy of the electron

is used. Physical quantities will then depend on E − εk‖ , and the contributions of all

the transport channels are considered through a k‖ integration of (sum over) all the k‖

states in the �rst Brillouin zone. The momentum conservation in the plane of layers thus

requires that no scattering other than the specular scattering at perfect interfaces takes

place. Transport across the whole junction is therefore coherent. From an experimen-

tal point of view, this ballistic approach is only applicable to perfectly �at interfaces,

that is, to ideal epitaxially grown magnetic tunnel junctions. For rough electrode/barrier
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interfaces or scattering by defects there is no reciprocal lattice vector conservation.

A 1-D and 3-D problem: real space and momentum representations

As stated above, the calculation of all physical quantities of interest for the 3-D xz-

tranlationally invariant tunnel junction depicted on Fig. II.1 is reduced to a 1-D scattering

problem plus a k‖ integration. The spatial dependence of the TB Hamiltonian for the

whole junction is condensed in the quantum number specifying the layer in which an

itinerant electron can be found. The strategy to study the properties of the 3-D junction

is to solve �rstly the 1-D scattering problem and then perform a k‖ integration after the

consideration of a speci�c dispersion relation modelling the planes of the layer.

II.1.3 The magnetic tunnel junction Hamiltonian

Given the layer structure sketched in Fig. II.1, the FI-MTJ is described using a single

orbital simple cubic tight binding (TB) Hamiltonian which sums the Hamiltonian terms

accounting for the isolated left (L) and right (R) electrodes, the barrier (B), and the

leads-barrier interactions:

Ĥ = ĤR + ĤL + ĤB + Ĥint (II.1)

where

ĤL =
∑
λ,k‖,σ

(
εk‖ + εσλ

)
ĉ†λ,k‖,σ

ĉλ,k‖,σ +
∑

λ,µ,k‖,σ

tλ,µĉ
†
λ,k‖,σ

ĉµ,k‖,σ (II.2)

ĤR =
∑
λ′,k‖,σ

(
εk‖ + εσλ′

)
ĉ†λ′,k‖,σ

ĉλ′,k‖,σ +
∑

λ′,µ′,k‖,σ

tλ′,µ′ ĉ
†
λ′,k‖,σ

ĉµ′,k‖,σ (II.3)

ĤB =
∑
i,k‖,σ

(
εk‖ + εi

)
ĉ†i,k‖,σ

ĉi,k‖,σ +
∑
i,j,k‖,σ

ti,j ĉ
†
i,k‖,σ

ĉj,k‖,σ (II.4)

Ĥint =
∑
k‖,σ

(
ta,αĉ

†
a,k‖,σ

ĉα,k‖,σ + tb,α′ ĉ†b,k‖,σ
ĉα′,k‖,σ +H.c.

)
(II.5)

Here, ĉ†p,k‖,σ
creates one s electron with spin σ on layer p in the Bloch state labelled

by the transverse wave number k‖ (translational invariance in the xz plane is assumed

through the entire junction). εk‖ is the in-plane kinetic energy of the Bloch state and

tp,q the spin-independent hopping matrix element between sites p and q. The coupling of

the left (right) lead to the barrier is considered through the hopping parameter ta,α(tb,α′)

between the �rst (last) layer of the barrier and last (�rst) layer of the left (right) lead.

h.c. denotes the hermitian conjugate.
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The spin-dependent on-site energies εσp within the leads are split into the s orbital

energy (ε0) and the magnetic s − d exchange interaction between itinerant spins and

localized magnetic moments (∆σ
p): ε

σ
p = ε0 + ∆σ

p We set ε0= 1.5 eV in both leads and t=

-1 eV in all regions so that all the FIs analysed here are fully characterised by their on-site

dependent s − d interaction ∆σ
p . Unlike the case of ordinary F-MTJ with homogeneous

exchange splitting value within the electrode, ∆σ
p for FI-MTJ here not only alternates in

orientation, but also varies in magnitude from one layer to the next one, which de�nes

two di�erent sublattices denoted here as A and B (see Fig. 1). Considering a right FI

lead whose �rst layer next to the B/FI interface is formed by fully uncompensated up

spins (sublattice A), the spin splitting in layer λ′ writes :

∆
↑(↓)
λ′ =

−(+)∆A if λ′ is odd -sublattice A-

+(−)∆B if λ′ is even -sublattice B-

As depicted in Fig. 1, majority and minority bands in the ferrimagnetic leads are split

by δ = ∆A − ∆B. When an external bias V is applied, the on-site energies inside the

insulator are considered to drop linearly with the number of layers (here NB =3) from εB

= 5 eV at the FI/B interface. The parameters modelling the electronic properties of the

FI leads constitute a reasonable choice used previously for ordinary F-MTJ based on mag-

netic transition metals and their alloys [Stamenova et al., 2005], [Zhang and Li, 2004].

II.2 Observables to calculate

The spin-dependent transport properties of the magnetic tunnel junction are analysed

here through four essential physical quantities (observables): spin density, spin current

density, charge current density and spin transfer torque. Thus, the corresponding quantum

operators must be calculated. Their expectation values are then computed in order to

obtain measurable quantities.

As it is known from statistical mechanics, the expectation value or thermal aver-

age at time t of any operator Ô(t) can be calculated using the density matrix ρ̂(t)

[Bruus and Flensberg, 2002]:

〈Ô(t)〉 = Tr[ρ̂(t) · Ô] (II.6)

where the symbol Tr denotes a trace over all many-body states (over all possible indices),

i.e. a trace in the Fock space [Stefanucci and Leeuwen, 2013]. In a nonequilibrium state,

the density matrix is expressed in terms of the lesser Green's function Ĝ<, de�ned by the

ensemble average:

G<
α,β(t, t′) = i〈ĉ†β(t′)ĉα(t)〉 (II.7)
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where α, β represent any set of quantum numbers describing the one particle Hilbert state

of the system. With this de�nition, the density matrix is the same as the equal-time lesser

Green's function:

ρα,β(t) = 〈ĉ†β(t)ĉα(t)〉 = −iG<
α,β(t, t) (II.8)

Thus, the lesser Green's function allows to calculate the time-dependent ensemble average

of any one-body operator:

〈Ô(t)〉 = −iT r[Ĝ<(t) · Ô] (II.9)

The origin of the lesser Green's function in the framework of the nonequilibrium

Keldysh formalism is described in II.8. The observables studied in this thesis are de-

veloped in terms of Green's functions in the following sections.

II.2.1 Spin density at site λ′ in the right lead

The spin's mean value at time t in a plane λ′ perpendicular to the direction of transport

in the right lead reads:

〈
Ŝλ′(t)

〉
= Tr[ρ̂(t) · Ŝλ′ ] = −iT r[Ĝ<(t, t) · Ŝλ′ ] = − i

2π

∫
Tr[Ĝ<(ω) · Ŝλ′ ]dω

= − i

2π~

∫
Tr[Ĝ<(E/~) · Ŝλ′ ]dE = − i

2π~
∑
k‖,σ,σ′

∫
Tr[Ĝ<

λ′λ′(E/~,k‖)] ·SdE

Where Ĝ<
λ′λ′ is the lesser Green's function 2 × 2 matrix in spin space and Ŝλ′ is the

local spin operator at site λ′. The explicit time-dependence disappears because only the

stationary state is considered. The k‖ dependence of Ĝ
<
λ′λ′ is only shown at the end of the

equation. Taking the thermodynamic limit V = Na2 −→ ∞, where N is the number of

unit cells in the λ′ plane and a is the lattice parameter, the summation in k‖ states can

be replaced by an integral:

∑
k‖

−→ V

(2π)2

∫
FBZ

dk‖ =
Na2

(2π)2

∫
FBZ

dk‖ (II.10)

Using this relation, the local spin reads:

〈
Ŝλ′
〉

= Sλ′ = − i

2π~
Na2

(2π)2

∫
Tr[Ĝ<

λ′,λ′(E/~,k‖) ·S]dk‖dE

= −i~Na
2

16π3

∫
Tr[Ĝ<

λ′,λ′(E,k‖) ·σ]dk‖dE
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Where σ is the usual vector whose components are the spin operators (Pauli matrices).

For the sake of simplicity, the lesser Green's function's dependence on E and k‖ will be

omitted in the notation from now on. The spin density (spin by unit of surface) in the

plane λ′ is, �nally:

sλ′ = − i~
16π3

∫
Tr[Ĝ<

λ′λ′ ·σ]dEdk‖ (3-D) (II.11)

In 1-D, the integration in k‖ is not necessary and the prefactor 1/(2π)2 of Eq. (II.10)

disappears, so that Eq. (II.11) becomes:

sλ′ = − i~
4π

∫
Tr[Ĝ<

λ′λ′ ·σ]dE (1-D) (II.12)

The integration in the reciprocal space is restricted to the �rst Brillouin zone, FBZ.

By projecting the lesser Green's function into the three Pauli matrices components of

σ, the spin density in 3-D at site λ′ in the x, y and z directions are given by:

sxλ′ = − i~
16π3

∫
Trσ[Ĝ<

λ′λ′ · σ̂x]dEdk‖ = − i~
16π3

∫
[G<

λ′λ′(1, 2) +G<
λ′λ′(2, 1)]dEdk‖

syλ′ = − i~
16π3

∫
Trσ[Ĝ<

λ′λ′ · σ̂y]dEdk‖ = − i~
16π3

∫
[G<

λ′λ′(1, 2)−G<
λ′λ′(2, 1)]dEdk‖

szλ′ = − i~
16π3

∫
Trσ[Ĝ<

λ′λ′ · σ̂z]dEdk‖ = − i~
16π3

∫
[G<

λ′λ′(1, 1)−G<
λ′λ′(2, 2)]dEdk‖

where the components of the lesser Green's function operator in spin space are de�ned as

follows:

Ĝ<
λ′λ′ =

(
G<
λ′λ′(1, 1) G<

λ′λ′(1, 2)

G<
λ′λ′(2, 1) G<

λ′λ′(2, 2)

)
=

(
G<↑↑
λ′λ′ G<↑↓

λ′λ′

G<↓↑
λ′λ′ G<↓↓

λ′λ′

)

II.2.2 Spin current density at site λ′ in the right lead

The spin current density is de�ned as the tensor product of the velocity operator and

the spin density at site λ′:

Q̂ = ŝλ′ ⊗ v̂ (II.13)

In the case of the tunnel junction considered here, transport takes place only in the y

direction, only the Q̂xy, Q̂yy, Q̂zy components are nonzero, so that Q̂ is not a tensor, but
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a vector:

Q̂ = ŝλ′ ⊗ (0, v̂y, 0) = (ŝx, ŝy, ŝz)
t · (0, v̂y, 0) =

 0 ŝxv̂y 0

0 ŝyv̂y 0

0 ŝzv̂y 0


Q̂ = (Q̂xy, Q̂yy, Q̂zy) = (ŝxv̂y, ŝyv̂y, ŝzv̂y) (II.14)

The left index is in spin space and the right index is in real space. For the sake of clarity,

the y index in real space will be omitted in the notation, so that the three components in

spin space of the spin current vector in the y direction are denoted by:

Q̂ = (Îx, Îy, Îz) (II.15)

The velocity operator can be extracted from the Heisenberg equation:

v̂y =
d

dt
ŷ =

i

~
[Ĥ, ŷ]

The diagonal parts of the TB Hamiltonian commute with the ŷ operator. Let's calculate

the the matrix elements of the velocity operator in the Hilbert space:

〈p, σ| [Ĥ, ŷ] |q, σ〉 = 〈p, σ| Ĥŷ |q, σ〉 − 〈p, σ| ŷĤ |q, σ〉 = q 〈p, σ| Ĥ |q, σ〉 − p 〈p, σ| Ĥ |q, σ〉

= (q − p) 〈p, σ| Ĥ |q, σ〉 = (q − p)tp,q

If only nearest neighbours are considered:

v̂y =
i

~
t
∑
p,σ

(ĉ†p,σ ĉp+1,σ − ĉ†p+1,σ ĉp,σ) (II.16)

Combining Eqs. (II.11) and (II.16), the spin current density between layers λ′ and

λ′ + 1 for the 3-D case and the spin current between corresponding sites for the 1-D case

can be obtained in terms of the lesser Green's function:

Îλ′,λ′+1 =
t

16π3

∫
Trσ[(Ĝ<σ,σ′

λ′+1,λ′ − Ĝ
<σ,σ′

λ′,λ′+1) · σ̂]dEdk‖ (3-D) (II.17)

Îλ′,λ′+1 =
t

4π

∫
Trσ[(Ĝ<σ,σ′

λ′+1,λ′ − Ĝ
<σ,σ′

λ′,λ′+1) · σ̂]dE (1-D) (II.18)

The x, y and z components of the spin current in spin space are thus:

Îxλ′,λ′+1 =
t

16π3

∫
Trσ[(Ĝ<σ,σ′

λ′+1,λ′ − Ĝ
<σ,σ′

λ′,λ′+1) · σ̂x]dEdk‖ (II.19)
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Îyλ′,λ′+1 =
t

16π3

∫
Trσ[(Ĝ<σ,σ′

λ′+1,λ′ − Ĝ
<σ,σ′

λ′,λ′+1) · σ̂y]dEdk‖ (II.20)

Îzλ′,λ′+1 =
t

16π3

∫
Trσ[(Ĝ<σ,σ′

λ′+1,λ′ − Ĝ
<σ,σ′

λ′,λ′+1) · σ̂z]dEdk‖ (II.21)

II.2.3 Charge current density

The charge current density can be extracted from Eq. (II.17) replacing
1

2
σ̂ by a unit

matrix multiplied by
e

~
, where e is the electronic charge [Edwards et al., 2005]:

I =
et

8π3}

∫
Trσ[Ĝ<

λ′+1,λ′ − Ĝ<
λ′λ′+1]dEdk‖

=
et

2π}

∫
[Ĝ<

λ′+1,λ′(1, 1) + Ĝ<
λ′+1,λ′(2, 2)− Ĝ<

λ′λ′+1(1, 1)− Ĝ<
λ′λ′+1(2, 2)]dEdk‖

(II.22)

Obviously, charge current density is conserved along the junction, and in particular at the

right interface, where it writes:

I =
et

2π}

∫
Trσ[Ĝ<

α′b−Ĝ<
bα′ ]dEdk‖ =

et

2π}

∫
[Ĝ<

α′b(1, 1)+Ĝ<
α′b(2, 2)−Ĝ<

bα′(1, 1)−Ĝ<
bα′(2, 2)]dEdk‖

II.2.4 Torque on site λ′ in the right lead from the spin density

current

In analogy to the continuity equation for the charge or the particle number, an equiva-

lent continuity equation can be established for the spin density [Stiles and Zangwill, 2002].

The characteristic di�erence is that spin is not conserved due to the local exchange �eld

inside the leads, giving rise to an external torque T̂ exerted by the lattice:

dŝ

dt
=
i

~
[Ĥ, ŝ] = −∇ · Q̂+ T̂ (II.23)

Since by de�nition it is the right index of the spin current tensor that is in real space,

the divergence of this tensor at the right hand side of Eq. (II.23) is the divergence

of each of its columns (the spatial derivative is taken with respect to the real space

index). As mentioned above, only the Q̂xy, Q̂yy, Q̂zy components are nonzero (all the

spatial derivatives with respect to x and z variables are also zero due to the translational

invariance in the xz plane of the tunnel junction):
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∇ · Q̂ = ∂kQ̂ik =

 ∂xQ̂xx + ∂yQ̂xy + ∂zQ̂xz

∂xQ̂yx + ∂yQ̂yy + ∂zQ̂yz

∂xQ̂zx + ∂yQ̂zy + ∂zQ̂zz

 =

 ∂yQ̂xy

∂yQ̂yy

∂yQ̂zy

 =

 ∂y Î
x

∂y Î
y

∂y Î
z

 = ∂y Î

The discrete TB basis imposes in turn the discrete form of the partial derivative of the

spin current in the real y direction:

∇ · Q̂ = ∂y Î = Îλ′−1,λ′ − Îλ′,λ′+1 = (Îxλ′−1,λ′ − Îxλ′,λ′+1, Î
y
λ′−1,λ′ − Î

y
λ′,λ′+1, Î

z
λ′−1,λ′ − Îzλ′,λ′+1)

Here, the subscripts λ′ and µ′ of Îλ′,µ′ stand for the layers/sites λ′ and µ′ correlated by

the Lesser Green's function in terms of which the spin current is written (see below).

T̂ accounts for all the external torques that act to change the direction of the spin

density. Since only coherent transport is considered, no spin-�ip scattering processes are

taken into account, there is no transfer of angular momentum between the lattice and

the spin current due to spin-�ip; thus, no terms as
ŝ

τ↑↓
(where τ↑↓ is a spin �ip relaxation

time) [Stiles and Zangwill, 2002] appear in (II.23). The external torque is exerted by the

exchange �eld and any external �eld that might be present. In the absence of external

�elds, the lattice is the only responsible for the torque exerted on transport electrons. In

a steady state, the time derivative of the spin density is zero, and the current-induced

torque exerted by transport electrons on the magnetization is in competition with the

torque due to exchange, anisotropy �elds and phenomenological damping (in the context

of a Landau-Lifshitz Gilbert equation), and causes the spin in a given atomic plane to

deviate from the anisotropy axis [Edwards et al., 2005]. In the stationary regime, Eq.

(II.23) becomes:

T̂ = ∇ · Q̂ (II.24)

The torque exerted on the total magnetization is then equal to the net �ux of spin

current in a magnetic volume V. The torque deposited on layer λ′ then reads:

T̂λ′ = Îλ′−1,λ′ − Îλ′,λ′+1 (II.25)

By using Eqs. (II.17) and (II.18), Tλ′ writes:

Tλ′ =
t

16π3

∫
Trσ[(Ĝ<

λ′,λ′−1 − Ĝ<
λ′−1,λ′ − Ĝ<

λ′+1,λ′ + Ĝ<
λ′,λ′+1) · σ̂]dEdk‖ (3-D) (II.26)
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Tλ′ =
t

4π

∫
Trσ[(Ĝ<

λ′,λ′−1 − Ĝ<
λ′−1,λ′ − Ĝ<

λ′+1,λ′ + Ĝ<
λ′,λ′+1) · σ̂]dE (1-D) (II.27)

The torque is then decomposed into parallel or in-plane (x direction, transversal to

the order parameter) and perpendicular or out-of-plane (y direction) components.

In-plane torque T̂
‖
λ′

The in-plane component reads:

T̂
‖
λ′ =

t

16π3

∫
Trσ[(Ĝ<

λ′,λ′−1 − Ĝ<
λ′−1,λ′ − Ĝ<

λ′+1,λ′ + Ĝ<
λ′,λ′+1) · σ̂x]dEdk‖ (3-D) (II.28)

T̂
‖
λ′ =

t

4π

∫
Trσ[(Ĝ<

λ′,λ′−1 − Ĝ<
λ′−1,λ′ − Ĝ<

λ′+1,λ′ + Ĝ<
λ′,λ′+1) · σ̂x]dE (1-D) (II.29)

Multiplying by σ̂x =

(
0 1

1 0

)
to the right and taking the trace amounts to sum all

o�-diagonal elements of these four matrices. The parallel torque then becomes:

T̂
‖
λ′ =

t

16π3

∫
[Ĝ<

λ′,λ′−1(1, 2) + Ĝ<
λ′,λ′−1(2, 1)− Ĝ<

λ′−1,λ′(1, 2)− Ĝ<
λ′−1,λ′(2, 1)

− Ĝ<
λ′+1,λ′(1, 2)− Ĝ<

λ′+1,λ′(2, 1) + Ĝ<
λ′,λ′+1(1, 2) + Ĝ<

λ′,λ′+1(2, 1)]dEdk‖

The torque on the �rst site of the right lead in contact with the barrier's right interface

takes a particular form that includes the correlation of the last site of the barrier and the

�rst site of the right lead:

T̂
‖
α′ =

t

16π3

∫
[Ĝ<

α′,b(1, 2) + Ĝ<
α′,b(2, 1)− Ĝ<

b,α′(1, 2)− Ĝ<
b,α′(2, 1)

− Ĝ<
α′+1,α′(1, 2)− Ĝ<

α′+1,α′(2, 1) + Ĝ<
α′,α′+1(1, 2) + Ĝ<

α′,α′+1(2, 1)]dEdk‖

It will be shown that the correlation function at this interface is formally di�erent from

the correlation function inside the lead.

Out-of-plane torque T̂⊥λ′

The out-of-plane torque writes:
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T̂⊥λ′ =
t

16π3

∫
Trσ[(Ĝ<

λ′,λ′−1 − Ĝ<
λ′−1,λ′ − Ĝ<

λ′+1,λ′ + Ĝ<
λ′,λ′+1) · σ̂y]dEdk‖ (3-D) (II.30)

T̂⊥λ′ =
t

4π

∫
Trσ[(Ĝ<

λ′,λ′−1 − Ĝ<
λ′−1,λ′ − Ĝ<

λ′+1,λ′ + Ĝ<
λ′,λ′+1) · σ̂y]dE (1-D) (II.31)

Multiplying by σ̂y =

(
0 −i
i 0

)
to the right and taking the trace amounts to sum the

(1,2) components, subtracting the (2,1) components and multiplying by i, which gives:

T̂⊥λ′ =
t

16π3

∫
i[Ĝ<

λ′,λ′−1(1, 2)− Ĝ<
λ′,λ′−1(2, 1)− Ĝ<

λ′−1,λ′(1, 2) + Ĝ<
λ′−1,λ′(2, 1)

− Ĝ<
λ′+1,λ′(1, 2) + Ĝ<

λ′+1,λ′(2, 1) + Ĝ<
λ′,λ′+1(1, 2)− Ĝ<

λ′,λ′+1(2, 1)]dEdk‖

And again the torque on the �rst site of the right lead reads:

T̂⊥α′ =
t

16π3

∫
i[Ĝ<

α′,b(1, 2)− Ĝ<
α′,b(2, 1)− Ĝ<

b,α′(1, 2) + Ĝ<
b,α′(2, 1)

− Ĝ<
α′+1,α′(1, 2) + Ĝ<

α′+1,α′(2, 1) + Ĝ<
α′,α′+1(1, 2)− Ĝ<

α′,α′+1(2, 1)]dEdk‖

II.2.5 On-site torque from the exchange �eld

Alternatively, since ballistic transport is considered here, torques can also be extracted

from the exchange �eld:

T̂ = ∆λ′ ẑ× ŝλ′ (II.32)

The exchange �eld ∆λ′ is de�ned as an angular frequency so that the energy required

to reverse one spin in layer λ′ is ~∆λ′ = ε↑λ′ − ε↓λ′ . Note the relation between the spin

splitting ∆λ′ and the exchange �eld ∆λ′ (bold sign): ~∆λ′ = 2∆λ′ . ∆λ′ is assumed

to match the direction of local magnetization in the local spin density approximation

(LSDA). The z component of torque is zero and the in-plane and out-of-plane components

of the local torques de�ned in Fig. II.1 are given by the so called x and y components of

spin accumulation, ŝxλ′ and ŝ
y
λ′ respectively:

T̂ = ∆λ′ ẑ× ŝλ′ = ∆λ′(0, 0, 1)× (ŝxλ′ , ŝ
y
λ′ , ŝ

z
λ′) = ∆λ′(−ŝyλ′ , ŝ

x
λ′ , 0)

According to the coordinates depicted in Fig. II.1, the out-of-plane spin accumulation

(perpendicular to the B/FI interface) originates the in-plane torque T
‖
λ′ , and the in-plane
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spin accumulation (parallel to the B/FI interface) originates the out-of-plane torque T⊥λ′ :

T
‖
λ′ = ∆λ′ · syλ′ = ∆λ′ · s⊥λ′ (II.33)

T⊥λ′ = ∆λ′ · sxλ′ = ∆λ′ · s‖λ′ (II.34)

II.2.6 Total torque exerted in the right lead

The de�nition of the local torque as the (discrete) divergence of the spin current on

each site is commonly used to calculate the total torque exerted on the right lead, which

is the sum of local torques:

Tλ′ = −∇ ·Q = Qλ′−1,λ′ −Qλ′,λ′+1 (II.35)

T =
∞∑
λ′=1

(Qλ′−1,λ′ −Qλ′,λ′+1) (II.36)

For the speci�c case of a F lead, T = Q0,1−Q∞,∞ = Q0,1, since the components ofQλ′,λ′+1

transverse to M' decay to zero as λ′ → ∞ [Kalitsov et al., 2009], [Kalitsov et al., 2006],

[Brataas et al., 2006]. The total spin torque exerted on the right F lead is therefore simply

the spin current at the B/F interface [Stiles and Zangwill, 2002].

However, it is likely that spin density current does not vanish far away from the

barrier interface for the speci�c case of an AF lead, i.e. Q∞,∞ 6= 0, as discussed in

[Núñez et al., 2006]. The last simpli�cation to compute the total torque can no longer

be used to calculate the total torque on an AF. In addition, in the case of FI and AF

leads, the spin density current terms in the sum
∑∞

λ′=1(Qλ′−1,λ′ −Qλ′,λ′+1) do not cancel

since the orientation of localized spins must be taken into account through a switching

sign in front of each term: a positive torque on one site tries to turn the localized spin

in one sense, but a torque of the same sign acting on the next site tends to align the

corresponding localized spin in the opposite sense. Heisenberg �eld is strong enough to

make the lattice rigid, so that both e�ects are counterbalanced and the torque will not

be e�ective. This is illustrated in Fig. II.2.

Thus, local torques must be summed up taking into account the orientation of localized

spins on each site: local torques that tend to rotate the localized spin clockwise(counter

clockwise), both in plane and out of plane, are considered positive(negative). With this

convention:

T
||
e�ective =

∞∑
λ′=1

(−1)λ
′ ·T ||λ′ (II.37)
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Figure II.2 � (a) E�ective in-plane torque in an AF lead resulting from local torques of
alternating sign from layer A (up spins) to the adjacent layer B (down spins). (b) Ine�ec-
tive in-plane torque due to local torques of the same sign in adjacent layers; Heisenberg
�eld maintains the lattice rigid and the order parameter does not change orientation.

T⊥e�ective =
∞∑
λ′=1

(−1)λ
′+1 ·T⊥λ′ (II.38)

That is the reason why for this thesis I studied the local distribution of torques Tλ′

on each site/layer of the right lead instead of the single spin current density at the barrier

interface, which is su�cient only for F leads.

II.3 Green's and Keldysh functions to calculate

As discussed in II.2, one needs to calculate the lesser Green's function to compute

the required local observables. In addition, three more Green's functions need to be

introduced: Keldysh, advanced and retarded Green's functions:

Fα,β(t, t′) = −i〈[ĉα(t), ĉ†β(t′)]−〉 (II.39)

Ga
α,β(t, t′) = −iθ(t− t′)〈[ĉα(t), ĉ†β(t′)]+〉 (II.40)

Gr
α,β(t, t′) = iθ(t′ − t)〈[ĉα(t), ĉ†β(t′)]+〉 (II.41)

where θ(t) is the Heaviside step function, [A,B]− = AB−BA is the quantum commutator

and [A,B]+ = AB+BA is the quantum anticommutator. A more detailed description of

these functions and their physical signi�cance is given in II.8.

When the stationary state is considered, the correlation functions only depend on

the time di�erence τ = t − t′. It is then advantageous to take the Fourier transform of

these functions with respect to this time di�erence. In addition, since we consider spin
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dependent transport, the lesser Green's function becomes a 2 × 2 matrix in spin space

correlating sites/layers p and q within the tunnel junction. With these assumptions, its

Fourier transform can be expressed in terms of nonequilibrium Keldysh, advanced and

retarded Green's functions [Lifshitz and Pitaievskii, 1981]:

Ĝ<
p,q =

1

2
(F̂p,q + Ĝa

p,q − Ĝr
p,q) (II.42)

The three correlation functions at the right hand side (r.h.s.) of Eq. (II.42) need to

be calculated by solving a set of Dyson equations in order to obtain the lesser Green's

function.

II.3.1 Retarded and advanced Green's functions

Let's start with the calculation of the retarded and advanced Green's functions.

Given that Ĝa
lm = (Ĝr

ml)
H , where H denotes hermitian conjugate, i.e. transposing the

2 × 2 matrix in spin space and taking the complex conjugate of its elements, it su�ces

to calculate the retarded Green's function, from which the advanced Green's function is

straightforwardly obtained. In addition, since all the observables of interest are evaluated

in this work in the right lead of the tunnel junction, only the retarded Green's function

correlating sites at the right lead is considered here. In particular, three Green's functions

are needed: Ĝ<
α′,b, Ĝ

<
b,α′ and Ĝ<

λ′,µ′ . They correlate atomic sites across the right interface

and inside the right lead, and are given by all the diagrams or possible paths connecting

the two indices. Taking into account possible excursions of the electron across the inter-

faces, these three Green's functions can be expressed in terms of the two surface Green's

functions of the barrier, Ĝa,a and Ĝb,b [Caroli et al., 1971]:

Ĝr
α′,b = ĝrα′,α′T ′Ĝr

b,b (II.43)

Ĝr
b,α′ = Ĝr

b,bT
′ĝrα,′α′ (II.44)

Ĝr
λ′,µ′ = ĝrλ′,µ′ + ĝrλ′,α′T ′Ĝr

b,bT
′ĝrα′,µ′ (II.45)

ĝλ′,µ′ are the retarded Green's functions for the right electrode alone, i.e., when it is not

coupled with the rest of the junction through the right barrier interface. Thus, λ′ and µ′

are both contained in the right lead, otherwise ĝλ′,µ′ = 0. T ′ is the hopping parameter

(coupling) across the right barrier/right lead interface.
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II.3.2 Nonequilibrium Keldysh functions

The nonequilibrium 2 × 2 Keldysh function matrix is calculated using the Dyson

Quantum Kinetic equation. The detailed derivation of F̂λ′µ′ , F̂b′α′ and F̂α′b is shown in

Appendix A for the interested reader. Their �nal expressions read:

F̂bα′ = T 2D̂B̂ĝba(Î + Σ̂aaÂĝaa)f̂ααĜ
a
aα′ + D̂B̂(ĝbaΣ̂aaÂĝab + ĝbb)T

′f̂α′α′(Î +T ′Ĝa
bα′) (II.46)

F̂α′b = TL̂N̂Σ̂bbĝbaM̂f̂ααĜ
a
ab + TL̂N̂ f̂α′α′Ĝa

bb (II.47)

F̂λ′µ′ = ĝλ′α′T ˆDen
−1
ĝbaT (Î + Σ̂aaÂĝaa)f̂ααTĜ

a
abT ĝ

a
α′µ′ f̂λ′µ′ + f̂λ′α′TĜa

bbT ĝ
a
α′µ′

+ ĝλ′α′T ˆDen
−1

(ĝbb + ĝbaΣ̂aaÂĝab)T (f̂α′µ′ + f̂α′α′TĜa
bbT ĝ

a
α′µ′)

(II.48)

The de�nitions of the matrices Σ̂aa, Σ̂bb, Â, B̂, D̂, N̂ , M̂ , L̂ and ˆDen
−1

are given in the

same Appendix.

II.3.3 Lesser Green's functions

The lesser Green's functions correlating atomic sites in the right lead can now be easily

obtained using the results of the previous sections and Eq.(II.42):

Ĝ<
α′b =

1

2
(F̂α′b + Ĝa

α′b − Ĝr
α′b) =

1

2
[F̂α′b + (Ĝr

bα′)H − Ĝr
α′b]

=
1

2
[TL̂N̂Σ̂bbĝbaM̂f̂ααĜ

a
ab + TL̂N̂ f̂α′α′Ĝa

bb + (Ĝr
bbT ĝ

r
α′α′)H − ĝrα′α′TĜr

bb]
(II.49)

Ĝ<
bα′ =

1

2
(F̂bα′ + Ĝa

bα′ − Ĝr
bα′) =

1

2
[F̂bα′ + (Ĝr

α′b)
H − Ĝr

bα′ ]

=
1

2
[T 2D̂B̂ĝba(Î + Σ̂aaÂĝaa)f̂ααĜ

a
aα′ + D̂B̂(ĝbb + ĝbaΣ̂aaÂĝab)T f̂α′α′(Î + TĜa

bα′)

+ (ĝrα′α′TĜr
bb)

H − Ĝr
bbT ĝ

r
α′α′ ]

(II.50)
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Ĝ<
λ′µ′ =

1

2
(F̂λ′µ′ + Ĝa

λ′µ′ − Ĝr
λ′µ′) =

1

2
[F̂λ′µ′ + (Ĝr

µ′λ′)
H − Ĝr

λ′µ′ ]

=
1

2
[ĝλ′α′T ˆDen

−1
ĝbaT (Î + Σ̂aaÂĝaa)f̂ααTĜ

a
abT ĝ

a
α′µ′

+ f̂λ′µ′ + f̂λ′α′TĜa
bbT ĝ

a
α′µ′ + ĝλ′α′T ˆDen

−1
(ĝbb + ĝbaΣ̂aaÂĝab)T (f̂α′µ′ + f̂α′α′TĜa

bbT ĝ
a
α′µ′)

+ (ĝrµ′λ′ + ĝrµ′α′TĜr
bbT ĝ

r
α′λ′)

H − ĝrλ′µ′ − ĝrλ′α′TĜr
bbT ĝ

r
α′µ′ ]

(II.51)

where H denotes the hermitian conjugate. Note that the relation between retarded and

advanced Green's function matrices is used: Ĝa
pq = (Ĝr

qp)
H .

The essential building block in Eqs (II.49, II.50, II.51) is the retarded Green's function

for the uncoupled right lead, ĝrλ′,µ′ . The analytical calculation of this Green's function

for the most general case of a 1-D FI chain is one of the main calculations that I have

developed in this work and is described in the next section and in Appendix B. AF and

F orders are just limiting cases that can be easily derived from the FI case via the TB

parameters choice.

II.4 Calculation of the Retarded Green's function for a

one dimensional ferrimagnet

A 1-D FI chain of localized moments seen by one itinerant spin is characterized in a

TB model by two on-site energies ε1 and ε2 (alternating from one site to the next one) and

a hopping parameter t. This 1-D chain corresponds to a lattice without closed loops that

can be mapped into a Bethe lattice or Cayley tree which is completely characterized by

its number of nearest neighbours Z = 2 or its connectivity K = Z − 1 [Economou, 2006].

Splitting the 1-D TB Hamiltonian into an unperturbed site-diagonal part plus an o�-

diagonal perturbation and using renormalized perturbation expansion [Economou, 2006]

allows to perform the calculation of the system's resolvent ĝλ′,µ′(z), where z is a complex

variable. This resolvent is a more general de�nition of the Green's function in the complex

plane, from which the retarded Green's function can be de�ned as follows:

ĝrλ′.µ′(E) = lim
s→0+

ĝλ′,µ′(z = E + is)

where E stands for the energy variable belonging to the real axis of the complex plane

and s is the imaginary part of z.

The detailed derivation of the retarded Green's function from this resolvent is given

in Appendix B. The retarded Green's function correlating sites l and m in the FI chain

has a complex structure: it is a spin-dependent function of the energy E, and takes
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di�erent expressions depending on which interval of E it is evaluated on and what sites

it correlates. In e�ect, the imaginary part of the retarded Green's function correlating a

site l with itself is proportional to the LDOS at that site. This imaginary part does not

vanish in two energy regions: the lower band and the upper band. Thus, there are three

forbidden energy regions: the �rst one for energies lower than the lower band edge E2,

the gap separating the lower and the upper bands between ε2 and ε1 and the third one

for energies higher than the upper band edge E1 (see Fig. II.3).

gr(l,m,E) =



grf1(l,m,E) if E < E2

grgap(l,m,E) if ε2 < E < ε1

grf2(l,m,E) if E1 < E

grlb(l,m,E) if E2 < E < ε2

grub(l,m,E) if ε1 < E < E1

Figure II.3 � Schematic illustration of the di�erent energy regions in which the retarded
Green's function takes di�erent expressions. The exact values of the band edges depending
on the TB parameters of the FI are detailed in Appendix B.

The gap width is ∆A + ∆B and both bands have the same bandwidths. The �nal

energy dependence of the retarded Green's function is examined and plotted in the next

section.

II.4.1 Energy dependence of the retarded Green's function for

the in�nite ferrimagnet chain

The energy dependence of the retarded Green's function for the in�nite FI chain

calculated above is plotted in Fig. II.4. The LDOS given by the imaginary part shows

clearly the two sub-bands separated by the gap, while the real part does not vanish only in

the forbidden energy regions. The imaginary part for a given spin in one sub-lattice and

the imaginary part for the same spin in the other sub-lattice are symmetric with respect to

an axis passing by the center of the gap: Ec =
ε1 + ε2

2
: Im[grσ2,2(E) = Im[grσ1,1(−E +Ec)].

The real part for a given spin in one sub-lattice and the real part for the same spin in the

other sub-lattice are point-symmetric with respect to the center of the gap: Re[grσ2,2(E) =

−Re[grσ1,1(−E + Ec)].

The real and imaginary parts for a given spin in one sublattice are just shifted by δ =
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Figure II.4 � Real and imaginary parts of the (on-site) retarded Green's function's diagonal
elements in real space for an in�nite FI chain (Bethe lattice) with ∆A = 0.5eV , ∆B =
0.25eV and t = −1eV . Left(right) panels: up(down) spins. Top(bottom) panels: on-site
retarded Green's function on the A(B) sublattice (odd sites)(even sites). The vertical
lines denote divergences.

∆A −∆B with respect to the real and imaginary parts for the opposite spin in the other

sublattice. The two sub-bands for up spins are thus left-shifted with respect to the sub-

bands for down spins.Three of the band edges exhibit a square root singularity both for

real and imaginary parts.

Note that
∫
LDOS(p, E)dE =

∫
− 1

π
Im[grp,p(E)]dE = 1, i.e.: due to the simple one-band

TB basis used, there is one state (orbital) per site for a given spin.

II.4.2 Energy dependence of the retarded Green's function for an

in�nite ferromagnetic chain

In the case of a F chain, the on-site energy for a given spin is constant regardless of

the lattice site. Since all localized moments are equal and point in the same direction,

there is only one type of site, so that the two sub-bands of the FI case arising from the

two FI sublattices merge into a single band, as can be seen in Fig. II.5. The imaginary

part (proportional to the LDOS) has square root singularities at the band edges that are

characteristic of one dimensional systems [Economou, 2006].

Similar to the FI case, the imaginary part for a given spin is even-symmetric with respect

to a vertical axis crossing the center of the band and the real part is odd-symmetric with
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Figure II.5 � Real and imaginary parts of the (on-site) retarded Green's function's diagonal
elements in real space for an in�nite F chain with ∆ = 0.5eV and t = −1eV . Left(right)
panel: up(down) spins. Vertical lines denote divergences.

respect to the center of the band.

II.5 Calculation of the retarded Green's function for a

semi in�nite chain

Once the retarded Green's function for an in�nite chain is calculated, it is necessary to

calculate the retarded Green's function for a semi-in�nite chain. Note that the uncoupled

Green's functions at the r.h.s. of Eqs. (II.49), (II.50) and (II.51) refer to the right

semi-in�nite magnetic lead in contact with the non-magnetic barrier. To calculate the

correlation functions of the right lead, we cut the in�nite chain between sites 0 and 1

(sub-lattices B and A of the in�nite chain), so that site 1 will be the �rst site of the right

semi-in�nite chain. The chain cut will be considered as a perturbation term added to

the previous 1-D Hamiltonian, in order to use a Dyson equation to compute the Green's

function for the semi-in�nite chain:

Ĥ = Ĥ0 + V̂

where:

Ĥ: Hamiltonian for the semi in�nite chain

Ĥ0: Hamiltonian for the in�nite chain

V̂ : Perturbation

For sites n and m on the same side of the cut: n,m ≥ 1 or n,m ≤ 0, we have
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〈n| Ĥ0 |m〉 = 〈n| Ĥ |m〉 −→ 〈n| V̂ |m〉 = 0

However, two sites n and m on di�erent sides of the chain can not be correlated:

〈n| Ĥ |m〉 = 0 = 〈n| Ĥ0 |m〉+ 〈n| V̂ |m〉 −→ 〈n| V̂ |m〉 = −〈n| Ĥ0 |m〉

We shall study the matrix elements 〈n| Ĥ0 |m〉 to compute the perturbation V̂ :

The Tight Binding Hamiltonian for one spin in an in�nite chain reads:

Ĥ0 =
∑
l

εl |l〉 〈l|+ t |l〉 〈l + 1|+ t |l + 1〉 〈l| (II.52)

Projecting Eq. (II.52) on sites n and m on di�erent sides of the chain gives:

〈n| Ĥ0 |m〉 =
∑
l

t(〈n|l〉〈l + 1|m〉+ 〈n|l + 1〉〈l|m〉)

=
∑
l

t(δn,lδl+1,m + δn,l+1δl,m)

=t(δn+1,m + δn−1,m)

For this expression to be di�erent from 0, we must have n+ 1 = m or n− 1 = m (n and

m own to di�erent sides of the cut).

Case 1) n ≤ 0 on the left side of the chain and m ≥ 1 on the right side of the chain.

The only two sites giving a contribution to the perturbation are in this case: n = 0,

m = 1:

〈n| Ĥ0 |m〉 = tδn,0δm,1

Case 2) n ≥ 1 on the right side of the chain and m ≤ 0 on the left side of the chain.

The only two sites giving a contribution to the perturbation are in this case: n = 1,

m = 0:

〈n| Ĥ0 |m〉 = tδn,1δm,0

Therefore:

〈n| Ĥ0 |m〉 = t(δn+1,m + δn−1,m) = t(δn,0δm,1 + δn,1δm,0)

V̂ =
∑
n,m

〈n| V̂ |m〉 |n〉 〈m| = −t
∑
n,m

(δn,0δm,1 + δn,1δm,0) |n〉 〈m| = −t(|0〉 〈1|+ |1〉 〈0|)
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Once the perturbation operator is known, the Green's function of the semi-in�nite chain

(perturbed system) ĝr can be calculated applying a Dyson equation to the Green's function

of the in�nite chain (unperturbed system) ĝr0:

ĝr = ĝr0 + ĝr0V̂ ĝ
r

ĝr is the retarded Green's function corresponding to Ĥ (semi in�nite chain) and ĝr0 is the

retarded Green's function corresponding to Ĥ0 (in�nite chain, non perturbed Hamilto-

nian).

Projecting Dyson equation into sites n and m gives:

gr(n,m,E) = gr0(n,m,E) +
∑
p,q

gr0(n, p, E)V (p, q)gr(q,m,E)

= gr0(n,m,E)− t
∑
p,q

gr0(n, p, E)(δp,0δq,1 + δp,1δq,0)g
r(q,m,E)

= gr0(n,m,E)− tgr0(n, 0, E)gr(1,m,E)− tgr0(n, 1, E)gr(0,m,E)

(II.53)

If we are interested only on the right hand side of the chain:

n,m ≥ 1 −→ gr(0,m,E) = 0

The amplitude of probability for going from one point at the right hand side of the cut

to the last site on the left hand side (site 0) is zero. We have:

gr(n,m,E) = gr0(n,m,E)− tgr0(n, 0, E)gr(1,m,E)

gr(1,m,E) = gr0(1,m,E)− tgr0(1, 0, E)gr(1,m,E)

−→ [1 + tgr0(1, 0, E)]gr(1,m,E) = gr0(1,m,E)

−→ gr(1,m,E) =
gr0(1,m,E)

1 + tgr0(1, 0, E)

gr(n,m,E) = gr0(n,m,E)− tgr0(n, 0, E)gr0(1,m,E)

1 + tgr0(1, 0, E)
(II.54)

Or in matrix form in spin space:

ĝr(n,m) = ĝr0(n,m)− tĝr0(n, 0)[Î + tgr0(1, 0)]−1ĝr0(1,m) (II.55)

For this formula to be valid, n and m must be ≥ 1: the �rst site on the right hand side
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of the chain is site number one.

If we are interested only on the left hand side of the chain:

n,m ≤ 0 −→ gr(1,m,E) = 0

gr(n,m,E) = gr0(n,m,E)− tgr0(n, 1, E)gr(0,m,E)

In all the calculations for the tunnel barrier, the only correlation function needed in the

left lead is the surface Green's function on the last site: grαα. If the convention of the cut

between sites 0 and 1 is kept: grαα = gr00.

grαα = gr(0, 0, E) = gr0(0, 0, E)− tgr0(0, 1, E)gr(0, 0, E)

grαα = gr(0, 0, E) =
gr0(0, 0, E)

1 + tgr0(0, 1, E)
(II.56)

Or in matrix form in spin space:

ĝrαα = [Î + tgr0(0, 1, E)]−1ĝr0(0, 0, E) (II.57)

II.5.1 Local density of states in a semi-in�nite ferrimagnetic chain

Fig. II.6 shows the spin-resolved energy dependence of the right FI lead LDOS (pro-

portional to the imaginary part of the retarded Green's function) for the �ve sites next

to the right barrier interface. An AF lead exhibit the same LDOS, but majority and

minority bands are not split. However, the di�erent pro�les of majority and minority

LDOS at the B/AF interface might be the origin of spin polarization of AF leads; it will

be discussed in the next chapter.

The imaginary part of the surface Green's function at the �rst site of the right lead is

plotted on the top panel of Fig. II.6. The LDOS for up spins in a given site is symmetric

to the LDOS for down spins when it is shifted to lower energies by δ = ∆A −∆B.

Note that the LDOS in Fig. II.6 approaches the bulk value (corresponding to the

in�nite chain) shown in Fig. II.4 as the site considered gets further away from the right

barrier interface. The LDOS converges to the bulk value in an oscillatory way. This is

more clearly illustrated in Fig. II.7, where the LDOS of the �rst site in an in�nite chain

(bulk) and sites 15 and 101 in a semi-in�nite chain are plotted as a function of energy.

The behaviour of these oscillations around the Fermi level is used as a �rst attempt to

explain the theoretical results that will be presented in the next chapter.

By way of comparison, the LDOS for the limiting case of a F semi-in�nite chain is

shown in Fig. II.8.
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Figure II.6 � Imaginary part of the on-site retarded Green's function (LDOS) for a semi-
in�nite FI chain (Bethe lattice) with ∆A = 0.5eV , ∆B = 0.25eV and t = −1eV . Blue(red)
lines are for up(down) spins α′ corresponds to the �rst site of the right lead in contact
with the barrier. Odd (even) subscripts correspond to the sublattice A(B). The horizontal
lines at 0 eV represent the Fermi level at equilibrium (when no voltage is applied).

As in the in�nite case, the LDOS for up and down spins in a given site are just shifted, and

they are symmetric with respect to the center of the single band. These LDOS approach

the bulk value shown in Fig. II.5 in an oscillatory way as well.

Change of quantization axis

To take into account the angle θ between the magnetizations in the left and right

leads, the surface Green's function ĝrαα must be rotated in spin space.

The matrix of a spin rotation around an axis given by the unitary vector n is:

ÛR(n, θ) = Îcos(θ/2)− i(n · σ̂)sin(θ/2)

In the case where n = j:
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Figure II.7 � Imaginary part of the on-site retarded Green's function (LDOS) for down
spin in an in�nite FI chain at site 1 (top panel). Idem for a semi-in�nite chain at sites 15
and 101 (middle and bottom panels).

ÛR(θ) =

(
cos(θ/2) −sin(θ/2)

sin(θ/2) cos(θ/2)

)
The surface Green's function at the left lead then becomes:

ĝ′αα = ÛR · ĝαα · ÛH
R =

(
cos(θ/2) −sin(θ/2)

sin(θ/2) cos(θ/2)

)
·

(
g↑↑αα 0

0 g↓↓αα

)
·

(
cos(θ/2) sin(θ/2)

−sin(θ/2) cos(θ/2)

)

ĝ′αα =

 g↑↑ααcos
2(θ/2) + g↓↓ααsin

2(θ/2)
1

2
sin(θ)(g↑↑αα − g↓↓αα)

1

2
sin(θ)(g↑↑αα − g↓↓αα) g↑↑ααsin

2(θ/2) + g↓↓ααcos
2(θ/2)


Calculation of the retarded Green's function for a semi-in�nite chain hosting

one or two magnetic impurities

The Green's functions calculated above describe perfectly periodic magnetic chains.

They can thus be used to model magnetic tunnel junctions with ideal epitaxially grown

crystalline structures, in the absence of defects. The speci�c e�ect of the natural disorder

usually encountered in actual polycrystalline junctions is therefore neglected. A �rst ap-
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Figure II.8 � Imaginary part of the on-site retarded Green's function (LDOS) for a semi-
in�nite F chain with ∆ = 0.5eV and t = −1eV . Blue(red) lines are for up(down) spins.
α′ corresponds to the �rst site of the right lead in contact with the barrier.

proach to analyse the e�ects of disorder is considering the presence of a given number of

magnetic impurities with a speci�c spatial distribution, which break the former period-

icity. These magnetic impurities might be present as a result of conventional sputtering

deposition processes. Although this analysis was eventually not pursued, the results of

the calculations for one and two magnetic impurities in the right lead are described below

to be considered for future work.

Once the retarded Green's function of the semi-in�nite right lead is calculated, it can

be used to compute the retarded Green's function of a right lead hosting a substitutional

magnetic impurity on a generic site l. For doing so, the Hamiltonian is split again into

two parts:

Ĥ = Ĥ0 + V̂

where:

Ĥ: Hamiltonian for a semi in�nite chain with one magnetic impurity
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Ĥ0: Hamiltonian for the pure semi in�nite chain

V̂ : Perturbation due to a magnetic impurity on site l

In spin space:

V̂ = |l〉 ε̂ 〈l| = |l〉

(
ε↑imp 0

0 ε↓imp

)
〈l|

Here, ε↑imp (ε↓imp) is the di�erence in energy of an itinerant spin up(down) at site l with

and without the magnetic impurity. The Dyson equation for the perturbed Hamiltonian

then reads: ĝr = ĝr0 + ĝr0V̂ ĝ
r. ĝr is the retarded Green's function corresponding to Ĥ

(semi-in�nite chain with a magnetic impurity on site l) and ĝr0 is the retarded Green's

function corresponding to Ĥ0 (semi-in�nite chain without magnetic impurity).

Projecting the Dyson equation on sites n and m inside the right lead (n,m ≥ 1) gives:

ĝr(n,m) = ĝr0(n,m) +
∑
i,j

ĝr0(n, i)V (i, j)ĝr(j,m)

where the matrix elements of the perturbation in the TB basis are: V (i, j) = 〈i| V̂ |j〉 =

〈i|l〉ε̂〈l|j〉 = δi,lδj,lε̂. The Dyson equation then reads:

ĝr(n,m) = ĝr0(n,m) +
∑
i,j

ĝr0(n, i)δi,lδj,lε̂ĝ
r(j,m)

= ĝr0(n,m) + ĝr0(n, l)ε̂ĝ
r(l,m)

ĝr(l,m) = ĝr0(l,m) + ĝr0(l, l)ε̂ĝ
r(l,m)

−→ [Î − ĝr0(l, l)ε̂]ĝr(l,m) = ĝr0(l,m)

−→ ĝr(l,m) = [Î − ĝr0(l, l)ε̂]−1ĝr0(l,m)

ĝr(n,m) = ĝr0(n,m) + ĝr0(n, l)ε̂[Î − ĝr0(l, l)ε̂]−1ĝr0(l,m) (II.58)

The calculation of the retarded Green's function for a semi-in�nite chain hosting two

magnetic impurities is straight forward: considering the retarded Green's function ĝr0

corresponding to one magnetic impurity at site l, a Dyson equation can be used to get

the retarded Green's function corresponding to two magnetic impurities located at sites l

and p, ĝr:

ĝr(n,m) = ĝr0(n,m) + ĝr0(n, p)ε̂
′[Î − ĝr0(p, p)ε̂′]−1ĝr0(p,m) (II.59)

where ε̂′ is the matrix of energy di�erences for an itinerant spin at site p with and without
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the second impurity.

II.6 Dispersion relation for a one dimensional ferrimag-

net

The electron motion inside the junction depicted in Fig. II.1 can be viewed as a scat-

tering problem of electrons going out and coming into the left and right electrodes. As

long as coherent transport is considered, the conservation of the transverse wave vector

allows to ignore in a �rst step the dimensions perpendicular to the transport direction,

reducing the calculations to a 1-D problem. In addition, the probability for an elec-

tron to travel through the barrier depends on its Fermi wave vector [Slonczewski, 1995],

[Tsymbal et al., 2003]. This Fermi wave vector is di�erent for up and down spins in F

and FI materials, since majority and minority bands are spin split. As a consequence,

their di�erent tunnelling probabilities result in an imbalance of electric current carried

by up and down spins, which is precisely at the origin of TMR. In particular, one of the

assumptions made by Julliere [Julliere, 1975] was that the conductance of a spin channel

was proportional to the product of the two DOS at the Fermi energy in the F electrodes.

It is therefore important to study the scattering states characterized by the wave vector

ky parallel to the y direction through the dispersion relations and total DOS in the leads

of the tunnel junction. Some important results of the next chapter are directly related

to the features displayed by the dispersion relations of F, AF and FI chains. Let's start

with the calculation of the dispersion relation for the general case of a FI chain.

As explained above, a FI can be considered as an alternating chain composed of two

types of site per unit cell (on-site energies εA and εB) which are coupled by the hopping

parameter t. Within the tight-binding approximation, the 1-D Hamiltonian for a given

itinerant spin-reads:

Ĥ =
+∞∑

n=−∞

(εA |n,A〉 〈n,A|+εB |n,B〉 〈n,B|)+
+∞∑

n=−∞

(t |n,A〉 〈n,B|+t |n,B〉 〈n+ 1, A|+H.c.)

or, in second quantized form:

Ĥ =
+∞∑

n=−∞

(εAâ
†
nân + εB b̂

†
nb̂n) +

+∞∑
n=−∞

(tâ†nb̂n + tâ†n+1b̂n +H.c.)

where n is the cell index and â (b̂) is the anihilation operator of one electron on a site A

(B).

Since we are dealing with a periodic system, we can take the lattice Fourier transform of

the Hamiltonian to pass from the site representation to the momentum representation,
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using the usual convention: ân =
∑

k∈FBZ e
iknaâk (a being the lattice constant):

∑
n

â†nân =
∑
n,k,k′

e−iknaâ†ke
ik′naâk′ =

∑
k,k′

â†kâk′
∑
n

ei(k
′−k)na =

∑
k,k′

â†kâk′Nδk,k′ = N
∑
k

â†kâk

∑
n

â†nb̂n = N
∑
k

â†kb̂k

∑
n

â†n+1b̂n =
∑
n,k,k′

e−ik(n+1)aâ†ke
ik′nab̂k = N

∑
k

e−ikaâ†kb̂k

The Hamiltonian then reads:

Ĥ = εA
∑
k

â†kâk + εB
∑
k

b̂†kb̂k + t
∑
k

[(1 + e−iak)â†kb̂k +H.c.]

with k ∈ [−π/a, π/a], a being the lattice constant.

This Hamiltonian is not diagonal yet, since it mixes â and b̂ operators; we obtain a simpler

2× 2 eigensystem projecting it on the basis {|k,A〉 ; |k,B〉}:(
〈k,A| Ĥ |k,A〉 〈k,A| Ĥ |k,B〉
〈k,B| Ĥ |k,A〉 〈k,B| Ĥ |k,B〉

)
·

(
|k,A〉
|k,B〉

)
= E(k)

(
|k,A〉
|k,B〉

)
The secular equation then reads:∣∣∣∣∣ εA − E(k) t(1 + eika)

t(1 + e−ika) εB − E(k)

∣∣∣∣∣ = 0

which gives the dispersion relation:

E(k) =
εA + εB

2
±

√(
εA − εB

2

)2

+ 4t2cos2(ka/2) (II.60)

The sign - designs the lower band and the sign + the upper band. For a linear chain with

A sites hosting localised up spins, the on-site spin-dependent energies can be split as:

ε
↑(↓)
λ′ =

ε
↑(↓)
A = ε0 − (+)∆A

ε
↑(↓)
B = ε0 + (−)∆B

Where ε0 is the spin-independent s-orbital energy of the itinerant spins. With this con-

vention, the spin-resolved dispersion relation is:

E↑(k) = ε0 −
δ

2
±

√(
∆A + ∆B

2

)2

+ 4t2cos2(ka/2) (II.61)
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E↓(k) = ε0 +
δ

2
±

√(
∆A + ∆B

2

)2

+ 4t2cos2(ka/2) (II.62)

Majority and minority bands are thus split by δ and the band edges for up-spins are, in

ascending order: E
↑(↓)
2 , ε↑A(ε↓B), ε↑B(ε↓B), and E

↑(↓)
1 , where

E
↑(↓)
1 =

ε
↑(↓)
A + ε

↑(↓)
B

2
+

√√√√(ε↑(↓)A − ε↑(↓)B

2

)2

+ 4t2

E
↑(↓)
2 =

ε
↑(↓)
A + ε

↑(↓)
B

2
−

√√√√(ε↑(↓)A − ε↑(↓)B

2

)2

+ 4t2

The bandgap is therefore: B = ∆A + ∆B, which is also consistent with the results of

section II.4.

Fig. II.9 shows the dispersion relations (II.61) and (II.62), for up and down spins respec-

tively split by the parameter δ. The Fermi wave vectors for up and down spins are thus

di�erent.

Figure II.9 � Spin-resolved dispersion relation within the FBZ for a 1-D FI with ε0= 1.5
eV, ∆A= 0.5 eV, ∆B= 0.25 eV and t= -1 eV. The wave vector k is in 1/a units.

The density of k-states as a function of energy can be calculated directly from the

dispersion relation:

DOS↑(↓)(E) =
dk

πdE

∣∣∣∣
E

=
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−(2E − ε↑(↓)A − ε↑(↓)B )

πa(E − ε↑(↓)A )(E − ε↑(↓)B )

√
4t2

(E − ε↑(↓)A )(E − ε↑(↓)B )
− 1

if E
↑(↓)
2 < E < ε↑A(ε↓B) (lower band)

2E − ε↑(↓)A − ε↑(↓)B

πa(E − ε↑(↓)A )(E − ε↑(↓)B )

√
4t2

(E − ε↑(↓)A )(E − ε↑(↓)B )
− 1

if ε↑B(ε↓A) < E < E
↑(↓)
1 (upper band)

The factor
1

π
comes from the normalization

∫
dEDOS(E) = 1.

As can be seen in Fig. II.10, the divergences of the 1-D FI DOS at the band edges are

due to the vanishing derivative of the dispersion relation (II.60) at the center and at the

edges of the FBZ. This DOS is the one shown at the bottom of Fig. II.1.

Figure II.10 � Spin-resolved DOS for a 1-D FI with ε0= 1.5 eV, ∆A= 0.5 eV, ∆B= 0.25
eV and t= -1 eV.

In contrast to the LDOS, the total spin-resolved DOS for the scattering k states is

symmetric with respect to the center of the gap.

II.6.1 Limiting case: antiferromagnetic chain

In the case of an AF chain, the opposite magnetic moments are equal, so that: ∆A =

∆B = ∆ ε↑A = ε↓B, ε
↓
A = ε↑B, B = 2 ·∆ and δ = 0 (majority and minority bands are no

longer split because there is no macroscopic magnetization). The dispersion relation and

DOS become:

E↑(k) = E↓(k) = ε0 ±
√

∆2 + 4t2cos2(ka/2) (II.63)
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DOSσ(E) =



−(2E − εσA − εσB)

πa(E − εσA)(E − εσB)

√
4t2

(E − εσA)(E − εσB)
− 1

if Eσ
2 < E < ε↑A(ε↓B) (lower band)

2E − εσA − εσB

πa(E − εσA)(E − εσB)

√
4t2

(E − εσA)(E − εσB)
− 1

if ε↑B(ε↓A) < E < Eσ
1 (upper band)

Figs. II.11 and II.12 show that the dispersion relation and DOS for an AF chain are

the same as those of a FI, however, majority and minority bands are no longer split since

there is no macroscopic magnetization.

Figure II.11 � Dispersion relation within
the FBZ for a 1-D AF with ε0= 1.5 eV,
∆= 0.5 eV and t= -1 eV. The wave vec-
tor k is in 1/a units.

Figure II.12 � DOS for a 1-D AF with
ε0= 1.5 eV, ∆= 0.5 eV and t= -1 eV.

The Fermi wave vectors for up and down spins coincide in this case.

II.6.2 Limiting case: ferromagnetic chain

If all the localised moments are equal and point in the same direction, a ferromagnetic

order is established. There is only one sublattice, and the energy for a given spin is

constant and site-independent:

ε↑(↓) = ε0 − (+)∆

The dispersion relation and DOS become:

E↑(k) = ε0 −∆ + 2tcos(ka) (II.64)

E↓(k) = ε0 + ∆ + 2tcos(ka) (II.65)
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DOS↑(↓)(E) = − 1

2πat

1√
1−

(
E − (ε0 − (+)∆)

2t

)2

As shown in Figs. II.13 and II.14, lower and upper FI/AF sub-bands for a given spin

merge into a symmetric single band. Majority and minority bands are also split.

Figure II.13 � Spin-resolved dispersion
relation within the FBZ for a 1-D F with
ε0= 1.5 eV, ∆= 0.5 eV and t= -1 eV. The
wave vector k is in 1/a units.

Figure II.14 � Spin-resolved DOS for a
1-D F with ε0= 1.5 eV, ∆= 0.5 eV and
t= -1 eV.

Similar to the FI case, the macroscopic magnetisation of the F chain di�erentiate the Fermi

wave vectors for up and down spins, since they do not experience the same potential inside

the magnetic leads.

II.7 Dispersion relations for 2-D square lattices of com-

pensated spins

An AF material can be modelled as a chain of parallel 2-D planes of uncompensated

spins pointing in the same direction in each of the planes, but alternating orientation

from one plane to the next one. Alternatively, "pure compensated" AF materials can

be modelled as a chain of compensated planes in which the net magnetization of each

plane vanishes see Fig. II.15. In this section I propose a method to adapt the theory

previously developed to this particular case. This method is based on the modi�cation

of the dispersion relation εk‖ of the Bloch states according to the new in-plane magnetic

con�guration of localized moments. Preliminary theoretical results for this kind of systems

are included in the next chapter.

Underlying the ballistic approach considered here, that is, momentum conservation in

the plane of the layers (k‖), is the assumption that these planes are translational invariant.
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The speci�c con�guration of localized atoms distributed periodically on each of the planes

determines the 2-D dispersion relation that must be used in coherent-based theoretical cal-

culations, as explained in section II.1.1. A number of works on spin dependent transport in

spin valves and magnetic tunnel junctions [Kalitsov et al., 2009],[Theodonis et al., 2006],

[Kalitsov et al., 2006],[Núñez et al., 2006] are based in the simple in-plane spin con�gu-

ration shown in Fig. II.15 a). This spin con�guration constitutes a square Bravais lattice

of uncompensated spins that gives rise to the commonly used TB 2-D dispersion relation

depicted in Fig. II.16-a) [Economou, 2006]:

εk‖ = ε0 + 2t[cos(kxa) + cos(kza)] (II.66)

where ε0 is the on-site energy on the plane. A successive parallel disposition of these

planes constitutes the model for a ferromagnetically ordered lead (spins might be rotated

by an angle θ, but the on-site energy ε0 is the same in every plane for a given itinerant

spin). In turn, the antiferromagnetic order can be modelled in di�erent ways. One of

them is considering an alternating disposition of uncompensated planes where each of

them lies between two planes rotated 180o. The macroscopic magnetization is zero since

the magnetization of a layer of uncompensated spins is compensated by the next one. An

itinerant spin will successively encounter alternating uncompensated planes, so that its

on-site energy will be layer-dependent. Another way to model AF order is considering a

lead built up with parallel planes of compensated spins, as the one depicted in Fig. II.15

b). In this case, there exist two di�erent on-site energies for a given spin on the same

plane, ε1 and ε2, corresponding to the sites hosting up and down localized spins in the

square Bravais lattice.

Figure II.15 � a) Bravais square lattice of uncompensated spins on a plane perpendicular to
transport. b) Bravais lattice of compensated spins on a plane perpendicular to transport.
The lattice parameter is a in both cases

This con�guration would be closer to reality for instance in IrMn3 FCC crystal lat-

tice structures, which are deposited in the (1, 1, 1) direction. In these structures, the

close-packed plane is in turn the (1, 1, 1) plane, which is formed of compensated spins

[Srinivasan et al., 2008].
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Consequently, the dispersion relation in Eq. (II.66) must be recalculated for these com-

pensated planes, as described in the next section. In addition to the replacement of Eq.

(II.66) by the new dispersion relation in all the calculations, the integration in k‖ space

will now take place in a di�erent Brillouin zone, according to the new reciprocal vectors

of the direct lattice shown in Fig. II.15 b).

The two sub-lattices of up and down localized spins in Fig. II.15 b) are generated by

the two families of direct lattice vectors {R1} and {R2}. Any vector owning to one of

these families can be expanded as a linear combination of the following primitive vectors:

a1 = a(e1 + e3), a2 = a(e1 − e3)

They give rise to the following new reciprocal vectors:

b1 =
π

a
(e1 + e3), b2 =

π

a
(e1 − e3)

Two linear combinations of atomic-like orbitals centred on each of the two sub-lattices

Φ(r−Ri) are used as basis of the in-plane Bloch states:

|Ψ1
k〉 =

1√
N

∑
R1

eik ·R1 |Φ(r−R1)〉

|Ψ2
k〉 =

1√
N

∑
R2

eik ·R2 |Φ(r−R2)〉

where, N is the number of unit cells of each of the sub-lattices.

Any Bloch state in the 2-D periodic lattice can be expressed as a linear combination of

these basis Bloch functions:

|Ψk〉 = αk |Ψ1
k〉+ βk |Ψ2

k〉

By de�nition, the Bloch states are eigenstates of the periodic 2-D Hamiltonian:

Ĥ |Ψk〉 = εk‖ |Ψk〉

This equation can be arranged in a matrix form considering a 2-D space spanned by the

two basis Bloch functions above:(
H11 H12

H21 H22

)
·

(
αk

βk

)
= εk‖ ·

(
αk

βk

)
where the matrix elements are de�ned as the projections of the Hamiltonian into the

Bloch basis: Hi,j = 〈Ψi
k| Ĥ |Ψ

j
k〉. For this eigenvalue problem to have a solution the

secular equation must be satis�ed:
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function formalism ∣∣∣∣∣ H11 − εk‖ H12

H21 H22 − εk‖

∣∣∣∣∣ = 0

Considering an atomic function overlap with nearest neighbours only, the following rela-

tions hold:

〈Φ(R1)| Ĥ |Φ(R′1)〉 = ε1δR1,R′
1

〈Φ(R2)| Ĥ |Φ(R′2)〉 = ε1δR2,R′
2

〈Φ(R1)| Ĥ |Φ(R2)〉 = t 6= 0 only if

R2 = R1 + ae1; R2 = R1 − ae3; R2 = R1 − ae1; R2 = R1 + ae3

The matrix elements are thus greatly simpli�ed:

H11 = 〈Ψ1
k| Ĥ |Ψ1

k〉 =
1

N

∑
R1,R′

1

e−ik ·R1eik ·R′
1 〈Φ(R1)| Ĥ |Φ(R′1)〉 =

ε1
N

∑
R1,R′

1

e−ik · (R1−R′
1)δR1,R′

1
= ε1

H22 = ε2

H12 = 〈Ψ1
k| Ĥ |Ψ2

k〉 =
1

N

∑
R1,R2

e−ik ·R1eik ·R2 〈Φ(R1)| Ĥ |Φ(R2)〉

〈Ψ1
k| Ĥ |Ψ2

k〉 =
t

N

∑
R1

e−ik ·R1 [eik · (R1+ae1) + eik · (R1−ae3) + eik · (R1−ae1) + eik · (R1+ae3)]

=
t

N

∑
R1

(eikxa + e−ikza + e−ikxa + eikza)

= 2t[cos(kxa) + cos(kza)] = γ(k) = γ∗(k) = 〈Ψ2
k| Ĥ |Ψ1

k〉

With these simpli�cations, the secular equation reads:

∣∣∣∣∣ ε1 − εk‖ γ(k)

γ(k) ε2 − ε(k)

∣∣∣∣∣ = 0 = [ε1− εk‖ ][ε2− εk‖ ]− γ2(k) = ε2
k‖
− (ε1 + ε2)εk‖ + ε1ε2− γ2(k)

which gives the following dispersion relation for a square 2-D lattice of compensated spins:
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εk‖ =
ε1 + ε2 ±

√
(ε1 + ε2)2 − 4[ε1ε2 − γ2(k)]

2

=
ε1 + ε2 ±

√
(ε1 − ε2)2 + 16t2[cos(kxa) + cos(kza)]2

2

(II.67)

which is plotted in Fig. II.16 b).

Figure II.16 � a) 2-D dispersion relation for an electron on the plane of uncompensated
spins shown in Fig. II.15 a) corresponding to Eq. (II.66). ε0 = 1 eV and t = −1 eV. b)
2-D dispersion relation for an electron on the plane of compensated spins shown in Fig.
II.15 b) corresponding to Eq. (II.67). ε1 = 1 eV, ε2 = 2 eV and t = −1 eV. The wave

vectors kx and kz are in
1

a
units.
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II.8 Nonequilibrium Keldysh formalism

This section intends to give a very brief description of the Keldysh formalism and the

origin of the Green's functions needed for physical systems out of equilibrium. It is freely

taken mainly from [Caroli et al., 1971], [Roermund, 2010], [Rammer and Smith, 1986] and

[Haug and Jauho, 2008].

The usual equilibrium diagram technique at zero temperature involves the calculation

of the time-ordered (also called casual) zero-temperature single particle Green's function.

This correlation function is mainly de�ned by a chronological product of the form:

〈Φ0| T̂{Â(t)B̂(t′)} |Φ0〉

where T̂ is the usual chronological ordering operator which orders observables from t =

−∞ to t = +∞, Â(t) and B̂(t′) are �eld or creation and annihilation operators in the

Heisenberg picture acting at times t and t′ and |Φ0〉 is the ground state of the system

(space variables are omitted for the sake of clarity). When the system is a�ected by a

perturbation -interactions between particles are turned on for instance- it is useful to

employ the interaction representation, in order to get rid of the unknown exact eigenstate

of the system, and express the correlation function in terms of the ground eigenstate

|Φ0〉 of the unperturbed Hamiltonian instead, generally much easier to calculate. The

connection between the exact and the non-perturbed ground state is accomplished by

using the Gell-Mann and Low theorem, which yields to the interaction representation of

the last expression:

〈Φ0|S(−∞,+∞)T̂{Ã(t)B̃(t′)S(+∞,−∞)} |Φ0〉

where the evolution operator in the interaction representation or matrix S is de�ned as:

S(t′, t) = T̂{exp[−ı
∫ t′

t

Ṽ (t1)dt1]}

Here, the total Hamiltonian has been split into an unperturbed part H̃0 and a perturbation

Ṽ . This perturbation is supposed to be adiabatically turned on from t = −∞ and turned

o� at t = +∞. The tilde symbol identi�es operators in the interaction representation.

In the presence of irreversible e�ects, the evolution of the system from t = −∞ to

t = +∞ amounts no longer to a simple phase shift of its state, since the system absorbs

or emits energy during the evolution. As a consequence, the exact state of the system at

t = +∞ is in general not known (actually this is one of the things one wants to compute

with the Green's functions); thus, all correlation functions must also refer only to the

state |Φ0〉 at t = −∞, when the perturbation is o� and the Hamiltonian is easier to solve.

The diagram technique is thus generalized by the following statement:
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〈Φ0|S(−∞,+∞)T̂{Ã(t)B̃(t′)S(+∞,−∞)} |Φ0〉 = 〈Φ0| T̂C{SCÃ(τ)B̃(τ ′)} |Φ0〉 (II.68)

where T̂C is an operator ordering times from right to left, not as usual from t = −∞ to

t = +∞, but along a contour C made of a "positive" branch going from τ = −∞ to

τ = +∞ and with a "negative" branch going from τ = +∞ to τ = −∞ (contour-ordering

operator), as shown in Fig. II.17.

Figure II.17 � Representation of the Keldysh contour C, where T̂{Ã(t1)B̃(t2)} =
B̃(t2)Ã(t1) but T̂C{Ã(τ1)B̃(τ2)} = Ã(τ1)B̃(τ2). The time variable τ on the Keldysh con-
tour must specify on which branch it is located.

In the preceding expression, the contour-evolution operator ŜC corresponds to an

evolution forward in time from τ = −∞ to τ = +∞ and then backward in time from

τ = +∞ to τ = −∞:

SC = S(−∞,+∞)S(+∞,−∞) = T̂C{exp[

∫
C

Ṽ (τ)dτ ]}

where the times of S(+∞,−∞) are on the positive branch and the times of S(−∞,+∞)

on the negative branch. It is clear that the presence of this term will introduce times on

the negative branch of the contour in (II.68).

Times on the positive branch are ordered from τ = −∞ to τ = +∞ and times on

the negative branch are ordered from τ = +∞ to τ = −∞. Any time of the negative

branch is considered as posterior to any time of the positive branch. Now, each operator

must specify both its time and on which side of the contour it lays, the positive or the

negative branch. Hence, the Green's functions will take additional indices and the usual

perturbation expansion of the Dyson equation takes a matrix form, as described below.

It is now possible to calculate expression (II.68) with the usual Feynman-Dyson diagram

technique; since the times belonging to the negative branch (noted with subscript -) are

posterior to the times belonging to the negative branch (noted with subscript +), one

needs to use the four Green's functions called casual, anti-casual, greater and lesser,

whose expressions are respectively (see Fig. II.18):
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GC
p,q(t, t

′) = −ı 〈Φ0| T̂C{ĉp(t+)ĉ†q(t
′
+)} |Φ0〉 = −ı 〈Φ0| T̂{ĉp(t)ĉ†q(t′)} |Φ0〉

G̃C
p,q(t, t

′) = −ı 〈Φ0| T̂C{ĉp(t−)ĉ†q(t
′
−)} |Φ0〉 = −ı 〈Φ0| T̃{ĉp(t)ĉ†q(t′)} |Φ0〉

G>
p,q(t, t

′) = −ı 〈Φ0| T̂C{ĉp(t−)ĉ†q(t
′
+)} |Φ0〉 = −ı 〈Φ0| ĉp(t)ĉ†q(t′) |Φ0〉

G<
p,q(t, t

′) = −ı 〈Φ0| T̂C{ĉp(t+)ĉ†q(t
′
−)} |Φ0〉 = −ı 〈Φ0| ĉ†q(t′)ĉp(t) |Φ0〉

Here, the operator T̃ orders times from +∞ to −∞ (anti-chronological order) and the

subscripts of the creation and annihilation operators indicate site indices of a TB Hamil-

tonian.

Figure II.18 � Illustration of the casual GC , anti-casual G̃C , greater G> and lesser G<

Green's functions via their correlated times on the Keldysh contour.

In a diagram calculation, integrals are thus performed along the contour starting and

ending at τ = −∞, and not from t = −∞ to t = +∞; this is equivalent to perform the

integration from −∞ to +∞ and to sum over the subscripts + and - corresponding to the

branches of the contour. Because the negative branch of the contour goes from τ = +∞
to τ = −∞, any point of this branch corresponds to a (-) sign due to the di�erential in

time, or equivalently any interaction on this branch corresponds to a (-) sign. Summing

over subscripts + and - is equivalent to using 2×2 matrices. Therefore the usual diagram

technique still holds, if one de�nes a Green's function matrix:

G =

(
G++ G+−

G−+ G−−

)
=

(
GC G<

G> G̃C

)
The Dyson equation then reads:

Gp,q(t, t
′) = G0

p,q(t, t
′) +

∫
G0
p,k(t, t1)Σk,l(t1, t2)Gl,q(t2, t

′)dt1dt2 (II.69)

where

Σ =

(
ΣC Σ<

Σ> Σ̃C

)

70



Chapter II. Quantum transport with tight binding models: nonequilibrium Green's
function formalism

is the self-energy matrix and G0 is the Green's function matrix in the absence of the

perturbation. Obviously (II.69) represents 4 equations, but only 2 are independent. In

our case we are concerned with a system in the steady state, i.e., all Green's functions

depend only on the time di�erence t− t′, and it is useful to Fourier transform (II.69) with

respect to time and work in the energy domain. Eq. (II.69) then writes:

G = G0 +G0ΣG (II.70)

where all quantities are 2 × 2 matrices with respect to the + and - indices. The fact

that Eq. (II.69) represents only two independent equations becomes clearer if one makes

the following canonical transformation (rotation): G → G′ = R−1GR, with R = (1 +

ıσy)/
√

2, where σy is one of the Pauli matrices. Then, the transformed Green's function

matrix becomes:

G′ =

(
0 Ga

Gr F

)

where we �nally get the retarded, advanced and Keldysh functions:

Gr = GC −G< = −G̃C +G>

Ga = GC −G> = −G̃C +G<

F = GC + G̃C = G> +G<

Retarded and advanced Green's functions describe the propagation of particles or

excitations forward and backward in time respectively and contain all the spectral infor-

mation on the local density of states. The Keldysh function satis�es a Quantum Kinetic

equation (described below) which is analogous to the Boltzmann equation in the case of

quantum systems where coherence of states is of fundamental importance. They are use

to compute the lesser Green's function, which provides the average occupation number of

each quantum state.

The same transformation for the self-energy yields:

Σ′ =

(
Ω Σr

Σa 0

)

with
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Σr = ΣC + Σ< = −(Σ̃C + Σ>)

Σa = ΣC + Σ> = −(Σ̃C + Σ<)

Ω = ΣC + Σ̃C = −(Σ> + Σ<)

Thus with the transformed (invariant) Dyson equation we obtain three equations and

the Fourier transforms of the equations for Ga and Gr are obviously complex conjugates:

Gr = Gr
0 +Gr

0Σ
rGr

Ga = Ga
0 +Ga

0Σ
aGa

F = F0 +Gr
0Σ

rF + F 0ΣaGa +Gr
0ΩG

a

The �rst two equations are the Dyson equations for the retarded and advanced Green's

functions and the third one is the Quantum Kinetic equation.They provide a complete

description of the system out of equilibrium.

In the case considered in this work, the perturbation consists in the connection of

the leads with the isolating barrier through the couplings or hopping parameters at the

interfaces. It is instantaneous and can be written as:

V (t) = {tα,aĉ†α(t)ĉa(t) + tα′,bĉ
†
α′(t)ĉb(t)}+H.c.

where the time t is either on the positive or on the negative branch of the contour so that

the interaction cannot connect the two branches. Consequently, Σ has the following form

in the transformed Dyson equation:

Σ =

(
0 tα,a

tα,a 0

)
(δp,αδq,a + δp,aδq,α) +

(
0 tα′,b

tα′,b 0

)
(δp,α′δq,b + δp,bδq,α′)

The unperturbed system at t = −∞ consists of the leads and barrier disconnected and

maintained at di�erent chemical potentials. Then the hopping at the interfaces is turned

on adiabatically and non-equilibrium quantities are evaluated when the steady state is

established.
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Numerical implementation

The complexity and size of the systems considered in this work are una�ordable for

analytical calculations to give quantitative theoretical predictions. Instead of using a sim-

pli�ed model analytically solvable, numerical simulations are performed here to take into

account a more detailed description of the system. The numerical calculations are carried

out by a quantum transport code built in Fortran 90. I coded the new spatially-resolved

retarded, advanced, Keldysh and lesser Green's functions developed previously, together

with all the observables described in II.2 for AF (uncompensated and compensated) and

FI systems in 1-D and 3-D. A pre-existing code that was intended to calculate the in-

terfacial spin current density in a AF/B/AF junction was used. The computation was

performed in the CEA computer cluster "Summer", with a total of 288 Intel cores. The

calculation of the local torque deposited in a single layer for 3-D systems took approxi-

mately one month. The bottleneck was the k‖ numerical integration in the FBZ, which

was performed by the multidimensional adaptive integration algorithm Cuhre, included

in the Fortran 90 interface. A number of convergence tests was performed all along this

work to check the validity of the results presented in the next chapter.
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Chapter III

Spin dependent transport in antiferro

and ferrimagnetic tunnel junctions

This chapter is devoted to the investigation of the amplitude and characteristic lengths

of STT and tunnelling magnetoresistance in epitaxial AF- and FI- based tunnel junctions

using the theoretical tools developed in Chapter II.

First, a comprehensive analysis of the essential features characterising the spatial

distribution of STT in AF materials is presented. This analysis is addressed from two

di�erent but physically equivalent points of view, namely the spatial variation of the

transverse components of spin currents and spin accumulation, as described in II.2.5.

The STT out-of-plane component exhibits a staggered spatial distribution similar to its in-

plane component. This behaviour is speci�c to the use of a tunnel barrier and signi�cantly

di�ers from the out-of-plane torques reported in previous works using a metallic spacer,

as outlined in Chapter I.

Next, the dependence of the charge current on the intrinsic magnetic properties of the

leads as well as the magnetic state of the tunnel junction is analysed in order to examine

the TMR ratio in purely AF tunnel junctions, which is of great technological interest.

The TMR ratio is shown to be very sensitive to the speci�c magnetic properties of the

AF leads, reaching values comparable to typical magnetoresistances found for usual spin

valves.

FI materials merge characteristic features of both Fs and AFs, namely a spontaneous

macroscopic magnetization together with a partially compensated magnetic structure. As

a consequence, combined STT features of Fs and AFs may also occur in FIs, giving rise

to high local STT values and long range STT spatial distributions. In fact, due to their

complex magnetic structure, FI-based tunnel junctions exhibit a more interesting STT

spatial behaviour, and are examined in a subsequent section. The spatial distribution

of STT is shown to have non-trivial wave patterns which are strongly a�ected by the

intrinsic magnetic and electronic properties of the FI material as well as by the applied

bias across the junction. The strong sensitivity of TMR ratios to the electronic structure
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and magnetic properties shown for AF leads is also observed in FI-based tunnel junctions.

III.1 Spin dependent transport in antiferromagnetic-

based tunnel junctions

The STT picture proposed in [Núñez et al., 2006] for AFs arises from changes in the

exchange �eld experienced by localized moments due to their magnetic interaction with

nonequilibrium spin densities originated by conduction electrons. This is in contrast

with the widely used theoretical framework for F systems, where the basic idea is that

the precession of an electron about the magnetization of a F yields to a change in this

magnetization by conservation of angular momentum, which is equal to the imbalance of

inward and outward spin �uxes. Due to the vanishing magnetization in AF materials, this

formalism can only be applied locally, unless the alternative mechanism for STT proposed

in [Núñez et al., 2006] is used.

Together with the re�ection-based polarizing mechanisms previously reported for AFs

[Núñez et al., 2006], [Saidaoui et al., 2014], we emphasize that despite the fact that the

overall DOS in AFs remains unpolarized at the Fermi level, the local interfacial DOS

becomes spin polarized giving rise to TMR and STT. This is illustrated in Fig. II.6 for

the FI case, the only di�erence compared to AFs being the absence of split of majority

and minority bands. Thus STT and TMR behavior is strongly in�uenced by the two

uncompensated layers next to the insulating barrier.

Apart from spin-valve structures using metallic spacers, usual F-based spintronics

takes advantage since long of tunnel barriers (B) [Moodera et al., 1995]. Whereas GMR

relies on spin dependent scattering at interfaces, tunnel magnetoresistance (TMR) rather

relates to spin dependent densities of states. In addition, tunnel barriers �lter the wave

vectors' angles of incidence of incoming electrons, which lowers the e�ect of dephasing in

three dimensional systems (3-D).

In e�ect, the tunnelling current distribution over the two-dimensional Brillouin zone

(corresponding to the wave vector component parallel to the barrier interface) is strongly

localized in certain regions. For instance, STT is mostly determined by electrons with

perpendicular incidence and decreases quickly with |k‖| in F tunnel junctions

[Manchon et al., 2008a]. Similar behaviour is characteristic for spin dependent tunneling

and TMR as demonstrated both using �rst principles calculations [Butler et al., 2001],

tight-binding [Mathon and Umerski, 2001],[Kalitsov et al., 2009] and free electron

approaches [Manchon et al., 2008a]. Such "a tunnelling cone" �ltering mechanism which

is absent in metallic structures weakens the e�ect of momentum dephasing processes

[Ralph and Stiles, 2008]. Therefore, we investigate the speci�c behaviour of STT and

TMR in AF-based tunnel junctions using tight binding calculations in the framework of
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the Keldysh formalism both for 1-D and 3-D geometries. Due to the use of tunnel barriers,

we anticipate unusual behaviours compared to AF-based spin-valves with metallic spacers,

as will be detailed below.

I recall in Fig. III.1 the tunnel junction model thoroughly described in the previ-

ous chapter, for the particular case of AF leads. These semi-in�nite leads are modelled

as a chain of uncompensated localized spins with translational invariance in the plane

perpendicular to the electron �ow (y axis).

Following the method explained in Chapter II, a single band tight binding Hamiltonian

for the itinerant electrons with a hopping parameter t= -1 eV in all regions is used. The

insulating spacer here is a barrier of NB sites (resp. layers) for 1-D (resp. 3-D) with a spin-

independent on-site energy εB= 5 eV. The magnetic properties of each AF are embedded

in the spin-splitting ∆, which accounts for the s−dmagnetic interaction between itinerant

spins and localized moments.

Figure III.1 � Layouts of the tunnel junction modi�ed from [Kalitsov et al., 2009] for AF
leads. (Middle) Schematic illustration of the two AF sublattices of up and down localized
spins whose magnetic interaction with itinerant electrons is modeled by the staggered spin
splitting ∆. The lower and upper bands for a given itinerant spin are separated by a gap
of 2∆.

The absolute value of the spin splitting ∆ is constant, but alternates in sign for a

given spin from one site(layer) to the next one due to the alternating orientation of the

localized magnetic moments within the AF leads. In particular, localized up (resp. down)

spins build up a magnetic sublattice in which the spin-dependent on-site energy is given

by ε↑(↓) = ε0 − (+)∆. In addition, as shown in Fig. III.1, the existence of two sublattices

77



Chapter III. Spin dependent transport in antiferro and ferrimagnetic tunnel junctions

of localized up and down spins within the AF leads opens a gap in the density of states

equal to 2∆. However, since AFs do not exhibit any macroscopic magnetization, majority

and minority bands are not split contrary to F and FI materials.

III.1.1 Spatial distributions of spin density and spin transfer torque

in 1-D antiferromagnetic-based tunnel junctions: stag-

gered torques

As discussed in III.1.2, all the following 1-D calculations concerning STT in AF-

based tunnel junctions are performed for an angle θ = π/2 (see Fig. III.1) between

the orientations of the two interfacial spins, since it is expected to maximise the torque

amplitude.

The voltage-induced part of in-plane (open circles) and out-of-plane (solid circles) spin

torque spatial distributions within the right lead of a 1-D F/B/AF junction are plotted in

Fig. III.2. These torques and spin densities were calculated using Eqs. II.29, II.31 II.12.

The term "voltage-induced" is used here in order to distinguish the torques present even

at equilibrium (zero voltage), from the torques originated by the electrons owning to the

narrow transport energy window opened by bias voltages (these bias voltages separate the

Fermi levels in both electrodes of the tunnel junction by varying the chemical potential at

the right electrode). In addition, it is generally accepted that the term �voltage-induced�

is more appropriate to describe tunneling transport while the term �current induced� is

more suitable for metallic spin-valve systems [Slonczewski, 2005].

Let's �rst discuss the in-plane component of the torque. This component exhibits the

perfectly staggered distribution that was previously observed by Núñez et al.

[Núñez et al., 2006] for 3-D AF-based spin valves (see introduction chapter). The alter-

nating sign of the torque (staggered character) is produced by the alternating localized

magnetic moments of each sublattice in the AF lead. These alternating moments are

responsible for the alternating exchange �eld seen by transport electrons. In turn, as de-

scribed in Eq. (II.33), the constant out-of-plane spin density originated by these transport

electrons couple to the alternating exchange �eld, which leads to the alternating sign of

the torque from one site to the adjacent site.

Unlike the random distribution of the out-of-plane torque shown with such metallic

spacer, in the case of an insulating spacer analysed here, the non-equilibrium, i.e. the

voltage induced part of this torque component is also staggered. This is valid regardless

of the left lead's magnetic order since we observed similar behaviour using AF and FI

leads as polarisers (results with AF polarisers are shown in subsequent sections for 3-D

junctions).

The red and blue thick lines in Fig. III.2 (top and bottom panels respectively) repre-
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Figure III.2 � Computed spatial distribution of the in-plane and out-of-plane components
of the voltage-induced torque (T‖, top, and T⊥, bottom) and spin density (S⊥, top, and
S‖, bottom) for a 1-D F/B/AF junction with θ = π/2, V= -0.1V and ∆ = 0.5 eV for
both F and AF leads. The local out-of-plane torque T⊥(0V) and in-plane spin density
S‖(0V) at zero bias were subtracted to obtain the out-of-plane torque and the in-plane
spin accumulation respectively (see Fig. 3 for more details). Note that the equilibrium in-
plane torque T‖ (0V) and related out-of-plane spin density S⊥(0V) are zero. The red and
blue thick lines representing the out-of-plane (top) and in-plane (bottom) spin densities
respectively refer to the right-hand ordinate.

sent the out-of-plane and in-plane spin accumulations in each site of the right lead. By

taking into account the scale factors given by the on-site spin-splitting and the sign of

the s − d local magnetic interaction (due to the staggered orientation of each localized

moment), the results represented in Fig. III.2 demonstrate that the torques are driven by

spin accumulation, in agreement with Eqs. II.33 and II.34. A constant out-of-plane spin

accumulation leads to a staggered in-plane torque. In turn, the in-plane spin accumula-

tion oscillates slightly around a constant value, so that the out-of-plane torque exerted in

each site of sublattice A oscillates converging to 1.62 µeV (the limiting torque in the bulk)

and the torque deposited in sublattice B oscillates around the same value with opposite

sign. Therefore, Fig. III.2 con�rms that considering ballistic transport in structures com-

prising AF layers, voltage-induced torques can be computed from the exchange �eld as

well as from the discrete divergence of the spin current. The perfectly staggered pattern

is present even for thicker barrier thicknesses (low currents) and low interfacial coupling

parameters (high metal-insulator interfacial roughness). It must be stressed that this in-
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�nite STT characteristic lengths are calculated for a perfectly crystalline structure. The

in�uence of defects in real systems will be investigated experimentally in chapter 4.

In order to illustrate the e�ect of the equilibrium contribution to the out-of-plane

torque, Fig. III.3 shows the spatial distribution of the out-of-plane torque at zero bias

(bottom), and the total out-of-plane torque at 0.1V (top) in a 1-D F/B/AF junction. The

total out-of-plane torque in each of the sublattices is split in two well de�ned branches

converging to the bulk value far away from the barrier interface.

Figure III.3 � Computed spatial distribution of the total out-of-plane torque T⊥ and the
total in-plane spin density S‖ for a 1-D F/B/AF junction with θ = π/2 at -0.1V and 0V
(RKKY interaction) with ∆ = 0.5 eV for both F and AF leads. The blue and green thick
lines representing respectively the in-plane spin densities at -0.1V (top) and 0V (bottom)
refer to the right-hand ordinate.

The subtraction of the equilibrium torque to the total torque of Fig. III.3 gave the

non-equilibrium torque represented in Fig. III.2. The former accounts for the Ruderman-

Kittel-Kasuya-Yosida (RKKY) interaction and is not associated with charge transport.

This RKKY conduction-electron-mediated interaction, often referred to as interlayer ex-

change coupling (IEC) between localized spins in the left and right leads

[Ruderman and Kittel, 1954], [Kasuya, 1956], [Yosida, 1957] is comparable in magnitude

to the transport-induced out-of-plane torque near the B/AF interface (even higher at

certain points). It decays so gradually that the total out-of-plane torque is strongly af-

fected fairly deep into the electrode: subtracting the IEC to the total out-of-plane torque
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smoothes out the oscillations (which are highlighted by the blue curve representing the

in-plane spin accumulation in the upper plot of Fig. III.3), leading to the �atter staggered

torque shown in the lower plot of Fig. III.2. The result is that the two branches in each

sublattice converge much faster to the bulk value. Unlike the nonequilibrium out-of-plane

torque, the torque exerted at zero bias in each individual sublattice of the right AF lead

as well as the in-plane spin accumulation are staggered. Consequently, the global out-of-

plane torque spatial distribution at zero bias is not, since the sign of the local torque and

spin density alternates every two sites (owning to each of the sublattices).

The spatial distribution of the staggered in-plane torque is much simple, and can be

characterized by the amplitude A, de�ned as the di�erence between the torques delivered

in two sites owning to each of the sublattices, as shown in Fig. III.4 (a). This �gure illus-

trates the spatial distribution of the in-plane torque in a symmetric AF/B/AF junction,

which demonstrates that similar STT spatial distributions were found using AFs instead

of Fs as polarisers.

Figure III.4 � (a) De�nition of the amplitude A (in µeV) of the in-plane torque in a 1-D
AF/B/AF junction with θ = π/2, V= -0.1V, ε0= 1.5 eV and ∆= 0.5eV. (b) Voltage
dependence of A in the same system. The line is a linear �t to the data.

The amplitude A is an important and useful parameter, since the total e�ective in-

plane torque delivered in N sites of the right lead can be straightforwardly calculated from

A: T e�
‖ =

N

2
A. It depends on the intrinsic magnetic properties of the AF lead via the

spin splitting ∆, and can be also tuned externally via the voltage applied to the junction.

Intuitively, the more current crosses the junction, the more torque is delivered to the right

lead; the exact relation between the amplitude and the applied voltage is shown in Fig.

III.4 (b). The linear �t demonstrates that in the case of a 1-D AF-based tunnel junction,

the amplitude A is proportional to the bias. It presents a constant slope of 4.5 µe, where

e is the charge of the electron in coulombs. Obviously, it gives zero amplitude for zero

bias, in contrast to the out-of-plane component.
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III.1.2 Spin density and spin transfer torque in 3-D

antiferromagnetic-based tunnel junctions with uncompen-

sated layers

This section extends the previous calculations to 3-D AF-based tunnel junctions. The

spatial distribution of the STT as well as the study of the current density are addressed

�rstly for AF leads consisting of alternating uncompensated layers (see Fig. II.15 a)).

The investigation of the STT spatial distribution in the case of compensated AF layers

(see Fig. II.15 b)) is reported in III.2.6 at the end of the section devoted to FI, since both

systems show striking similarities concerning the local distribution of torques.

All the following discussions concern symmetric AF/B/AF junctions.

Before starting the calculation of the spatial distribution of torques in symmetric 3-

D AF/B/AF junctions, I �rst checked the angle θ between the spins orientations at the

AF/B and B/AF interfaces that maximises the spin current density at the B/AF interface.

As explained in II.2.6, the spin current density at the B/AF interfaces is equivalent to

the total torque deposited in a F lead. Although this is in general not true for AFs, it is

expected to give in a �rst approximation the angle θ that maximises the amplitude of the

torques in the AF case, saving a lot of computation time. The typical angular dependence

of the in-plane and out-of-plane components of this spin current density is shown in Fig.

III.5.

Figure III.5 � (Left) Angular dependence of the in-plane spin current density component
for three di�erent 3-D AF/B/AF MTJ with a bias of 0.5V and a barrier height UB of 9
eV. (Right) Idem for the out-of-plane component.

The results shown in Fig. III.5 for three di�erent AF/B/AF systems (modelled by

the parameters shown in the insets) were computed for an insulating barrier with an

enhanced height of 9 eV. The positive applied voltage of 0.5 V corresponds to a current
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of left-going electrons. It clearly shows a I ∼ sin(θ) dependence in all cases. Slight

deviations from this dependence were observed for torques in AF spin valves, and were

ascribed to the multiple spin-dependent re�ections in the metallic spacer (similar to F

spin valves) [Núñez et al., 2006], [Saidaoui et al., 2014], which are expected to be reduced

here in the case of an insulating spacer. Consequently, the value θ = π/2 expected to

maximise in a �rst approximation the torque amplitude was used in all the numerical

simulation performed in this work concerning STT in AFs.

Spatial distribution of torques and spin densities

The local distribution of the the two torque components is illustrated in Fig. III.6. It

is clear that the staggered spatial distribution of the in-plane torque as well as the out-

of-plane torque in the bulk survives the k‖ integration for 3-D geometries. The spatial

behaviour of the in-plane component is similar in 1-D and 3-D systems.

Figure III.6 � Computed spatial distributions of the total in-plane (T‖) and out-of-plane
(T⊥) components of the torque in µeV per unit of surface � for a 3-D AF/B/AF junction
with θ = π/2, V= -0.1V, ε0= 1.5eV and ∆= 0.5 eV in both AF leads. The inset is a zoom
of the out-of-plane component from the sixth layer to stress its staggered character.

In contrast, the total out-of-plane spatial distribution in 3-D AF-based tunnel junction

is not signi�cantly a�ected by the IEC beyond the �rst layers next to the B/AF interface.

Indeed, IEC is shown in Fig. III.7, and it decays after a few layers (note that IEC

decreases quickly as 1/N2 with increasing metallic spacer thicknesses N in conventional F

spin valves [Edwards et al., 2005]). Although the pro�le of the total out-of-plane torque is
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abruptly distorted near this interface due to a very high value of the IEC (shown in Fig.

III.7), this equilibrium contribution is radically damped, and no signi�cant deviations

from the almost �at behaviour appear in the bulk. Interestingly, a similar STT behaviour

was found again regardless of the magnetic nature of the polariser. A strong dephasing

mechanism due to all the contributions of k‖ states is thought to be at the origin of this

radically damped behaviour of the IEC in 3-D systems at zero bias.

Figure III.7 � Spatial distribution of the out-of-plane torque in µeV per unit of surface �
at zero bias (RKKY interaction) for a 3-D AF/B/AF junction with θ = π/2, V= -0.1V,
ε0= 1.5eV and ∆= 0.5 eV in both AF leads. The inset is a zoom of the torque from the
third layer.

Comparison of antiferromagnetic tunnel junctions and spin valves

An important point to discuss is the di�erence between the random spatial distribution

of the out-of-plane torque reported in ref. [Núñez et al., 2006] for AF-based spin valves

and the staggered and ordered character of this torque component shown here for tunnel

junctions. This might be ascribed to the multiple spin-dependent re�ections that take

place in the metallic spacer but not in the insulating barrier. In e�ect, in the case of

tunnel junctions, the evanescent waves decaying exponentially do not stay in the barrier,

which reduces considerably the quantum interference between spin-dependent leftward

and rightward electrons' wave functions. In addition, the spatial pro�le of a given spin

density component generated by itinerant electrons re�ected o� an AF displays a complex

spatial pattern [Saidaoui et al., 2014]. Thus, in the particular case of the in plane spin

component, quantum interference in a metallic spacer may lead to a non-coherent spatial

distribution of the in-plane spin density (and consequently out-of-plane torque) both in

the spacer and in the right lead. In contrast, as analogous staggered spatial distributions of

the in-plane torque are present in both systems, the k‖-�ltering e�ect of tunnel junctions

is unlikely to be at the origin of the di�erent out-of-plane torque behaviour, since the

spin precession dephasing of the di�erent k‖ states would a�ect similarly both torque

components.

84



Chapter III. Spin dependent transport in antiferro and ferrimagnetic tunnel junctions

Relation between local spin densities and torques

The local out-of-plane and in-plane spin densities responsible for the local STT are

depicted in Fig. III.8. A constant out-of-plane spin density originates a perfectly staggered

in-plane torque in the whole right lead. A constant in-plane spin density originates a

staggered out-of-plane torque in the bulk.

Figure III.8 � (a) (Top) Computed spatial distribution of the in-plane torque (T‖) and
out-of-plane spin density (S⊥) for a 3-D AF/B/AF junction with θ = π/2, V= -0.1V
ε0= 1.5 eV and ∆ = 0.5 eV in both AF leads. (Bottom) Local ratio T‖/S⊥ showing
explicitly the exchange �eld ∆ = 2∆ (b) (Top) Computed spatial distribution of the
out-of-plane torque (T⊥) and in-plane spin density S‖) for the same system. (Bottom)
Local ratio T⊥/S‖ showing explicitly the exchange �eld ∆ = 2∆. The red and blue thick
lines representing the out-of-plane and in-plane spin densities in (a) and (b) respectively
refer to the right-hand ordinate.

The e�ect of the dramatic decrease of this last spin component in the �rst layers of

the right lead is directly observed on the out-of-plane torque behaviour near the barrier

interface. The relation between torques and spin densities is clearly illustrated in Fig.

III.8, where the ratios T‖/S⊥ and T⊥/S‖ are plotted in the bottom panels; as can be seen

in Eqs. (II.33) and (II.34), these ratios correspond to the local exchange �eld, which is

staggered and equals ∆ = ±2∆ = ±1 in the particular case considered in the Fig. III.8.
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Behaviour of the in-plane torque amplitude A

Similarly to the 1-D case, the amplitude A of the in-plane torque is strongly a�ected

by the applied bias. As shown in Fig. III.9 (a), the amplitude increases with voltage, but

the linear dependence is lost.

Figure III.9 � (a) Dependence of the in-plane torque amplitude A in µeV per unit of
surface � on the applied voltage for a 3-D AF/B/AF junction with θ = π/2 and ∆= 0.5
eV. (b) Dependence of the in-plane torque amplitude A on the spin splitting ∆ for the
same junction at V= -0.1V. The inset is a zoom for the low values of the amplitude.

A quadratic-like dependence appears, reaching saturation for high voltages. This voltage

dependence is shared in turn with the current density (see below), which is consistent,

since it is the only responsible for the in-plane torque (the zero voltage part vanishes). The

amplitude A vs the exchange splitting ∆ of the AF is plotted in Fig. III.9 (b). As can be

seen in the inset, the amplitude increases slightly with the spin splitting ∆ for a constant

value of ε0. However, the orbital energy ε0 has a stronger impact. The open symbol at

∆ = 1 eV represents an AF with an orbital energy ε0= 2 eV, to be compared to ε0= 1.5

eV for the rest of the solid points. This increase of 0.5 eV in the orbital energy leads to a

dramatic increase in the torque amplitude. An increase of the orbital energy keeping the

exchange splitting constant amounts to a shift of the DOS to higher energies, maintaining

the gap constant as well. This approaches the singularity of the DOS' lower edge to the

Fermi energy, providing more states available for the charge current, and producing more

torque. This demonstrates the importance of the electronic structure and consequently

the position of the Fermi energy for the STT in AF-based tunnel junctions.

E�ects of roughness at the barrier interfaces

As is already known, the tunnelling current is very much in�uenced by the electronic

structure, interdi�usion and roughness at the barrier interfaces [Tsymbal et al., 2003].
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The interface sensitivity is often explored experimentally by the insertion of ultrathin

layers called dusting layers at the barrier-electrode interface. In particular, interface

roughness leads to �uctuations in the barrier thickness and its coupling to the leads,

strongly a�ecting tunnelling conductance.

In an attempt to examine the e�ects of the barrier interfaces, the STT behaviour is

next analysed as a function of the hopping parameters tα,a and tb,α′ , which quantify the

coupling at the barrier interfaces in the tunnel junction model used here (see II.1.3). The

spatial distribution of the two torque components for two di�erent values of the mentioned

hopping parameters at the interfaces is plotted in Fig. III.10 (a) and (b), corresponding

to tb,α′= 0.4 eV and 0.7 eV respectively. The results reported previously for tb,α′= 1 eV

are plotted in Fig. III.10 (c) by way of comparison. The hopping parameter inside the

leads is kept at 1 eV.

Figure III.10 � Computed spatial distributions of the in-plane (T‖) and out-of-plane (T⊥)
components of the torque in µeV per unit of surface � for a 3-D AF/B/AF junction with
θ = π/2, V= -0.1V, ε0= 1.5eV and ∆= 0.5 eV in both AF leads. The hopping parameter
at the barrier interfaces (coupling) is tb,α′ = ta,α= (a) 0.4 eV. (b) 0.7 eV. (c) 1 eV. As in
Fig. III.6, the inset is a zoom of the out-of-plane component from the sixth layer.

Both values of the coupling at the interfaces are lower than the typical value of 1 eV used

in the rest of this work. Two important e�ects are observed in the Figure. The �rst is

a signi�cant decrease of the in-plane torque amplitude with the coupling; the second is a

strong distortion of the in-plane component near the interface for lower coupling, i.e., the

torque at the �rst layer of the lead becomes radically higher than the value that would

correspond to the sublattice it owns to. Although this e�ect is harmful for the e�ective

torque since the in-plane torque delivered at the �rst layer is subtracted to the torques

deposited in the next layers (it tends to rotate the order parameter in the opposite sense

of the torque deposited in the rest of the layers), the staggered character of both torques
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is preserved in the bulk of the lead. In contrast, the distortions of the out-of-plane torque

near the interface are more important for high coupling. As mentioned above, these

interfacial e�ects are crucial to be minimised in order to have high values of the e�ective

torque; they are analysed experimentally in Chapter IV for spin valve-like systems, and

will be the object of theoretical future work, together with the e�ect of impurities using

the method proposed in II.5 and most sophisticated techniques to treat the disorder such

as coherent potential approximation (CPA). In any case, the staggered pattern of the STT

spatial distribution seems to be robust against low currents/low coupling at the interface.

III.1.3 Charge current density and antiferromagnetic tunneling

magnetoresistance

Given the importance of the TMR for non-volatile memory applications, we next

examine the voltage dependence of the charge current density (responsible for the voltage-

induced part of the torque) for di�erent angles θ of the left lead order parameter (see Fig.

III.1 for the de�nition of θ) in a symmetric 3-D AF-based tunnel junction.

The origin of the voltage dependence of TMR has an important contribution related

to the electronic structure of the AF leads. When a voltage is applied across the junction,

nonequilibrium electrons from the occupied states below the Fermi level in the left lead

are able to tunnel to new empty states of energy higher than the Fermi level in the

right lead (lowered by the bias-dependent chemical potential). Since the DOS of the AF

lead is energy-dependent, the spin polarization and the conductance are also a function

of energy, resulting in the variation of TMR with the applied voltage. In addition, the

altered potential pro�le within the barrier contributes to the variation of the transmission

coe�cients with applied bias.

Fig. III.11-(b) shows the charge current density as a function of applied bias for

antiparallel, perpendicular and parallel magnetic states of left and right AF leads (the

magnetic states are de�ned here as the relative orientation of the two layers of uncom-

pensated spins at the AF/B and B/AF interfaces, see Fig. III.1).

By way of comparison, the same features are shown in Fig. III.11-(a) for a con-

ventional F-based tunnel junction. In the low bias region, where the charge density

current can be considered as proportional to the applied bias in linear response theory

[Bruus and Flensberg, 2002], di�erences between the three magnetic states are sensible

only in the F case. In contrast, for the AF case, the three con�gurations can only be

distinguished for voltages higher than a threshold of around 0.4 V. Higher voltages pro-

duce charge current saturation and decrease at very di�erent rates for the three magnetic

con�gurations. This is clearly illustrated by the TMR voltage dependence depicted in

Fig. III.11-(d). The position of the threshold might be ascribed to the curvature change

of the AF DOS at the Fermi level (see Fig. III.1 and II.12) when a voltage is applied,
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Figure III.11 � Calculated voltage dependence of the charge current density J in nA per
unit of surface � for three di�erent angles θ (top) and TMR (bottom) in (a)-(c) a 3-D
F/B/F tunnel junction with ∆ = 0.75 eV in both F leads and in (b)-(d) a 3-D AF/B/AF
tunnel junction with ∆ = 1 eV and ε0= 2 eV in both AF leads.

which amounts to a steep change in the number of states available in the right lead. Fur-

ther investigations are however necessary in order to clarify this point. For bias below

0.4 V, the TMR is around -1% (negative TMR is also found for instance in the case of

FI leads due to negative spin polarization [Kaiser and Parkin, 2006]), but interestingly

it presents a dramatic increase with voltage from the threshold, reaching values as high

as 90% for a bias of 0.9 V, to compare with the GMR ratio of around 10% shown in

[Núñez et al., 2006]. This bias dependence of the TMR in this AF-based tunnel junction

is opposite to the usual case of ordinary F-based tunnel junctions, where TMR reaches

very high values (a TMR ratio in excess of 1000% for an epitaxial Fe/MgO/Fe junction

has already been reported using tight-binding bands �tted to an ab initio band structure

of iron and MgO [Mathon and Umerski, 2001]), but decreases signi�cantly with applied

voltage, as shown in Fig. III.11-(c). From the experimental point of view, TMR ratios

of 604% at room temperature and 1144% at 5 K approaching the theoretically predicted

value [Mathon and Umerski, 2001] were found in sputtered CoFeB/MgO/ CoFeB F-based

tunnel junctions [Ikeda et al., 2008], while only a MR ratio of 0.5% was observed in the

AF spin valve structure IrMn/Cu/IrMn [Wang et al., 2009]. This low MR ratio indicates

the high sensitivity of AF STT and MR to momentum scattering due to disorder, and

points out AF-based tunnel junctions as an attractive system for spintronics applications

due to its momentum conservation properties [Saidaoui et al., 2014].
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Di�erent trends were found however for di�erent AF. For instance, as shown in Fig.

III.12 a decreasing TMR with voltage was observed for an AF with ε0= 1.5 eV and ∆=

0.5 eV. The e�ect of this change in the electronic and magnetic parameters on the lower

band of the AF lead (the only one considered here) amounts to a slight down shift of the

lower band edge. Currents in this system are signi�cantly lower than in the previous case,

which demonstrates the extreme sensitivity of the current properties in AF-based tunnel

junctions to the AF electronic band structure characteristics and the speci�c position of

the Fermi level.

Figure III.12 � Calculated voltage dependence of the charge current density J in nA by
unit of surface � for three di�erent angles θ (top) and TMR (bottom) in a 3-D AF/B/AF
tunnel junction with ∆ = 0.5 eV and ε0= 1.5 eV in both AF leads.

Due to numerical instability, the J-V curves are not symmetric in this particular case

for positive and negative voltages (as it should be due to the symmetry of the junction),

which is ampli�ed in the calculation of the TMR ratio (see Fig. III.12 (bottom) ). The

bumped behaviour for positive voltages suggests that the negative voltage (corresponding

to right-going electrons) is the more reliable branch. TMR ratios over 10% are found in

all this voltage range. In conclusion, the particular choice of the AF strongly a�ects not

only the value of the TMR but also its voltage dependence.

III.1.4 Summary

In summary, the spatial distribution of the STT in epitaxial AF-based tunnel junctions

was computed and analysed in terms of local spin accumulation and the discrete divergence

of the spin current transverse component. The resulting voltage-induced part of the out-of
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plane torque (as well as the total out-of plane torque in the bulk) deposited in an AF

lead is found to be perfectly staggered, in contrast with the random behaviour previously

reported for a metallic spacer.

The STT spatial pattern is independent of the magnetic nature of the left lead, i.e. F,

AF or FI, which points out that the main role of polariser is played by the closest spins

next to the barrier's left interface.

In addition, it is demonstrated that unlike conventional F-based tunnel junctions, AF-

based tunnel junctions can show monotonically increasing TMR with voltage, reaching

values as high as 90% for a bias of 0.9 V. However, the particular voltage dependence

of the TMR is shown to be strongly a�ected by the electronic structure of the AF leads

[Merodio et al., 2014b].

In the following section, the analysis carried out for AF-based tunnel junctions will

be extended to the case of FIs, for which AFs constitute simpler limiting cases. As will

be seen, the additional magnetic complexity inherent to FI materials yields to a richer

physics concerning the STT spatial behaviour in FI-based tunnel junctions.

III.2 Spin dependent transport in ferrimagnetic-based

tunnel junctions

In this section, we present a theoretical study of STT in ferrimagnet based tunnel junc-

tions. We show that electronic structure parameters such as band widths and exchange

splittings of the FI leads strongly in�uence STT. In particular, the STT spatial distribu-

tion within the leads shows a striking spin-modulated wave-like behaviour resulting from

the interplay between the exchange splittings of the two FI sublattices. This wave-like

behaviour can also be tuned via the applied voltage across the junction. Additionally, the

fundamental parameter for quantifying STT characteristic lengths in FI metals is iden-

ti�ed here, which shall also be accessible to experiments for instance by ferromagnetic

resonance and spin pumping measurements. As will be discussed in the next chapter, I

used these methods to measure experimentally characteristic penetration depths of a spin

current into an AF (limiting case of a FI).

All the calculations here concerning STT in FIs are performed at θ = π/2, since this

angle is expected to maximise STT, as in the case of conventional F-MTJ

[Manchon et al., 2008a].
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III.2.1 Characteristic lengths of spin density and spin transfer

torque in 1-D ferrimagnetic-based tunnel junctions: spin-

modulated torque waves

In order to illustrate the essential features of the STT spatial distribution in the right

FI lead, a 1-D FI-MTJ for which the calculation of local torques does not require the k‖

integration is �rst examined. Fig. III.13 shows the corresponding voltage-induced part of

local on-site torques and spin accumulations. The equilibrium zero voltage torques were

subtracted.

Figure III.13 � Spatial distribution of the in-plane (T‖) and out-of-plane (T⊥) nonequilib-
rium torque components and local spin density components (S⊥ and S‖) for a 1-D system;
θ = π/2, ∆A = 0.5 eV, ∆B = 0.25 eV and V= -0.1V. The equilibrium torques and local
spin densities were subtracted: T‖(0V) and S⊥(0V) equal zero in contrast to T⊥(0V) and
S‖(0V) that result from interlayer equilibrium RKKY interactions. The thick red and
blue curves(symbols) refer to the right-(left-)hand ordinate.

While the in-plane torque is zero at equilibrium (V= 0V), the out-of-plane torque

is not since it accounts for the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, as

mentioned in the previous section. Interestingly, both in-plane and out-of-plane torques

are staggered and commensurate with the lattice moment orientations, similar to the case

of AF leads (see Fig. III.2). Here, in addition, and due to the speci�c FI order of the lead,

the torques exhibit a striking wave-like behaviour: the FI sublattices A and B host two

�torque waves� dephased by half of a period one with respect to the other. Note also that

the higher the exchange �eld, the higher the amplitude of the corresponding torque wave.
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Fig. III.13 demonstrates that the spin transfer torques calculated using Eqs. II.29 and

II.31 are perfectly modulated by spin accumulation, similar to the AF case. In particular,

the torque deposited in each sublattice scales with the spin density according to the spin

splitting/exchange �eld of that sublattice. This is shown for sublattice B in Fig. III.13

(top), (lower spin splitting/lower torques) and for sublattice A in Fig. III.13 (bottom),

(higher spin splitting/higher torque).

Indeed, as explained in II.2.1, spin accumulation is calculated independently from Eq.

II.12, its spatial distribution oscillates exactly at the same period as that of the STT

and the ratios T‖/Sy and T⊥/Sx are constant. Using spin accumulation thus provides an

alternative method for calculating torques, not only in ordinary F-MTJ but also more

generally in FI- and AF-MTJs.

The variables controlling the modulation of the STT are next examined.

III.2.2 Period and amplitude of the spin-modulated torque waves

The STT waves presented here can be characterized by their amplitude A (similar to

the AF case) and their period P. Both parameters are depicted in Fig. III.14 for clarity.

In the same Figure, A and P are plotted as a function of voltage in the right panel. In

contrast to the AF case (see Fig. III.4), the amplitude A does not increase monotonically

with voltage, but reaches a maximum for a bias of 0.35 V. This might be related with the

saturation of the current at the same voltage, which is examined in the next section for

3-D junctions.

Figure III.14 � (a) De�nition of the amplitude A (in µeV) and the period P (in number
of layers) of the in-plane torque in a 1-D FI/B/FI junction with θ = π/2, V= -0.1V, ε0=
1.5 eV, ∆A= 0.5 eV and ∆B= 0.25 eV. (b) Voltage dependence of P (open circles referred
to the left hand ordinate) and A (solid circles referred to the right hand ordinate) in the
same system.

In turn, the period P of the waves increases monotonically with the applied bias,
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despite the two plateaus at 0.15 and 0.4 V caused by the discrete character of the period

and the discrete voltages considered in the calculations, so likely not ascribed to physical

reasons. It is worth noting that while the �rst half period of the torque wave tries to

turn the magnetization in one direction, the next half period tries to do the opposite,

since the wave changes sign for each sublattice, and the exchange energy is high enough

to maintain the lattice rigid. In order to have a high e�ective torque, it is therefore

important to apply a high voltage, but not far from the bias at which saturation of the

torque waves amplitude is reached.

In�uence of spin splittings on the torque modulation

The intrinsic magnetic properties of the FI leads have also a very strong in�uence in the

torque wave shape, and are next examined. Fig. III.15 represents the local distribution of

the in-plane and out-of plane torque components for two di�erent FI leads, characterized

by the spin splittings in each of the sublattices.

It is apparent that the spatial pro�le of the in-plane component is much smoother

than that of the out-of plane component. This is due to the strong in�uence of the slow-

decaying RKKY interaction in 1-D geometries, whose behaviour is similar to the AF case.

The subtraction of this zero voltage interaction gives the uniform pro�le shown in Fig.

III.13.

Apart from the higher amplitude of the in-plane torque for the FI shown in Fig. III.15

(b) with respect to the FI plotted in Fig. III.15 (a), the most striking di�erence is

the dramatic change of the period. This period depends on the interplay between the

spin splittings ∆A and ∆B of each sublattice; in particular, the period P depends on the

di�erence δ = ∆A −∆B. A high δ leads to a short spatial period P and vice versa, a low

δ leads to a longer P, as illustrated in Fig. III.16.

The linear �t in Fig. III.16 shows that for a given voltage, the torque wave's period

(P) is inversely proportional to the di�erence (δ) of magnetic s− d exchange interactions
between itinerant spins and localized magnetic moments in each of the two FI sublattices:

P ∝ 1

δ
(III.1)

Given the above relation, the limiting case characterized by δ = 0, i.e. when the FI

becomes a fully compensated AF, results in a diverging period. This agrees with the

perfectly staggered and non oscillating T‖ spatial distributions described in III.1.1 and

reported previously in AF-based spin valves [Núñez et al., 2006]. Interestingly, a Taylor

expansion at the Fermi energy of the dispersion relation for a 1-D FI up to second order

in the wave vector recasts relation (III.1) in terms of the Fermi wave vectors for up and

down spins for the case of low band �lling:
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Figure III.15 � Computed spatial distributions of the in-plane (T‖) and out-of-plane (T⊥)
components of the torque in µeV for a 1-D FI/B/FI junction with θ = π/2, V= -0.1V,
ε0= 1.5eV and (a) ∆A= 0.5 eV; ∆B= 0.1 eV (δ= 0.4 eV). (b) ∆A= 0.5 eV; ∆B= 0.4 eV
(δ= 0.1 eV).

Figure III.16 � For six di�erent 1-D FI/B/FI MTJ, 1/δ dependence of the in-plane torque
component period (P) for θ = π/2 and V= -0.1V. The double symbols at 4 and 10
eV−1 represent FI electrodes with unequal spin splittings ∆A, ∆B but the same δ =
∆A−∆B. These symbols are horizontally shifted to show the presence of two points/FIs.
Upper(Lower) inset: spatial distribution of the parallel torque wave for 1/δ = 4 eV−1

(1/δ = 10 eV−1). Dashed line is a linear �t to the data.
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P ∝ 1

δ
∝ 1

(k↑f )
2 − (k↓f )

2
=

1

(k↑f + k↓f )(k
↑
f − k

↓
f )

(III.2)

This expression is related to the length scales at which torque oscillations decay in

conventional F-MTJ from the B/F interface. The two factors 1/(k↑f −k
↓
f ) and 1/(k↑f +k↓f )

are respectively proportional to the voltage-induced and RKKY torque oscillations period

in F-based tunnel junctions [Manchon et al., 2008b]. Moreover, as pointed out by Berger,

the following relation between the exchange �eld ∆ and the spin dependent Fermi wave

vectors applies in Fs [Berger, 1996]:

(~2/2m)((k↑f )
2 − (k↓f )

2) = −2µB∆

where ∆ is de�ned here as an actual magnetic �eld. Consequently, the δ parameter plays

the role of a global �e�ective� exchange �eld in FIs, similar to the F case. This is consistent,

since the net magnetization of the FI is higher for higher values of δ. In addition, for the

range of energies considered here, the parameter δ and k↑f − k
↓
f are proportional to each

other with great accuracy; the period P can thus be viewed as inversely proportional to

the spatial frequency ∆k = k↑f −k
↓
f . Similar to the spatial precession of up and down spin

components of the scattering state in Fs, the period of the STT waves in FIs results in a

�rst approximation from the precession around the net magnetization.

In�uence of the bandwidth on the torque modulation

Here it is also shown that the bandwidth of the electronic band structure strongly

in�uences both the torque waves' period and the amplitude of the oscillations. As a

result of the TB model used, both upper and lower bandwidths can be parametrized by

the hopping parameter t, which determines electron mobility inside the whole structure.

Although the e�ect of the variation of t on STT will be examined, its particular value is

the same in all regions of the FI-MTJ, i.e. only homogeneous variations are considered.

The e�ect of local changes of the hopping/coupling at the B/FI interface are analysed in

III.2.4. Fig. III.17-(a) shows the wave period dependence on t for di�erent FI parameters.

The two FI represented by crosses and open circles display the same period regardless

of t since they share the same value of δ despite unequal spin splittings. The period is

however proportional to t in every case and results from the electron mobility increase for

higher values of the hopping.

The amplitude of the oscillations A scales with t5, as can be seen in Fig. III.17-(b);

the power factor accounts for the lesser Green's function dependence on the hopping

parameter in three regions of the FI-MTJ and the hoppings/couplings at to interfaces.

It is noteworthy that the hopping parameter does not in�uence the commensurability

between the torques and the lattice moment staggered character.
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Figure III.17 � (a) Dependence on the hopping parameter t of the in-plane torque com-
ponent waves period P for θ = π/2 and V= -0.1V. (b) Corresponding dependence with
t5 of the torque waves amplitude. The three FI leads of (a) and (b) have ∆A and ∆B

given in eV in the caption of (a). The lines are linear �t to the data.

In�uence of voltage on the torque modulation period

Regarding the dependence of the period on the applied bias examined in Fig. III.14,

it must be stressed that relation (III.1) is valid for any given voltage. Fig. III.18 shows

the 1/δ dependence of the torque wave period P for three di�erent applied bias. Data

corresponding to V= -0.1 (plotted in Fig. III.16) is also shown by way of comparison.

As can be seen, the period slightly increases with bias for 1/δ ≥ 4, but for a �xed

value of this applied bias, the period is inversely proportional to δ. Moreover, the slope of

the three linear �ts corresponding to di�erent applied bias is very similar, with a value of

around 8 sites · eV. Therefore, an increase of the bias roughly amounts to a vertical shift

of the period linear �t. The voltage dependence of this vertical shift is illustrated in Fig.

III.14 for a 1-D FI/B/FI junction with ε0= 1.5 eV, ∆A= 0.5 eV and ∆B= 0.25 eV.
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Figure III.18 � For di�erent 1-D FI/B/FI MTJ, 1/δ dependence of the in-plane torque
component period P for θ = π/2 and three di�erent applied bias. The dash black, solid
black and dot blue lines are linear �ts to the data corresponding to -0.1V, -0.25V and
-0.4V respectively.

Barrier e�ects on the torque wave's period and amplitude

In order to test the robustness of the wavy STT pro�les shown above, the in�uence of

the barrier properties was next investigated through the variation of barrier height UB,

the number of sites NB and the hopping elements tα,a = tb,α′ at the interfaces.

For all the set of barrier parameters considered here, the staggered and wavy spatial

distribution of torques is always present (not shown). While these three parameters a�ect

the amplitude of the torques (see Fig. III.19), only a slight variation of the oscillations

period was detected for di�erent hoppings at the interfaces (a variation of 4 sites for

a period of 34 sites (roughly 10%) was observed when the hopping at the interfaces

tα,a = tb,α′ was multiplied by 4). Fig. III.19 represents the amplitude variations with the

barrier height, the number of sites and the hopping parameter at the interfaces.

As can be seen in Fig. III.19 (c), a good contact at the barrier interfaces, i.e. high

hopping parameter tb,α′ is crucial to have high torque amplitudes. The dependence on the

barrier height and the number of layers from Fig. III.19 (a) and (b) is quite intuitive: the

amplitude decreases with the barrier height and exponentially decays with the number of

sites, due to the speci�c dependence of the conductance on the transmission coe�cients

of the junction.
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Figure III.19 � Dependence of the torque wave's amplitude on (a) the barrier height UB.
(b) the barrier's number of sites NB. (c) the hopping parameter tb,α′ at the interfaces.

III.2.3 Spatial distributions of spin density and spin transfer torque

in 3-D ferrimagnetic-based tunnel junctions: spin-modulated

torque waves with damping

The STT local distribution is next analysed in more realistic 3-D FI-MTJ. In this case,

the full integration in energy and k‖ states is needed, which could potentially extinct the

STT wave-like behaviour.

The spatial distribution of the two torque components for two di�erent FIs in a 3-D ge-

ometry is shown in Fig. III.20. Despite the weak damping that spoils the oscillations' peri-

odic character similar to the case of F-MTJ ([Manchon et al., 2008a], [Wang et al., 2008]),

the torque waves are found to be still present. The damping is introduced by the dephased

torque contributions due to k‖ integration.

The out-of-plane component of the torque seems to be as smooth as the in-plane

component, except at the �rst layers next to the interface, where strong distortions appear.

This is explained by the short range action of the RKKY interaction in 3-D geometries.

Similarly to the AF case, the zero voltage contribution of the STT decays very fast from

the interface, not a�ecting the STT in the bulk, as can be appreciated in Fig. III.21.

As shown in Fig. III.22, the parameter δ strongly a�ects the spatial extension of the

STT wave beatings in the 3-D case, similar to the 1-D geometries reported in III.2.2. As

illustrated in Fig. III.20, almost three STT wave beatings appear in the �rst 50 layers for
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Figure III.20 � Computed spatial distributions of the in-plane (T‖) and out-of-plane (T⊥)
components of the torque in µeV per unit of surface � for a 3-D FI/B/FI junction with
θ = π/2, V= -0.1V, ε0= 1.5eV and (a) ∆A= 0.6 eV; ∆B= 0.43 eV (δ= 0.17 eV). (b) ∆A=
0.5 eV; ∆B= 0.4 eV (δ= 0.1 eV).

Figure III.21 � Spatial distribution of the out-of-plane torque in µeV per unit of surface
� at zero bias (RKKY interaction) for a 3-D FI/B/FI junction with θ = π/2, V= -0.1V,
ε0= 1.5eV, ∆A= 0.6 eV and ∆B= 0.43 eV (δ= 0.17 eV).

the FI with δ= 0.17 eV, but only two appear for the FI characterised by δ= 0.10 eV.

Since damping spoils the periodic character of these oscillations, the concept of period

P previously discussed no longer stands. Of note, these damped oscillations cannot be

de�ned as pseudo-oscillations, and a new parameter ξ is therefore introduced to keep track

of the wavy length scale. We de�ne ξ as the number of layers between the B/FI interface

and the �rst layer at which the torque wave gets zero, as illustrated in Fig. III.20. It

would correspond to half a period in the 1-D case.
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III.2.4 Pseudoperiod of the spin-modulated torque waves

The two insets in Fig. III.22 illustrate the in-plane torque deposited in each layer of

the right lead in two 3-D FI-MTJ with di�erent δ. ξ is plotted in Fig. III.22 as a function

of
1

δ
which governs the oscillations period in 1-D FI-MTJ.

Figure III.22 � For four 3-D FI leads, 1/δ dependence of the torque characteristic length
(ξ) for θ = π/2 and V= -0.1V. Upper(Lower) inset: spatial distribution (in µeV per unit
area) of the in-plane torque wave for 1/δ = 4 eV−1 (1/δ = 16.7 eV−1). The dashed line is
a linear �t to the data.

The linear �t provides clear evidence that relation (III.1) holds for ξ even in 3-D

FI-MTJ, thus con�rming that the parameter δ is a key indicator for quantifying STT

characteristic lengths in FI metals.

ξ ∝ 1

δ
(III.3)

It must be emphasized here the importance of the staggered character of the in-plane

torque over the penetration depth given by ξ. In e�ect, similar to the AF case examined in

III.1.1, the torque deposited in sublattice A adds up to the torque delivered in sublattice

B, since localized spins owning to di�erent sublattices are aligned in opposite directions

(see Fig. II.2). This is in contrast to the case of ordinary F-MTJ, where positive and

negative local torques are counterbalanced to give the total torque delivered, which is

found to be comparable in amplitude to the torques discussed in this letter. Therefore,

in-plane torques in FI leads with low values of δ are expected to be very e�cient thus

driving current induced order parameter dynamics.
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STT from the exchange �eld

The local out-of-plane and in-plane spin densities shown to be responsible for the

local STT in AF-based tunnel junctions are depicted in Fig. III.23 for the FI case. A

damped out-of-plane spin density wave on sublattice A yields a damped in-plane torque

wave in the same sublattice. The lower torque exerted on sublattice B is due to the lower

amplitude of the out-of-plane spin density wave in this sublattice (see Fig. III.23).

Figure III.23 � (a) (Top) Computed spatial distribution of the in-plane torque (T‖) and
out-of-plane spin density (S⊥) for a 3-D FI/B/FI junction with θ = π/2, V= -0.1V
ε0= 1.5 eV, ∆A= 0.5 eV and ∆B= 0.25 eV in both FI leads. (Bottom) Local ratio T‖/S⊥
showing explicitly the exchange �eld ∆A = 2∆A; ∆B = 2∆B (b) (Top) Computed spatial
distribution of the out-of-plane torque (T⊥) and in-plane spin density S‖) for the same
system. (Bottom) Local ratio T⊥/S‖ showing explicitly the exchange �eld ∆A = 2∆A;
∆B = 2∆B. The red and blue thick lines representing the out-of-plane and in-plane spin
densities in (a) and (b) respectively refer to the right-hand ordinate.

The relation between torques and spin densities, accounted for by the ratios T‖/S⊥

and T⊥/S‖ are plotted in the bottom panels of Fig. III.23 (a) and (b); in contrast to the

AF case (see Fig. III.8), the spin splittings on each sublattice are not the same, and the

exchange �eld ∆ oscillates with a staggered character between the values ±0.5 and ±1
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eV in the case of the FI with ∆A= 0.5 eV and ∆B= 0.25 eV examined in the Figure.

E�ects of roughness at the barrier interfaces

The robustness of the STT wave patterns face to barrier e�ects is next tested by

reducing the hopping parameters tα,a and tb,α′ at the interfaces, similarly to what we did

for the 3-D AF case in section III.1.2, and in 1-D FI systems in section III.2.2. Fig. III.24

(a) and (b), show the STT spatial distribution corresponding to tb,α′= 0.4 eV and 0.7 eV

respectively. The hopping parameter inside the leads is kept at 1 eV.

As can be seen both components are reduced when the coupling becomes weaker, but the

staggered and wavy pro�le do not disappear.

Figure III.24 � Computed spatial distributions of the in-plane (T‖) and out-of-plane (T⊥)
components of the torque in µeV per unit of surface � for a 3-D FI/B/FI junction with
θ = π/2, V= -0.1V, ε0= 1.5eV, ∆A= 0.5 eV and ∆B= 0.25 eV in both FI leads. The
hopping parameter at the barrier interfaces (coupling) is tb,α′ = ta,α= (a) 0.4 eV. (b) 0.7
eV. (c) 1 eV.

III.2.5 Charge current density and ferrimagnetic tunneling mag-

netoresistance

The voltage dependence of the charge current density is shown in Fig. III.25 as a

function of applied bias for antiparallel, perpendicular and parallel magnetic states of left

and right FI leads. The behaviour is analogous to that of the AF-based tunnel junctions,

that is, linear increase for low bias and saturation at a voltage which is speci�c for each

magnetic con�guration (see Figs. III.11 (b) and III.12).

TMR ratios are shown to be strongly sensitive to the magnetic properties of the

FI. This is similar to the AF case, where TMR is shown to be strongly in�ueced the
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Figure III.25 � Calculated voltage dependence of the charge current density I in nA by
unit of surface � for three di�erent angles θ (top) and TMR (bottom) in a 3-D FI/B/FI
tunnel junction with (a) ∆A= 0.5 eV; ∆B= 0.25 eV. (b) ∆A= 0.4 eV; ∆B= 0.34 eV.

electronic structure properties. The two TMR curves represented in Fig III.25 (a) and (b)

corresponding to two di�erent spin splittings sets exhibit opposite trends with increasing

bias. The maximum values reached at -0.9 and -0.1 eV respectively di�er by one order of

magnitude.

The same numerical instability problem encountered for AF leads is found here, i.e.

the J-V curves are not symmetric for positive and negative voltages. A more detailed

study of this issue should be carried out in future works since it must be taken into

account to chose the better FI material for technological applications.

III.2.6 Spatial distributions of spin density and spin transfer torque

in 3-D antiferromagnetic-based tunnel junctions with com-

pensated layers: out-of-plane torque modulations

Although this section is devoted to AF-based tunnel junctions, it has been included

here since the spatial behaviour of the out-of-plane torque component exhibit striking

similarities with that of FI. As explained in chapter 2, AF order can be modelled by

alternating layers of compensated spins (called G-type AF in ref [Saidaoui et al., 2014]).

Actual crystal lattices such as IrMn3 are deposited in the (1,1,1) direction, perpendicular

to a family of compensated planes. It is therefore interesting to investigate whether the

STT is still present in these con�gurations, where there is no net magnetization in the

xz plane of the system, perpendicular to transport. The spatial distribution of STT for a
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3-D symmetric AF/B/AF tunnel junction constituted of two leads of compensated layers

is depicted in Fig. III.26.

Figure III.26 � Computed spatial distributions of the STT components for a 3-D sym-
metric AF/B/AF junction of compensated layers with θ = π/2, ε0= 1.5eV and ∆= 0.45
eV in both AF leads. (a) In-plane torque (T‖) at V= -0.1 V. (b) Out-of-plane torque
(T⊥) at V= -0.1 V. (c) Out-of-plane torque at V= 0V (RKKY interaction). (d) Voltage-
induced-out-of-plane torque (the out-of-plane torque at zero bias was subtracted to the
out-of-plane torque at -0.1V).

The in-plane and out-of-plane torques components are still present but they are re-

duced by 3 and 2 orders of magnitude respectively with respect to the uncompensated

case. In addition, it is impossible to know whether these torques are e�cient, since their

local distribution on each atomic site of the fully compensated planes cannot be calculated

with the formalism used here. In other words, if the torque deposited in each compensated

layer has the same sign in every atomic site, then it will not be e�cient, since opposite

magnetic moments on the compensated plane are intended to rotate in opposite senses.

However, �rst principles calculations applied to AF spin valves show that this spatial

distribution within each compensated plane of a FeMn AF can be polarised di�erently in

inequivalent sublattices, being thus e�cient [Xu et al., 2008].

Here, the same staggered behaviour reported for uncompensated AFs is found for the

in-plane component, but the out-of-plane component appears to be modulated analogously

to the FI case. The oscillations are damped too (which is not the case for uncompen-

sated AF), and the sign of the torque deposited in each sublattice is conserved, which is

advantageous for the e�ective torque. Again, these modulations can be characterized by

their amplitude and a parameter ξ′ analogous to ξ for FI, de�ning the length of the �rst

modulation beating (depicted in Fig. III.26 (b)). The dependence of both parameters on

the spin splitting ∆ is plotted in Fig. III.27.
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Figure III.27 � Variation of the wave length scale ξ′ and the amplitude A with the spin
splitting ∆ in a 3-D AF/B/AF junction of compensated layers with θ = π/2, ε0= 1.5eV
and V= -0.1 V.

As can be seen in the top panel of the Figure, the dependence of ξ′ on the spin

splitting ∆ in fully compensated AFs is analogous to that of ξ on 1/δ. The pseudoperiod

ξ′ does not follow a well-de�ned law, but it increases monotonically with the spin splitting.

Higher values of ∆ would be favourable for the e�ective torque, since the amplitude

of the modulation is higher for the �rst beating, however the left panel of Fig. III.27

demonstrates that this amplitude decreases dramatically with the spin splitting from

conventional values above 0.35 eV. Despite the interesting spatial behaviour of the out-

of-plane component, the magnitude of STT is vanishing small in fully compensated AF-

based tunnel junctions, what makes the uncompensated con�guration a better candidate

for technological applications.

III.2.7 Investigation on the origin of the spatial distribution of

spin transfer torque in ferrimagnetic- and antiferromagnetic-

based tunnel junctions: local density of states.

As a �rst attempt to explain the interesting distribution of torques and consequently

spin densities inside the magnetic leads in tunnel junctions, the site-resolved LDOS for a
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given spin at the Fermi level was investigated in a 1-D chain with F, AF and FI order,

in order to seek for a correlation between spin accumulation and the number of states

available in a given layer. The results for one F, one AF and two FI chains are shown in

Fig. III.28 (a), (b), (c) and (d) respectively.

Figure III.28 � Spatial variation of the local density of states (LDOS) at the Fermi level
for an itinerant spin in a 1-D in�nite chain (blue solid circles) and a 1-D semi-in�nite
chain (open circles) with: (a) Ferromagnetic order characterized by ε0= 1.5 eV and ∆=
0.5 eV. (b) Antiferromagnetic order, ε0= 2 eV and ∆= 1 eV. (c) Ferrimagnetic order,
ε0= 1.5 eV, ∆A= 0.5 eV and ∆B= 0.4 eV (δ= 0.1 eV). (d) Ferrimagnetic order, ε0= 1.5
eV, ∆A= 0.5 eV and ∆B= 0.25 eV (δ= 0.25 eV).

The blue solid circles represent the LDOS of an in�nite chain. When the chain is cut

at the site index 0 to reproduce a semi-in�nite lead, the LDOS is represented by the open

symbols. The translational symmetry of in�nite chains imposes that the site-resolved

energy pro�le of the LDOS for a given spin possesses only one pro�le in the F case (all

sites are equivalent) and two pro�les in the AF and FI cases (each site correspond to one

of the two sublattices of up and down localized spins) (see Fig. II.4).

The energy dependence of the LDOS is depicted in Figs. II.4 and II.5 for a FI and a F

chain respectively. Thus, the LDOS at the Fermi level takes only one value in a F chain

and two values in a FI or AF chain, for a given spin. This is clearly illustrated in Fig.

III.28. However, when the chain is cut, the translational symmetry is broken and not all

sites are equivalent any more, as can be observed in Figs. II.6 and II.8. For a F lead,
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the LDOS corresponding to the semi-in�nite chain exhibits a double wavy pattern that

oscillates around the constant value for the in�nite chain. One wave is located in even

sites and the other in odd sites, they have the same amplitude, but are spatially shifted.

For the FI case, there exist multiple waves oscillating around the two constant values

for the in�nite chain. The amplitude of the waves hosted in sublattice A (where the spin

splitting is higher) are also higher. This could explain the oscillatory behaviour of the

spin density, but the dependence of the period on the parameter δ is opposite. Note that

the spatial period of the LDOS waves in Fig. III.28 (d) is much longer than that of

(c), although they correspond to FIs with δ= 0.25 eV, and δ= 0.1 eV respectively. In

other words, similar oscillatory behaviour is observed in STT and LDOS, however, their

variations with δ are opposite in certain cases, and they cannot be directly linked.

In turn, the LDOS pattern encountered for AF leads is far more complex than the

simple �at distribution of spin accumulation shown in Fig. III.8. Further investigations

are thus required to explain the fundamental origin of the rich spatial distributions of

torques and spin densities.

III.2.8 Summary

In conclusion, a detailed analysis of the STT spatial distribution in FI-based tunnel

junctions has been carried out using a TB Hamiltonian that captures its essential electric

and magnetic qualitative characteristics, in the framework of the nonequilibrium Keldysh

formalism. The in-plane and out-of-plane torques are found to be spatially staggered, and

they exhibit a striking wave-like behaviour perfectly modulated by spin accumulation.

Thus, this work has addressed the equivalence of torques computed from the exchange

�eld along the z direction in FI-MTJ and through the divergence of the spin current.

The characteristic lengths of the torque oscillations are shown to be strongly dependent

on the electronic and magnetic features of the FI, namely the spin splittings of the two

FI sublattices and the bandwidth parametrized here by the hopping matrix element of

the TB Hamiltonian. Furthermore, the fundamental parameter that governs the torque

waves period in 1-D FI-MTJ and the spatial extension of the damped torque oscillations in

3-D FI-MTJ is identi�ed. This fundamental parameter can be considered as an e�ective

exchange �eld in FIs, similar to the homogeneous exchange �eld in the F case. The

mentioned characteristic lengths can also be tuned via the applied bias across the junction

[Merodio et al., 2014c].

These theoretical results may be of importance to choose the best suited FI mate-

rial for STT-based spintronics devices and will serve as a guideline for experiments on

spin penetration length in these materials using, for example, ferromagnetic resonance

and spin pumping e�ect [Ghosh et al., 2012], [Merodio et al., 2014a]. In addition, exper-

iments such as spin-transfer driven ferromagnetic resonance and spin-torque diode e�ect
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[Tulapurkar et al., 2005], [Sankey et al., 2006], [Sankey et al., 2008], [Kubota et al., 2008],

where the magnitude and direction of the STT are extracted in magnetic tunnel junctions,

could also demonstrate the theoretical results predicted in this work.
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Chapter IV

Experimental determination of STT

characteristic lengths in

antiferromagnets

IV.1 Introduction

The property that STT acts throughout the entire volume of an AF rely on phase-

coherent interferences and will surely apply strictly only in idealized AFs with perfect

epitaxially grown crystal lattices. However, as explained in II.1.1, realistic polycrystalline

AFs contain spin disorder that will produce noncoherent spin scattering both in the AF

bulk and at interfaces: impurities, interstitial or vacancy defects, interdi�usion at the

interfaces, interface roughness, grain boundaries,stacking faults, complex spin structures,

e.g. 3Q for IrMn and FeMn, etc. Therefore, we decided to experimentally investigate

the e�ect of disorder on the STT characteristic lengths in two di�erent AFs: IrMn and

FeMn. However, as explained in IV.3.1 the required lateral size of the samples used here

to study spin-dependent characteristic lengths in AFs is too large to deposit a thin and

continuous insulating layer of good quality. Therefore, spin-valve-like structures were used

here instead of AF tunnel junctions, replacing the insulating layer with a thicker metallic

spacer. The averaging over the incidence angles of the incoming electrons wave vectors

will thus come into play. This wave vectors averaging might a�ect the STT e�ciency

through the AF thickness, in contrast to the 3-D theoretical predictions performed in III

for tunnel barriers, which �lter the wave vectors incidence angles.

Some of the critical parameters for spin dependent transport in general are: 1) the

spin penetration depth originating di�erent mechanisms like spin �ip related to the termi-

nology: spin di�usion length and spin precession dephasing with the associated spin de-

phasing length terminology, and 2) the spin mixing conductances, since they both control

current perpendicular to plane GMR [Bass and Jr, 2007]. Magnetoresistive and dynamic
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experiments are the most common tools to study spin length scales and mixing conduc-

tances in thin �lms [Bass and Jr, 2007]. However, these two types of studies are not ideal

for AF materials since the former shows very low magnetoresistive signals and the latter re-

quires very high (THz) frequencies for dynamics excitation. Earlier attempts to character-

ize characteristic lengths in IrMn and FeMn using NiFe/Cu/AF/Cu/NiFe spin valves and

cryogenic-temperature are reported in in Refs. [Park et al., 2000],[Acharyya et al., 2010],

[Acharyya et al., 2011]. Although the authors could not extract de�nite values they con-

cluded on signi�cant spin �ipping at (IrMn,FeMn)/Cu interfaces and pointed towards

nanometric spin penetration depths in IrMn and FeMn. An alternative way to determine

spin absorption and spin mixing conductances in thin �lms was recently implemented. It

is based on the spin pumping phenomenon, the STT reciprocal e�ect and is best suited

for AFs [Berger, 1996]-[Ghosh et al., 2012]. The method indirectly monitors spin absorp-

tion in materials surrounding a Fres layer excited at resonance by ferromagnetic resonance

(FMR). The oscillating Fres magnetization transfers spin angular momentum to conduc-

tion electrons of the adjacent layers. Loss of spin angular momentum by the conduction

electrons results in Fres resonance linewidth broadening. This latter is related to the at-

tenuation (i.e. to the Gilbert damping α) of the Fres excitations. One can distinguish

between local, i.e. intrinsic losses, that is inside the precessing Fres (α
0), and non-local,

i.e. extrinsic damping where spins are lost outside the Fres (α
pump), i.e. absorbed by

the surrounding materials/interfaces under study. For various materials/interfaces, this

method compares the spin absorption e�ciency (related to spin mixing conductances)

since depending on the materials/interfaces properties the spins can be entirely absorbed

or backscattered into the Fres. Additionally, this technique determines spin absorption

length scales by investigating the Fres damping variations with the thickness of the neigh-

bouring spin sink (i.e. absorbing material under investigation)[Mizukami et al., 2001].

In this chapter, spin dependent transport in two typical AF polycrystalline thin �lms,

IrMn and FeMn is studied using the spin pumping technique, in order to measure the

characteristic length scales and thereby to determine spin absorption mechanisms in these

two materials. The �rst part is devoted to a more detailed description of the underlying

FMR and spin pumping working principles necessary to understand how characteristic

lengths in the two AFs are measured. The sample preparation process, measurement

setup and experimental results are addressed in the second part.

IV.2 Ferromagnetic resonance and spin pumping

The spin pumping e�ect and the FMR technique are directly related to the magneti-

zation behaviour of a F element when a time-varying magnetic �eld is applied. The time

evolution of the magnetization is captured by the Landau-Lifshitz-Gilbert equation, which

describes the in�uence of external magnetic �elds and the presence of adjacent materials
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next to the F on its magnetization dynamics. A brief discussion of this equation is thus

essential to understand FMR and spin pumping e�ect underlying features.

IV.2.1 Magnetization dynamics: Landau-Lifshitz-Gilbert equa-

tion

In the absence of STT, the time dependence of the total or spontaneous magnetization

M for a magnetic system obeys the following dynamical equation known as Landau-

Lifschitz-Gilbert (LLG) equation [Lakshmanan, 2011]:

dM

dt
= −γM×He� +

α

|M|
(M× dM

dt
) (IV.1)

where the modulus |M| is assumed to remain constant, so that the magnetization vector

can be written asM = |M| ·m, withm being a unit vector pointing in the magnetization

direction. The two terms at the right hand side of the LLG equation are described in

detail below.

First term of the Landau-Lifschitz-Gilbert equation: magnetization precession

The �rst term at the right-hand side of equation (IV.1) corresponds to the magnetiza-

tion precession around an e�ective �eldHe� whose origin is described bellow. γ = −g e

2me
is the gyromagnetic ratio (g is the Landé factor, e and me are the charge and the electron

mass respectively) and µ0 is the magnetic permeability in vacuum.

Figure IV.1 � Precession movement of the magnetization M(t) around the e�ective �eld
Heff described by the �rst term at the right-hand side of Eq. (IV.1).

The e�ective �eld is the local �eld felt by the magnetization (to which spins respond) and

corresponds to the variational derivative of the magnetic energy density with respect to

the orientation of the magnetization:

He� = − 1

µ0|M|
δetot
δm

(IV.2)
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The total magnetic energy density is the sum of four energy contributions: exchange,

anisotropy, Zeeman and demagnetizing energies:

etot = eex + ea + eZeem + edem

Exchange energy

Exchange interaction occurs between the spins of neighbouring atoms. This short

range interaction tends to align nearby spins in the same direction and has a purely

quantum mechanical origin. A change in the direction of the spins leads to a change in

the electrostatic repulsion between neighbouring electrons, since the spatial overlap of

the electronic wave functions permitted by the exclusion principle is di�erent for di�erent

spin con�gurations. The exchange energy for a system of N atoms with spins Si reads

(Heisenberg Hamiltonian):

eex =
N∑
i,j

−Ji,jSi ·Sj

where Ji,j are the exchange integrals related to the spatial overlap of neighbouring elec-

tronic orbitals. A positive(negative) value of these exchange integrals leads to a ferro-

magnetic(antiferromagnetic) order. Thus, the exchange interaction is responsible for the

spontaneous ordering of atomic magnetic moments occurring in magnetic solids.

In a classical approach, a suitable expression of the exchange energy must be available

at a continuous scale, by averaging the atomic description. For instance, the exchange

energy for a simple cubic lattice of lattice parameter a reads:

eex =
JS2

a

∫
dV ((∇mx)

2 + (∇my)
2 + (∇mz)

2)

where S = |Si|. The exchange coupling constant J depends on temperature because of

the temperature variation of the interatomic distances.

Magnetocrystalline anisotropy energy

In a classical picture, exchange interactions makes all spins to be parallel, but the

energy remains invariant whatever the direction the spins are aligned with. Exchange

interaction determines only the orientation of the sublattice magnetizations relative to

each other. However, the total magnetic energy of a ferromagnet does depend on the

particular orientation of the spontaneous magnetization with respect to the crystal lattice

or crystallographic axes. The main energy contribution which depends on the direction

of the magnetization is called magnetocrystalline anisotropy energy ea and is several

orders of magnitude weaker than the exchange interaction. It is minimum when the

magnetization is aligned along certain equivalent directions related with the symmetry
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operations living invariant the environment of each magnetic atom. These energetically

favourable directions are called "easy axis".

The origin of the magnetocrystalline anisotropy is the spin-orbit interaction Ĥ =

λL̂ · Ŝ, which couples spin angular moments with orbital angular moments (in contrast

with exchange interaction which couples only spin angular moment). Thus, the orientation

of the spins is indirectly related with the direction of the orbital moment. This orbital

moment created by the orbital motion of electrons couples in turn with the crystal �eld

created by neighbouring charges. Consequently, the energy of these orbitals depends on

their orientation with respect to the surrounding crystal �eld. The spin orientation will

then align with the preferential direction that minimises the spin-orbit interaction. For

cubic crystals, the anisotropy energy up to sixth order in the magnetization components

reads:

ea(m) = K1(m
2
xm

2
y +m2

ym
2
z +m2

zm
2
x) +K2m

2
xm

2
ym

2
z

where the anisotropy constants K1 and K2 depend on the material both in magnitude

and sign, and strongly vary with temperature.

In small samples and ultrathin magnetic �lms other anisotropy contributions such

as surface, interface, and exchange anisotropies might come into play. This e�ect is

attributed to the reduced symmetry of the atoms close to a surface with respect to those

in the bulk. Hence the form of the magnetocrystalline anisotropy is di�erent at the surface.

Zeeman energy

The Zeeman energy is simply the energy of the interaction between the magnetization

and an external magnetic �eld:

eZeem = −µ0M ·Hext

Obviously, the magnetization tends to align with the external �eld in order to minimise

this energy term.

Magnetostatic (stray �eld) energy

The magnetostatic energy arises from the coupling of the magnetization with the �eld

created by matter, i.e. the �eld created by the magnetization itself, called "stray �eld"

or "demagnetizing �eld":

edem = −1

2
µ0M ·Hd

The internal demagnetizing �eld Hd is opposite to the magnetization, and reduces the

external applied �eld. The magnetostatic energy is also small in comparison with the
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exchange energy contribution, but is a long range contribution responsible for the domain

formation in ferromagnetic materials, which reduces the magnetic energy stored in the

�eld. The stray �eld or "demagnetizing �eld" is proportional to the magnetization; the

proportionality is given by the demagnetizing factors Ni,j of the demagnetizing tensor N :

Hd = −N ·M. N depends on the shape of the sample. Indeed, the demagnetizing �eld

is high when the magnetization is in a direction of small dimension. It will induce the

magnetization to orient towards the largest dimensions of the sample, for instance, in the

plane of a thin �lm or along the axis of a nanowire.

Second term of the Landau-Lifschitz-Gilbert equation: intrinsic damping of

the magnetization precession

The second term at the right-hand side of Eq. IV.1 is a phenomenological term which

accounts for damping processes (similar to a viscous force in an harmonic oscillator). The

phenomenological damping factor α is a positive number in the range of 0.01-0.04 for

longitudinal magnetic recording media [Inaba et al., 1997], usually found from compari-

son with experiments. It represents all relaxation mechanisms arising from the coupling

of the magnetization with the environment, namely crystal lattice vibrations, magnons,

conduction electrons and other external sources. Thus, the magnetization relaxes in a

timescale of the order of nanoseconds.

Figure IV.2 � Illustration of the precession movement of the magnetizationM around the
e�ective �eld Heff described by both terms at the right-hand side of Eq. IV.1, adapted
from Ref [Rezende et al., 2013].

This dissipative term is the responsible for the magnetization to be eventually aligned

with the e�ective �eld, otherwise the precession movement would continue forever and

the equilibrium would never be reached. The smaller the value of α the longer the mag-

netization precesses before equilibrium is achieved. It acts perpendicular both to the

magnetization M and the direction of motion
dM

dt
, and just like the precession term con-
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serves the magnitude of the magnetization. As will be described bellow, it explains the

linewidth of the absorption signal in resonance experiments.

IV.2.2 Ferromagnetic resonance

Detecting the precessional motion of the magnetization in a ferromagnetic sample

is the underlying principle of ferromagnetic resonance (FMR) to measure its magnetic

properties. This method utilizes an applied static magnetic �eld HDC that exerts a torque

on the sample magnetization and makes the magnetic moments to precess around the

total e�ective �eld He�; in order to counterbalance the damping term in Eq. (IV.1), a

transverse RF �eld HRF (microwaves ranging typically 1-35 GHz) is applied perpendicular

to the static �eld HDC. As explained below, when the RF �eld frequency ω matches the

resonance frequency extracted from Eq. (IV.1) and determined by the applied HDC �eld,

the microwave power is absorbed by the sample. The most important magnetic properties

of the sample are extracted from the power absorption Lorentz-like resonance signal.

Figure IV.3 � Scheme of the FMR measurement setup

As described below, this power absorption resonance signal is related to the susceptibility

of the sample, which is calculated solving the LLG Eq. (IV.1) for the experimental

con�guration shown in Fig. IV.4 making the following assumptions:

1. The sample is measured in a region where the applied static �eld HDC aligned along

the x direction is homogeneous.

2. The macrospin approximation is made, i.e., the magnetization of the sample is

spatially uniform. The spins in the small volume of the sample remain parallel by

virtue of the exchange interaction.

3. The magnetization lies in-plane and the surface dimensions are much larger than

the thickness. The demagnetizing factors therefore reduce to: Nx = Ny = 0 and

Nz = 1.
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4. The two surfaces originate a uniaxial perpendicular anisotropy which is small com-

pared to the demagnetizing �eld. This surface anisotropy (not negligible only in

ultrathin magnetic layers) is ascribed to the reduced symmetry of atoms near the

interface, and can be described as a surface �eld contribution to the total e�ective

�eld: HS =
2KS

a

µ0Mst
, where t is the thickness of the F layer and KS

a is a perpendicular

anisotropy constant in units of J/m2.

Figure IV.4 � Schematic illustration of the FMR measurement con�guration: the static
DC �eld is applied in the plane of the sample along the x direction; the RF �eld is applied
in the plane of the sample perpendicular to the DC �eld.

As sketched in Fig. IV.4, the magnetization is aligned along the x direction. The RF

�eld is applied along the y direction, perpendicular to the static DC �eld.

For the con�guration shown in Fig. IV.4, M = Msx+myy+mzz, where my and mz are

considered as small deviations (my,mz << Ms) from the equilibrium magnetization in

the direction of HDC when the RF �eld is applied. The e�ective �eld can be written as:

He� = (HDC +Huni)x+HRFy−
Me�

Ms

mzz

where the uniaxial anisotropy �eld and the e�ective magnetization are de�ned by Huni =
2Ku

a

µ0Ms

and Me� = (Ms −
2KS

a

µ0Mst
) respectively. With these de�nitions, the resonance

frequency as well as the linewidth of the power absorption resonance signal can be cal-

culated from the susceptibility tensor component χyy, which relates the y magnetization

component my with the applied RF �eld HRF in the y direction: my = χyyHRF. The

susceptibility tensor is obtained solving Eq. (IV.1) in the linear approximation consider-

ing small transverse components my and mz with harmonic time dependence of the form

exp(iωt). Introducing these components into Eq. (IV.1) results in a system of coupled

equations of motion for my and mz from which the diagonal susceptibility can be obtained

neglecting non linear terms in HRF, my and mz [Ghosh, 2013]:
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χyy = χ′yy + iχ′′yy = Ms

(A+ iα
ω

γ
)[AB −

(
ω

γ

)2

(α2 + 1)− iαω
γ

(A+B)]

[AB −
(
ω

γ

)2

(α2 + 1)]2 + [α
ω

γ
(A+B)]2

(IV.3)

where A = Me� +HDC +Huni and B = HDC +Huni.

Extraction of the resonance frequency from Kittel law

The maximum magnetization in the y direction (response) for a given HRF �eld (exci-

tation) is reached when the denominator of Eq. (IV.3) is minimum. Thus the resonance

condition can be expressed as:

AB −
(
ωres
γ

)2

(α2 + 1) = 0

Here α2 + 1 ≈ 1, since α << 1, and the resonance condition reduces to

(
ωres
γ

)2

=

AB. This condition gives the Kittel resonance formula, which gives the sought resonance

frequency: (
ωres
γ

)2

= (Me� +HDC +Huni)(HDC +Huni) (IV.4)

Extraction of the damping parameter α from the linewidth of the power ab-

sorption resonance signal

The time dependence of the power absorbed by the sample from the total �eld applied

is given by the time derivative of the Zeeman energy:

P (t) =
dεZeem
dt

=
d

dt
[−µ0M · (HDC +HRF)] = −2µ0my

dHRF

dt
= −2µ0Re(χyyHRF)

dHRF

dt

Using the mean value theorem, the average absorbed power absorbed during one cycle of

duration T =
2π

ω
can be calculated straightforwardly:

〈P 〉 =
ω

2π

∫ 2π/ω

0

P (t)dt = µ0ωχ
′′
yy(HRF)2 (IV.5)

The absorbed power depends only on the imaginary part of the susceptibility function,

which is associated with irreversible processes that lead to energy dissipation in the mag-

netic system. FMR measures the power absorption characteristics, which can be used to

extract information about the relaxation processes using Eq. (IV.5). For the FMR mea-
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surements performed in this work, it is di�cult to vary the microwave frequency over large

ranges; instead, the static magnetic �eld HDC is varied to reach the resonance conditions,

since there is a correspondence between ωres and HDC given in Eq. IV.4. The imaginary

part of the susceptibility function in Eq (IV.5) is a Lorentzian function of the applied

HDC �eld centred at the resonance �eld Hres. The linewidth of this Lorentzian is given

by its full width half maxima ∆H1/2. However, experimentally it is easier to measure the

di�erential absorption
∂χ′′

∂H
(see Fig. IV.5).

Figure IV.5 � Di�erential absorption
∂χ′′

∂H
as a function of the applied static �eld. The

inset corresponds to the Lorentzian susceptibility χ′′.

The full width half maxima of the conventional Lorentzian is related to the peak-to-

peak spacing ∆Hpp of this di�erential absorption through ∆Hpp =
1√
3

∆H1/2. ∆Hpp is

experimentally measured in order to extract the relaxation damping parameter through

the relation:

∆Hpp(ω) = ∆H0 +
2√
3|γ|

αωres (IV.6)

Where γ the gyromagnetic ratio and ∆H0 the inhomogeneous broadening associated with

spatial variations in the magnitude of the out-of-plane magnetic anisotropy. The linewidth

is therefore a linear function of the frequency, with a constant term ∆H0 that takes the

sample inhomogeneity into account. If several ∆Hpp measurements are performed at

di�erent microwave frequencies ω, then the damping factor ω can be easily obtained from

the slope given in Eq. (IV.6).

IV.2.3 Spin pumping

As discussed in the previous chapters, a spin-polarized current can exert a torque on

the order parameter of a magnetic element, leading to current-induced magnetic dynamics.

The reciprocal of this phenomenon is the interfacial 'pumping' of spins by a precessing
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magnetization of a ferromagnet Fres into adjacent nonmagnetic layers. In other words,

the precessing magnetization vector of a ferromagnet emits a pure spin current when in

contact with a normal (paramagnetic) metal (see Fig. IV.6).

Figure IV.6 � Spin pumping e�ect in a F/NM structure. The precessing magnetization
of the F pumps a pure spin current into the adjacent NM material, where it is absorbed.

Unlike a spin-polarized current, there is no net charge transport: the number of spins

polarized along a given quantization axis going out of the precessing ferromagnet equals

the number of spin polarized in the opposite direction entering the ferromagnet, thus,

only angular momentum is transferred. This transfer of angular momentum a�ects in

turn the magnetization dynamics of the ferromagnet, which can be described in terms of

the Landau-Lifshitz-Gilbert equation as an enhanced Gilbert damping ∆α. The enhanced

Gilbert damping can be viewed as an additional torque acting on the magnetization vector.

It can be monitored using the FMR methods described previously, through the resonance

signal linewidth broadening.

Using a scattering matrix approach it was demonstrated that the spin current pumped

out of the ferromagnet into the NM layer is given by:

Ipumps =
~
4π

(g↑↓r (m× dm

dt
) + g↑↓i

dm

dt
) (IV.7)

m is the magnetization and g↑↓r and g↑↓i are the real and imaginary part of the transverse

spin mixing conductance, which describes spin transport at the interface between two

metals. It determines how much spin current crosses the interface. The pumped spin

current, �ows perpendicular to the F/NM interface, and delivers some of its angular mo-

mentum to the NM lattice, for instance by spin-�ip relaxation processes or spin dephasing

mechanism. The delivered angular momentum at the NM causes a loss of angular mo-

mentum to the ferromagnet F, which manifests itself as an additional damping (torque)

term. This additional term αpump, or extrinsic damping has a non-local nature in the

sense that angular momentum is lost outside the precessing F, that is, absorbed by the

surrounding materials/interfaces under study. It must be distinguished from the usual

local intrinsic damping α0 discussed above. The extrinsic damping term must be included

in the LLG equation taking into account the expression of the pumped spin current given
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in Eq. (IV.7):

dm

dt
= −γm×He� + α0m×

dm

dt
+

γ~
4πMsV

(g↑↓r (m× dm

dt
) + g↑↓i

dm

dt
) (IV.8)

where V is the volume of the F. The imaginary component g↑↓i in Eq. (IV.8) is negligible

with respect to the real component g↑↓r , so that the additional extrinsic damping term in

Eq. (IV.8) reads:
γ~

4πMsV
g↑↓r m×

dm

dt
. It has a form similar to that of the intrinsic Gilbert

damping (m× dm

dt
), so that both terms can be merged in the same damping term. The

most general additional damping coe�cient due to non-local losses arising from the spin

pumping e�ect is:

∆α = αpump=
|γ|~

4πMsV
g↑↓e� =

|γ|~
4πMs

(
g↑↓e�
S

)
1

tF
(IV.9)

where the e�ective spin mixing conductance g↑↓e� takes into account all additional layers

and interfaces encountered by the spin current (other than the simple F/NM structure,

such as the one depicted in Fig. IV.10), and is a function of the layer con�guration.

Note that the additional damping term depends on the inverse of the ferromagnetic layer

thickness tF , which points out an interface e�ect.

The spins transmitted through the F/NM interface can continue to precess in the

e�ective �eld while they di�use away from the surface. However, since these spins take

a random walk through the conductor, at any distance larger than the electron mean

free path away from the interface the transverse components of the spin accumulation

average out (spin dephasing), and only the component along the static magnetization

remains. Besides, for a metal with a fast spin-�ip relaxation time, the spin injection can

be balanced by spin-�ip relaxation, i.e., spin currents are absorbed quickly in the metal

and exert a torque. This kind of metal is denoted a good spin sink.

To summarize, spin-pumping can be thought of as the transfer of angular momentum

out of a ferromagnet with precessing magnetization into the adjacent layers due to a pure

spin current. This is the source of enhancement of resonance linewidths experimentally

observed in FMR measurements, which accurately probe the total (intrinsic + non-local)

Gilbert damping factor. Transport-related interface e�ects described by the spin mixing

conductances can be analysed using FMR for various materials and interfaces. In addi-

tion, this technique investigates the spin absorption length scales in F/NM/M (where M

represents a material with any magnetic order) nanostructures examining the total damp-

ing variations with the thickness of the material M under investigation. In particular, it

will be used in the present thesis to determine spin characteristic length scales and spin

absorption mechanisms in two typical AF polycrystalline thin �lms, IrMn and FeMn. The

cases where M=F and PM were thoroughly studied [Ghosh et al., 2012].
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IV.3 Experimental determination of characteristic

lengths for spin dependent transport in

NiFe/Cu/AF trilayers

In order to study spin absorption in AF layers with the FMR technique, F/NM/AF

heterostructures were used. The F material was chosen to be NiFe since it gave the better

signal-to-noise ratio in comparison with Co, the second F tested. The thickness of 8 nm

was chosen to have a high αpump value (αpump is inversely proportional to the thickness

of the F layer [Ghosh, 2013]) and a good layer quality (continuous layer). Cu(3 nm) was

used to decouple the F from the AF. The two AF analysed here are IrMn and FeMn; their

thicknesses were varied to study the evolution of αpump.

IV.3.1 Samples preparation

Sample deposition

Samples were deposited using a classical Plassys dc-magnetron sputtering equipment.

Magnetron sputtering is a thin �lm deposition process in which atoms from a solid "target"

fabricated from materials that one wants to deposit are ejected due to bombardment by

energetic particles onto a substrate (here Si/SiO2(500nm)). These energetic particles are

the positive ions of the inert gas Argon introduced in the vacuum chamber (Ar+), which

are part of a plasma constituted of Argon atoms, Argon ions and electrons. The plasma

is created by means of electric discharges applied to the target that ionise the Ar atoms

through collisions with electrons. Ar ions are accelerated by an additional DC electric

�eld and strike the target (bombardment) with su�cient force to eject atoms from it. A

magnetron placed beneath the target creates a closed magnetic �eld that traps the plasma

near the surface of the target, enhancing the e�ciency of the initial ionization process.

The atoms ejected from the target (source) reach the substrate placed in its vicinity and

condense on the surface producing the desired thin �lm. A shutter installed between the

substrate and the target controls the deposition time. Here, the base pressure was 10−3

mbar and typical sputtering rates range between 0.5 and 1 Angstrom/s.

Calibration of the deposited layer thickness

We checked the accuracy of the deposited thicknesses by calibration of the Plassys

equipment using x-ray re�ectivity measurements on a control sample. The re�ectivity

measurements consist in the analysis of the X-ray interference pattern between the X-

rays re�ected at the surface of the sample and those re�ected at the interface between the

deposited layer and the substrate. The re�ectivity pro�le shows oscillations caused by

this X-ray interference, which are called Kiessing fringes. The oscillation depends on the
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�lm thickness, and the thicker the �lm, the shorter the period of the oscillations. This

method has a precision of about 0.5nm. The sample to sample reproducibility was also

tested using the same technique, as shown in Fig. IV.7.

Figure IV.7 � X-ray re�ectivity measurements of two NiFe(8nm)/Cu(3
nm)/IrMn(0.8nm)/Al(2nm) stacks deposited in di�erent runs (but using the same
target). The red line is the �t from which layer thicknesses are extracted.

The re�ectivity patterns of the two deposited stacks almost superpose, indicating a good

reproducibility. The red line corresponding to the �t obtained with adjustable thicknesses

gave in addition less than 5 % of error with respect to the nominal values.

Sample cut

The optimal sample size for the FMR measurements was determined to be 3 × 2

mm2 [Ghosh, 2013]. This size gives a good FMR absorption signal but is small enough

to cover an approximately homogeneous DC �eld region. In addition, the macrospin

approximation is expected to be applicable for this geometry. At a �rst stage, the thin

layers were deposited on typical thermally oxidised silicon substrates of 3 × 26 mm2. I

hand-cut them in samples of approximately 3 × 2 mm2. However, high dispersion in

the damping measurements was found and ascribed to the geometrical variations from

sample to sample due to the imprecision of the cut. A high-precision disc saw machine

was then used to eliminate uncertainty due to the sample geometry, but it was detected

that the liquid used to cool down the sample during the cutting process removed partially

the materials deposited. The most adequate preparation method was found to be saw

cut of the substrates and then deposition of the thin layers. This sequence eliminates

uncertainty in the sample sizes and problems of material removal during the cut. It gave

the most reproducible results.
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Deposited samples: summary

NiFe(8)/Cu(3)/AF(tAF )/Al(2) (nm) heterostructures have been deposited at room

temperature by dc-magnetron sputtering onto thermally oxidised 3× 2 mm2 silicon sub-

strates [Baltz et al., 2010] , [Ghosh et al., 2012], in order to study spin dependent trans-

port in two usual AF materials. The AFs with varying thicknesses tAF are made from

Ir20Mn80 and Fe50Mn50, respectively. The Fres NiFe(8) layer is deposited from a Ni20Fe80

target. The Al(2) cap oxidises in air and consequently forms an AlOx protecting �lm with

a low spin current absorption [Ghosh et al., 2012] . The Cu(3) breaks the F/AF direct

magnetic exchange interactions, evidenced through negligible hysteresis loop shifts mea-

sured by vibrating sample magnetometry (VSM) at 300 and 4 K after �eld cooling proce-

dure. Fig. (IV.8) shows the hysteresis loops for two Si/SiO2/NiFe(8)/Cu(3)/IrMn(tIrMn)

/Al(2) stacks with 0 and 8 nm of IrMn. They exhibit the same negligible shift of around

2.5 Oe, which is therefore likely ascribed to vortex trapped in the superconducting coil of

the VSM set up. This was further con�rmed by rotating the sample 180o, which kept the

�eld shift invariant.

Figure IV.8 � Hysteresis loops at 300K for two Si/SiO2/NiFe(8)/Cu(3)/IrMn(tIrMn)/Al(2)
stacks with tIrMn= 0 (open circles) and 8 nm (solid circles).

In addition, given that Cu(3) is a light element and since its spin di�usion length is

much longer than its 3 nm thickness [Bass and Jr, 2007], it does not alter spin propagation

between the F and the AF.

IV.3.2 Experimental setup

A scheme of the FMR measurement set-up used is represented in Fig. IV.9. This

measurement facility was developed by Abhijit Ghosh and William Bailey during Abhijit's

thesis work [Ghosh, 2013]. The microwave signal is provided by a vector network analyser

that generates the range of frequencies 2-20 GHz with an input power of 15 dBm to
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remain in the linear regime. The microwave signal is transmitted through a double ground

coplanar wave guide CPW situated between the magnetic poles (separated 20 mm). The

sample is placed up-side down on this CPW, so that the DC (homogeneous at the sample

emplacement) and RF �elds are applied in-plane, one perpendicular to the other, as shown

in Fig. IV.9. A phase sensitive lock-in detection was used in order to improve the signal

to noise ratio. The signal processed by the lock-in ampli�er is a derivative of the absorbed

power (which is assumed to be Lorentzian) vs applied �eld. The peak-to peak linewidth

∆Hpp is then extracted from this derivative, as described above.

Figure IV.9 � FMR measurement setup scheme

The di�erent linewidths are extracted at frequencies ranging from 2 to 20 GHz in

steps of 2 GHz (10 frequencies in total, see Fig. IV.11). Relation (IV.6) gives the damping

parameter α and separate the sample inhomogeneity component ∆H0 (unlike FMR cavity

resonators which perform only a one-frequency measurement).

IV.3.3 Characteristic lengths measurement principle for

NiFe/Cu/AF trilayers

This section summarizes how I used FMR and spin pumping e�ect to determine spin

dependent characteristic lengths in AFs using NiFe/Cu/AF trilayers.

Fig. IV.10 illustrates the FMR measurement con�guration and principle. The local

magnetization (m(t)) of the NiFe is excited to resonance by a small RF pumping magnetic

�eld (HRF ). As a consequence, the NiFe generates a pure spin current (Ipumps ) when

oscillating around the local e�ective �eld (Heff ) due to the spin pumping e�ect. This

spin current di�uses through the NiFe/Cu/AF trilayers and concurrently transfers spin

angular momentum to the conduction electrons. It is so to say absorbed or re�ected at

interfaces and within layers due to spin dependent scattering and in return it a�ects the
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NiFe Gilbert damping: α = α0 + αpump, where α0 is the local intrinsic F damping and

αpump is the extra non-local damping.

Figure IV.10 � Scheme illustrating the phenomenon for our Si/SiO2//NiFe/Cu/AF/Al
stacks with AF = IrMn or FeMn and deposited either without or with a magnetic �eld
(Hdep) applied along di�erent directions. A precession of the NiFe magnetization around
the e�ective magnetic �eld (Heff ) is initiated by application of an external RF �eld
(HRF ) under a given static DC �eld (HDC). Relaxation of the NiFe magnetization along
Heff originates from two main sources: the intrinsic damping inherent to the NiFe layer
(α0) and the damping due to the spin current generated by the F excitations then di�used
through the multilayer and �nally pumped/re�ected by the AF (αpump). Beyond a critical
length (λAF ) characteristic of the spin dependent transport in the AF, the coherence of
the spin current in the AF is lost and the damping saturates.

In the �gure, λAF denotes the critical absorption depth over which the coherence of

the spin current within the AF is lost. Consequently the extra F damping due to the AF

levels out above λAF [Ghosh et al., 2012]. The NiFe total Gilbert damping (α) is extracted

from series of F resonance spectra obtained with a broadband coplanar waveguide. In-

plane DC bias magnetic �eld (HDC) is employed. A small 2 to 20 Oe modulation �eld

of 201 Hz is applied along the DC �eld for lock-in detection of the transmitted signal to

improve sensitivity and excitation frequencies (ω/2π) ranging between 2 and 20 GHz are

used. For each frequency the resonance linewidth is determined by �tting the resonance

spectra (di�erential power absorption vs HDC) to a Lorentzian derivative. The total

Gilbert damping α is extracted from Eq. IV.6. A linewidth versus ω/2π plots and a

representative spectrum are shown in Fig. IV.11. The inhomogeneity component ∆H0

was always controlled in order to have acceptable values ensuring a correct homogeneity

of the sample. Typical values of ∆H0 were of the order of 0.6 Oe.

For the various NiFe(8)/Cu(3)/AF(tAF )/Al(2) (nm) heterostructures, the non-local

damping αpump ascribed to the absorption of spin angular momentum by the AF only is

straightforwardly obtained by subtracting the Gilbert damping obtained for tAF = 0 from

the total Gilbert damping.
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Figure IV.11 � Dependence of the resonance linewidth (∆Hpp) with the excitation fre-
quencies (ω/2π) for Si/SiO2//NiFe(8)/Cu(3)/IrMn(tIrMn)/Al(2) (nm) stacks with tIrMn =
0; 1 and 3 nm. The lines are linear �t to the data. Inset: typical resonance spectrum, i.e.

di�erential power absorption
∂χ′′

∂H
VS DC bias �eld (HDC) for tIrMn = 1 nm and (ω/2π)

= 10 GHz; the peak-to-peak linewidth gives ∆Hpp and is indicated by the arrow.

IV.3.4 STT characteristic lengths in IrMn and FeMn

Fig. IV.12 shows αpump vs tAF for IrMn and FeMn. For some tAF , either the same

sample is measured twice or two samples of the same composition are deposited and

measured. The maximum di�erence is observed for tFeMn = 15 nm and de�nes the error

bars of ∼ 1.4× 10−4.

Two di�erent behaviours are observed depending on the AF type. In the case of IrMn,

it is observed that αpump increases linearly with tIrMn and cuts o� to a maximum at an em-

pirical critical thickness λIrMn/2 of around 1.4 nm. Like in Ref.[Foros et al., 2005], it was

considered that the spins relax on the way forward in the IrMn depth, re�ect and return

backward through the IrMn to the NiFe layer, thus traversing and relaxing linearly twice

in the IrMn depth. The linear behaviour is similar to F spin sinks [Ghosh et al., 2012],

indicating that the nature of the absorption for IrMn mainly relates to dephasing of the

spin current transverse component as well: the spins undergo Larmor precession as they

go into the material because the majority and minority Fermi wave vectors are di�er-

ent. Spins with di�erent initial conditions precess at di�erent rates leading to classical

dephasing.

Given that, λIrMn is mostly related to spin dephasing proportional to the integration

over the Fermi wave vectors of π/(k↑F − k
↓
F ) where k

↑(↓)
F are the majority (minority) Fermi

wave vectors, or equivalently hvg/(2∆ex), with vg the spin-averaged group velocity and

∆ex the exchange splitting. ∆ex is smaller for IrMn compared with the usual F due to a
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Figure IV.12 � Dependence with tAF of the AF contribution, via spin pumping, to the NiFe
magnetization damping (αpump) for Si/SiO2//NiFe(8)/Cu(3)/AF(tAF )/Al(2) (nm) stacks
with various AF thicknesses (tAF ) and AF = IrMn and FeMn. For IrMn, the straight line
is a linear �t proportional to: 2tIrMn/λIrMn for tIrMn < 1.4 nm and a guide to the eye above.
For FeMn, the dashed line is an exponential �t of the form: A · [1− exp(−2tFeMn/λFeMn)].
The spin dependent transport characteristic length in the AF is λAF.

low critical order temperature TN of around 350−400◦ C [Lombard et al., 2010] . Because

of that, λIrMn was expected to be even larger than the critical lengths of usual F: CoFeB,

Co or NiFe for which λF/2 ∼ 1.2 nm [Ghosh et al., 2012] , [Bailey et al., 2012] . Although

the linear behaviour of αpump vs tIrMn clearly points out spin dephasing mechanism as the

main source of absorption, the fact that Ir is a heavy element and carries d electrons

in the conduction band, probably introduces to a lesser extent some additional spin �ip

mechanisms balancing the e�ect of lower ∆ex and contributing to slightly reducing the

characteristic penetration length to a value similar to that of usual F.

From Fig. IV.12, it can be observed that the αpump vs tFeMn follows a totally di�erent

trend with an exponential [1− exp(−2tFeMn/λFeMn)] thickness dependence. Such a trend

is typical of a paramagnetic spin sink for which the absorption of the spin current is

mainly due to spin �ipping [Foros et al., 2005] , [Mizukami et al., 2001] . For consistency,

the empirical factor 2 was also considered here [Foros et al., 2005], taking into account

the forward and backward path of spins within the FeMn layer. Fits of the raw data

with the above exponential law give a λFeMn/2 of around 1.9 nm. In this case, λFeMn

relates to spin di�usion in contrast to λIrMn originating from spin dephasing, although

practically both give values proportional to critical spin penetration depths. Given that,
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λIrMn concerns the spin transverse component absorption when λFeMn is associated to

both longitudinal and transverse components absorptions. Such paramagnetic αpump vs

tFeMn variations at room-T are the consequence of the low exchange splitting ∆ex of FeMn

[Nogués and Schuller, 1999] , [Bailey et al., 2012] . It is not unlikely that, at room-T

FeMn �lms thinner than λFeMn are paramagnetic rather than antiferromagnetic given the

reduced bulk TN of FeMn compared to IrMn [Nogués and Schuller, 1999] to which adds �-

nite size e�ects additionally reducing TN [Lombard et al., 2010], [Zhang and Willis, 2001]

. Accurately measuring and estimating �nite size e�ects on TN is not simple and very few

corresponding literature is available for AF materials. A toy model in Ref.

[Zhang and Willis, 2001] reproduces �nite size e�ects on F layers critical temperature.

The model is transferable to AFs [Ambrose and Chien, 1996] and gives the following gen-

eral power law: TN(n) = TN(bulk) · [1−N0 + 1

2n
k], where n is the number of AF monolayers

(ML), N0 the AF exchange length and k an integer. For 3D Ising models, k is close to

1.6. Conversely, accurate values of N0 are not straightforwardly accessible to experiments

and models. Alternatively, TN is accessible to experiments via ultrafast measurements of

F/AF exchange bias bilayers. The blocking temperature (TB) is the temperature above

which the F is no longer pinned in a �xed direction by the AF. It depends on various

parameters among which the F/AF interfacial coupling, the AF bulk properties (AF-AF

exchange sti�ness and grain volume) and time. In particular, TB increases with the F mag-

netization sweep-rate and reaches the AF intrinsic critical Néel-T (TN) in the nanosecond

regime [Lombard et al., 2010] . Ref. [Lombard et al., 2010] is to our knowledge the only

paper dealing with that: for 30 ns pulses, the critical T for IrMn reduces from 350−400◦C

(i.e. bulk value) for 6.5 nm to 200◦C for 4.5 nm. In the case of FeMn, the same authors

measure a reduction from 200◦C (i.e. bulk value) for 7 nm to 100◦C for 5 nm. Such

measurements are compatible with TN lower than room-temperature for few nm thick

FeMn.

Fig. IV.12 also shows that for both IrMn and FeMn layers, αpump levels out for

thick AF. The αpump saturation value (αpumpsat ), i.e. after maximum spin absorption,

seems to be slightly larger for IrMn. Given the above mentioned distinct behaviours

for IrMn and FeMn, αpumpsat originates from the corresponding distinct mechanisms. For

the paramagnetic-like FeMn, αpumpsat is mostly related to spin �ipping that is bulk-like.

In contrast, for the F-like IrMn, αpumpsat mostly relates to the e�ective spin mixing con-

ductance (g↑e� ↓) that mostly depends on the Cu/IrMn interface (g↑Cu/IrMn ↓) since the

values of αpump reported in this study result from the di�erence between the damping

for NiFe(8)/Cu(3)/AF(tAF)/Al(2) and NiFe(8)/Cu(3)/Al(2) (nm). As described in Ref.

[Ghosh et al., 2012] , the measured values of e�ective spin mixing conductance from the

addition of the AF layer do not depend on the spin mixing conductance of NiFe/Cu

(g↑NiFe/Cu ↓ /S ∼ 14.4 ± 1.4nm−2, which cancels due to the Cu Sharvin conductance

correction of the same order of magnitude. In addition, to a �rst approximation, given
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that the AF randomizes spins over short distances, the Cu/AF interface mainly drives

spin mixing. If the uncompensated spins at the AF interface were fully oriented toward

the same direction, Cu/IrMn spin pumping conductivity (g↑Cu/IrMn ↓ /S) would be ex-

pected to be similar to Cu/F, typically around 14 to 16 nm−2. However AF interfaces are

known to be highly frustrated [Takano et al., 1997] , [Akmaldinov et al., 2013] and the

resulting overall picture gives few uncompensated spins (e.g. tiny F regions) at the AF

interface, also responsible for exchange bias. While an AF spin surface in contact with

a F is tuned by the interfacial F spin con�guration that orients the AF uncompensated

spins in a preferential direction after �eld cooling, in the present case of Cu/AF the AF

interfacial uncompensated spins are rather randomly oriented positively and negatively.

Therefore, the in�uence of the uncompensated AF interfacial spins on the Cu/AF spin

mixing conductance is hard to anticipate here. Finally, note that the Cu/IrMn interface is

surely more complex due to the formation of CuMn spin-glasses [Akmaldinov et al., 2013]

, [Chouhan and Mookerjee, 2011].

IV.3.5 Isotropic character of the spin current absorption: e�ects

of magnetic �eld during sample deposition

For the F-like spin absorbing IrMn, it might be inferred that spin pumping, i.e.

the reciprocal e�ect to STT should also show a directional character. An advantage

of Fres/N/AF trilayers with respect to Fres/N/F for investigating this issue is that a F

spin sink is oriented by the high resonance DC bias magnetic �elds necessary for the

experiment at high HRF frequencies. In contrast, once oriented, the AF is not a�ected

by such DC magnetic �elds and stays still during the experiment. As will be discussed

below, this attempt to evidence the anisotropy character of spin pumping either failed

within the noise level or unexpectedly do show no directional character.

For the F-like spin absorbing IrMn, Fig. IV.13 shows αpump vs tIrMn for samples

fabricated with three di�erent magnetic �eld con�gurations during the deposition process:

no �eld (same data as in Fig. IV.12 reproduced here as a reference and meaning a random

orientation of the IrMn interfacial uncompensated spins) and static magnetic �elds (Hdep)

along the transversal and longitudinal in-plane directions in order to orient the �rst few

IrMn layers when still paramagnetic at the �rst stage of the growth. We performed

atomic force microscopy measurements in order to detect surface inhomogeneities due to

preferential growing of the sample during the deposition process under applied �eld. No

signi�cant anisotropies were found in the surface pro�le.

What matters in the following is the orientation of the IrMn interface relatively to the

DC magnetic �eld that governs the Fres precession axis, which is along the transversal

direction of the sample.

Despite the fact that the noise level precludes drawing �ne conclusion on the damping
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Figure IV.13 � Dependence with tIrMn of the IrMn contribution, via spin pumping, to
the NiFe magnetization damping (αpump) for Si/SiO2//NiFe(8)/Cu(3)/IrMn(tIrMn)/Al(2)
(nm) stacks with various IrMn thicknesses (tIrMn) and for various directions of magnetic
�eld applied during deposition (Hdep). The inset is a zoom of the low thicknesses region.

level, all three αpump vs tIrMn curves superimpose: same linear increase before levelling

out, same saturation damping and same saturation threshold λ (better visible from the

zoom shown as inset in Fig. IV.13). This �nding does not support the initial assumption

that the absorption of the transverse component of the spin current pumped by the F

depends on the orientation of the localized spins in the �rst IrMn layers. It could be

argued that the reason why this absorption is apparently isotropic is that localized spins

in the IrMn are not necessarily oriented by the external �eld applied during deposition due

to other magnetic energies that might come into play. Thus, the isotropic character of the

absorption via measurements of α for NiFe(8)/Cu(3)/NiFe(3)/IrMn(7)/Al(2) (nm) stacks

with a NiFe(3) spin sink pinned by usual exchange bias �eld cooling along the transversal

(parallel and antiparallel to HDC) and longitudinal directions was further tested (see Fig.

IV.14).

Fig. IV.15 shows the hysteresis loops for these stacks performed at 300 K to measure

the pinned layer reversal �eld. They con�rm the longitudinal and transversal orientations

of the pinned ferromagnet.

Excitation frequencies only ranging between 2 and 4 GHz are used so that the DC bias

�eld does not exceed the pinned layer reversal �eld of around 600 Oe. The di�erences in

the damping parameter for the three orientations of the second ferromagnet NiFe(3) are

within the experimental error. These results are however not conclusive, since the e�ect

on linewidth is so small at these low frequencies that it would be probably not within the
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Figure IV.14 � Total damping parameter α for three
Si/SiO2//NiFe(8)/Cu(3)/NiFe(3)/IrMn(7)/Al(2) (nm) stacks annealed 1 hour at
300o C under applied magnetic �eld along three directions: transversal to the sample and
parallel to the DC �eld, (P), transversal to the sample and antiparallel to the DC �eld,
(AP), and longitudinal to the sample and perpendicular to the DC �eld HDC, (PERP).

Figure IV.15 � (a) Hysteresis loop measured along the longitudinal direction at 300 K for a
Si/SiO2/NiFe(8)/Cu(3)/NiFe(3)/IrMn(7)/Al(2) stack annealed 1 hour under longitudinal
�eld at 300◦C. (b) Hysteresis loop measured along the transverse direction at 300 K for
a similar stack annealed 1 hour under transverse �eld at 300◦C.

experimental resolution and indistinguishable from inhomogeneous broadening.

IV.4 Summary

To conclude, in the context of AF-spintronics the main contribution of the present

study is the determination of room temperature critical penetration depths and absorp-

tion mechanisms of spin currents in Ir20Mn80 and Fe50Mn50 spin sinks by means of F-

resonance and spin pumping. Di�erent room temperature absorption mechanisms of spins

were evidenced: dephasing for IrMn and spin �ipping for FeMn probably due to the room

temperature paramagnetic character of FeMn for thicknesses lower than the penetration
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depth [Merodio et al., 2014a]. Although not entirely understood, results on the direc-

tional character of spin current absorption were discussed as a basis for comparisons with

potential future works.

Further research could involve: 1) Other AFs (e.g. with a variable content of heavy

spin scatterers). 2) Various degrees of crystallinity up to single-crystal AF. 3) Various

interfacial qualities determined by roughness, stacking faults, species intermixing, etc.; 4)

Variable temperature for studies of the para- to antiferro-magnetic transition temperature

that is di�cult to determine by many other techniques. 5) Nanostructured elements since

AFs can be in�uenced by size e�ects. 6) FI materials. 7) The use of an insulating barrier

instead of a metallic spacer.

Note that we also tried to experimentally investigate the e�ect of a spin-polarized

current on an AF in F/NM/F/AF structures with controlled geometries in order to com-

plement the work of [Wei et al., 2007]. Although we obtained very disperse results, this

thorough attempt is described in Appendix C, along with suggestions for future studies.
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Chapter V

Summary and perspectives

In the theoretical part of this thesis, the spin-dependent transport properties of epi-

taxial magnetic tunnel junctions with AF and FI leads have been investigated using a

tight-binding Hamiltonian modelling their essential electric an magnetic properties, in

the framework of the nonequilibrium Keldysh formalism. Special attention has been paid

to the spatial distribution of STT within the metallic leads, in order to elucidate the

associated characteristic lengths. Indeed, longer STT characteristic lengths are of fun-

damental importance for lower magnetization switching current densities in STT-MRAM

applications. The STT spatial distributions has been analysed in terms of spin accumula-

tion and divergences of the spin current transverse components. Both schemes are found

to be equivalent.

Concerning the AF leads, both in-plane and out-of-plane torque components are shown

to be staggered. This is a new result to be compared with the random behaviour previously

reported for the out-of-plane component using a metallic spacer instead of an insulating

barrier. Due to this staggered character and the non-decaying torque amplitudes in the

bulk, torques in AFs are found to be very e�cient and even overcome those observed in

conventional F, where STT represents an interfacial phenomenon. The amplitude of the

torques increases linearly with the applied bias for 1-D geometries. Increasing amplitudes

are also observed for 3-D systems, but reaching saturation at voltages around 0.9 V.

We demonstrate that unlike conventional F-based tunnel junctions, AF-based tunnel

junctions can show monotonically increasing TMR with voltage, reaching values as high

as 90% for a bias of 0.9 V. The particular voltage dependence of the TMR is however

shown to be strongly a�ected by the electronic structure of the AF leads.

The magnetic complexity inherent to FI structures is expected to combine STT char-

acteristics of F and AF materials. Compared to AF, similar staggered character of both

torque components was observed. Torques and localized moments in the FI structure are

also commensurate, which implies again high e�ciency for current-induced magnetization

switching. In addition, and more interesting, both torque components exhibit a striking

wave-like behaviour perfectly modulated by spin accumulation. In 3-D FI-MTJ, these
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Summary and perspectives

modulated torques are damped over longer length scales in comparison with F-MTJ. We

demonstrate that the electronic and magnetic characteristics of the FI are responsible

for the speci�c features of the torque waves, and consequently for the STT characteris-

tic lengths in FIs. In particular, we identify a fundamental parameter predicted to be

inversely proportional to the torque waves spatial period in 1-D FI-MTJ and the spatial

extension of the damped torque oscillations in 3-D FI-MTJ. This parameter corresponds

to the di�erence between the spin splittings of the two FI sublattices and can be con-

sidered as an e�ective exchange �eld in FIs, similar to the homogeneous exchange �eld

characterising Fs. In addition, the bandwidth parametrized here by the hopping matrix

element of the TB Hamiltonian is found to be proportional to the mentioned spatial pe-

riods. Regarding extrinsic variables, the STT characteristic lengths can also be tuned via

the applied bias across the junction; in particular, the spatial period increases monoton-

ically with the applied voltage. Interestingly, its aforementioned dependence on the FI

e�ective exchange �eld holds for each given voltage. Hence, STT in FI is predicted to be

highly e�cient due to its long decaying characteristic lengths and its staggered character

commensurate with the magnetic lattice.

Since ideal coherent transport is considered throughout this theoretical part, the e�ects

of disorder represent the obvious object of investigation for future work. Although elastic

and inelastic scattering have been predicted by previous authors to have a strong impact

on STT and GMR in AF-based spin valves, the use of a tunnelling barrier instead of

a metallic spacer is expected to be a suitable mean to ensure momentum conservation

and thus overcome at least partially the negative e�ects of disorder; in e�ect, tunnelling

process is likely less sensitive to elastic scattering. In particular, the characteristic lengths

over which the STT does not vanish are expected to be still longer than in conventional F-

MTJs. We believe that disorder does not represent an insurmountable constraint for STT

and TMR in AF-MTJs. The similarities between Fs and FIs in terms of magnetization

and band splitting (which is absent for AFs) suggest that STT in FI leads might be as

robust face to disorder as it is for conventional Fs.

The e�ects of disorder in the STT characteristic lengths in actual AF thin layers are

addressed in the experimental part of this thesis. In particular, critical penetration depths

and absorption mechanisms of spin currents in Ir20Mn80 and Fe50Mn50 spin sinks at room

temperature by means of F-resonance and spin pumping were determined. Di�erent room

temperature absorption mechanisms of spins were evidenced: dephasing for IrMn and spin

�ipping for FeMn.

Further research using similar AF thin layers could involve a comprehensive study of

the directional character of spin current absorption, other AFs (e.g. with a variable content

of heavy spin scatterers) and di�erent degrees of crystallinity and interfacial qualities.

Ideally, similar investigations could be carried out for AF and FI nanostructured elements,

using in particular tunnel junctions to compare with the theoretical results of this work.
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Glossary

1-D: One Dimension

3-D: Three Dimensions

AF: Antiferromagnet

B: Barrier

CPA: Coherent Potential Approximation

CPW: Coplanar Wave Guide

DC: Direct Current

DOS: Density of States

HDD: Hard Disk Drive

IEC: Interlayer Exchange Coupling

F: Ferromagnet

FBZ: First Brillouin Zone

FCC: Face Centered Cubic

FI: Ferrimagnet

FMR: Ferro Magnetic Resonance

GMR: Giant Magneto Resistance

L: Left

LDOS: Local Density of States

LLG: Landau-Lifschitz-Gilbert

MR: Magneto Resistance

MRAM: Magnetic Random Access Memory



MTJ: Magnetic Tunnel Junction

NM: Non Magnetic

No: Number

PM: Para Magnetic

RF: Radio Frequency

RKKY: Ruderman-Kittel-Kasuya-Yosida

r.h.s.: Right Hand Side

R: Right

STT: Spin Transfer Torque

TB: Tight Binding

TMR: Tunnelling Magneto Resistance
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Appendix A

Calculation of the nonequilibrium

Keldysh function

The Dyson or Quantum Kinetic equation for the nonequilibrium 2×2 Keldysh function

matrix reads:

F̂pq = f̂pq + ĝpq1Σq1q2F̂q2q + f̂pq1Σq1q2Ĝ
a
q2q

(A.1)

where the self-energy Σpq is de�ned as [Caroli et al., 1971]:

Σpq = T (δpαδaq + δpaδαq) + T ′(δpbδα′q + δpα′δbq) (A.2)

T is the hopping parameter across the left barrier interface and the non-equilibrium Green

function matrices for the uncoupled left and right leads at local equilibrium are:

f̂λµ = (1− 2fL)(ĝrλµ − ĝaλµ) (A.3)

f̂λ′µ′ = (1− 2fR)(ĝrλ′µ′ − ĝaλ′µ′) (A.4)

where fL and fR are the Fermi-Dirac distribution functions in the isolated left and right

leads. In particular, at the left and right interfaces, we have:

f̂αα = (1− 2fL)(ĝrαα − ĝaαα) (A.5)

f̂α′α′ = (1− 2fR)(ĝrα′α′ − ĝaα′α′) (A.6)

Using the de�nition (A.2) in Eq. (A.1) gives:

149



Appendix A. Calculation of the nonequilibrium Keldysh function

F̂pq = f̂pq + ĝpαT F̂aq + ĝpaT F̂αq + ĝpbT
′F̂α′q

+ ĝpα′T ′F̂bq + f̂pαTĜ
a
aq + f̂paTĜ

a
αq + f̂pbT

′Ĝa
α′q + f̂pα′T ′Ĝa

bq

As explained above, we are interested in evaluating the observables at the right lead,

so that the three Keldysh functions F̂bα′ , F̂α′b and F̂λ′,µ′ are needed. These Keldysh

functions are coupled via the Quantum Kinetic Equation. For instance, the Quantum

Kinetic Equation for F̂bα′ involves three more coupled equations:

F̂bα′ = ĝbaT F̂αα′ + ĝbbT
′F̂α′α′ + f̂baTĜ

a
αα′ + f̂bbT

′Ĝa
α′α′

F̂αα′ = ĝααT F̂aα′ + f̂ααTĜ
a
aα′

F̂α′α′ = f̂α′α′ + ĝα′α′T ′F̂bα′ + f̂α′α′TĜa
bα′

F̂aα′ = ĝaaT F̂αα′ + ĝabT
′F̂α′α′ + f̂aaTĜ

a
αα′ + f̂abT

′Ĝa
α′α′

As previously discussed by Caroli et al [Caroli et al., 1971] we assume that in the

range of energy of interest, the density of states of the uncoupled barrier is strictly zero.

The tunnelling process of electrons occurs in the gap of the insulator. The density of

states is related to the imaginary part of the retarded Green function. In particular,

the local density of states at the atomic site i reads: LDOS(E) = − 1

π
Im[gri,i(E)]. This

means that the retarded Green functions inside the barrier are real (the vanishing of the

imaginary part applies also to the retarded Green function correlating di�erent atomic

sites). In addition, as will be seen below, the retarded Green functions for a given spin

are symmetric in real space: gri,j = grj,i. The following relations are thus valid inside the

barrier:

gri,j = grj,i = (gai,j)
∗ = gai,j = grj,i = gri,j −→ gri,j = gai,j

Therefore, inside the insulator, fi,j = 0, so that:

f̂ba = f̂bb = f̂ba = f̂ab = 0

The Quantum Kinetic equations for the interfacial Keldysh function F̂bα′ are then simpli-

�ed to give the following system of coupled equations:

1.

F̂bα′ = ĝbaT F̂αα′ + ĝbbT
′F̂α′α′
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2.

F̂αα′ = ĝααT F̂aα′ + f̂ααTĜ
a
aα′

3.

F̂α′α′ = f̂α′α′ + ĝα′α′T ′F̂bα′ + f̂α′α′TĜa
bα′

4.

F̂aα′ = ĝaaT F̂αα′ + ĝabT
′F̂α′α′

Injecting 2. and 3. into 1. and 4. gives:

(Î − ĝbbΣ̂bb)F̂bα′ = ĝbaΣ̂aaF̂aα′ + ĝbaT f̂ααTĜ
a
aα′ + ĝbbT

′f̂α′α′ + ĝbbT
′f̂α′α′T ′Ĝa

bα′

(Î − ĝaaΣ̂aa)F̂aα′ = ĝaaT f̂ααTĜ
a
aα′ + ĝabT

′f̂α′α′ + ĝabΣ̂bbF̂b′α′ + ĝabT
′f̂α′α′T ′Ĝa

bα′

where

Σ̂bb = T ′ĝα′α′T ′

Σ̂aa = T ĝααT

Setting

Â = (Î − ĝaaΣ̂aa)
−1

B̂ = (Î − ĝbbΣ̂bb)
−1

we have, after combining both equations:

(Î − B̂ĝbaΣ̂aaÂĝabΣ̂bb)F̂bα′ = B̂[ĝbaΣ̂aaÂ(ĝaaT f̂ααTĜ
a
aα′ + ĝabT

′f̂α′α′ + ĝabT
′f̂α′α′T ′Ĝa

bα′)

+ ĝbaT f̂ααTĜ
a
aα′ + ĝbbT

′f̂α′α′ + ĝbbT
′f̂α′α′T ′Ĝa

bα′ ]

If we call

D̂ = (Î − B̂ĝbaΣ̂aaÂĝabΣ̂bb)
−1

F̂bα′ = F̂L
bα′ + F̂R

bα′
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where F̂L
bα′ and F̂R

bα′ make reference to the uncoupled surface Keldysh function at the left

and right leads respectively:

F̂L
bα′ = T 2D̂B̂ĝba(Σ̂aaÂĝaaf̂ααĜ

a
aα′ + f̂ααĜ

a
aα′)

= T 2D̂B̂ĝba(Î + Σ̂aaÂĝaa)f̂ααĜ
a
aα′

F̂R
bα′ = D̂B̂ĝbaΣ̂aaÂĝabT

′f̂α′α′(Î + T ′Ĝa
bα′) + D̂B̂ĝbbT

′f̂α′α′(Î + T ′Ĝa
bα′)

= D̂B̂(ĝbaΣ̂aaÂĝab + ĝbb)T
′f̂α′α′(Î + T ′Ĝa

bα′)

An equivalent system of equations for F̂α′b can be established:

1.

F̂α′b = ĝα′α′T ′F̂bb + f̂α′α′T ′Ĝa
bb

2.

F̂bb = ĝbaT F̂αb + ĝbbT
′F̂α′b

3.

F̂αb = ĝααT F̂ab + f̂ααTĜ
a
ab

4.

F̂ab = ĝaaT F̂αb + ĝabT
′F̂α′b

Combining 1.-2. and 4.-3., we have:

(Î − Σ̂bbĝbb)F̂α′b = ĝα′α′T ′ĝbaT F̂αb + f̂α′α′T ′Ĝa
bb

(Î − Σ̂aaĝaa)F̂αb = ĝααT ĝabT
′F̂α′b + f̂ααTĜ

a
ab

Setting

N̂ = (Î − Σ̂bbĝbb)
−1

M̂ = (Î − Σ̂aaĝaa)
−1

and combining both equations:

(Î − N̂Σ̂bbĝbaM̂Σ̂aaĝab)F̂α′b = T 2T ′N̂ ĝα′α′ ĝbaM̂f̂ααĜ
a
ab + T ′N̂ f̂α′α′Ĝa

bb

Setting
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(Î − N̂Σ̂bbĝbaM̂Σ̂aaĝab)
−1 = L̂

we have:

F̂α′b = F̂L
α′b + F̂R

α′b

F̂L
α′b = T 2T ′L̂N̂ ĝα′α′ ĝbaM̂f̂ααĜ

a
ab

F̂R
α′b = T ′L̂N̂ f̂α′α′Ĝa

bb

We shall use T ′ = T for simplicity, so that:

F̂L
α′b = TL̂N̂Σ̂bbĝbaM̂f̂ααĜ

a
ab

F̂R
α′b = TL̂N̂ f̂α′α′Ĝa

bb

In the same way:

F̂λ′µ′ = F̂L
λ′µ′ + F̂R

λ′µ′

F̂L
λ′µ′ = ĝλ′α′T ˆDen

−1
ĝbaT (Î + Σ̂aaÂĝaa)f̂ααTĜ

a
abT ĝ

a
α′µ′

F̂R
λ′µ′ = f̂λ′µ′ + f̂λ′α′TĜa

bbT ĝ
a
α′µ′ + ĝλ′α′T ˆDen

−1
(ĝbb + ĝbaΣ̂aaÂĝab)T (f̂α′µ′ + f̂α′α′TĜa

bbT ĝ
a
α′µ′)

where

ˆDen = Î − ĝbbΣ̂bb − ĝbaΣ̂aaÂĝabΣ̂bb
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Appendix B

Calculation of the retarded Green

function for a 1-D ferrimagnetic chain

B.1 Calculation of the Retarded Green function for a

one dimensional ferrimagnet

A 1-D FI chain of localized moments seen by one itinerant spin is characterized in a

TB model by two on-site energies ε1 and ε2 (alternating from one site to the next one)

and a hopping parameter t. This 1-D chain corresponds to a lattice without closed loops

that can be mapped into a Bethe lattice or Cayley which is completely characterized by

its number of nearest neighbours Z = 2 or its connectivity K = Z − 1 [Economou, 2006].

Splitting the 1-D TB Hamiltonian into an unperturbed site-diagonal part plus an o�-

diagonal perturbation and using renormalized perturbation expansion [Economou, 2006]

allows to perform the calculation of the the system's resolvent ĝλ′,µ′(z), where z is a

complex variable. This resolvent is a more general de�nition of the Green function in the

complex plane, from which the retarded Green function can be de�ned as follows:

ĝrλ′.µ′(E) = lim
s→0+

ĝλ′,µ′(z = E + is)

where E stands for the energy variable belonging to the real axis of the complex plane.

The �rst step to obtain the retarded Green function for a given spin in the Bethe

lattice is the calculation of the diagonal elements or locators of this function in the two

types of site of the lattice. As seen below, the o� diagonal elements or two site correlation

functions can be expressed in terms of these locators. Let's start with the expression

(5.57) of [Economou, 2006] for the locator or resolvent on a site l / εl = ε1 owning to a

Bethe lattice with Z nearest neighbours and a connectivity K = Z − 1:
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g(l, l, z) =
2K(z − ε2)

(K − 1)(z − ε1)(z − ε2) + (K + 1)
√

(z − ε1)(z − ε2)[(z − ε1)(z − ε2)− 4Kt2]
(B.1)

In order to calculate the retarded Green function from the resolvent Eq. (B.1), it must

be taken into account that the local density of states on a site l is proportional to the

retarded Green function:

LDOS(l, E) = − 1

π
Im[gr(l, l, E)]

For E owning to the energy spectrum of the system, the LDOS is 6= 0, so that the

imaginary part of the retarded Green function Im[gr(l, l, E)] is therefore 6= 0 as well. On

the real axis, (z = E ∈ R), the only way to ful�l this condition is to have a square root

of a negative real quantity in Eq. (B.1). Allowed states will be con�ned in those regions

of energy where

(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4Kt2] < 0 (B.2)

Let's study the sign of (B.2) to �nd these energy bands:

1. (E − ε1) > 0 −→ E > ε1

2. (E − ε2) > 0 −→ E > ε2

3. (E − ε1)(E − ε2)− 4Kt2 = E2 − (ε1 + ε2)E + (ε1ε2 − 4Kt2)

Expression 3. is a concave parabola whose discriminant is

∆ = (ε1 + ε2)
2 − 4(ε1ε2 − 4Kt2) = (ε1 − ε2)2 + 16Kt2 −→ ∆ > 0

The two real roots of this second degree equation are given by:

E1 =
(ε1 + ε2) +

√
∆

2
and E2 =

(ε1 + ε2)−
√

∆

2

and the vertical axis of the parabola is given by the mean value of ε1 and ε2: Ec =

(ε1 + ε2)/2.

According to the relative position of ε1, ε2, E1 and E2, we have three di�erent cases (recall

that ε1 > ε2):

a) ε2 < E2 < E1 < ε1

b) ε2 = E2 < E1 = ε1

c) E2 < ε2 < ε1 < E1

Conditions a) and b) imply that 4Kt2 < 0, so that the only possibility is E2 < ε2 <

ε1 < E1. In this particular con�guration, the product of the three factors at the left
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hand side of equation (B.2) is negative only in two intervals, so that the spectrum of the

extended states splits into two sub bands, the lower one extending from E2 =
(ε1 + ε2)

2
−√

(ε1 − ε2)2/4 + 4Kt2 to ε2 and the upper one extending from ε1 to E1 =
(ε1 + ε2)

2
+√

(ε1 − ε2)2/4 + 4Kt2. Both sub bands have the same bandwidth B =
(ε2 − ε1)

2
+√

(ε2 − ε1)2/4 + 4Kt2, and they are symmetric with respect to the vertical axis of the

parabola: (ε1 + ε2)/2 = (E1 + E2)/2 = Ec .

In these sub bands, we have:

R = (E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4Kt2] < 0

so that the denominator of Eq.(B.1) exhibit two purely imaginary square roots:
√
R =

±i
√
−R. The resolvent on the real axis (depending on the real variable E) then becomes:

g(l, l, E) =
2K(E − ε2)

(K − 1)(E − ε1)(E − ε2)± i(K + 1)
√

(E − ε1)(E − ε2)[4Kt2 − (E − ε1)(E − ε2)]
(B.3)

According to the condition 0 ≤ DOS(l, E) = − 1

π
Im[gr(l, l, E)], determining the retarded

Green function on the allowed energy spectrum gr(l, l, E) consists in choosing the sign

±i in such a way that Im[gr(l, l, E)] < 0. As seen above, outside the allowed energy

spectrum R > 0 and the imaginary part Im[gr(l, l, E)] vanishes.

Forbidden states: E < E2, ε2 < E < ε1 and E > E1

The square root in the denominator corresponds to the product [Kollar et al., 2005]

√
(E − ε1)(E − ε2) ·

√
(E − ε1)(E − ε2)− 4Kt2

where the square roots are given by their principal branches.

E < E2

In this region, (E − ε1)(E − ε2) > 0 and (E − ε1)(E − ε2) − 4Kt2 > 0, so we take the

positive square roots:

g
r/a
f1 (l, l, E) =

2K(E − ε2)
(K − 1)(E − ε1)(E − ε2) + (K + 1)

√
(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4Kt2]

(B.4)

ε2 < E < ε1

In this region, both (E − ε1)(E − ε2) < 0 and (E − ε1)(E − ε2) − 4Kt2 < 0, so the two
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square roots are purely imaginary and we take

√
(E − ε1)(E − ε2) ·

√
(E − ε1)(E − ε2)− 4Kt2 = i

√
−(E − ε1)(E − ε2) · i

√
4Kt2 − (E − ε1)(E − ε2)

= −
√

(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4Kt2]

g
r/a
f2 (l, l, E) =

2K(E − ε2)
(K − 1)(E − ε1)(E − ε2)− (K + 1)

√
(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4Kt2]

(B.5)

E > E1

In this region, (E − ε1)(E − ε2) > 0 and (E − ε1)(E − ε2) − 4Kt2 > 0, so we take the

positive square roots as well:

g
r/a
f3 (l, l, E) =

2K(E − ε2)
(K − 1)(E − ε1)(E − ε2) + (K + 1)

√
(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4Kt2]

(B.6)

In the three cases, the locator has no imaginary part: g(l, l, z) is analytic so that

gr(l, l, E) and ga(l, l, E) coincide.

Inside the two sub band regions E2 < E < ε2 and ε1 < E < E1:

In order to identify the real and imaginary parts of g(l, l, E) in the two sub bands, the

denominator in the r.h.s. of Eq. (B.3) must be multiplied by its complex conjugate:

g(l, l, E) =
2K(E − ε2)

(K − 1)(E − ε1)(E − ε2)± i(K + 1)
√

(E − ε1)(E − ε2)[4Kt2 − (E − ε1)(E − ε2)]

=
2K(E − ε2)
A± iB

=
2K(E − ε2)(A∓ iB)

A2 +B2

whereA = (K−1)(E−ε1)(E−ε2) andB = (K+1)
√

(E − ε1)(E − ε2)[4Kt2 − (E − ε1)(E − ε2)] >
0, by de�nition. The imaginary part then reads:

Im[g(l, l, E)] =
∓2K(E − ε2)B

A2 +B2

The sign of Im[g(l, l, E)] is determined by the sign of E − ε2

Lower band: E2 < E < ε2

Here (E − ε2) < 0 −→ we take the negative square root:
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grlb(l, l, E) =
2K(E − ε2)

(K − 1)(E − ε1)(E − ε2)− i(K + 1)
√

(E − ε1)(E − ε2)[4Kt2 − (E − ε1)(E − ε2)]
(B.7)

Upper band: ε1 < E < E1

Here (E − ε2) > 0 −→ we take the positive square root:

grub(l, l, E) =
2K(E − ε2)

(K − 1)(E − ε1)(E − ε2) + i(K + 1)
√

(E − ε1)(E − ε2)[4Kt2 − (E − ε1)(E − ε2)]
(B.8)

One could also have chosen the sign of the square root by imposing Im[g(l, l, z) < 0]

in the bands and use Kramers-Kronig relations:

Re[g(E)] = − 1

π
P

∫ +∞

−∞

Im[g(E ′)]

E − E ′
dE ′ (B.9)

Im[g(E)] =
1

π
P

∫ +∞

−∞

Re[g(E ′)]

E − E ′
dE ′ (B.10)

where P denotes the principal value of the integral.

CONCLUSION

The retarded Green function at site l (locator) is a function of the energy E, and takes

di�erent expressions depending on which interval of E it is evaluated on:

gr(l, l, E) =



grf1(l, l, E) if E < E2

grf2(l, l, E) if ε2 < E < ε1

grf3(l, l, E) if E1 < E

grlb(l, l, E) if E2 < E < ε2

grub(l, l, E) if ε1 < E < E1

If the locator g(l, l, z) is evaluated on a site l / εl = ε2, the numerator in Eq. (B.1) becomes

2K(z − ε1), but the choice of the square root sign remains valid:

Lower band: (E2 < E < ε2) implies (E − ε1) < 0 and (E − ε2) < 0.

Upper band: (ε1 < E < E1) implies (E − ε1) > 0 and (E − ε2) > 0.

From now on, we shall deal with a 1D FI chain, which is a Cayley tree with two nearest

neighbours: K = 1.
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B.1.1 One-site correlation functions (locators)

Forbidden states: E < E2)

• εl = ε1

grf (l1, l1, E) =
(E − ε2)√

(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4t2]
(B.11)

• εl = ε2

grf (l2, l2, E) =
(E − ε1)√

(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4t2]
(B.12)

Forbidden states: ε2 < E < ε1

grf (l1, l1, E) = − (E − ε2)√
(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4t2]

(B.13)

grf (l2, l2, E) = − (E − ε1)√
(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4t2]

(B.14)

Forbidden states: E > E1

grf (l1, l1, E) =
(E − ε2)√

(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4t2]
(B.15)

grf (l2, l2, E) =
(E − ε1)√

(E − ε1)(E − ε2)[(E − ε1)(E − ε2)− 4t2]
(B.16)

Lower band:(E2 < E < ε2)

grlb(l1, l1, E) =
i(E − ε2)√

(E − ε1)(E − ε2)[4t2 − (E − ε1)(E − ε2)]
(B.17)

grlb(l2, l2, E) =
i(E − ε1)√

(E − ε1)(E − ε2)[4t2 − (E − ε1)(E − ε2)]
(B.18)
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Upper band: (ε1 < E < E1)

grub(l1, l1, E) =
−i(E − ε2)√

(E − ε1)(E − ε2)[4t2 − (E − ε1)(E − ε2)]
(B.19)

grub(l2, l2, E) =
−i(E − ε1)√

(E − ε1)(E − ε2)[4t2 − (E − ε1)(E − ε2)]
(B.20)

B.1.2 Two-site correlation functions

As mentioned above, the two site correlation functions can be expressed in terms of

the already calculated locators using the expressions (5.59a) and (5.59b) and the inter-

mediate functions (5.60) and (5.61) of [Economou, 2006]. The mathematical expression

for these correlation functions not only changes depending on the energy region through

the locators, but also depending on the type of sites they correlate.

The intermediate functions read:

g(l + 1, l + 1[l], E) =
2

E − εl+1 + [g(l + 1, l + 1, E)]−1

g(l, l[l + 1], E) =
2

E − εl + [g(l, l, E)]−1

Forbidden states: (E < E2) ∪ (ε2 < E < ε1) ∪ (E > E1)

• εl = ε1, |m− l| even: �rst site ε1, second site ε1

gr(l,m,E) = gr(l, l, E)t|m−l|[g(l + 1, l + 1[l], E)]|m−l|/2[g(l, l[l + 1], E)]|m−l|/2

= gr(l, l, E)t|m−l|
(

2

E − εl+1 + [g(l + 1, l + 1, E)]−1

)|m−l|/2(
2

E − εl + [g(l, l, E)]−1

)|m−l|/2

gf (l1,m1, E) = gf (l1, l1, E)t|m1−l1|
(

2

E − ε2 + [gf (l2, l2, E)]−1

)|m1−l1|/2

·
(

2

E − ε1 + [gf (l1, l1, E)]−1

)|m1−l1|/2
(B.21)

• εl = ε1, |m− l| odd: �rst site ε1, second site ε2
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gf (l1,m2, E) = gf (l1, l1, E)t|m2−l1|
(

2

E − ε2 + [gf (l2, l2, E)]−1

) |m2 − l1|+ 1

2

·
(

2

E − ε1 + [gf (l1, l1, E)]−1

) |m2 − l1| − 1

2

(B.22)

• εl = ε2, |m− l| even: �rst site ε2, second site ε2

gr(l,m,E) = gr(l, l, E)t|m−l|
(

2

E − εl+1 + [g(l + 1, l + 1, E)]−1

)|m−l|/2(
2

E − εl + [g(l, l, E)]−1

)|m−l|/2

gf (l2,m2, E) = gf (l2, l2, E)t|m2−l2|
(

2

E − ε1 + [gf (l1, l1, E)]−1

)|m2−l2|/2

·
(

2

E − ε2 + [gf (l2, l2, E)]−1

)|m2−l2|/2
(B.23)

• εl = ε2, |m− l| odd: �rst site ε2, second site ε1

gf (l2,m1, E) = gf (l2, l2, E)t|m1−l2|
(

2

E − ε1 + [gf (l1, l1, E)]−1

) |m1 − l2|+ 1

2

·
(

2

E − ε2 + [gf (l2, l2, E)]−1

) |m1 − l2| − 1

2

(B.24)

Lower band: (E2 < E < ε2)

The correlation functions in the lower band are extracted from the expressions above,

replacing the on-site correlation functions (locators) gf (li, li, E) by glb(li, li, E).

Upper band:(ε1 < E < E1)

The correlation functions in the upper band are also extracted from the expressions above,

replacing in this case the on-site correlation functions (locators) gf (li, li, E) by gub(li, li, E).

Note that all the Green functions correlating sites l andm depend only on the absolute

value |l −m|, and they are therefore symetric in real space for this TB Hamiltonian.
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Appendix C

E�ect of a spin polarized current on an

antiferromagnet: nanofabrication

C.1 Introduction

One of the initial objectives of this thesis was also to experimentally investigate the

e�ect of a spin-polarized current on an AF in a Fa/NM/Fp/AF exchange-biased spin valve,

following the experiments shown in Ref [Wei et al., 2007]. These experiments showed

partial evidence of STT acting on the AF due to high density currents spin polarized in the

exchange-biased Fp in contact with the AF. The second Fa was merely used as an analyser

to probe the magnetization direction of the Fp layer (namely the switching �eld at which

its magnetization reverses orientation) through GMR detection. The exchange-biased

spin valves consisted of two CoFe layers of 10 (analyser) and 3 nm (polariser) separated

by a nonmagnetic (NM) Cu-spacer of 10 nm used to get a vanishing exchange coupling

between both F layers. The complete polycrystalline spin valve was: CoFe(10 nm)/Cu(10

nm)/CoFe(3 nm)/FeMn(8 nm). Fig. C.1 illustrates the qualitative explanation of the

STT e�ects on the AF.

Figure C.1 � Schematic representation of the STT on the AF in the Fp/AF interface
[Wei et al., 2007]. Gray magnetic moments indicate uncompensated spins at the AF sur-
face.

The transmitted (re�ected) polarized current from the F exerts a torque on the AF spins

that tends to rotate the AF order parameter to a direction parallel (perpendicular) to
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the F magnetization. Since the AF uncompensated spins at the interface are exchanged-

coupled to the bulk AF, torques acting on the bulk will vary their orientation. In addition,

the exchange bias �eld increases (decreases) when the component of the uncompensated

spins along the exchange-bias direction is altered to increase (decrease) due to STT. These

changes in the exchange bias are then monitored through the switching �eld of the Fp by

GMR detection for di�erent current densities to evidence the e�ects of STT on the AF.

The point contact used to generate a high density electrical current and the typical vari-

ations of the electrical resistance reported in [Wei et al., 2007] are illustrated in Fig. C.2.

Although the reversal of the free Fa seems to be little a�ected by the applied current, the

average exchange-bias �eld of Fp is signi�cantly altered, which is ascribed to AF-STT.

Figure C.2 � a) Schematic illustration of the point contact experimental measurement.
Spins are polarized in Fp and exert a torque on the AF. The Fa layer probes the Fp
reversal. b) Magnetoresistance measurements at di�erent current densities. The action
of the spin-polarized current on the AF leads to variations of the Fp reversal �eld for
di�erent amplitudes of the bias current due to changes of the exchange bias, proportional
to the hysteresis loop shift [Wei et al., 2007].

Joule heating was ruled out as responsible for these e�ects since not symmetric variations

of the exchange bias were observed for positive and negative current polarities. Mutual

STT between Fa and Fp was also discarded due to the invariant reversal �eld of Fa, even

for di�erent F thicknesses.

These experimental attempts to show AF-STT only obtained qualitative results due

to the uncontrolled current path inherent to the point contact technique, which makes

di�cult to know precisely the injected current density values. One possible solution is

the use of patterned arrays of spin valve nanopillars with controlled geometries to better

control the injected electric current density. In an attempt to obtain quantitative results
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following the experiments described above, I carried out the nanofabrication of these spin

valve arrays. The nanofabrication process I used is the object of the next section.

C.2 Process

Around 1000 elliptical and circular nanopillars of di�erent sizes were patterned from

a full sheet 2 inch wafers. Resulting from a collaboration with the Universities of Texas and

Michigan, Si/SiO2/(Ta(5)/Cu(10))×5/Ta(5)/Cu(5)/CoFe(10)/Cu(10)/CoFe(3)/FeMn(8)/

/Au(5) (nm) stacks were provided by the authors of [Wei et al., 2007] in order to avoid

di�erences due the deposition process. Two additional 5 and 170 nm layers of Al and Ta

respectively were later deposited at SPINTEC.

I carried out the fabrication of the spin valve nanostructures at the Grenoble PTA

(plateforme technologique amont) clean room. The di�erent nanofabrication steps are

described by the following text, �gures and captions. The process that I used was devel-

oped earlier at SPINTEC by Ricardo Sousa, Laurent Vila and Marie-Thérèse Delaye.

Figure C.3 � First step: annealing of the stack for 30 minutes at 250oC under in plane
magnetic �eld in a 10−6 mbar vacuum chamber.

Figure C.4 � Second step: spin coating of the sample with PMMA resist. Electron-beam
lithography to custom the nanopillars' shapes: ellipses and circles of diameter ranging
from 50 to 1000 nm. Third step: resist development and electron-beam evaporation of 20
nm of Pt to protect the nanopillars from following etching.
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Figure C.5 � Fourth step: resist lift-o� to leave only the Pt layer on the ellipses and circles
covering the stack.

Figure C.6 � Fifth step: a) Reactive-ion etching (RIE) of the 150 nm of Ta. The Pt
protects the nanopillars from etching. The end of the etching process is checked by
laser monitoring. Subsequent ion beam etching (IBE) down to the bottom electrode is
performed to remove the rest of the layers. Secondary ion mass spectrometry is used to
know when to stop etching. b) Scanning electron microscope (SEM) image of the bare
nanopillar (around 150 nm wide).

Figure C.7 � a) Sixth step: spin coating of the sample with AZ 1512HS resist, ultra violet
lithography and resist development to pattern the bottom electrode. b) Seventh step.
IBE of the bottom electrode. Resist lift o� by RIE using a O2 plasma to remove the resist
burnt during the IBE, acetone and ultra sounds.

The thickness of the bottom electrode is checked by a Dektak pro�lometer. The shapes

of the bottom electrode and nanopilars are also checked using an optical microscope and

the SEM, respectively.
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Figure C.8 � a) Eighth step: spin coating of the sample with Accu�o polymer to insulate
the bottom and top electrodes. Spin coating with AZ 1512HS resist, ultra violet lithogra-
phy and resist development to custom the insulating zone near the nanopillar. b) Ninth
step. RIE of the insulator. The end of the etching process is checked by laser monitoring.

The thickness of he Accu�o insulator is checked using the Dektak pro�lometer; the Accu�o

etching rate can be then deduced from the etching time and the Dektak measurements.

Figure C.9 � Tenth step: RIE to thin down the Accu�o to 90-100 nm and open the
nanopillars for the top electrode to come.

Figure C.10 � Eleventh step: spin coating of the sample with AZ 5214 resist. Ultra-violet
lithography and development to custom the shape of the top electrode.
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Figure C.11 � a) Twelfth step: electron-beam evaporation of the top electrode:
Cr(10)/Al(200)/Ti(5)/Au(100). b) Thirteenth step. Resist lift-o�.

Figure C.12 � a) Schematic top view of the magnetic nanostructure. b) SEM image of the
patterned nanostructure showing the top and bottom contacts. c) Schematic illustration
of the current �ow through the nanostructure. The nanopillar is encapsulated in the
Accu�o insulator and contacted by the electrodes.

C.3 Magnetotransport measurements of the patterned

nanopillars

The R vs H response of every nanopillar on the wafer was measured by an automated

electrical mapper. The nanopillars showing a good GMR signal can be studied applying

di�erent current polarities and amplitudes to follow the pinned Fp layer switching �eld

behaviour. A typical R vs H curve is shown in Fig. C.13. Unfortunately, less than 5

percent of the nanopillars gave exploitable R vs H signals resulting in poor statistics.

In addition, very large dispersions were obtained in the R vs H vs j mappings (see

Fig. C.14) for the few working pillars, i.e., di�erent dependences on the current density

of the Fp switching �eld were observed for (in principle) comparable nanopillars. The

dispersions observed are likely process related and more work is needed to stabilize a
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Figure C.13 � R vs H response for a selected nanopillar showing a good GMR signal.

nanofabrication procedure for such spin valve structures.

Figure C.14 � Mapping of R vs H loops for increasing and decreasing current densities
showing variations of the exchange bias. These loops were measured by Nicolas Mante
during his Master thesis. Blue lines highlight the dependence of the Fp switching �eld on
the electrical current density.

One possible solution could be using perpendicular anisotropy stacks, which would

probably result in less sensitivity to the edge to edge related dispersions. An additional

advantage of stacks with perpendicular anisotropy is that the F/AF con�guration can be

read using extraordinary Hall e�ect (EHE) (see Fig. C.15). The analyser Fa is no longer

necessary, which avoids mutual Fa-Fp STT and makes the results easier to interpret.

169



Appendix C. E�ect of a spin polarized current on an antiferromagnet: nanofabrication

Figure C.15 � Schematic illustration of a nanostructure with perpendicular anisotropy,
controlled geometry and EHE reading.
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Abstract

Spin transfer torque (STT) and tunnelling magnetoresistance (TMR) in magnetic

tunnel junctions with ferromagnetic (F) leads are two essential underlying phenomena

of modern spintronics. We present here a theoretical study of STT in antiferromagnet

(AF) based tunnel junctions, where two AF metal electrodes are separated by a thin

nonmagnetic insulating barrier. In particular, the behaviour of STT and TMR in epi-

taxial AF-based tunnel junctions is investigated using tight binding calculations in the

framework of the Keldysh formalism. The spatial distribution of the STT out-of-plane

component is found to be staggered, similar to the in-plane component. This behaviour

is speci�c to the use of a tunnel barrier and signi�cantly di�ers from the out-of-plane

torques reported in previous works using a metallic spacer. Additionally, we show that

unlike conventional ferromagnetic-based tunnel junctions, the TMR can increase with ap-

plied bias and reach values comparable to typical magnetoresistances found for usual spin

valves.

Next, the analysis carried out for AFs is extended to ferrimagnets (FI), for which

AFs constitute simpler limiting cases. The additional magnetic complexity inherent to

FI materials yields to a richer physics concerning the STT spatial behaviour in FI based

tunnel junctions. Electronic structure parameters such as band widths and exchange

splittings of the FI are shown to have a strong in�uence on STT. In particular, the

STT spatial distribution within the leads exhibits a striking spin-modulated wave-like

behaviour resulting from the interplay between the exchange splittings of the two FI

sublattices. This wave-like behaviour can also be tuned via the applied voltage across

the junction. Furthermore, the fundamental intrinsic parameter for quantifying STT

characteristic lengths in FI metals is identi�ed. This fundamental parameter can be

considered as an e�ective exchange �eld in FIs, similar to the homogeneous exchange �eld

in the F case.

Finally, the STT characteristic lengths in AF materials are investigated experimentally.

Here, room temperature critical depths and absorption mechanisms of spin currents in

Ir20Mn80 and Fe50Mn50 are determined by F-resonance and spin pumping. In particular,

room temperature critical depths are observed to be originated from di�erent absorption

mechanisms: dephasing for Ir20Mn80 and spin �ipping for Fe50Mn50.
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Résumé

En électronique de spin, le couple de transfert de spin (STT) et la magnétorésistance

tunnel (TMR) dans les jonctions tunnel magnétiques à électrodes ferromagnétiques (F)

sont deux phénomènes physiques essentiels. Dans cette thèse, nous présentons une étude

théorique du STT dans des jonctions tunnel antiferromagnétiques (AF), où deux élec-

trodes non plus F mais AF sont séparées par une barrière isolante non-magnétique. Plus

concrètement, les comportements du STT et de la TMR sont étudiés dans des jonctions

tunnel AF cristallines, et ce, à l'aide de calculs de liaisons fortes dans le cadre du for-

malisme de Keldysh. Nous avons observé une distribution spatiale uniforme et de signe

alternatif de la composante perpendiculaire du STT, ce qui est similaire au comportement

de la composante parallèle. Ces variations spatiales de la composante perpendiculaire sont

cependant spéci�ques à l'utilisation d'une barrière tunnel et contrastent avec les e�ets ob-

servés par le passé pour le cas de couches séparatrices métalliques. De plus, contrairement

aux jonctions tunnel F conventionnelles, nous avons montré que la TMR peut augmenter

avec la tension appliquée et atteindre des valeurs du même ordre de grandeur que pour

des vannes de spin usuelles : tout-métallique et à électrodes F.

L'analyse e�ectuée pour des AF est ensuite étendue aux matériaux ferrimagnétiques

(FI), pour lesquels les AF constituent, somme toute, des cas limites. La complexité

magnétique additionnelle inhérente aux FI se traduit par un comportement spatial du

STT beaucoup plus riche dans les jonctions tunnel FI. Nous observons notamment que les

paramètres électroniques tels que les largeurs et les décalages de bandes ont une très forte

in�uence sur le STT. Plus particulièrement, la di�érence entre les couplages d'échange

inter-spin locaux des deux sous-réseaux du FI donne lieu à une distribution spatiale du

STT ondulatoire qui est modulée par la densité locale de spin. Il est possible d'ajuster

cet e�et en jouant sur la tension appliquée aux bornes de la jonction tunnel FI. Nous

trouvons de plus que la di�érence entre les couplages d'échange inter-spin locaux constitue

un paramètre fondamental pour la quanti�cation des longueurs caractéristiques du STT

dans les FIs. Ce paramètre peut être considéré comme un champ d'échange e�ectif, par

similitude avec le cas usuel des Fs qui présentent un champ d'échange homogène.

Pour �nir, nous avons sondé expérimentalement les longueurs caractéristiques du STT

dans des AFs polycristallins. Pour de l'Ir20Mn80 et du Fe50Mn50, nous avons déterminé

les longueurs de pénétration de spin et les mécanismes d'absorption de courants de spin

à température ambiante en utilisant la résonance F et le pompage de spin. Plus pré-

cisément, nous avons associé les profondeurs de pénétration critiques à deux mécanismes

d'absorption distincts: du déphasage pour l'Ir20Mn80 et du retournement de spin pour le

Fe50Mn50.
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