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Chapter 1

Introduction

1.1 General introduction

“All the known magnetic properties of matter are attributable to the rotation

of electric charges” [1]. Electrons are elementary particles, each having finite

mass and charge. As Fermi particle, the electron also possesses another intrinsic

property referred to as spin angular momentum or just spin. Due to its orbital

motion about the nucleus, each electron is also associated with an orbital angular

momentum. Spin and orbital angular momenta are quantized and can, in some

atomic systems, be coupled via spin-orbit interactions.

The spin is a purely quantum-mechanical quantity representing a measure of the

quantized angular momentum, s = 1
2
~, of the nucleus and surrounding electrons (~

is the reduced Planck’s constant). The nuclear contribution of angular momentum

to the atomic magnetic moment is very small due to the much larger mass of the

nucleus with respect to the electron mass. In practice, nuclear magnetism is usually

1
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negligible, and electrons contribute for the biggest part to the magnetic moment

of solid-state matter.

The electron spin is associated with an intrinsic dipole magnetic moment that

takes a value very close to the universal Bohr magneton constant, 1µB = e~
2me

=

9.27×10−24Am2 (e and me are the electron charge and mass respectively), and can

only adopt one of two possible orientations with respect to an external magnetic

field. The component along any axis (here chosen to be z ) of this dipole moment

can be written as:

mz = − e

me

~ms

, with ms = ±1
2

being the spin quantum number. Therefore, in a naive picture,

the spin can be thought as an infinitesimal magnet pointing either up (spin up or

↑) or down (spin down or ↓) depending on the direction of the applied magnetic

field (the magnetic dipole minimizes its energy by aligning in the same direction

of the magnetic field).

Generally, in non-magnetic (NM) transition metals like Cu or Ag, ↑ and ↓ electrons

are completely balanced in the absence of a magnetic field, as they equally populate

the atomic energy levels. On the other hand, in ferromagnetic (FM) elements such

as Fe, Co, Ni, and in FM alloys formed from combinations of these elements, the

up and down spins are not balanced even at equilibrium due to strong exchange

interactions which favor the parallel alignment of the spins. As a consequence,

up and down spin channels are not equally populated, giving rise to asymmetric

electron density of states at the Fermi energy (EF) (as shown in Fig. 1.1b for Ni),

resulting into strong spin-dependent scattering probabilities [2]. Therefore, when

an upolarized (same number of ↑ and ↓) charge current is flowed into a FM system,

the mean-free path between scattering events for spin up and down electrons is

different, thus the two spin channels exhibit different conductivities. Hence, the
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flowing current becomes spin-polarized (it would remain unpolarized if flowing

through a NM material instead). This mechanism, whose fundamental principle

relies on the intrinsic property of spin angular momentum of the electron, is at

the basis of the science called spin-electronics or spintronics.

Figure 1.1: Density of states of bulk (a) Cu and (b) Ni. Reprinted
from [3] with permission of Cambridge University Press.

As a complementary discipline of conventional charge-based electronics, in which

the charge of the electron is the sole degree of freedom, spintronics exploits the

angular momentum of the electron to store and read the information. This branch

of solid-state physics revolutionized standard microelectronics devices by adding

quantum-mechanical spin-dependent phenomena that originate from the interac-

tion of the carrier spin and the magnetic properties of the material [4].

The discovery of the giant magnetoresistance (GMR) effect in the late 1980s [5,

6] using a spin-valve structure (Fig. 1.2a) and, in the following decade, of a

large tunneling magnetoresistance (TMR) effect [7] at room temperature (RT)

in magnetic tunnel junction (MTJ) structures [8, 9] (Fig. 1.2b) showed that it is

possible to neatly control the charge transport in magnetic nanostructures through

the magnetization of the materials. The ability to create, manipulate and detect

spin-polarized currents using the spin of the electron allowed the development

of novel devices with improved properties with respect to standard charge-based
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semiconductor devices, especially in the field of magnetic recording such as hard-

disk drives and magnetic random access memory (MRAM). Such properties include

inherent non-volatility, decreased power consumption, and increased data storage

and processing speed.

Figure 1.2: Schematics of (a) spin valve and (b) magnetic tunnel
junction structures. The ferromagnets depicted with double (single)
arrow are the free (fixed) electrodes. Image from [4]. Reprinted with
permission from AAAS.

Following the publications of 1995 [8, 9] and up to this date, an extensive amount

of research has been conducted throughout the world in order to make MRAM

possible. The fundamental principles and potentials of this magnetic solid state

memory make it a possible candidate for becoming a ’universal memory’ that can

be used for a wide variety of technological applications, from data storage in com-

puters, smartcards, and mobiles to automotive, military, and space applications

[2, 10].

The primary goal of the research presented in this dissertation was to identify

and develop novel magnetic materials among the family of tetragonally-distorted

Heusler compounds displaying large perpendicular magnetic anisotropy (PMA) for

perpendicularly-magnetized magnetic tunnel junctions (p-MTJs) suitable for next-

generation MRAM applications. General descriptions of MTJs, the TMR effect,
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and the two main different generations of MRAM are presented later on in this

chapter. Chapter 2 is devoted to a general description of Heusler compounds, with

a major focus on Heuslers forming with a tetragonal crystallographic structure.

The peculiar properties associated to some of these tetragonal compounds, like

the PMA, are presented explaining why such materials could be used for p-MTJ

devices.

The deposition system and techniques used for the growth of the thin films char-

acterized in this work are described in Chapter 3. While Chapter 4 deals with the

development and optimization of appropriate buffer layers for the growth of tetrag-

onal Heusler alloys on amorphous Si/ SiO2 substrates, Chapter 5 summarizes the

results obtained from the study of structural, topographical, and magnetic prop-

erties of tetragonal Mn3Ge Heusler thin films, as well as transport characteristics

and TMR of Mn3Ge-based perpendicular tunnel junction devices developed in this

work. A possible explanation is addressed for the compensated tunneling magne-

toresistance effect found from measurements of these devices. This explanation

is supported by theoretical calculations of transmission functions of similar MTJ

structures and the influence on the TMR of the Brillouin zone filtering effect that

arises at the interface between Mn3Ge and the MgO tunnel barrier.

In Chapter 6, the evolution of the structural and magnetic properties of a Mn3-xCoxGe

system are compared between theoretical and experimental studies. Further-

more, theoretical investigations of the layer-dependent electronic properties of the

Mn3-xCoxGe system and the influence of Co on both the Brillouin zone filtering

effect and spin polarization associated to each compound for different x concen-

trations are presented. Finally, Chapter 7 provides a conclusive summary of this

dissertation and some comments from the author.
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1.2 Magnetic tunnel junctions and tunneling mag-

netoresistance effect

The NM metallic spacer of a spin-valve structure was replaced by a thin (10-20 Å)

NM insulating spacer, thus creating a magnetic tunnel junction [2] (see Fig. 1.2).

A typical MTJ structure consists of two ferromagnetic electrodes - a reference (or

pinned or fixed) electrode and a recording (or free) electrode - sandwiching a thin

tunnel barrier, as shown in Fig. 1.2b. The orientation of the fixed electrode does

not change and sets the spin-polarization direction, while the recording layer is

’free’ to alternate its magnetic orientation so as to store the information.

Originally, different oxide materials have been tested as insulating spacer [11, 12,

13], with amorphous aluminum oxide (Al2O3) barriers displaying better tunneling

magnetoresistance properties [14, 15]. However, thanks to theoretical predictions

of giant TMR for a Fe/ MgO/ Fe system [16, 17], recently developed MTJs are

formed using a thin crystalline insulating magnesium oxide (MgO) tunnel barrier

[18, 19, 20, 21, 22, 23, 24].

Under a bias voltage applied across MgO, electrons quantum-mechanically tunnel

from one electrode through the barrier to the second electrode. The probability

of the tunneling is determined by the relative orientation of the magnetization

of the two electrodes: if the two electrodes’ magnetizations point along the same

direction, i.e. they are aligned parallel (P) to each other, then the tunneling

current typically flows more easily across the spacer, leading to a low-state of

tunneling resistance RP (Fig. 1.3a); on the other hand, if the magnetization of

the electrodes are anti-parallel (AP) aligned, the probability of tunneling of the

spin-polarized electrons is reduced, giving rise to a high-resistance state, RAP (Fig.

1.3b). Hence, in order to set the state of the magnetic bit to a ’1’ or to a ’0’, one
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Figure 1.3: Assuming that the electron spin is conserved during
tunneling, electrons from one electrode with a certain spin orientation
can tunnel to the other electrode only if the latter has available empty
states corresponding to the same spin orientation. Image from [25].
Reprinted by permission from ACM.

needs to switch the electrodes’ magnetic orientation from P to AP or from AP to

P, thereby changing the tunneling resistance from low to high or from high to low

(assuming that the FM electrodes have positive spin polarization). The magnitude

of the tunneling magnetoresistance is quantified using the formula TMR = (RAP−

RP)/RP: the higher the TMR, the higher is the difference in the two resistance

states, the better is the reading performance of the memory element. The process

of reading a ’0’ or ’1’ bit is achieved by simply detecting the current flowing

through the MTJ device at small bias voltages or by detecting the voltage across

the device when a small current is flowed through the device. On the other hand,

the writing operation can be carried out using two different techniques: either

using an external magnetic field or directly flowing a larger current (compared to

the current used for reading) through the junction by exploiting the mechanism

of spin transfer torque. These two techniques are presented later in more details.
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1.2.1 Symmetry spin filtering effect

Julliere associated the TMR to the electrodes’ tunneling spin polarization (SP), i.e.

the ratio between the difference of spin up and spin down electron density of states

(DOS) at the Fermi energy over their sum, SP = (DOS↑−DOS↓)/(DOS↑+DOS↓)

[7]. The TMR was then defined also as TMR = 2 SP1 · SP2/(1 − SP1 · SP2),

where SP1 and SP2 are the spin polarization of the first and second electrode,

respectively. Following Julliere’s paper, several tunneling conductance studies of

different metal-insulator systems have been investigated in order to understand

the underlying physics behind such junctions.

Presumably one of the most revolutionary discoveries in the history of MTJs, the

epitaxial Fe(001)/ MgO(001)/ Fe(001) system was predicted to show giant TMR

ratios [16, 17]. In this system, the MgO(001) spacer focuses the transmission

function into the Γ-point (i.e. k‖ = 0) of the k‖ plane of the two-dimensional

(2D) Brillouin zone (BZ), since in bulk MgO the evanescent state with k‖ = 0 has

the smallest attenuation constant for energies within the MgO band gap. This

state has ∆1 symmetry (it is invariant with respect to the square-group symmetry

transformations of x and y coordinates) and mostly consist of a mixture of m

= 0 orbitals: s-orbitals of Mg and pz-orbitals of O (m is the projection of the

angular momentum along the z axis). The attenuation constant increases as the

in-plane momentum k‖ increases. Therefore, as the MgO thickness increases the

transmission functions are focused closer and closer to the Γ-point in the 2D BZ

[16, 17].

Moreover, in bulk Fe the majority electrons have states with ∆1-symmetry at the

Γ-H line (along the kz-axis) in the BZ at EF, therefore they can couple to the

∆1-symmetry evanescent state of MgO. On the other hand, minority Fe electrons

do not have bands with ∆1-symmetry crossing the Γ-H line at EF. Thus, due
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to symmetry-mismatch considerations, minority Fe electrons with k‖ = 0 cannot

couple to the ∆1-symmetry evanescent state of MgO: their contribution to the

transmission at the Fe/ MgO interface is then suppressed. This effect is called

symmetry spin filtering [16, 17]. Furthermore, bulk Fe has a large positive SP.

Both symmetry spin filtering and large SP of Fe contribute coherently to the

increase of the TMR. Therefore, the TMR of a Fe/ MgO/ Fe MTJ is large and

robust, with optimistic values exceeding 10,000% for a number of MgO layers

greater than 8, as later shown in Fig. 5.10a of Chapter 5.

1.3 Magnetic Random Access Memory

Magnetic random access memory (MRAM) is one of the most promising emerging

memory technologies today. One of the key properties of MRAM is the inherent

non-volatility. This means that the state of the memory is maintained even when

the power is switched off and removed from the memory [26]. Also, in contrast to

hard-disk drives, there are no moving parts in MRAM. The operation of storing the

information is restrained only to the back-and-forth rotation of the magnetization

of the free layer of the MTJ, which acts as the core storing element for MRAM [27].

As long as the magnetic materials used to form the MTJ electrodes are robust and

stable over time against both thermal perturbations and small magnetic fields, then

the stored data are securely retained, hence providing virtually infinite endurance;

additionally, neither transistors nor capacitors, like in static and dynamic random

access memory architectures (SRAM and DRAM, respectively), are needed in

MRAM to store the magnetic bits, allowing the MRAM design to be denser and

cheaper.
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In MRAM, stored data can be read by activating the only transistor connected in

series to the MTJ device (see Fig. 1.4) and measuring the MTJ resistance. The

time required to read the state of the bit cell depends on how large the difference

in signal between the P and AP states of the MTJ is. Therefore, the higher the

tunneling magnetoresistance the better the reading performance and the faster the

memory.

1.3.1 Toggle-MRAM vs. STT-MRAM

In first-generation MRAM, the magnetic tunnel junctions are formed using mag-

netic materials with in-plane magnetization. Each MTJ device is located at the

intersection between two conductive lines, namely the bit and word line placed

respectively above and below each junction, as shown in Fig. 1.4a.

Figure 1.4: Structure of (a) conventional field-switched MRAM cell
and (b) STT-MRAM cell. Image from [25]. Reprinted with permission
from ACM.

Electric currents are driven through both the bit and word lines in order to activate

one specific memory cell. These currents locally generate two Oersted magnetic
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fields that, only when acting together, can induce a sufficient torque that rotates

the free electrode magnetic orientation back and forth (by inverting the current

polarity) with respect to the fixed electrode orientation: from this principle the

name ’toggle’-MRAM was coined.

While only the selected MTJ cell experiences the contribution of both magnetic

fields from the bit and word lines, all the other bit cells along the same bit line

(or along the same word line) inevitably sense one magnetic field which can cause

perturbations to the state of other MTJs. These latter bits are referred to as

’half-selected’ bits [28, 29]. A key requirement of toggle-MRAM is to switch only

the selected bit and not the half-selected ones. Thus, synthetic antiferromagnet

(SAF) [30, 31] free layer structures with bit shapes 45◦-rotated with respect to

the metallic conductive lines and a specific sequence of current pulses are used in

order to avoid any detrimental perturbation of the half-selected bits: this method

is called the ’Savtchenko switching’, as it was named after its inventor [29, 32, 33].

Toggle-MRAM chips have been in the market from 2006 (commercialized for the

first time by Freescale Semiconductor) and have been used in critical aircraft and

automotive applications. However, the market for this conventional MRAM did

not significantly expand due to its high power consumption and limited scaling

potential related to the utilization of magnetic fields as a mean to write the infor-

mation [34].

After the discovery of the spin transfer torque (STT) [35, 36] - transfer of angular

momentum from a spin-polarized current to the local magnetization of a FM con-

ductor as a conservation of the total angular momentum - and the demonstration

of current-induced switching of magnetic layers via STT [37, 38, 39, 40, 41], the

magnetic Oersted fields were replaced by the STT as main mechanism to write

the information in MRAM. Indeed, in STT-MRAM the bypass and word lines are
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removed (see Fig. 1.4) and both reading and writing operations are simply carried

out by passing a current directly through the selected cell. Therefore, compared

to conventional MRAM, the design of STT-MRAM is much simpler and allows for

reduced power consumption as well as improved scalability and storage density.

Figure 1.5: Schematic of (a) reading and (b) writing operations in
a perpendicular STT-MRAM cell. The top layer represents the free
layer, while the bottom one is the fixed layer. (c) Schematic of the en-
ergy barrier EB that must be overcome to switch the free layer between
AP and P states in a p-MTJ. Reprinted from [34], with the permission
of AIP Publishing.

While small currents are used to read the MTJ state, larger currents can cause
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excitations of the free electrode magnetization via STT and, above a critical cur-

rent, the state of the MTJ can be changed. By reversing the current polarity, the

MTJ state can be alternately set to a ’0’ or to a ’1’ as illustrated in Fig. 1.5b

in the case of a p-MTJ. The writing current that is needed to switch the free

layer is determined by the degree of spin polarization of the tunneling current, as

well as by the efficiency of transfer of spin angular momentum from the tunneling

current to the magnetization of the free layer that is characterized in large part

by the ’damping’ parameter, α. The smaller is the damping, the smaller is the

writing current. Moreover, the writing current is influenced by the energy barrier

(EB) that must be overcome to switch the state of the MTJ (see Fig. 1.5c). In

the simplest models of switching, the switching current is directly proportional

to the magnitude of the energy barrier (for a given time for which the current is

applied). Thus, there is an apparent conflict between the key requirements for

high energy barriers that determine the lifetime of the storage element (discussed

later in more details), and the need for low switching currents that necessitate low

energy barriers.

STT-induced switching of in-plane MTJs has been studied [42, 43] and successfully

observed [44, 45, 46]. Also, the functionality of in-plane STT-MRAM chips has

been demonstrated since 2005 by Sony [47], followed in the years by Hitachi,

Grandis, TSMC and Qualcomm [48, 49, 50], with the latest realization of a fully

functional 64Mb in-plane STT-MRAM chip presented by Everspin Technologies

[51].

However, a major problem associated with scaling to smaller dimensions of in-

plane STT-MRAM cells is the superparamagnetic limit, whereby the magnetic

anisotropy, that allows the free layer of the MTJ device to be set to the P or AP

state, is not sufficiently large to stabilize the device against thermal fluctuations.

Due to the small volume anisotropy of in-plane magnetic materials, the stability of
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these cells depends significantly on the devices’ needle-shape that provides modest

shape-anisotropy effects.

Higher thermal stability can be achieved by using MTJs that display large PMA,

wherein the moments of the free and reference layers are oriented perpendicular

to the plane of the films (Fig. 1.5). Since a typical requirement is that a MTJ

memory element must reliably store a data bit for a minimum period of ten years,

this necessitates that EB ≥ 50 kBT [52, 53], where EB = KU·V, and KU = HK·
MS

2

+ 2πM 2
S is the uniaxial magnetic anisotropy energy density. kB is the Boltzmann

constant, T is the temperature, V and MS are the volume and the spontaneous

magnetization of the free layer respectively, and HK is its effective anisotropy field.

Thus, free layers with sufficiently high anisotropy energies are needed. This can

be readily accomplished with perpendicularly magnetized materials.

Moreover, the perpendicular magnetic anisotropy partially counteracts the contri-

bution of the large out-of-plane demagnetizing field of the free layer that increases

the switching current density [43, 54, 55]. Thus, the current that is needed to

switch the state of an MTJ is lower for a p-MTJ than for an in-plane magnetized

MTJ having the same barrier [25, 56, 57, 58]. The critical current density for a

p-MTJ is given by the following formula:

Jc0 =
1

η

2eα

~
(MSt)HK

where η is the spin transfer efficiency, α is the damping constant, e is the electron

charge, ~ is the reduced Planck constant, MS and t are respectively the free layer

spontaneous magnetization and thickness, and HK is the effective anisotropy field

defined above through KU. The critical current density increases the greater is

the magnetic moment of the free layer: thus the smaller MS the better. Alloys

of Co, Fe, and B in the form of thin films and for different compositions have
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been reported to display PMA, promoted by anisotropy effects originating at the

interface between the CoFeB layer and a underlayer or overlayer [59, 60]. This

PMA, which decreases in magnitude with the thickness of CoFeB, might not be

strong enough to sustain device sizes below a 20 nm node without degrading TMR

and thermal stability properties of the p-MTJs: these conditions would not fulfill

all the key requirements for technologically-relevant applications. Furthermore,

the MS value of CoFeB films is quite significant, i.e. typically greater than 1000

emu/cc. Nevertheless, current-induced switching of p-MTJs using STT has been

demonstrated [61] using both L10 [56, 62] and CoFeB electrodes [57, 58, 59, 63, 64],

with a recent development of a STT-MRAM chip using CoFeB-based 50nm-wide

p-MTJs showing high STT efficiency and data retention [34].

Jc0 is also closely tied to damping within the free layer. The damping of the

free layer depends both on the intrinsic damping of the material itself - a volume

effect – but also on mechanisms such as spin pumping whereby spin currents can

flow from the magnetic layer into neighboring layers, e.g. especially any metallic

underlayer or overlayers. These latter effects, that are interfacial in nature, often

can dominate the damping of thin magnetic layers. The volume damping term,

often referred to as Gilbert damping, is typically higher the higher the spin-orbit

coupling parameter which itself is typically higher the higher the atomic number.

High PMA is often achieved from interfaces between ultra thin Co, Ni, and Fe

magnetic layers and heavy 4d or 5d transition metal layers [41, 65, 66, 67], which

exhibit high α and, consequently, higher switching currents.

Considering the properties of weak interface-driven PMA, high magnetization

and/or high damping associated to the magnetic materials mentioned above which

are being used nowadays, the main goal of this work was to find and develop novel

magnetic materials displaying better properties altogether. The research presented

in this thesis primarily focused on the investigation of Heusler compounds with
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a tetragonal structure in the ground state. Some of these compounds, formed

using light elements and showing low magnetic moment, are predicted to show

giant PMA promoted directly by the ’broken’ symmetry of the tetragonal struc-

ture and not by interface effects. These materials are potential candidates for

next-generation perpendicular STT-MRAM.



Chapter 2

Heusler compounds

2.1 Introduction

The first Heusler compounds were discovered in 1903 by Friedrich Heusler. He

found that the ternary alloys CuMnSn, Cu2MnSn and Cu2MnAl displayed FM

properties, even though none of the constituting elements is itself FM. His pio-

neering results sparked an immense interest among the scientific community, espe-

cially chemists, physicists, and material scientists. After more than a century from

Heusler’s original discoveries, Heusler materials are still intensively investigated,

with more than a thousand of different alloys reported as of today (Fig. 2.1).

A signature feature of Heusler compounds is the fact that their intrinsic electronic

and magnetic properties can be theoretically predicted and, in some cases, ex-

perimentally controlled by altering their elemental composition, i.e. changing the

number of electrons occupying the outermost atomic orbitals (valence electrons)

[69]. Therefore, the task of scientists has been to develop specific Heusler alloys

according to the kind of application they wanted to employ them for. In fact,

17
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Figure 2.1: Periodic table of elements: colors indicate the possible
combinations of X,Y and Z elements that can be used to form many
distinct Heusler alloys. Reprinted from [68], Copyright 2011, with
permission from Elsevier.

this class of materials covers an impressive wide range of scientific applications.

Their multi-functionality has been established with the significant discoveries of

topological insulators [70, 71], semiconductors [72, 73, 74, 75, 76], superconductors

[77, 78, 79], thermoelectric materials [80] and, among the family of magnetic mate-

rials, ferri-magnetic non-collinear magnets [81], magneto-optical [82] and magneto-

caloric [83] materials, and exchange-bias compensated ferri-magnetic systems [84].

The impact on spintronics has also been remarkable [69]. The prediction [85] and

observation [86] of half-metallicity amid cubic Co2-based alloys at RT triggered

great attention among many semiconductor industries. Half-metallic ferromagnets

exhibit a metallic behavior for electrons of one spin orientation, while they are

insulating for electrons with the opposite spin orientation. This means that a

current flowing through such material would be fully spin-polarized. The control of

such current that ideally carries only one ”orientation” of spin angular momentum

can enable scientists to take full advantage of various spintronic devices such as,
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for instance, MTJs for highly-dense STT-MRAM. In an ideal case, the utilization

of half-metallic magnetic electrodes should lead to no current flow for one magnetic

state, so that infinite TMR values would be possible.

Furthermore, the discovery of high perpendicular uniaxial magnetic anisotropy

within tetragonal Mn3-based Heusler materials [87, 88] has also affirmed the po-

tentiality of Heusler compounds for STT-MRAM as well as rare-earth-free per-

manent magnets, magnetic sensors, high-frequency STT-oscillators, and current-

perpendicular-to-plane giant magnetoresistance (CPP-GMR) devices as read-head

sensors for hard disk drives [89].

2.2 Cubic compounds

Two distinct classes of Heusler materials are known depending on the number of

primitive sublattices that form the cubic unit cell. Compounds formed by three

face-centered cubic (fcc) sublattices that interpenetrate one another are referred

to as Half-Heusler compounds, while four interpenetrating fcc sublattices define

the full-Heusler compounds, or simply Heusler [68].

Half-Heuslers are represented with the formula XYZ, in which the X and Z atoms

are, respectively, the most electropositive and electronegative elements. X and Y

atoms can be from a main group, or transition metal elements (X can also be a

rare-earth element), whereas Z is a main group element. Given the odd number

of interpenetrating sublattices, half-Heuslers crystallize in a non-centrosymmetric

C1b structure, with space group 216, in which each of the constituting element’s

atoms define one atomic sublattice (Fig. 2.2a). The prototype of half-Heusler

compounds is MgAgAs.
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Slightly different is the case of full-Heusler alloys. These compounds are typi-

cally represented by the formula X2YZ (I), or XYX’Z (II) where X, X’ and Y are

transition metals or lanthanides and Z is from a main group metal. There ex-

ists two different Heusler structures: (I) denotes the ’regular’ (or ’reg’) structure

(Cu2MnAl, with L21 structure, is the prototype and space group 225), within which

the X atoms are located at the same layer and occupying the two tetrahedrally-

coordinated unit cell sites (Fig. 2.2b). On the other hand, (II) represents the

’inverse’ (or ’inv’) structure (CuHg2Ti, with Xa-type structure, is the prototype

and space group 216) with X and X’ (atoms from the same element) sitting not

at the same layer but at two adjacent layers, i.e. one atom at a tetrahedrally-

coordinated site and the other one at a octahedrally-coordinated site (Fig. 2.2c)

[68].

Figure 2.2: Schematics of (a) half-Heusler, (b) reg-Heusler, and (c)
inv-Heusler cubic crystal structures.

Within the family of magnetic Heusler compounds, the X and Y atoms or, for some

cases [90], the X and X’ atoms are responsible for the magnetism character of the

compound. The nature of exchange interaction between adjacent layer atoms,

together with the magnitude of their corresponding magnetic moments, determine

the formation of ferromagnetic, ferrimagnetic (FiM) or completely compensated

systems, as theoretically predicted for some Mn-based Heusler materials [91].
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2.3 Tetragonal compounds

Besides the cubic family of Heusler compounds, there exists a sub-family of Heuslers

whose unit cell undergoes to a tetragonal distortion (TD) along one of the crystal

axes in order to minimize its internal energy configuration. The tetragonal unit

cell can be derived from the cubic one by means of a 45◦ in-plane rotation of

the cell edges and an elongation along the c axis, as illustrated in Fig. 2.3. Com-

pared to the cubic configuration, the TD unit cell has a shrunk in-plane atet lattice

constant, with acub =
√

2 atet, and a stretched out-of-plane ctet lattice constant,

with [ctet / (
√

2 atet)] > 1. As illustrated in Fig. 2.3, Mn2NiSn and Ni2MnSn are

the prototypes for the inverse tetragonal and regular tetragonal Heusler crystal

structures, respectively.

2.3.1 Origin of tetragonal distortion

The change of the cubic structure of some Heusler compounds into a TD structure

is a consequence of the crystal energy minimization due to its unstable cubic

configuration. It is generally believed [92, 93] that such distortion is associated to

the high DOS peaks near EF, DOS(cub, EF), in the cubic phase. The higher the

DOS(cub, EF) the higher the probability of tetragonal distortion, as shown in Fig.

2.4.

The study of the DOS of cubic and tetragonal phases of many compounds [94] has

shown that the mechanism behind the tetragonal distortion is related to the peak-

and-valley character of some cubic systems’ DOS (arising from localized d -bands

and van Hove singularities [95]) in conjunction with a smooth shift of majority

and/or minority DOS structures close to EF when valence electrons are added
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Figure 2.3: Schematic comparison between (a) inverse cubic Heusler
and its corresponding tetragonal unit cell, and (b) regular cubic Heusler
and its corresponding tetragonal unit cell. Reprinted from [68], Copy-
right 2011, with permission from Elsevier.

into each system, leading to an alternation between stable and unstable cubic

phases [94].

When EF is found in the middle of a DOS peak (i.e. unstable energy configuration)

in the cubic structure, the crystal energy could be lowered by undergoing a TD.

This effect can take place for the following reasons. Firstly, a cubic system is char-

acterized by many points, lines and surfaces in the Brillouin zone (BZ) that are

equivalent by symmetry considerations. The energy of equivalent k-points’ bands

corresponding to these points/lines/surfaces is the same, leading to peaky struc-

tures of DOS. After a structural distortion, the symmetry of the system decreases
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Figure 2.4: Probability of tetragonal distortion depending on the
number of DOS at EF in the cubic phase. The data are collected
from [94]. Cyan points correspond to all the 286 Heusler compounds
studied in [94], while blue points refer to the 220 compounds found to
be stable in the tetragonal phase, i.e.

∣∣Ect

∣∣ ≥ 0.1 eV. Ect is defined
as the difference between the total energy of the cubic phase (Ec) and
the total energy of the corresponding tetragonal phase (Et) for each
Heusler compound, Ect = Ec - Et. Reprinted with permission from [94]
Copyright (2017) by the American Physical Society.

and the energies of the k-points that were equivalent in the cubic system become

non-equivalent in the TD system. Secondly, degenerated in the high-symmetry

(cubic phase) k-points (e.g. Γ-point), partly occupied bands can split to differ-

ent energies due to the lower symmetry (tetragonal phase) of the system (band

Jahn-Teller effect [96, 97]). Thirdly, due to the TD, the width of the bands origi-

nating from orbitals which overlap in the direction of crystal contraction becomes

broader [98]. All these three described effects result into a reduction (and/or shift

away from EF) of the DOS peaks and, in general, into more smoothly-distributed

DOS, with lower values at EF in the TD phase as compared to the cubic phase.

As described above, the tetragonal crystal structure is characterized by two lattice

constants instead of just one. This additional degree of freedom also helps to avoid

energy-unfavorable DOS peaks at EF. In reference [94], the changes in the DOS
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configurations from the cubic to the tetragonal phase (the latter one only if exist-

ing) are shown for different Heusler compounds by adding one valence electron at

a time into the system.

2.3.2 Perpendicular magnetocrystalline anisotropy arising

from the tetragonal structure

In a ferromagnetic material, despite the energy contributions arising from extrin-

sic constraints, such as its shape, or interatomic effects induced at its interfaces

with other FM or NM materials, there is another type of energy that causes the

magnetization to align along specific crystallographic axes, the latter referred to

as easy axes of magnetization. This energy, called magnetocrystalline anisotropy

energy (MCA), derives from intrinsic properties of the material, i.e. the crystal-

lographic configuration and the spin-orbit coupling effect [99], the latter usually

being greater for heavier elements. In FM materials, the magnetization of the

crystal ’sees’ the lattice through the overlap of the electrons charge distributions

among the atoms: each spin interacts with its orbital motion, by means of the

spin-orbit coupling, and with the other spins in the crystal [100]. As a conse-

quence, the magnetization process is different when the magnetic field is applied

along different crystallographic directions, as shown in Fig. 2.5 for cubic Fe and

Ni, and for hexagonal Co.

Generally, FM materials with a cubic crystal symmetry show weak anisotropy,

since the sum of the magnetic dipolar interaction contributions from all the neigh-

boring spin pairs in the crystal cancels out. Thus, thin films formed from any

magnetic material with a cubic structure such as, for instance, transition met-

als like Fe and Ni, or binary and ternary cubic alloys like CoxFey, or even cubic

Heusler compounds, will show in-plane magnetic anisotropy (IMA), i.e. the atoms’
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magnetic moments will lie along the plane of the film due to demagnetizing ef-

fects induced by shape anisotropy (assuming that the thickness of the film is much

smaller than its lateral dimensions).

Figure 2.5: The magnetization curves of single crystals of the three
3d ferromagnetic elements, corrected for the demagnetizing field, show
a different approach to saturation when magnetized in different crystal-
lographic directions. Reprinted from [3] with permission of Cambridge
University Press.

However, the situation is different for materials crystallizing with a ’broken’-

symmetry structure, in which the sum of the magnetic dipolar interaction energies

is not zero. These systems possess higher MCA. For instance, the anisotropy en-

ergy of hexagonal close packed (hcp) Co is of the form:

E = K1 sin2 θ + K2 sin2 θ

, where K1 and K2 are the first and second anisotropy constants (strongly temper-

ature dependent), and θ is the angle between the magnetization M and the easy

axis. In hcp Co the easy axis of magnetization is the axis perpendicular to the

basal plane of the hexagonal lattice [101] (both K1 and K2 are positive): hence,

hcp-Co displays PMA property.

The same considerations apply to FM alloys crystallizing with a tetragonal struc-

ture. Also in tetragonal FM alloys the easy axis of magnetization is along the
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elongated axis of the crystal lattice. Tetragonal FeCo alloys with c/a > 1 were

predicted [102] and demonstrated [103, 104] to show PMA.

Among the family of tetragonal Heusler materials, many Mn2-based compounds

have been intensively investigated [87, 88, 93, 105, 106, 107, 108, 109, 110, 111,

112, 113, 114], some of which have been demonstrated to show good PMA proper-

ties. As an example of a typical Heusler tetragonal crystallographic configuration,

the unit cell of D022-Mn3Ge is displayed in Fig. 2.6. Like for the case of hcp-Co,

in Mn3Ge the Mn spins align along the c out-of-plane easy axis of magnetiza-

tion, thus giving rise to perpendicular magnetic anisotropy. Due to the high PMA

as well as other properties that are discussed in the next section, some of these

tetragonal Heusler compounds [115] are of significant interest for different spin-

tronic applications such as STT-MRAM, permanent magnets and STT-oscillators,

in which novel and rare-earth-free materials with very large PMA can be used to

improve the performances and lessen the costs.

Figure 2.6: D022-tetragonal unit cell of Mn3Ge. The blue and green
atoms correspond to Mn and Ge atoms, respectively.
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2.3.3 Application of tetragonal Heuslers to STT-MRAM

To this date, MRAM is one of the most promising and emerging non-volatile type

of memories. A key approach for the enhancement of its performances lies in the

development of novel electrode materials for the MTJ memory components, pos-

sessing enough stability against thermal fluctuations so as to endure deeply scaled

devices. The state of the art of magnetic materials used for MTJs mainly includes

alloys formed with Co, Fe and B elements (with different compositions, usually

B-poor). CoFeB films are utilized as magnetic electrodes and typically interfaced

with an insulating tunnel barrier formed by MgO(001) thin layers [20, 59, 116]. In

order to reduce the amount of current density required to switch the states of the

MTJ between parallel and anti-parallel (and vice-versa) by transferring of angular

momentum from a spin-polarized current [35, 36, 117], the magnetic electrodes

must possess sufficient PMA [118, 119] so that their magnetization align perpen-

dicular to the layers plane, thus counteracting the demagnetizing fields that would

induce the magnetization of the electrodes to lie in the plane of the MTJ.

CoFeB thin layers show PMA due to effects originating at the interface between

these layers and a MgO layer and/or a buffer layer onto which CoFeB is grown

[59, 60, 120, 121]. In order to increase the memory storage density by shrinking

the devices’ size even below ∼ 20 nm, the CoFeB layer has to be sufficiently thin

such that (I) the interface-driven PMA can overcome the demagnetization energy

that originates from (and increases with) the volume of the CoFeB thin film, and

(II) to allow for diminished current densities by means of the STT. Therefore, new

magnetic materials with large PMA arising from volume MCA are needed [87] for

this type of memory application.

As mentioned in the previous section, some tetragonally-distorted Heusler com-

pounds have been demonstrated to display this property. For instance, Mn3-xGa
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and Mn3Ge have been synthesized and developed in both bulk and thin film forms.

The first Mn3Ga bulk alloys were found back in 1970 by Kren and Kadar [105].

The authors reported that the hexagonal and antiferromagnetic (AFM) D019 phase

of Mn3Ga transformed into a tetragonal D022 FiM phase upon annealing of the

sample at 750 K. In 2007, Balke and collaborators described the study of a stable

D022-Mn3Ga tetragonal structure and estimated the SP to be of 88% at EF, from a

theoretical study of the electronic structure [109]. More recently, tetragonal Mn2-

based Heusler compounds were grown in the form of thin films: in 2011 Kurt and

coworkers experimentally measured the spin polarization of FiM-Mn3Ga films to

be as high as 58% using point-contact Andreev reflection measurements. Mn3-xGa

[88, 113, 122, 123] and Mn3Ge [87, 111] were also shown to exhibit large PMA with

coercive fields greater than 1 T. Furthermore, these Mn-based TD Heuslers were

found to show a FiM configuration - with low values of spontaneous magnetiza-

tion - due to an AFM coupling between the Mn magnetic moments located at two

distinct layers in the unit cell. The combination of low magnetization, large PMA,

and high bulk SP represent some of the important properties that are looked for

in novel magnetic materials for the development of next-generation spin-transfer

torque magnetic random access memories.

2.3.4 D022-Mn3Ge

The ground state configuration of Mn3Ge is the D022 tetragonal phase with esti-

mated lattice constants of atet = 3.75 Å and ctet = 7.12 Å [108]. The out-of-plane c

dimension is elongated with respect to the in-plane dimension, with [ctet / (
√

2 atet)]

ratio of ∼ 1.34 (see Fig. 2.6). D022-Mn3Ge crystallizes in a layer-by-layer fash-

ion, in which Mn-Mn atoms sit in one layer (at tetrahedrally-coordinated sites
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by the Ge element) and Mn-Ge atoms sit on the adjacent layer (at octahedrally-

coordinated sites by the Ge element). The broken symmetry induces the Mn

atoms’ magnetic moments to orient in the direction perpendicular to the ab plane,

thus promoting large PMA.

The FiM character of Mn3Ge arises from the overlap of the charge distributions of

neighboring Mn atoms: the symmetry of the orbitals and their relative distance

within the tetragonal unit cell favor a stronger hybridization of the dxy, dyz, dxz

localized orbitals of Mn atoms between adjacent layers, compared to same-layer

(in-plane) orbital interactions. This leads to the formation of an AFM exchange

coupling (in the out-of-plane direction) between Mn magnetic moments sitting

on adjacent layers (nearest neighbor), and a FM exchange coupling between Mn

moments sitting on the same layer (second nearest neighbor). The magnitude

and sign of the Mn-Mn and Mn-Ge magnetic moments are different (presented in

Chapter 6), giving rise to the FiM configuration with net magnetic moment of 1

Bohr magneton (equivalent to MS ∼ 175 emu/cc). This value is almost 6-7 times

smaller than for cubic and FM Co-based Heusler compounds, like Co2MnX (X =

Si and Ge) with MS ∼ 1000 emu/cc, as well as for CoFeB (MS ∼ 1200 emu/cc for a

20:60:20 composition). Note that one way to reduce the critical current needed to

switch the MTJ between its two magnetic states using STT is to utilize recording

layer materials with low MS [35, 36].

The DOS (displayed later in Fig. 5.9) calculated from the electronic structure of

bulk-Mn3Ge showed that this compound possesses high negative spin polarization

of ∼ -70%. Thus, in the case of the development of a magnetic tunnel junction

formed with two Mn3Ge electrodes sandwiching an amorphous insulating spacer

could give rise to TMR values > ∼ -200%, according to Julliere’s model [7].
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Given its mentioned properties, TD-Mn3Ge was considered to be of significant

interest for the aim of this project and was identified as the first candidate to be

investigated.
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Thin films deposition system

In this chapter, a brief overview of the IBM Almaden thin film deposition system

is firstly presented. Then, a description of the sputtering chamber and deposition

techniques used in this work for the growth of thin films are presented.

3.1 Multichamber, all-vacuumed deposition sys-

tem

The multichamber, all-vacuumed thin film deposition system of the Spintronics

and Magnetoelectronics group’s lab at the IBM Research center of Almaden is

depicted in Fig. 3.1. The entire system was designed at Almaden and assembled

from 2003, when the first deposition chamber - a Pulsed Laser Deposition (PLD)

chamber - was installed, to 2009 when the sputtering chamber was integrated. Re-

ferred to as the ’PLD-TEON’, this system is composed by seven distinct chambers

that are all interconnected through a middle robot chamber. Inside the latter,

the robot arm automatically moves samples from one chamber to another one

31
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without exposing the specimens to atmosphere pressure. In fact, all the chambers

are under vacuum conditions (some of them actually reach ultra-high vacuum) to

prevent any kind of contamination from ambient pressure during samples transfer.

Figure 3.1: Picture of the seven chambers composing the thin films
deposition system at the Spintronics lab at IBM Almaden.

Besides the PLD, sputtering, and robotics chambers, the PLD-TEON is equipped

with two molecular beam epitaxy chambers, a surface analysis chamber with x-ray

photoelectron spectroscopy and ultraviolet photoelectron spectroscopy capabili-

ties, and a final loadlock in which up to 60 samples can be stored. The deposition

technique of the four thin-film deposition chambers is based on the physical vapor

deposition (PVD) method. All the samples that were prepared for this work were

grown using the sputtering chamber which is described in the next section.
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3.2 The ”G-system”

Sputtering is a deposition technique that is vastly used in many different indus-

tries involved in, for example, semiconductors, automotive, medical, data storage,

energy, and aerospace applications. Contrary to evaporation techniques, sputter-

ing is faster and more versatile, allowing also for deposition of materials with high

melting point [124].

Almaden’s sputtering system, simply called the ”G-system”, is a custom-made

PVD-based chamber developed at Almaden in 2009. The G-system has the capa-

bility of transferring samples in and out of the chamber (by sending the central

robot arm through a main gate valve that connects the robot chamber with the

sputtering chamber) without breaking the vacuum conditions, thus preventing any

exposure to ambient pressure and allowing for a continuous and automatic depo-

sition of new specimens. The G-system is generally opened only for maintenance

and/or to change the material targets.

This chamber is equipped with three substrate stages, each of them having a

doped-SiC heater providing heating to temperatures up to ∼ 1200 ◦C, and being

independently rotated during deposition to improve films uniformity. The chamber

base pressure is ∼ 4 × 10−10 Torr, which is of vital importance during in-situ an-

nealing procedures to prevent any gas incorporation into the annealed films. Right

below each substrate, shadow-masks with specific shapes and features can also be

inserted to directly develop multi-layered devices without using any lithographic

procedure. Both substrates and masks can be up to 1”-wide in diameter.

A total of 29 different material targets can be installed inside the G-system. The

following is a list of the sputtering sources along with their corresponding number

of available targets.
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• Six individual 2” direct-current (DC) magnetron sources.

• Two 3-source 2” DC magnetron clusters or ”triodes” (for co-sputtering with

adjustable target-substrate distance, TSD).

• One 5-target 3” radio-frequency (RF) ion-beam source for ion-beam deposi-

tion (IBD).

• One rotating magnetron turret (DC or RF) with twelve individually se-

lectable targets, with off-axis sputtering capability and adjustable TSD.

Note that the capabilities of adjusting the TSD and perform off-axis deposition are

powerful tools for the variation and control of the chemical composition, and hence

the properties, of the sputtered alloys particularly for the Heusler compounds. This

feature along with the wide option of different material targets available makes

the G-system a very powerful, versatile, and fully-automatic thin films deposition

tool. The interior of the chamber is displayed in Fig. 3.2.

After maintenance and/or new targets insertion, the entire chamber is usually

baked at 120 ◦C for at least 24 hours in order to degas all interior components

and recover the base pressure. Then, the substrate holders are let to cool down to

RT and calibration films, generally using 1”-Si (001) substrates covered with 250

Å of thermally-grown SiO2, are grown using specially designed calibration masks

used to quantify the film thickness and calibrate the deposition rates. The typical

thickness used for the calibration films ranges between 300 to 500 Å, and it is

measured using a profilometer. Moreover, the same wafers can be used to mea-

sure the film composition using Rutherford backscattering spectrometry (RBS),

which additionally provides a measure of impurity concentrations (if any) and the

thickness of the film based on the atomic density of the film elements.
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(a) Real picture of the open chamber. Each sputtering source
is hidden beneath its shield and shutter.

(b) CAD image. It is a ∼ 50◦ counterclockwise rotated image
of (A). Only the two magnetron clusters and the IBD are
shown to improve picture clarity. The other guns and many
other parts (e.g. top shields, neutralizer’s RF power supply
and gas lines) are hidden.

Figure 3.2: ’G-system’ chamber interior
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The magnetron modules used in the G-system are from the A300 AJA series,

made with a large, plated Fe slug in the center with peripheral stacked NdFeB

permanent magnets. The usual magnetron sputtering conditions involve the use

of Argon (Ar) as the sputtering gas, kept at a constant pressure of 3 mTorr.

However, gas mixtures of Ar, Oxygen (O2) or Nitrogen (N2) can be utilized in case

of reactive sputtering. While the DC method is used for sputtering of conducting

targets (NM, AFM or FM metals), RF sputtering is necessary for the growth

of films from insulating targets such as, for instance, MgO. In fact, in the DC

case, positive ions would accumulate at the surface of the insulating target, thus

shielding and eventually stopping the sputtering of atoms off the target. In RF

instead, the fast and alternating electromagnetic field prevents the formation and

screening of these cations, allowing the target atoms to be knocked off it [124].

As previously mentioned, the G-system is also equipped with an IBD gun (RFICP

40 model from Kaufman & Robinson, Inc [125]). The latter is composed by an ion

source that uses RF discharge to generate positive ions that are accelerated and

focused as a beam (using a system of three Molybdenum grids, see Fig. 3.3) onto

the selected material target. The gas used for the RF discharge is Krypton (other

common discharge gases are Ar, O2, and N2). Also, an external neutralizer (see

Fig. 3.2(B)) is utilized to generate many electrons whose function is to counterbal-

ance the cations charge in order to prevent (I) beam divergence, caused by mutual

scattering of these ions, and (II) positive ions accumulation onto the target [124].

The pressure used during IBD deposition is ∼ 10−4 Torr. Both metallic and insu-

lating materials can be sputtered using this technique. The G-system’s IBD has 5

individually-selectable targets assembled below the ion source outermost grid and

next to the neutralizer, as shown in Fig. 3.2(B).
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Figure 3.3: Schematics of a Kaufman ion source used for IBD [125].





Chapter 4

Buffer layers development and

optimization

4.1 Introduction

Magnetic tunnel junctions are commonly formed by stacking of ultra-thin films of

several different materials, generally on a silicon substrate. The films are grown in

a layer-by-layer fashion, should be ideally defects-free, and forming with extremely

smooth and abrupt interfaces between layers to ensure optimal MTJ devices per-

formances. The choice of the type of underlayer material is of critical importance

for the development of the magnetic electrodes and the tunneling barrier. Each

underlayer must act as a template to promote the epitaxial growth of the over-

layers with the desired crystal structure and crystallographic orientation. The

formation of overlayers having undesired phases or misoriented film grains likely

leads to detrimental MTJ properties.

39
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Normally, few criteria can be followed for the appropriate selection of buffer layer

materials. Firstly, crystallographic properties including the structure symmetry

and the in-plane lattice dimensions must be taken into consideration for a suit-

able match with the overlayer material. By superimposing two materials having

matching crystal symmetries, one is able to lessen the likelihood of defects and

strain formation in the bilayer. This happens when atoms being deposited on a

film uniformly cover its surface in a ordered manner, i.e. at energetically-favorable

atomic sites and not at interstitial positions.

Also, the lattice mismatch of two crystal structures, which is defined as f =

(aOL − aBL)/aBL, aOL and aBL being the lattice constants of the overlayer and the

buffer layer respectively, plays an important role in defining the degree of strain

and dislocations present in a film and, therefore, must be minimized. A film strain

can be tensile when f < 0, or compressive if f > 0, and might lead to film buckling

or, in some cases, to an alteration of the film morphology from a 2D layer-by-

layer fashion to a 3D crystallites formation, giving rise to rough and sometimes

non-continuous overlayers [126]. On the other hand, an in-plane rotation of the

overlayer lattice during deposition, in order to minimize the large lattice mismatch,

can be beneficial and, sometimes, lead to a coincidence matching (’quasi-epitaxial’)

of the two lattices [127, 128].

Another important aspect that must be taken into account while superimposing

thin films formed from different materials is the possibility of chemical reactions

(e.g. intermixing or oxidation/reduction) at their interface. For instance, a partial

intermixing between a buffer layer and an overlayer might take place (with or

without annealing treatments) if the two materials can form a mixed phase that

is chemically stable. Since it is difficult to predict the degree of this interdiffusion

and foresee its dependence on time and temperature [126], the growth of adjacent

layers using immiscible elements is also greatly recommended.
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4.2 Selection of buffer layers for the growth of

tetragonal Mn3Ge films

Thin films of tetragonal Mn3-based Heusler compounds have been demonstrated to

exhibit PMA but they have been grown only using single crystalline substrates such

as SrTiO3(001) or MgO(001), using buffer layers formed from a variety of materials

but preferably chromium (Cr) or platinum (Pt) [88, 111, 113, 122, 123, 129, 130].

Single crystal substrates are far more expensive than Si substrates, therefore they

are not suitable for technologically-relevant applications. Furthermore, in MRAM

architectures, the MTJs are usually grown on wires that are formed from poly-

crystalline copper (Cu), that might also be covered with other polycrystalline or

amorphous layers [87]. Also, the use of buffer layers formed with heavy metal

elements like Pt for the growth of the magnetic electrodes is detrimental for MTJs

that are operated using the STT mechanism, for the reasons explained in Chapter

1.

Thin films of Mn3Ge grown directly on an amorphous SiO2 surface do not display

a well-defined crystalline texture. The magnetic anisotropy of these Mn3Ge films

is not constrained along preferential crystallographic directions and, therefore, the

film magnetization is not aligned perpendicular to the film surface. Sometimes

the use of a buffer layer, not only with the appropriate structure but also with the

right crystallographic orientation, can promote the suitable growth of overlayers

with the desired texture. For example, when deposited directly on an amorphous

surface such as SiO2, materials with a fcc structure like Cu or Pt will preferentially

be textured with (111) crystal planes parallel to the surface of the film; instead,

bcc materials will tend to grow with (110) crystal planes parallel to the surface

of the film. Therefore, it is vital to find a proper combination of buffer layers

that, once grown on Si(001)/SiO2 substrates, will be highly (001)-textured in
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order to promote the out-of-plane (001)-oriented growth of Mn3Ge thin films.

Such underlayer must also have an in-plane lattice constant (or constants) that

matches as much as possible with the one of bulk D022-Mn3Ge.

The unit cell of D022-Mn3Ge has the following lattice constants: a = 3.75 Å and

c = 7.12 Å. As mentioned in Chapter 2, the structure of D022-Mn3Ge forms in a

layer-by-layer fashion, with Mn-Mn atoms located in one layer, and Mn-Ge atoms

located in the adjacent layer (refer to Fig. 2.6). This atomic configuration can be

seen as a superlattice version of a simpler L12 fcc structure. Fig. 4.1 shows an

example of L12-IrMn3. Also in this case, the Mn-Mn atoms are positioned in one

layer, while Ir-Mn atoms sit on the adjacent layer, with a crystal symmetry that

matches one of the two D022-Mn3Ge sublattices. Moreover, the in-plane lattice

parameter of IrMn3 (3.78 Å) happens to be very similar to the one of Mn3Ge (3.75

Å): these two materials have a very small lattice mismatch, f ∼ −1%. Hence,

IrMn3 represents a good candidate as buffer material for the epitaxial growth of

Mn3Ge thin films.

Figure 4.1: Schematics of a L12-IrMn3 unit cell. The triangular and
non-collinear alignment of the Mn atoms’ moments is highlighted by
the dashed black lines and red arrows [131].

IrMn3 is a well-known AFM material, characterized by a non-collinear and tri-

angular configuration of the Mn magnetic moments [131], as shown in Fig. 4.1.
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IrMn3 has been widely used for in-plane magnetized MTJs [132] as an exchange-

bias layer to magnetically fix the orientation of the reference electrode. In 2004,

the growth of (001)-oriented IrMn3 seed layers on TaN films, grown using Si/ SiO2

substrates, was reported by Parkin and collaborators [20]. In their work, the IrMn3

films were sometimes found to be polycrystalline, showing random (111)-oriented

grains that caused the propagation of structural defects through the MTJ over-

layers. Polycrystalline IrMn3 layers consisting of grains that are, instead, strongly

(001)-textured are needed to sustain the growth of (001)-textured Mn3Ge thin

films, to guarantee that the tetragonal elongated axis aligns perpendicular to the

film plane.

4.2.1 Si(001)/ SiO2/ TaN/ IrMn3 (TI)

200 Å-thick Ta1-xNx films were deposited at RT on amorphous Si/ SiO2 substrates

by reactive magnetron sputtering from a Ta target, using a gas mixture of Ar

and N2. The gas pressure during deposition was of 3 mTorr. RBS was used to

study the Ta1-xNx films composition. An ideal ratio of 90% Ar and 10% N2 led to

the formation of TaN films with a 1:1 composition. Out-of-plane x-ray diffraction

(XRD) measurements were carried out at RT using a Bruker GADDS system to

investigate the structural properties of the Ta1-xNx series (Fig. 4.2). Films with

a preferential fcc-(111) texture were formed using gases mixtures in the range

between 90/10 and 75/25. On the other hand, for lower (or zero) N2 gas contents,

mixed hcp and bcc phases with weak texture were found. 100 Å-thick IrMn3

films were then sputtered at RT from a IrMn3 target using IBD onto the Ta1-xNx

underlayers. The 1:3 composition of the IrMn3 films was confirmed by RBS.

The XRD data from Fig. 4.3a show that a pure Ta underlayer (black curve)

promoted the growth of IrMn3 with a preferential (111) orientation. Instead,
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Figure 4.2: ω − 2θ XRD scans of different 200 Å Ta1-xNx films. The
different Ar/ N2 ratios used during deposition are labeled one the left
side of the graph.

within the entire 95/5 – 75/25 range, all the IrMn3 films grown on the Ta1-xNx

underlayers crystallized with (001) planes that were parallel to the film plane.

Furthermore, structural properties of 100 Å-thick IrMn3 films deposited onto a

Ta1N1 underlayer (grown using the ideal 90/10 Ar/N2 ratio) with different thick-

nesses are illustrated in Fig. 4.3b. As previously discussed for the general case

of materials with a fcc structure, the IrMn3 films showed a (111)-oriented texture

when deposited directly on the amorphous SiO2 surface, i.e. at zero thickness of

TaN (olive curve). However, all the other IrMn3 films were found to crystallize

with the preferential (001) orientation, with IrMn3-(002) Bragg peak intensities

increasing for increasing thickness of the TaN underlayer [133].
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Figure 4.3: ω−2θ XRD scans of (a) 100 Å IrMn3 films grown onto 200
Å TaxN1−x films; the different Ar/N2 ratios used during deposition of
the TaxN1−x films are labeled one the left side of the graph; and (b)
100 Å IrMn3 films grown onto Ta1N1 layers (using the Ar/N2 ratio of
90/10) deposited with different thicknesses [87].

4.2.2 Si(001)/ SiO2/ TaN/ IrMn3/ TaN (TIT)

During the annealing step of the Mn3Ge films (the deposition and optimization of

these films will be presented in the next chapter) grown onto TI buffer layers, an

inter-diffusion at the interface between the IrMn3 and Mn3Ge layers was detected

(see Fig. 4.4) by high-resolution transmission electron microscopy (HRTEM) and

electron energy loss spectroscopy (EELS) measurements carried out using a JEOL

ARM 200F with a Cold-FEG source operated at 200 keV.

EELS data clearly revealed an inter-mixing of the Ir and Ge elements between

these two layers (Fig. 4.5a and 4.5b). This segregation of elements was found to

be detrimental for the magnetic properties of the Mn3Ge layer, i.e. a substantial

reduction of magnetic moment and perpendicular magnetic anisotropy was dis-

covered (see next chapter). An ultra-thin 10-20 Å TaN layer was deposited at RT

on TI layers (TIT) before Mn3Ge in order to prevent this interdiffusion. Indeed,
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Figure 4.4: HRTEM showing inter-layers atomic migration through
grain boundaries caused by thermal annealing after Mn3Ge deposition.
The sample stack was: Si(001)/ 250 Å SiO2/ 200 Å TaN/ 200 Å IrMn3

(TI)/ 300 Å Mn3Ge (grown at RT and in-situ annealed at 450 ◦C)/ 30
Å Ta.

EELS data confirmed that no sign of mass transport occurred when the TaN dif-

fusion barrier was used, as shown in Fig. 4.5d. The use of only a single TaN buffer

layer (without IrMn3) led to the formation of Mn3Ge films having much poorer

quality.

4.2.3 MgO(001)/ MgO/ Cr (MC)

In recent years, tetragonal Mn3+xGe Heusler films have been directly deposited

either onto MgO(001) single crystal substrates [130] or using Cr- [129] and Cr/Rh

buffered MgO(001) substrates [110]. In all these cases, the Mn3+xGe films dis-

played decent or good PMA properties. Thus, in this work, it was decided to also

grow Mn3Ge films on Cr-buffered MgO(001) single crystal substrates to compare
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Figure 4.5: (a) and (c): HRTEM images of films with the struc-
ture Si(001)/ 250 Å SiO2/ 200 Å TaN/ 200 Å IrMn3 (TI)/ 300 Å Mn3Ge
(grown at RT and in-situ annealed at 450 ◦C)/ 30 Å Ta, and
Si(001)/ 250 Å SiO2/ 200 Å TaN/ 200 Å IrMn3/ 20 Å TaN (TIT)/ 300
Å Mn3Ge (grown at RT and in-situ annealed at 450 ◦C)/ 30 Å Ta, re-
spectively. (b) and (d): EELS data from the corresponding (a) and
(c) structures. The concentration of Ta, N, Mn, Ir, and Ge was deter-
mined within the samples’ probed regions (shown in the right panels
with the red horizontal rectangles and arrows) [87].
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their properties with respect to films deposited on amorphous Si/ SiO2 substrates

using both TI and TIT seed layers.

Figure 4.6: Schematic of the bcc-Cr unit cell. The (110) plane is
shown in blue.

Cr is a 3d transition metal that typically crystallizes with a bcc structure. Within

the Cr unit cell, the (110) plane is the most dense atomic plane, as illustrated

in Fig. 4.6. When deposited on an amorphous surface, Cr atomic layers tend to

stack with (110) crystallographic planes that are parallel to the film surface. The

Cr lattice parameter, a = 2.88 Å, is too small compared to the shorter (in-plane)

lattice dimension of Mn3Ge (3.75 Å), i.e. the compressive strain resulting from

the deposition of Mn3Ge on Cr would be too large. However, a 45 deg in-plane

rotation of the Mn3Ge unit cell with respect to the Cr seed layer, aligning along the

a ·
√

2 (∼ 4.07 Å) direction (as shown in Fig. 4.6), allows a better-matched growth

of the Heusler compound on Cr. Yet, this lattice mismatch is quite significant

(f ∼ 7%) compared to the one between IrMn3 and Mn3Ge (f ∼ −1%). Therefore,

better magnetic properties are expected from Mn3Ge films grown on TI and TIT

buffer layers than from those deposited on Cr.

After being soaked in a methanol bath for 30 minutes, the MgO(001) substrates

were inevitably exposed to water vapor prior to being loaded inside the deposition

chamber. For this reason, the substrates were initially far from being completely
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clean and atomically smooth. It is believed that the substrate surface is likely

characterized by atomic steps and microscopic terraces associated to the formation

of Mg(OH)2 brucite [134]. Hence, the MgO(001) substrates were firstly heated up

to 650 ◦C in ultra-high vacuum (UHV) for half an hour in order to evaporate the

residual brucite. Then, prior to the deposition of Cr, an ultra-thin (20 Å) MgO

layer was grown to uniformly cover and smooth down the substrate surface. The

latter was deposited by ion beam sputtering of a Mg50O50 target at RT. Finally, a

400 Å-thick Cr layer was deposited using IBD at RT, and consequently annealed

in UHV conditions at 700 ◦C for 30 minutes. The mechanism through which the

Cr atomic layers stacked onto the MgO layer is the same as for the mentioned

Cr/ Mn3Ge case. The obtained MgO/ Cr bilayer (with lattice mismatch of f ∼

−3%) is referred to as ’MC’ buffer layer and it was only utilized with MgO(001)

single crystal substrates. The optimized MgO(001)/ MC stack showed low surface

roughness of less than ∼ 3 Åand a highly (001)-textured bcc-Cr atomic structure.

Fig. 4.7 is a summarizing sketch of the substrate/ buffer layer combinations that

were developed for the growth of tetragonal Mn3Ge Heusler thin films.

4.3 Summary

In summary, the criteria used for the choice and development of optimal buffer

layers for the suitable growth of tetragonal Mn3Ge thin films with a (001) texture

were presented. It was shown that seed layers formed from bilayers of TaN/ IrMn3

(TI), that were directly deposited on amorphous Si(001)/SiO2 substrates at RT,

showed a strong out-of-plane (001) texture. Moreover, it was demonstrated that an

ultra-thin TaN layer grown on TI could be used to stop the interdiffusion between

the IrMn3 and Mn3Ge layers, with the final TaN/ IrMn3/ TaN underlayers named

TIT (a patent was filed [133]).
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Figure 4.7: Schematics and nomenclature of buffer layers developed
using (a) amorphous and (b) crystalline substrates [87].

The procedure for the growth of a MgO/ Cr (MC) buffer layer deposited on single

crystal MgO(001) substrates was also described. The purpose of the MC films

was to develop an alternative buffer layer (to TI and TIT) in order to investigate

how the different substrate/ underlayer combinations would influence the growth

of Mn3Ge and its properties.



Chapter 5

Mn3Ge: a tetragonal Heusler

compound with giant

perpendicular magnetic

anisotropy

5.1 Optimization of structural, morphological,

and magnetic properties of Mn3Ge thin films

The structural and magnetic properties of Mn3Ge thin films delicately depend

on their composition and atomic order. The latter is strongly affected by the

deposition temperature and subsequent anneal. These conditions clearly influence

also the smoothness of the Mn3Ge films.
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5.1.1 Composition dependence

Initially, Mn3+xGe thin films were DC-sputtered at a substrate temperature of

450 ◦C using MnxGey targets with different compositions. Amorphous Si/ SiO2

substrates with TI buffer layers were used. The Ar deposition pressure during

deposition was 3 mTorr. Mn3+xGe films were capped with a 30 Å Ta protecting

layer (this protective layer was commonly used during the studies of both Mn3Ge

and Mn3-xCoxGe thin films; Hence, the 30 Å Ta capping film will not be mentioned

in the next sections) deposited at RT and utilized to prevent the oxidation of the

Heusler films.

Figure 5.1: ω − 2θ XRD scans of 300 Å Mn3+xGe films deposited
at a substrate temperature of 450 ◦C. The undefined peaks, indicated
with question marks, possibly correspond to a mixed phase between
the IrMn3 and Mn3+xGe layers.

Fig. 5.1 shows x-ray diffraction measurements carried out at RT on these films.

On the right side, the chemical compositions of the Heusler films, measured using
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RBS analysis, are displayed. The (004)-oriented Bragg reflection associated with

the tetragonal phase of Mn3+xGe was found for a 2θ angle ∼ 50 deg, and gradually

increased with decreasing x (Mn poorer films). The finest degree of atomic ordering

was found for films with the stoichiometric 3:1 composition (black line in Fig.

5.1). This could also be confirmed by the presence, at a 2θ angle of ∼ 25 deg,

of the Mn3Ge-(002) superlattice peak, that proved the formation of ordered and

distinct adjacent layers forming the tetragonal structure of Mn3Ge. The out-of-

plane lattice constant of this film was estimated (from the XRD data) to be c =

7.18 Å, very close to its bulk value of 7.12 Å.

A SQUID-VSM (Superconducting Quantum Interference Device, SQUID, com-

bined with a Vibrating Sample Magnetometer, VSM) was used to investigate the

magnetic properties of the stoichiometric Mn3Ge Heusler film. The magnetization

versus applied magnetic field loops measured at RT are shown in Fig. 5.2. Mn3Ge

clearly displayed a hard FiM behavior: excellent PMA with very large coercive

field of ∼ 6 T and anisotropy field exceeding 7 T were demonstrated. Also, the

value of the spontaneous magnetization, MS, was ∼ 135 emu/cc, slightly lower

than the predicted bulk value of 175 emu/cc. This discrepancy was likely due to

a substantial inter-diffusion between the IrMn3 underlayer and the Mn3Ge layer

caused by the high-temperature growth condition. Note that the films with off-

stoichiometry composition (Mn3+xGe with x≥ 0.6) displayed inferior properties,

namely lower magnetic moment and anisotropy. Given the large PMA and the

c lattice constant closely matching with the bulk value (the in-plane a lattice

constant was not measured), the Mn3Ge film was strongly believed to be forming

with the desired tetragonal D022 structure. However, due to the high deposition

temperature, the surface roughness of this film was found to be quite high. The

root mean square (rms) roughness, rrms, measured using atomic force microscopy,

was ∼ 40 Å: this value needed to be significantly reduced.
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Figure 5.2: Mn3Ge magnetization hysteresis loops with applied mag-
netic field parallel (empty squares) and perpendicular (solid balls) to
the plane of the sample. As a comparison, the magnetization of Mn3Ge
is roughly ten times smaller than the one of CoFeB.

5.1.2 Growth temperature dependence and 3-step process

In order to attain ideal MTJ performance the magnetic electrodes must be atom-

ically smooth. One approach used to improve the film roughness was to deposit

Mn3Ge at lower growth temperatures (TG). Fig. 5.3 (A) illustrates XRD out-

of-plane ω − 2θ measurements for a series of 300 Å-thick Mn3Ge films deposited

at increasing TG. Distinct Mn3Ge peaks with (001) texture were observed for

films grown at TG only greater than RT. The quality factor, defined as the ratio

I(002) exp/I(004) exp of the XRD reflection intensities of Mn3Ge films (extracted

from Fig. 5.3(A)) is shown in the top panel of Fig. 5.3(B). This factor is directly

related to the chemical ordering of Mn and Ge in the Heusler alloy. Also, it can be

seen that the ratio I(004) Mn3Ge/I(002) IrMn3 (red open squares), i.e. the measure
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of the Mn3Ge texture, increases with increasing TG. The bottom panel in Fig.

5.3(B) displays the dependence of rrms upon TG: it considerably increases when

TG exceeds modest temperatures of just ∼ 200 ◦C. Specifically, rrms < 5 Å for TG

≤ 200 ◦C, while rrms > 20 Å for TG > 200 ◦C. Rough Mn3Ge films formed us-

ing such conditions are unsuitable for technological applications, but, at the same

time, high temperature depositions were needed to sustain the Heusler structure

(as confirmed from the XRD data).

An optimal growth technique was discovered that involved a 3-step process for

the Mn3Ge electrode, in which an initial 20 Å Mn3Ge layer was grown at 450 ◦C,

followed by a thicker Mn3Ge layer deposited at TG = 150 ◦C, with a final in-situ

anneal at 450 ◦C for 1-2 hours in UHV, leading to smooth films (rrms ∼ 3 Å) with

comparable chemical ordering as the films grown at TG = 450 ◦C (see the olive

plot in Fig. 5.3(A) and the olive symbols in Fig. 5.3(B)) [87].

In Fig. 5.4, the magnetic properties of Mn3Ge films with varying thickness,

grown using the 3-step process on amorphous substrates as well as on a crys-

talline MgO(001) substrate with MC seed layers, are compared. An exceptional

PMA character was found for all cases but the highest coercive and anisotropy

fields were observed for films grown using the TIT underlayer. Coercive fields of 6

T and anisotropy fields exceeding 7 T were found. Fig. 5.4b summarizes the mag-

netic moment m, coercivity HC, and uniaxial magnetic anisotropy density KU for

these films. Values of m for Mn3Ge films grown on TIT underlayers were close to

those theoretically predicted for bulk Mn3Ge, but m was significantly lower by ∼

15-35% for Mn3Ge films grown using TI and MC underlayers. For film deposited

on MC, it was also found that KU was considerably lower: this was attributed to

the large lattice mismatch (∼ 7%) between Cr and Mn3Ge [87].
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(a) XRD measurements of Mn3Ge films grown at dif-
ferent growth temperatures on Si/ SiO2 substrates us-
ing TI underlayers. The top two curves, shown for
comparison, represent the RT deposition with in-situ
anneal (brown) and the 3-step process (olive).

(b) Dependence of chemical ordering (top panel) and
rrms (bottom panel) of Mn3Ge films upon TG.

Figure 5.3: Structural and topographical properties of Mn3Ge films
deposited using different growth conditions on TI buffer layers
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Figure 5.4: (a) Magnetization vs. field hysteresis loops, measured
at RT, of Mn3Ge films grown on Si/ SiO2 substrates with TI (ma-
genta), TIT (blue) underlayers, and MgO(001) single crystal substrate
with MC (orange) underlayers. TI (TIT) had the following structure:
Si/ SiO2/ 200 Å TaN/ 200 Å IrMn3 (/ 10 Å TaN)); while MC had the
following structure: MgO(001)/ 20 Å MgO/ 400 Å Cr. For the TIT
films the thickness of the Mn3Ge layer, deposited using the 3-step pro-
cess, was varied. The out-of-plane (in-plane) loops are shown as solid
lines (open squares). (b) Top panel - magnetic moment m, extrapo-
lated from Fig. 5.4(a), versus Mn3Ge thickness. The green straight line
shows the calculated moment of bulk D022-Mn3Ge [108]. Bottom panel
- coercive field HC (solid triangles) and uniaxial magnetic anisotropy
density KU (empty squares). The latter was calculated using KU =
HK · MS/2 + 2πM 2

S , where HK is the effective magnetic field, gener-
ally extracted from the M vs. H hard-axis loop as the field at which
the magnetization reaches saturation. As displayed in Fig. 5.4a, the
Mn3Ge magnetization could not be fully saturated in the plane of the
film using the available magnetic field (7 T); thus, HK was considered
as a lower bound [87].
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5.2 Mn3Ge-based perpendicular magnetic tun-

nel junctions

5.2.1 Devices fabrication

Once the optimization of the structural, magnetic and morphological properties

of the Mn3Ge films was completed, the following task was to integrate these films

into MTJ devices. Before patterning, the samples were post-annealed at 350 ◦C

for 60 minutes in a high-vacuum chamber using an applied magnetic field of 1 T

directed out of the plane of the samples. This annealing procedure was carried

out in order to improve the quality of the CoFeB layer and its interface with the

insulating MgO spacer, the latter being RF-sputtered at RT from a MgO target.

Devices with sizes of 1×2 µm2 and ∼ 30 nm in diameter were fabricated by stan-

dard optical lithography and e-beam lithography, respectively. The MTJ struc-

tures used are displayed in Fig. 5.5. CoFeB and Mn3Ge layers formed the magnetic

electrodes: the first one was used as the free layer, while the second one as the

pinned layer.

Only the free layer was patterned to define the junction size while the reference

layer was not patterned, as illustrated in Fig. 5.6d. The lateral sides of the MTJ

devices were protected with an Al2O3 layer (brighter color at both sides of the

junction in Fig. 5.6d), and the electrical device contacts were formed using a 50

Å Ru/ 650 Å Au bilayer [87].
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Figure 5.5: Schematics of the MTJ structures grown on (a) amor-
phous Si/ SiO2 and (b) MgO(001) single crystal substrates. In some
cases a TaN diffusion barrier layer was used as illustrated by the dashed
line. The CoFeB layers had a 20:60:20 composition.

5.2.2 Tunneling magnetoresistance properties

The tunneling magnetoresistance of the patterned devices was evaluated using a

Quantum Design DynaCool physical property measurement system and a custom-

built probe station equipped with Keithley source meters 2602 and 2400.

The TMR versus perpendicular magnetic field measured at 300 K (smaller squares)

and 3 K (larger squares) is displayed in Fig. 5.6a for the patterned MTJ devices

(1×2 µm2) developed using the TI and TIT underlayers. For all cases, very high

applied magnetic fields (± 9 T) were needed in order to align the magnetic mo-

ments of the Mn3Ge and CoFeB layers parallel to each other (P state) due to the

the giant uniaxial anisotropy of Mn3Ge. The junction resistance was higher in the

P state compared to the AP state, that was obtained when the CoFeB moment
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switched its direction at applied magnetic fields close to zero. Therefore, the TMR

- defined as [(RAP - RP)/RAP] ×100 - was negative with values of ∼ -35% at 300

K and ∼ -74% at 3 K. These were the highest values of TMR reported to date

in p-MTJ devices using a tetragonally distorted Heusler compound as a magnetic

electrode.

A HRTEM image of a typical MTJ device with a width of 27 nm, displayed

in Fig. 5.6d, shows the great quality of the structure and device patterning.

Fig. 5.6b illustrates that, for a given MTJ device, RAP barely changed, while

RP monotonically increased as T decreased, resulting in higher TMR for lower

temperatures. Nevertheless, these values of TMR were much smaller than those

predicted by density functional theory (DFT) calculations [87], as discussed in

details in the next section.

5.2.3 Theoretical calculations of TMR and influence of the

Brillouin zone filtering effect

Ab initio calculations of the electronic structure and transport properties of Mn3Ge/ MgO/ Fe

MTJs were performed to explain the low TMR found experimentally. In or-

der to simplify the calculations, a bcc Fe system was used rather than CoFeB

(used in the experiments) [87]. The electronic structure and transmission func-

tions of Mn3Ge/ MgO/ Fe and Fe/ MgO/ Fe MTJs were calculated using a tight-

binding linear muffin-tin orbital method in the atomic sphere approximation (TB-

LMTO-ASA) with the local density approximation of density functional theory

(LDA/ DFT) for the exchange-correlation energy. For the Mn3Ge/ MgO/ Fe MTJ,

the lattice constants of Mn3Ge used were a = 3.816 Å and c = 7.261 Å. The relaxed

positions of the atoms at the Mn3Ge/ MgO interface (for all possible terminations)
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Figure 5.6: (a) TMR vs. H (perpendicular to the device plane) mea-
sured at 300 K (smaller squares) and 3 K (bigger squares) for MTJ
devices grown using TI (magenta) and TIT (blue) buffer layers. For
the TIT junction, two sets of data were measured at 3 K (blue bigger
squares) after cooling down the device from 300 K in a magnetic field
of +9 T and -9 T, respectively. These data are mirror images of each
other, as can be noticed from the figure. All the other measurements
were performed without field-cooling. (b) Temperature dependence of
TMR (top panel) and RPA and RAPA (bottom panel). (c) MgO thick-
ness dependence of TMR (open symbols) and RAPA product (solid
symbols), averaged over more than 20 devices. Solid and dashed lines
are guides to the eye for RAPA and TMR, respectively. RAPA scaled
exponentially with the MTJ barrier thickness. For fast evaluation of
the TMR, the RAP and RP values were evaluated at +0.3 T and -
0.3 T respectively, instead of sweeping the magnetic field from ± 9
T. (d) HRTEM image of an MTJ device ∼ in size, with the following
structure: Si/ 250 Å SiO2/ 200 Å TaN/ 200 Å IrMn3/ 300 Å Mn3Ge/ 15
Å MgO/ 15 Å CoFeB/ 50 Å Ta/ 50 Å Ru [87].
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were determined using the VASP molecular dynamic program. The O-top con-

figuration was found to be the most stable configuration (as compared to Mg-top

and Mg-hollow) for both terminations, in agreement with [135]. Regarding the

Fe/ MgO interface the atomic positions from [136] were used.

Figure 5.7: (a) Majority and (b) minority electron bands of bulk-
Mn3Ge along the Γ-Z line (along the kz-axis) in the BZ. The red, green
and light-grey colors of the bands were mixed with weights proportional
to the projection of the wave function of the band to specific orbitals
as follow: red color represented the m = 0 basis orbitals centered at
the Mn and Ge atoms of the Mn-Ge layer, green color represented the
m = 0 basis orbitals centered at the Mn atoms of the Mn-Mn layer,
and grey color referred to all remaining m 6= 0 basis orbitals. [137].

In the Mn3Ge/ MgO/ Fe system studied, the contribution to transmission from

majority Fe electrons is much larger than the one from minority Fe electrons, the

latter being strongly suppressed due to the symmetry spin filtering properties of

the Fe/ MgO interface described in Chapter 1. Figures 5.7a and 5.7b illustrate the

(a) majority and (b) minority electron bands of bulk-Mn3Ge along the Γ-Z line

(along the kz-axis) in the BZ. Only the spin up electrons of bulk-Mn3Ge have states

crossing the Γ-Z line at EF, and some of these states have significant m = 0 weights

(red and green). Thus, these states are not prohibited by symmetry considerations
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from coupling to the ∆1 evanescent band of MgO having the smallest attenuation

constant (refer to Chapter 1, section 1.2.1). Therefore, the combination of three

factors - (I) the absence of minority Mn3Ge states near EF along Γ-Z line, (II)

the presence of majority Mn3Ge states crossing the Γ-Z line at EF, and (III) the

Γ-point focusing property of the MgO spacer - are referred to as the Brillouin zone

filtering (BZF) effect [137] (see Fig. 5.8).

For a sufficiently large number of MgO layers, NMgO, the BZF suppresses the con-

tribution to transmission of the Mn3Ge spin down electron channel. Similarly to

the spin symmetry filtering, the strength of the BZF effect increases with NMgO,

since both effects are based on the Γ-point focusing property of the MgO barrier.

As the transmission in a Mn3Ge/ MgO/ Fe MTJ is mainly dominated by majority

Fe electrons for both the P and AP configurations, the dominant contributions

to TP and TAP originate from majority and minority Mn3Ge electrons, respec-

tively. Since the influence of the minority Mn3Ge electrons to the transmission is

suppressed by the BZF effect, the ratio TP/TAP (equivalent to the TMR) should

increase with NMgO (i.e. TAP should decrease with increasing NMgO).

In addition to the BZF mechanism, another factor played a significant role in de-

termining the sign of the TMR: this was the native layer-dependent SP of Mn3Ge.

As shown in Fig. 5.9, both the Mn-Mn and Mn-Ge layers possess negative SP.

Therefore, unlike the Fe/ MgO case where the spin symmetry filtering and the

positive SP of Fe strengthen each other, in the Mn3Ge/ MgO case the BZF effect

and the negative SP of Mn3Ge compete against one another. Specifically, the BZF

tends to make the TMR of the Mn3Ge/ MgO/ Fe system positive (by suppressing

the contribution of the ↓ Mn3Ge electrons to the transmitted current), while the

SP of Mn3Ge tends to make the TMR negative (by favoring the contribution of

the ↓ Mn3Ge electrons to the transmitted current). Thus, the overall sign of the

TMR is determined by a delicate balance of these two conflicting mechanisms and



Chapter 5. Mn3Ge: a tetragonal Heusler compound with giant PMA 64

Figure 5.8: The Brillouin zone filtering effect in MTJs arises when
the spacer has high transmission in some part of the 2D BZ surface,
and the electrode does not have states in this part of the 2D BZ in
one spin channel (leading to (a) low transmission) while it has states
in this part of the 2D BZ in the other spin channel (leading to (b)
high transmission). Therefore, the BZF mechanism tends to enhance
the TMR of a tunnel junction. Reprinted with permission from [137]
Copyright (2015) by the American Physical Society.

Figure 5.9: Majority (a) and minority (b) electron DOS of bulk-
Mn3Ge projected to Mn-Mn and Mn-Ge layers (solid green and red
lines, respectively), as well as to m = 0 basis orbitals of Mn-Mn and
Mn-Ge layers (dashed green and red lines, respectively) [87].
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it could be influenced by different factors, such as NMgO, the Mn3Ge termination

layers interfacing MgO (see Fig. 5.10b), and also the applied bias voltage.

Figure 5.10: (a) TMR for Mn3Ge/ MgO/ Fe and Fe/ MgO/ Fe MTJs
versus NMgO. The TMR for the Mn3Ge/ MgO/ Fe junction with Mn-
Mn termination is shown in green, with Mn-Ge termination in red,
and for the device with ’steps’ (i.e. half of the device area with Mn-
Mn termination and half with with Mn-Ge termination) it is shown
in dark blue. The TMR for the Fe/ MgO/ Fe MTJ calculated here by
TB-LMTO method is shown in cyan color and calculated by the layer
KKR method [16] is shown in pink. (b) Schematic of an atomic step
between two distinct terminations of Mn3Ge with opposite magnetic
moments [87].

The evanescent state of bulk MgO with the smallest attenuation constant for states

with fixed k‖ 6= 0 still consists mostly of m = 0 orbitals (i.e. s-orbitals of Mg and

pz-orbitals of O) in the area of the 2D BZ close to the Γ-point. Hence, due to

symmetry considerations, this evanescent state of MgO will couple more strongly

to the m = 0 orbitals than to m 6= 0 orbitals of the Mn3Ge termination layers.

Fig. 5.9a shows that the spin up DOS projected to m = 0 orbitals at EF of the

Mn-Ge layer is roughly an order of magnitude smaller than the spin down DOS

projected to m = 0 orbitals at EF; on the other hand, for the Mn-Mn layer the

DOS projected to m = 0 orbitals in both majority and minority channels do not

significantly differ. Thus, this large difference in SP of the Mn-Ge and Mn-Mn
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layers favors a more negative TMR for the Mn-Ge termination as compared to the

Mn-Mn one, considering the same NMgO. This conclusion is in agreement with

the TMR presented in Fig. 5.10a. Here, the TMR for a Mn3Ge/ MgO/ Fe MTJ

was displayed as a function of NMgO, for NMgO ≥ 2. Two definitions of TMR were

used: (TP – TAP) / min(TP,TAP), which can vary from -∞ to +∞, (definition

generally used for the experimental data) and (TP – TAP) / (TP + TAP), that

can vary from -1 to +1. TP and TAP define the transmission functions (calculated

at zero bias voltage) corresponding to the P and AP states, respectively. Indeed,

the TMR is negative for the Mn-Ge termination (decreasing in magnitude with

NMgO), while it is positive for the Mn-Mn termination (increasing in magnitude

with NMgO). As the BZF effect gets stronger with increasing MgO thickness, the

TMR in the case of the Mn-Ge termination layer would eventually (at sufficiently

large NMgO) change sign and become positive.

These considerations explain the low TMR values found experimentally in MTJs

formed using a Mn3Ge electrode. Even though the Mn3Ge/ MgO interface was

very smooth (refer to Fig. 5.6d) inevitably there would be some atomic scale

fluctuations in the morphology of the Heusler layer giving rise to regions with

Mn-Mn and Mn-Ge terminations interfacing the MgO spacer (see Fig. 5.10b),

due to the underlying structure of the Mn3Ge compound. The simplest way to

model such fluctuations was to average the transmission functions over the different

terminations (separately for P and AP states), assuming that the MgO thickness

was the same across the device. The TMR calculated using this simple model

with the assumption of equal areas occupied by Mn-Ge and Mn-Mn terminations

is displayed in Fig. 5.10a with dark blue symbols. The calculations gave a negative

TMR since both TP and TAP for the Mn-Ge termination were larger than those for

the Mn-Mn termination (for all the NMgO considered, i.e. ranging from 2 to 12).

The negative TMR was consistent with the experimental data previously shown.
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Note that due to the large 10.5% lattice mismatch between MgO and Mn3Ge the

BZF effect, which critically depends on the existence of the well-defined 2D BZ

at the Mn3Ge/ MgO interface, was possibly more suppressed in actual devices

as compared to the effect of the large negative SP that was less sensitive to the

existence of the 2D BZ. Therefore, both ‘ideal crystal’ theoretical simulations

(Fig. 5.10a) and non-ideal crystal arguments predicted negative TMR for the

Mn3Ge/ MgO/ Fe MTJ system, in strong agreement the experimental results (e.g.

at low temperatures a TMR of ∼ -75% was measured for a junction having a ∼

27 Å-thick MgO, see Fig. 5.6b) [87].

5.3 Summary

In summary, it was shown that the structural properties of Mn3Ge thin films

sensitively depend on their composition. The highest degree of atomic order was

found in films forming with the stoichiometric 3:1 composition. For the first time,

a method to grow highly textured and smooth ferrimagnetic Mn3Ge Heusler films

(with thicknesses down to only 50 Å) displaying giant perpendicular magnetic

anisotropy on amorphous Si/ SiO2 substrates (a patent was published [133]) was

presented. The discovery of suitable buffer layers and an optimized technique for

the deposition of Mn3Ge made possible the integration of these Heusler films into

perpendicularly-magnetized magnetic tunnel junction devices, using Mn3Ge as a

reference electrode (and a soft CoFeB layer as recording electrode).

However, the compensated and negative TMR measured for these devices was

strongly influenced by unavoidable atomic steps of the Mn3Ge films at the interface

with the MgO tunnel barrier. Transmission function calculations of similar MTJs

showed that the TMR arising from Mn-Mn and Mn-Ge termination layers had
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opposite signs, thus the overall TMR was compensated. A possible explanation for

the low TMR was given by elucidating the delicate balance between two opposing

effects that were taking place in such junctions: the Brillouin zone filtering effect

and the negative bulk SP of the Mn3Ge termination layers.



Chapter 6

Doping Mn3Ge with Cobalt:

study of the structural, electronic

and magnetic properties of a

Mn3-xCoxGe system

In the previous chapter it was shown that perpendicular magnetic tunnel junc-

tions including a MgO spacer sandwiched by a FiM Mn3Ge Heusler compound as

reference electrode and a thin CoFeB layer as recording electrode displayed low

TMR at RT. The TMR was compensated due to two competing mechanisms: the

negative bulk spin polarization of Mn3Ge, favoring a negative TMR, and the Bril-

louin zone filtering effect (originating at the Mn3Ge/ MgO interface), favoring a

positive TMR. One possible way to avoid this problem was to ’suppress’ the BZF

effect and let the SP be the only mechanism from Mn3Ge to influence the tunnel-

ing properties of the Mn3Ge/ MgO/ CoFeB p-MTJs. Therefore, theoretical and

experimental studies of the variation of the structural, electronic and magnetic

69
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properties of a Mn3-xCoxGe system for different concentrations of Co were carried

out and compared. The main idea was to identify the right amount of Co that

could modify the electronic configuration of the majority and minority Mn3Ge

electron bands and suppress the BZF mechanism, yet developing a FiM Heusler

compound forming with a tetragonal structure, showing large PMA and same-sign

layer-dependent SP. This optimized Heusler compound would be a better candi-

date than Mn3Ge and could potentially satisfy all the requirements set for the

electrodes materials to be integrated in p-MTJs for next-generation STT-MRAM.

6.1 Theoretical calculations

DFT calculations were carried out using the generalized gradient approximation of

the density functional theory implemented within VASP program with projector

augmented wave potentials. The ground state structure, whether cubic or tetrag-

onal and whether regular or inverse, with its corresponding lattice constants and

magnetic configuration of a Mn3-xCoxGe system were investigated. The lowest

energy configuration for x = 0, 0.25, 0.5, 1, 1.5, 2 was found from total energy

calculations for different ordering of the Mn and Co atoms within the unit cell.

The unit cell was varied in size according to x: for x = 0, 1 and 2 the unit cell

was composed by 4 atoms; for x = 0.5 and 1.5, it was composed by had 8 atoms;

finally, for x = 0.25 the unit cell was composed by 16 atoms. To find the ground

state magnetic configuration the energy was calculated for many different initial

magnetic configurations. For compounds with 4 atoms in the unit cell, a 6×6×6

k-point mesh was used for an initial rough estimation of the lattice parameters,

and a 10×10×10 k-point mesh with the energy cut-off equal to 400 eV was used

for a fine-tuning of the lattice parameters. For compounds with 8 atoms and 16
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atoms per unit cell, the number of k-divisions was reduced along the elongated

axes.

x Alloy Reg/Inv
atet

[Å]
ctet
[Å]

acub

[Å]

Ecub-Etet

[eV per
4 atoms]

Phase
mtot

[µB per
4 atoms]

Formula for
4-atom cells
along z-axis

m(O)

[µB]
m(T)

[µB]
m(T)

[µB]

0 Mn3Ge Reg=Inv 3.73 7.09 5.74 0.10
Tet 1.01 -2.70 1.88 1.88
Cub 1.00 2.60 -0.86 -0.86

0.25 Mn2.75Co0.25Ge Mn2CoGe:Inv 3.73 7.05 5.74 0.07

Tet 0.49

Mn3Ge cell -2.68 1.79 1.86
Mn3Ge cell -2.67 1.86 1.84
Mn3Ge cell -2.68 1.79 1.86

Mn2CoGe cell -2.71 2.18 -0.21

Cub 1.5

Mn3Ge cell 2.64 -0.79 -0.83
Mn3Ge cell 2.59 -0.97 -0.78
Mn3Ge cell 2.59 -0.79 -0.78

Mn2CoGe cell 2.59 -0.75 0.79

0.5 Mn2.5Co0.5Ge Mn2CoGe:Inv 3.73 7.01 5.74 0.04
Tet 0.01

Mn3Ge cell -2.69 1.70 1.85
Mn2CoGe cell -2.67 2.16 -0.20

Cub 2.00
Mn3Ge cell 2.59 -0.64 -0.78

Mn2CoGe cell 2.63 -0.82 0.79

1 Mn2CoGe Inv 3.74 6.88 5.74 0.07
Tet 0.97 2.62 -2.10 0.40
Cub 3.00 2.70 -0.70 0.90

1.5 Mn1.5Co1.5Ge
Mn2CoGe:Inv
MnCo2Ge:Reg

- - 5.74 No Tet Cub 4.00
Mn2CoGe cell 2.87 -0.95 0.96
MnCo2Ge cell 2.84 1.05 1.05

2 MnCo2Ge Reg - - 5.74 No Tet Cub 5.00 2.95 0.99 0.99

Table 6.1: Structure type, lattice constants, stability energy, total
magnetic moment per Mn3-xCoxGe formula unit (considering 4 atoms),
and magnetic moment, m, of individual Mn and Co atoms. Individual
m values refer to atoms of Co if highlighted in bold characters, and
Mn if otherwise. Magnetic moments m(O) and m(T) specify individ-
ual atoms located at octahedrally-coordinated (layer with the main
group Ge atoms) and tetrahedrally-coordinated sites, respectively, in
the indicated 4-atom cells [138].

Table 6.1 summarizes the ground state structure and the corresponding magnetic

state for both the cubic and tetragonal structures. In some cases no metastable

tetragonal state was found. The minimum energy configuration was found to

be tetragonal for Mn3Ge, tetragonal-inverse for Mn2CoGe, and cubic-regular for

MnCo2Ge. The minimal energy configuration for 8 and 16 atoms in the unit cell

corresponded to stacking of the 4-atom unit cells along the z axis. Thus, for

x = 0.5, the ground state was composed of a tetragonal-inverse Mn2CoGe unit

cell placed above a tetragonal Mn3Ge unit cell. For x = 0.25, the ground state

consisted of a tetragonal-inverse Mn2CoGe unit cell placed above three tetragonal

Mn3Ge unit cells. Finally, for x = 1.5, the ground state was composed of the
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Figure 6.1: Examples of crystal structure of (a) tetragonal-Mn3Ge,
(b) tetragonal-Mn2.5Co0.5Ge and (c) cubic-MnCo2Ge. atet, ctet and
acub describe the tetragonal and cubic lattice constants, respectively.
The tetragonal unit cell can be derived from the cubic one by means of
a 45◦ in-plane rotation (acub =

√
2 · atet), and an elongation along the

c axis. Note that the direction of the Mn and Co spins were chosen
such that the unit cell’s net magnetic moment is positive along the –c
axis in (a) and (b), and along the +c axis in (c). The white O and T
letters refer to randomly chosen examples of octahedrally-coordinated
and tetrahedrally-coordinated sites within each unit cell. The atoms
size is not to scale [138].

cubic-inverse Mn2CoGe unit cell placed above the cubic-regular MnCo2Ge unit

cell. The calculations showed that the ground state remained tetragonal for x

up to and including 1. For x> 1 the ground state became cubic. For the cubic

phases, the magnetic moment was found to satisfy the Slater-Pauling rule [139,

140, 141] for all x values that were studied. The Slater-Pauling rule states that

the magnetic moment, m in µB, per 4-atom unit cell varies as the number of the

valence electrons, NV, per 4-atom unit cell: m = NV - 24.

The individual calculated moments of the Mn and Co atoms on the octahedrally-

coordinated (O) and the two tetrahedrally-coordinated (T) sites (see Fig. 6.1)

are shown in Table 6.1. For all the compositions shown, the O site was always
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preferentially occupied by Mn in agreement with the “lightest atom” rule [90].

Furthermore, the magnitude of the moment of the Mn atom at this site was robust

and slightly changed with Co composition. The sign of this moment changed

according to whether this moment was dominant or not. The moments of the Mn

and Co atoms on the T sites changed significantly from the cubic to the tetragonal

phase but they took up similar values, independent of the Co content, for each of

these phases, within one of 4-atom unit cell building blocks. In both the cubic and

tetragonal phases the Co moments (which are on the T sites) are always aligned

ferromagnetically with the Mn moment on the O site, while the moment of the Mn

atom on the T site is always aligned anti-parallel to the Mn moment on the O site

(refer to Fig. 6.1). In the cubic phase the total moment of Mn3Ge had the same

sign as the Mn moment on the O site. When Co was added, it substituted for Mn

atoms on a T site whose moments are aligned antiparallel to the total moment so

that the net moment increased, following the Slater-Pauling rule. On the other

hand in the tetragonal phase, the total moment of Mn3Ge had the opposite sign

of the Mn moment on the O site. Therefore, the addition of Co (again on the T

site) initially reduced the total moment, until at x = 0.5 the total moment was

reduced to zero. Further increases in the Co content then caused the moment to

increase.

6.1.1 Influence of Cobalt doping on the Brillouin zone fil-

tering effect

From the partial density of states (pDOS) (see Appendix A), that were calculated

from the electronic structure, it was possible to extract a layer-dependent spin
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x Alloy
Ground
state

Layer
z position

Layer
name

m [µB] SP
BZF
effect

Half-
metallic

0 Mn3Ge Tet
0 Mn-Ge -2.7 -0.63

YES NO
0.5 Mn-Mn 3.67 -0.77

0.25 Mn2.75Co0.25Ge Tet

0 Mn-Ge -2.68 -0.40

NO NO

0.125 Mn-Mn 3.65 -0.68
0.25 Mn-Ge -2.67 -0.63
0.375 Mn-Mn 3.7 -0.72
0.5 Mn-Ge -2.68 -0.62

0.625 Mn-Mn 3.65 -0.74
0.75 Mn-Ge -2.71 -0.30
0.875 Mn-Co 1.97 -0.52

0.5 Mn2.5Co0.5Ge Tet

0 Mn-Ge -2.69 -0.46

NO NO
0.25 Mn-Mn 3.55 -0.75
0.5 Mn-Ge -2.67 -0.54
0.75 Mn-Co 1.96 -0.56

1 Mn2CoGe Tet
0 Mn-Ge 2.62 0.50

NO NO
0.5 Mn-Co -1.7 0.85

1.5 Mn1.5Co1.5Ge Cub

0 Mn-Ge 2.87 1.00

YES YES
0.25 Mn-Co 0.01 1.00
0.5 Mn-Ge 2.84 1.00
0.75 Co-Co 2.1 1.00

2 MnCo2Ge Cub
0 Mn-Ge 2.95 1.00

YES YES
0.5 Co-Co 1.98 1.00

Table 6.2: Layer-dependent bulk spin polarization for different Co
concentrations. The z axis corresponds to the c out-of-plane unit cell
axis (refer to Fig. 2.6). Note that for x = 0, 1, 2 there are only
2 repeating layers. For each x, the lower energy configuration with
lattice parameters from Table 6.1 were used. The values of m were
extracted from Table 6.1, while the values of SP were calculated from
the partial density of states of Appendix A [138].

polarization SP , defined as follows:

SP = [pDOS(maj)− pDOS(min)] / [pDOS(maj) + pDOS(min)],

in which pDOS(maj) and pDOS(min) respectively correspond to the majority and

minority spin-polarized partial DOS calculated at EF for each layer of each unit

cell, as displayed in Table 6.2. Note that each layer consisted of two atoms. The

values of SP shown in the table referred only to the ground state configuration

of each system. All the cubic phases, independently from the Co composition,
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Figure 6.2: Majority (a-f) and minority (g-l) electron bands of bulk
Mn3-xCoxGe along the Z-Γ line in the BZ for different Co contents,
calculated for the corresponding ground state configuration [138].

displayed a half-metallic behavior, i.e. SP = 1. It was also found that the SP of

each layer in the unit cell had the same sign for all Co compositions and phases,

and that SP was always of the same sign as the moment of Mn at the O site (i.e.

at the Mn-Ge layer).
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Moreover, the bands structure along the Z-Γ line in the BZ of each Mn3-xCoxGe

system was investigated and it is shown in Fig. 6.2 for the majority (a-f) and

minority (g-l) spin channels. In the x = 0 case, only the majority electrons of bulk-

Mn3Ge had states crossing the Z-Γ line at EF thus, for the considerations presented

in Chapter 5, Mn3Ge showed BZF properties. However, for increasing x up to and

including 1 (corresponding to compounds still having a tetragonal configuration

in the ground state) both ↑ and ↓ electron bands had states crossing the Z-Γ line

at EF, thus leading to a suppression of the BZF effect. Cubic Mn1.5Co1.5Ge (x =

1.5) and MnCo2Ge (x = 2) compounds displayed a half-metallicity behavior, i.e.

the gap in the minority electron bands occured for DOS evaluated along all the

wavevectors k in the 3D BZ (and not only along the Z-Γ line). These results are

summarized in Table 6.2.

6.2 Experimental results and comparison with

theoretical predictions

6.2.1 Thin films growth method

The samples were grown using the G-system in an Ar environment at a pressure

of 3 mTorr. The films stack used for this study was the following: Si(001)/ 250

Å SiO2/ 200 Å TaN/ 100 Å IrMn3/ 300 Å Mn3-xCoxGe/ 30 Å Ta. While the Mn3Ge

(x = 0) film was deposited by off-axis sputtering of a Mn3Ge single target, the

Mn3-xCoxGe (0 < x ≤ 2) films were grown by co-sputtering of Mn, Co and

Co10Mn45Ge45 targets. The ratio between the powers used for the Mn and Co

targets was varied, while a constant power was used for the Co10Mn45Ge45 target.

All the Mn3-xCoxGe layers were deposited using the 3-step process (presented in
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Chapter 5): an initial 20 Å Mn3-xCoxGe layer was deposited at 450 ◦C, followed

by a 280 Å Mn3-xCoxGe layer grown at 150 ◦C, with a final in-situ anneal at 450

◦C for 1-2 hours in UHV. All the other layers in the stack were deposited at RT.

6.2.2 Structural and magnetic properties variation upon

Cobalt doping

Figure 6.3: (a) XRD out-of-plane ω-2θ scans of 300 Å-thick
Mn3-xCoxGe films. The ’Tetragonal’ and ’Cubic’ dotted lines are
guides for the eyes. (b) The experimental c lattice parameters, ex-
trapolated from (a), are illustrated with black empty circles. The the-
oretical c lattice constants (taken from Table 6.1) are shown in blue
solid squares. The red and orange gridded areas are guides for the eyes
[138].

The results from x-ray diffraction measurements carried out on the Mn3-xCoxGe

samples are illustrated in Fig. 6.3a for the different Co concentrations used. When

x = 0, the Mn3Ge compound displayed a pure tetragonal structure with a strong

(001) texture. Not surprisingly, these results were very similar to those shown

for Mn3Ge films described in Chapter 5. For higher Co concentrations up to and

including x = 0.6, the tetragonal Bragg reflection with (004) orientation clearly
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decreased in intensity, broadening and shifting to higher 2θ angles: this was a clear

sign of the decrease of unit cell’s c lattice dimension with increasing Co content, as

expected from the DFT calculations (see table 6.1). Only for x = 0.6 (blue line in

Fig. 6.3a), (004) peaks corresponding to both the tetragonal and cubic structures

were found, signature of a mixed-phase compound. A further increase in the Co

content (0.6 < x ≤ 2) led to the total disappearance of the tetragonal peak and

the stabilization of the cubic phase (2 θcub-(002) ∼ 30 deg and 2 θcub-(004) ∼ 65 deg)

with the c lattice constant setting around ccub (≡ acub) ∼ 5.75 Å. The latter

value is in strong agreement with the lattice parameter of L21-cubic MnCo2Ge

Heusler previously reported in the literature [142, 143, 144]. These results were

summarized in Fig. 6.3b which shows a comparison between the theoretical and

experimental c lattice parameters for different x. It turns out that the transition

from the tetragonal to the cubic phase in the measured films took place for a

concentration of Co that was smaller than what predicted from the theoretical

calculations. This is due to a finite degree of atomic disorder in the sputtered

films.

Thin films formed from magnetic materials having a tetragonal structure might

display uniaxial PMA due to magnetocrystalline anisotropy [104, 119, 145]; in-

stead, if formed from materials having a cubic structure, i.e. with negligible mag-

netocrystalline anisotropy, they would likely have magnetic moments lying along

the plane of the film due to effects induced from shape anisotropy, as explained

in Chapter 2. Therefore, it was predictable that the structural evolution of the

Mn3-xCoxGe films from tetragonal to cubic with increasing Co content would cause

the magnetic properties of the films to transition from PMA to IMA. This concept

was in fact confirmed from the hysteresis loops measured at RT and displayed in

Fig. 6.4. The magnetization versus applied field - perpendicular (Fig. 6.4a) and

parallel (Fig. 6.4b) to the sample plane - loops are illustrated for different Co
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concentrations. In Fig. 6.4a, TD-Mn3Ge (black line) displays high PMA with

large coercive fields, HC ∼ 3.6 T, and a low MS ∼ 100 emu/cc, reflecting the FiM

configuration. While for the x = 0.16 film (red line), that still formed with a

tetragonal structure (refer to Fig. 6.3a), the magnetization was too low to display

a clear hysteresis, the PMA properties of the films with x > 0.16 quickly degraded,

leading to IMA as expected from the structural change.

Figure 6.4: (a) Out-of-plane and (b) in-plane M vs. H loops of
the 300 Å-thick Mn3-xCoxGe films grown using amorphous Si/ SiO2

substrates, measured using a SQUID-VSM [138].

Fig. 6.5 compares the Mn3-xCoxGe magnetization variation upon increasing Co

content between the theoretical calculations and the experiments. In agreement

with the considerations made above while describing Table 6.1, it was found ex-

perimentally that the magnetization firstly decreased (from the tetragonal-Mn3Ge
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Figure 6.5: Experimental (black empty symbols) and theoreti-
cally predicted (solid blue symbols) values of magnetization of the
Mn3-xCoxGe system. Triangles and squares refer to tetragonal and
cubic structures, respectively, while the circle refers to a mixed phase.
The red empty symbols refer to calculations of disordered cubic and
tetragonal structures (see Tables B.1 and B.2 in Appendix B). The blue
solid line connects the values of the magnetization of the ground state
configurations, while the dashed line was used as a guide for the eyes
to highlight the linear trend of the Slater-Pauling rule for the cubic
systems only. The ground state of Mn3Ge (x = 0) was the tetragonal
configuration with m/ f.u. of 1 Bohr magneton (see Table 6.1); this
was a similar value, in module, as in the cubic-Mn3Ge phase (the two
symbols overlapped in the graph). Experimental data were extrapo-
lated from the out-of-plane M vs H hysteresis loops (Fig. 6.4a). The
theoretical data were obtained by dividing the calculated magnetic mo-
ment per formula unit (in µB) by the respective unit cell volume (in
cc), and multiplying by the units (9.27 · 10 –21 emu) and unit cell (2,
i.e. the unit cell is composed by twice the number of atoms than the
corresponding formula unit) conversion factors [138].
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value) approaching 0, and then increased with increasing Co concentrations. For

x = 0.5, the calculations predicted the ground state configuration to be tetragonal

with a total moment equal to zero; however, the magnetization found experimen-

tally for the film with x = 0.6 was significantly higher than zero (black empty

circle in Fig. 6.5) since this film was shown to have a mixed cubic and tetragonal

structure, as illustrated in Fig. 6.3a. In order to explain the discrepancy between

the experimental and theoretical trends of M, computational studies of disordered

Mn3-xCoxGe structures, i.e. systems with energetically-unfavorable atomic config-

urations with Co atoms placed not only at T sites but also at O sites [90], for x =

0.5 and 1 were performed (see Appendix B). It was found that, in some cases, a

disordered system could take a magnetization value that is in between those of the

cubic and tetragonal configurations of the corresponding ’ordered’ system (see the

red open symbols in Fig. 6.5 that better fitted with the experimental trend of M).

Note that the difference in the stability energy between the ’ordered’ cubic and

tetragonal configurations for the Co-doped systems (indicated in Table 6.1) was

relatively small, in certain cases being close to the energy associated with thermal

excitations at RT (0.025 eV). Thus, Mn3-xCoxGe films with x 6= 0 are likely to

show some degree of atomic disorder.

Finally, Fig. 6.6a summarizes the dependence of the coercivity (HC) and the

effective field (HK) of the Heusler films depending on the Co content. The evolution

from PMA to IMA reflected in a rapid decrease of the coercivity from the ’hard’-

Mn3Ge case to the ’soft’-Mn3-xCoxGe cases with x ≥ 0.6. A similar tendency was

observed for HK, since the MCA of the films decreased accordingly to the structural

change. Also, Fig. 6.6b shows that the films roughness did not particularly change

with increasing Co concentrations: relatively smooth surfaces (rrms < 7 Å) were

measured for the complete Mn3-xCoxGe series.



Chapter 6. Structural, electronic and magnetic properties of Mn3-xCoxGe 82

Figure 6.6: (a) Coercive field HC (black squares, left ordinate) and
effective field HK (red balls, right ordinate). HC was collected from the
easy-axis M vs H loops as the magnetic field at which the sample was
demagnetized. HK is usually evaluated from the M vs. H hard-axis
loop as the magnetic field at which the magnetization reaches satura-
tion. Note that the magnetization of Mn3Ge was expected to saturate
at high magnetic fields that were not assessable by the measurement
tool; therefore, HK was assumed (as a lower bound) to be 7 T in the x
= 0 case (refer to Fig. 6.4b). (b) Root-mean-square surface roughness
[138].

6.3 Summary

In summary, the evolution of the structural and magnetic properties of a Mn3-xCoxGe

Heusler system was investigated both theoretically and experimentally and com-

pared for different Co concentrations. Both studies confirmed that the system
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structure configuration changes from tetragonal to cubic with increasing Co con-

cent. This resulted in a transition of the magnetic properties from a ferri-magnetic

and PMA character, to a ferro-magnetic and IMA character. The experimental

results were shown to be in good agreement with the theoretical predictions for

both ’ordered’ and ’disordered’ systems.

A theoretical study of the electronic properties of the Mn3-xCoxGe system showed

that the Brillouin zone filtering effect, which was responsible for the sign change

of the tunneling spin polarization of the Mn-Mn layer in the case of (x = 0)

Mn3Ge (hence compensating the tunneling magnetoresistance), could be elimi-

nated by doping the compound with Co. Additionally, for all x contents, the layer-

dependent spin polarizations of each compound were predicted to have the same

sign. This means that the tunneling (through a MgO barrier) of spin-polarized

electrons from different termination layers forming these compounds (with x > 0)

would not be compensated.





Chapter 7

Conclusions

The research performed in this dissertation was aimed at finding and developing

novel magnetic materials that could potentially fulfill the key material require-

ments of large perpendicular magnetic anisotropy, low magnetization, high spin

polarization and low damping for perpendicular spin-transfer-torque magnetic ran-

dom access memory applications.

Given these prerequisites, this work has primarily focused on the investigation of

the tetragonally-distorted Mn3Ge Heusler compound. A method to grow highly

textured Mn3Ge Heusler films displaying low magnetic moment and giant perpen-

dicular magnetic anisotropy with coercive fields up to 6 T on amorphous substrates

was shown, thereby opening a path to their potential use for many applications

such as magnetic recording media and rare-earth free hard magnets. The uniaxial

perpendicular anisotropy of the Mn3Ge films was promoted by the ’broken’ sym-

metry of the tetragonal structure and not by interface-driven effects, like in the

case of CoFeB thin films that are commonly used in perpendicular MTJs.
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However, in Mn3Ge-based perpendicular magnetic tunnel junctions it was found

that the tunneling magnetoresistance was strongly influenced by unavoidable atomic

steps in the Mn3Ge morphology at the MgO tunnel barrier interface (Mn-Mn and

Mn-Ge termination layers). It was shown from theoretical calculations of the

transmission functions of a Mn3Ge/ MgO/ Fe MTJ system that the Mn-Mn and

Mn-Ge termination layers, having opposite magnetization, display opposite tun-

neling spin polarization, therefore they compensate one another leading to low

negative TMR, in agreement with the experimental findings.

This effect was rationalized as the consequence of a delicate balance between two

opposing mechanisms that take place in such tunnel junctions. One is the Brillouin

zone filtering effect arising at the Mn3Ge/ MgO interface which allowed the cou-

pling of majority Mn3Ge electrons with specific orbital symmetries at the Fermi

energy along the Γ-Z line of the 2D BZ with electronic states within the MgO

band gap with ∆1 symmetry and smallest attenuation constant; instead, minority

Mn3Ge electrons do not couple to these ∆1 states of MgO and their contribu-

tion to transmission is then suppressed. Hence, an increase in magnitude of the

TMR for both Mn-Mn and Mn-Ge terminations for increasing thicknesses of the

MgO spacer is observed. On the other hand, the negative bulk spin polariza-

tion of Mn3Ge enhances the tunneling of minority electrons in both Mn-Mn and

Mn-Ge terminations independently of the MgO thickness, thus favoring a negative

TMR. Note that if the contribution of the Brillouin zone filtering effect was to

be suppressed, the TMR, which would then only depend on the spin polarization

of Mn3Ge, would be of the same (negative) sign for both termination layers and

would not be compensated.

Therefore, the second part of this work aimed at modifying the electronic prop-

erties of Mn3Ge by doping it with increasing concentrations of Co (Mn3-xCoxGe

with 0 ≤ x ≤ 2), in order to eliminate the Brillouin zone filtering effect while
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maintaining the tetragonal structure (to still guarantee the PMA requirement for

p-MTJs) and the ferrimagnetic configuration (to still guarantee the low magnetic

moment requirement for p-MTJs).

It was indeed proved from DFT calculations of the electronic properties of the

Mn3-xCoxGe system that the Brillouin zone filtering mechanism can be easily

eliminated using Co concentrations in the 0 < x ≤ 1 range. Also, within this

range, each compound was predicted to be tetragonal in the ground state, with

each constituting layer having same sign of spin polarization. In contrast, for x >

1 all the compounds were predicted to crystallize with a cubic structure and to be

half-metallic (i.e. 100% positive spin polarization for the entire 3D Fermi surface

and not only along the Z-Γ line). However, experimental studies of the structural

and magnetic properties of Mn3-xCoxGe thin films showed that the transition from

the tetragonal to the cubic structure took place already for concentrations close

to x ∼ 0.6, in which a mixed tetragonal and cubic phase was observed. For x >

0.6, all the Mn3-xCoxGe films crystallized with a cubic structure. The discrepancy

between the structural properties found from calculations and experiments is due

to a finite degree of atomic disorder within the sputtered films.

Nonetheless, it was demonstrated that a film with a small amount of Co (x = 0.16)

had a tetragonal structure with a magnetic moment close to zero, in agreement

with the theoretical predictions. This compound had the advantageous prerequi-

sites to be a good candidate for p-MTJs, but unfortunately this was not tested.

Future studies could focus on the investigation of the tunneling magnetoresis-

tance in junction devices formed using this compound as ferrimagnetic electrode

and MgO as insulating barrier. The purpose would be to experimentally ver-

ify whether the Brillouin zone filtering effect can indeed be eliminated using this

Heusler compound instead of Mn3Ge, in the hope of demonstrating large TMR

ratios at room temperature. These studies would be of significant interest not
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only to understand their fundamental physics but also for technologically-relevant

application purposes.

This work has provided a roadmap for finding novel materials that can poten-

tially enhance the performances of spin transfer torque magnetic random access

memories. The properties of these materials, that can be identified by the use of

computational techniques, might altogether fulfill all the main material require-

ments for such application. I personally believe in the potentiality of STT-MRAM

to cover a broad spectrum of applications and I am excited about the perspective

of seeing it - in the near future - integrated in many everyday technological de-

vices which most people, throughout the world, could afford and take advantage

of. The idea of conducting high-impact research applied to the development of

new memories or devices on a mass-production scale has struck me and it always

will.



Appendix A

Calculations of layer-dependent

density of states of the

Mn3-xCoxGe systems

In this section, the partial density of states (pDOS) of the Mn3-xCoxGe systems,

that were obtained from studies of their electronic structure for x = 0, 0.25, 0.5,

1, 1.5, and 2, are shown. These calculations were carried out following the same

criteria and considerations presented in section 6.1. The lattice constants of the

ground state structure configuration used for each x were taken from Table 6.1.

In the following figures, each plot displays the DOS of the majority (upper panel)

and minority (lower panel) electron bands for the layers forming the Mn3-xCoxGe

compounds.
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Figure A.1: Layer-dependent DOS of bulk Mn3Ge calculated for
its ground state configuration (tetragonal). Both Mn-Ge and Mn-Mn
layers had more states at EF within the minority spin channel than
in the majority one. Thus, this compound was not half-metallic and
showed negative spin polarization for both layers, as shown in Table
6.2 [138].
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(a) Layer-dependent DOS of the
z=0 and z=0.125 layers of bulk
Mn2.75Co0.25Ge calculated for its
ground state configuration (tetrago-
nal). Both Mn-Ge and Mn-Mn layers
had more states at EF within the
minority spin channel than in the
majority one. Thus, these layers
showed negative spin polarization, as
shown in Table 6.2.

(b) Layer-dependent DOS of the
z=0.25 and z=0.375 layers of bulk
Mn2.75Co0.25Ge calculated for its
ground state configuration (tetrago-
nal). Both Mn-Ge and Mn-Mn layers
had more states at EF within the
minority spin channel than in the
majority one. Thus, these layers
showed negative spin polarization, as
shown in Table 6.2.

(c) Layer-dependent DOS of the
z=0.5 and z=0.625 layers of bulk
Mn2.75Co0.25Ge calculated for its
ground state configuration (tetrago-
nal). Both Mn-Ge and Mn-Mn layers
had more states at EF within the
minority spin channel than in the
majority one. Thus, these layers
showed negative spin polarization, as
shown in Table 6.2.

(d) Layer-dependent DOS of the
z=0.75 and z=0.875 layers of bulk
Mn2.75Co0.25Ge calculated for its
ground state configuration (tetrago-
nal). Both Mn-Ge and Mn-Co layers
had more states at EF within the
minority spin channel than in the
majority one. Thus, these layers
showed negative spin polarization,
as shown in Table 6.2. Considering
(A), (B), (C), and (D) together the
Mn2.75Co0.25Ge compound was found
not to be half-metallic.

Figure A.2: Layer-dependent DOS of Mn2.75Co0.25Ge
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(a) Layer-dependent DOS of the z=0 and z=0.25
layers of bulk Mn2.5Co0.5Ge calculated for its
ground state configuration (tetragonal). Both Mn-
Ge and Mn-Mn layers had more states at EF

within the minority spin channel than in the ma-
jority one. Thus, these layers showed negative spin
polarization, as shown in Table 6.2.

(b) Layer-dependent DOS of the z=0.5 and
z=0.75 layers of bulk Mn2.5Co0.5Ge calculated for
its ground state configuration (tetragonal). Both
Mn-Ge and Mn-Co layers had more states at EF

within the minority spin channel than in the ma-
jority one. Thus, these layers showed negative spin
polarization, as shown in Table 6.2. Considering
(A) and (B) together the Mn2.5Co0.5Ge compound
was found not to be half-metallic.

Figure A.3: Layer-dependent DOS of Mn2.5Co0.5Ge
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Figure A.4: Layer-dependent DOS of bulk Mn2CoGe calculated for
its ground state configuration (tetragonal). Both Mn-Ge and Mn-Co
layers have more states at EF within the majority spin channel than in
the minority one. Thus, this compound is not half-metallic and shows
positive spin polarization for both layers, as shown in Table 6.2 [138].
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(a) Layer-dependent DOS of the z=0 and z=0.25
layers of bulk Mn1.5Co1.5Ge calculated for its
ground state configuration (cubic). Both Mn-Ge
and Co-Co layers had states at EF only within the
majority spin channel, and none within the minor-
ity one. Thus, these layers showed positive spin
polarization, as shown in Table 6.2.

(b) Layer-dependent DOS of the z=0.5 and
z=0.75 layers of bulk Mn2.5Co0.5Ge calculated for
its ground state configuration (cubic). Both Mn-
Ge and Mn-Co layers had states at EF only within
the majority spin channel, and none within the mi-
nority one. Thus, these layers showed positive spin
polarization, as shown in Table 6.2. Considering
(A) and (B) together the Mn2.5Co0.5Ge compound
was found to be half-metallic with SP = 1.

Figure A.5: Layer-dependent DOS of Mn1.5Co1.5Ge
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Figure A.6: Layer-dependent DOS of bulk MnCo2Ge calculated for
its ground state configuration (cubic). Both Mn-Ge and Co-Co layers
have states at EF only within the majority spin channel, and none
within the minority spin channel. Thus, this compound is half-metallic
with SP = 1, as shown in Table 6.2 [138].





Appendix B

Calculations of disordered

Mn3-xCoxGe systems

x = 0.5

In this section the influence of atomic disorder on the energy configuration and

magnetic moment of a Mn2.5Co0.5Ge system was investigated. Each crystal struc-

ture considered here was defined by 4 unit cells stacked on top of each other, from

unit cell 1 (bottom) to 4 (top). The total number of atoms used was 16, with each

unit cell consisting of 4 atoms. The theoretical calculations were carried out for

many different atomic configurations, with Ge atoms always fixed at octahedral

positions, Ge(O’), while the position of the 2 Co atoms (highlighted in bold in

Table B.1) were varied. The theoretical lattice parameters used are a = 3.73 Å

and c = 7.0124 Å for the tetragonal phase and a = 5.752 Å for the cubic phase

(taken from Table 6.1).
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Unit cell 1 Unit cell 2 Unit cell 3 Unit cell 4 Structure Etot [meV]
mtot [µB

per
4 atoms]

Mn3Ge Mn3Ge Mn3Ge Co(T)Co(T’)Mn(O)Ge(O’)
Tet -125.017 -0.161
Cub -125.085 -2

Mn3Ge Mn3Ge Co(T)Mn(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’)
Tet -125.142 0.003
Cub -124.942 -2

Mn3Ge Mn3Ge Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’)
Tet -125.085 0.008
Cub -124.956 -2

Mn3Ge Co(T)Mn(T’)Mn(O)Ge(O’) Mn3Ge Mn(T)Co(T’)Mn(O)Ge(O’)
Tet -125.127 -0.013
Cub -124.981 -2

Mn3Ge Mn(T)Co(T’)Mn(O)Ge(O’) Mn3Ge Mn(T)Co(T’)Mn(O)Ge(O’)
Tet -125.135 -0.015
Cub -124.976 -2

Mn3Ge Mn3Ge Mn3Ge Co(T)Mn(T’)Co(O)Ge(O’)
Tet -124.707 1.135
Cub -123.947 -0.99

Mn3Ge Mn3Ge Mn3Ge Mn(T)Co(T’)Co(O)Ge(O’)
Tet -124.707 1.135
Cub -123.947 -0.99

Mn3Ge Mn3Ge Co(T)Mn(T)Mn(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -124.707 1.135
Cub -123.947 -0.99

Mn3Ge Mn3Ge Mn(T)Mn(O)Co(T’)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -124.707 1.135
Cub -123.947 -0.99

Mn3Ge Co(T)Mn(T’)Mn(O)Ge(O’) Mn3Ge Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -124.756 1.128
Cub -123.955 -0.97

Mn3Ge Mn(T)Co(T’)Mn(O)Ge(O’) Mn3Ge Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -124.756 1.128
Cub -123.955 -0.97

Mn3Ge Mn3Ge Mn(T)Mn(T’)Co(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -124.362 2.115
Cub -123.927 0.025

Mn3Ge Mn(T)Mn(T’)Co(O)Ge(O’) Mn3Ge Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -123.766 2.808
Cub -122.89 0.883

Table B.1: Energy configuration and magnetic moment of a disor-
dered Mn2.5Co0.5Ge system. The values of mtot highlighted in bold
correspond to the ones shown in Fig. 6.5 with red open symbols [138].

x = 1

In this section the influence of atomic disorder on the energy configuration and

magnetic moment of a Mn2CoGe system was investigated. Each crystal structure

considered here was defined by 4 unit cells stacked on top of each other, from unit

cell 1 (bottom) to 4 (top). The total number of atoms used was 16, with each

unit cell consisting of 4 atoms. The theoretical calculations were carried out for

many different atomic configurations, with Ge atoms always fixed at octahedral

positions, Ge(O’), while the position of the 2 Co atoms (highlighted in bold in

Table B.2) were varied. The theoretical lattice parameters used are a = 3.74 Å

and c = 6.8816 Å for the tetragonal phase and a = 5.742 Å for the cubic phase

(taken from Table 6.1).
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Unit cell 1 Unit cell 2 Unit cell 3 Unit cell 4 Structure Etot [meV]
mtot [µB

per
4 atoms]

Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn3Ge Co(T)Co(T’)Mn(O)Ge(O’)
Tet -121.076 -1.07
Cub -121.328 -3

Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Co(T)Mn(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’)
Tet -121.144 -0.965
Cub -121.100 -3

Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’)
Tet -121.016 -0.95
Cub -121.158 -3

Mn(T)Co(T’)Mn(O)Ge(O’) Co(T)Mn(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’)
Tet -121.144 -0.965
Cub -121.100 -3

Mn(T)Co(T’)Mn(O)Ge(O’) Co(T)Mn(T’)Mn(O)Ge(O’) Mn3Ge Co(T)Mn(T’)Co(O)Ge(O’)
Tet -120.753 0.253
Cub -120.159 -1.653

Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn3Ge Mn(T)Co(T’)Co(O)Ge(O’)
Tet -120.683 0.3
Cub -120.198 -1.988

Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Co(T)Mn(T)Mn(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -120.753 0.253
Cub -120.160 -1.66

Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -120.683 0.3
Cub -120.199 -1.98

Mn(T)Co(T’)Mn(O)Ge(O’) Co(T)Mn(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -120.798 0.245
Cub -120.120 -1.615

Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -120.683 0.3
Cub -120.199 -1.98

Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -120.270 1.168
Cub -120.077 -0.97

Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Mn(T’)Co(O)Ge(O’)
Tet -120.158 0.638
Cub -119.223 -0.97

Mn(T)Co(T’)Mn(O)Ge(O’) Mn3Ge Mn(T)Co(T’)Mn(O)Ge(O’) Co(T)Co(T’)Mn(O)Ge(O’)
Tet -121.112 -1.078
Cub -121.307 -3

Mn(T)Co(T’)Mn(O)Ge(O’) Mn3Ge Mn(T)Co(T’)Mn(O)Ge(O’) Co(T)Mn(T’)Co(O)Ge(O’)
Tet -120.755 0.115
Cub -120.161 -1.313

Mn(T)Co(T’)Mn(O)Ge(O’) Mn3Ge Mn(T)Co(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Co(O)Ge(O’)
Tet -120.705 0.46
Cub -120.178 -1.848

Co(T)Co(T’)Mn(O)Ge(O’) Mn3Ge Mn3Ge Co(T)Co(T’)Mn(O)Ge(O’)
Tet -120.974 -1.265
Cub -121.465 -3

Mn3Ge Co(T)Co(T’)Mn(O)Ge(O’) Mn3Ge Co(T)Co(T’)Mn(O)Ge(O’)
Tet -121.007 -1.293
Cub -121.517 -3

Mn(T)Co(T’)Mn(O)Ge(O’) Co(T)Mn(T’)Mn(O)Ge(O’) Mn(T)Co(T’)Mn(O)Ge(O’) Co(T)Mn(T’)Mn(O)Ge(O’)
Tet -121.261 -0.978
Cub -120.984 -3

Table B.2: Energy configuration and magnetic moment of a disor-
dered Mn2CoGe system. The values of mtot highlighted in bold corre-
spond to the ones shown in Fig. 6.5 with red open symbols [138].
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