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1 Zusammenfassung

Diese Dissertation ist in zwei Teile aufgeteilt: Teil 1 befasst sich mit der Vorhersage
von Halb-Metallizitdt in quarterndren Heuslerverbindungen und deren Potential fiir
Spintronik- Anwendungen. Teil 2 befasst sich mit den strukturellen Eigenschaften der
Mns-basierenden Heuslerverbindungen und dem Tuning von ihrer magnetischen Eigen-
schaften bzgl. Koerzitivfeldstarke und Remanenz. Diese Verbindungen sind geeignet
fiir Spin-Transfer Torque-Anwendungen.

In Teil 1 wurden die folgenden drei Probenserien quarternérer Heuslerverbindun-
gen untersucht: XX'MnGa (X = Cu, Ni und X’ = Fe, Co), CoFeMnZ (Z = Al,
Ga, Si, Ge) und Coz_,Rh,MnZ (Z = Ga, Sn, Sb). Abgesehen von CuCoMnGa wur-
den alle diese Verbindungen mittels ab-initio Bandstrukturrechnungen als halbmetallis-
che Ferromagnete prognostiziert. In der XX’MnGa-Verbindungsklasse besitzt NiFeM-
nGa zwar eine zu niedrige Curie-Temperatur fiir technologische Anwendungen, jedoch
NiCoMnGa mit seiner hohen Spinpolarisation, einem hohen magnetischen Moment und
einer hohen Curie-Temperatur stellt ein neues Material fiir Spintronik-Anwendungen
dar. Alle CoFeMnZ-Verbindungen kristallisieren in der kubischen Heuslerstruktur
und ihre magnetischen Momente folgen der Slater-Pauling-Regel, was Halbmetalizitét
und eine hohe Spinpolarisation impliziert. Die ebenfalls hohen Curie-Temperaturen
ermoglichen einen Einsatz weit iiber Raumtemperatur hinaus. In der strukturellen
Charakterisierung wurde festgestellt, dass samtliche Cos_,Rh,MnZ abgesehen von
CoRhMnSn verschiedene Typen von Unordnung aufweisen; daher war die ermittelte
Abweichung von der Slater-Pauling-Regel sowie von der 100%-igen Spinpolarisation
dieser Verbindungen zu erwarten. Die Halbmetallizitdt der geordneten CoRhMnSn-
Verbindung sollte nach den durchgefiihrten magnetischen Messungen vorhanden sein.

Im zweiten Teil wurden Mns_,Co,Ga und Mns_,Rhy,Sn synthetisiert und charak-
terisiert. Es wurde gezeigt, dass Mnj3_,Co,Ga im Bereich x = 0.1 — 0.4 in einer
tetragonal verzerrten inversen Heuslerstruktur kristallisiert und im Bereich x = 0.6 — 1
in einer kubisch inversen Heuslerstruktur. Wahrend die tetragonalen Materialien hart-
magnetisch sind und Charakeristika aufweisen, die typischerweise fiir Spin-Transfer
Torque-Anwengungen attraktiv sind, représentieren die weichmagnetischen kubischen
Vertreter die 100% spinpolarisierten Materialien, die der Slater-Pauling-Regel folgen.
MnyRhSn kristallisiert in der inversen tetragonal verzerrten Heuslerstruktur, weist eine

hartmagnetische Hystereseschleife auf und folgt nicht der Slater-Pauling-Regel. Bei
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hohen Rh-Gehalt wird die kubische inverse Heuslerstruktur gebildet. Alle kubischen

Proben sind weichmagnetisch und folgen der Slater-Pauling-Regel.



2 Abstract

This work is divided into two parts: part 1 is focused on the prediction of half-metallicity
in quaternary Heusler compounds and their potential for spintronic applications and
part 2 on the structural properties of Mno-based Heusler alloys and tuning the mag-
netism of them from soft to hard-magnetic for spin-transfer torque applications.

In part 1, three different series of quaternary Heusler compounds are investigated,
XX'MnGa (X = Cu, Ni and X’ = Fe, Co), CoFeMnZ (Z = Al, Ga, Si, Ge), and
Coy—Rh,MnZ (Z= Ga, Sn, Sb). All of these quaternary compounds except CuCoM-
nGa are predicted to be half-metallic ferromagnets by ab-initio electronic structure
calculations. In the XX’'MnGa class of compounds, NiFeMnGa has a low Curie tem-
perature for technological applications but NiCoMnGa with a high spin polarization,
magnetic moment, and Curie temperature is an interesting new material for spintron-
ics applications. All CoFeMnZ compounds exhibit a cubic Heusler structur and their
magnetic moments are in fair agreement with the Slater-Pauling rule indicating the half-
metallicity and high spin polarization required for spintronics applications. Their high
Curie temperatures make them suitable for utilization at room temperature and above.
The structural investigation revealed that the crystal structure of all Cos_,Rh,MnZ
compounds aside from CoRhMnSn exhibit different types of anti-site disorder. The
magnetic moments of the disordered compounds deviate from the Slater-Pauling rule
indicating that 100% spin polarization are not realized in CoRhMnGa, CoRhMnSb,
and CogsRhi sMnSb. Exchange of one Co in CooMnSn by Rh results in the stable,
well-ordered compound CoRhMnSn. This exchange of one of the magnetic Co atoms
by a non-magnetic Rh atom keeps the magnetic properties and half-metallicity intact.

In part 2, two series of Mno-based Heusler alloys are investigated, Mnsz_,Co,Ga
and Mno_,Rhi,,Sn. It has been shown that the series Mnj3_,Co,Ga crystallizes in
the inverse tetragonal structure, for x = 0.1 — 0.4 and in the cubic inverse Heusler
structure, for z = 0.6 — 1. In this series, while the tetragonal alloys, hard magnets,
exhibit the features typically attractive for ST'T applications, the cubic systems, soft
magnets, present 100% spin polarized materials obeying the Slater-Pauling rule. In
Mngy_,Rhy,Sn series, MnasRhSn crystallizes in the inverse tetragonal structure, shows
a hard-magnetic hysteresis loop and does not follow the Slater-Pauling rule. With
substituting Mn by Rh, the inverse cubic structure is observed. All cubic samples show

perfect Slater-Pauling behavior and a soft hysteresis loop.

11



12

Chapter 2. Abstract




Contents

1 Zusammenfassung 9

2 Abstract 1

3 Introduction 17

3.1 Half-metallic Ferromagnets . . . . .. .. ... .. ... ... ...... 17

3.2 Heusler Compounds as Half-metallic Ferromagnets . . . . . . ... ... 18

3.3 The Slater-Pauling Rule . . . . ... .. ... ... ... ........ 18

3.4 Crystal Structure of Heusler Compounds . . . . . . . ... ... ..... 20

3.4.1 Full-Heusler Compounds . . . . . . . ... ... ... ....... 20

3.4.2 Half-Heusler Compounds . . . . .. ... ... .. ........ 21

3.4.3 Inverse Heusler Compounds . . . . . .. ... ... ... ..... 21

3.4.4 Quaternary Heusler Compounds . . . .. ... .. ........ 22

3.4.5 Tetragonally Distorted Heusler Compounds . . . . .. ... ... 23

3.5 Order-Disorder Phenomena in Full-Heusler Compounds . . . . . .. .. 26
3.6 Application of Heusler Compounds as Half-metallic Ferromagnets in

Spintronics . . . . . ... 26

3.6.1 Spintronic Devices . . . . . . . .. ... oo 28

3.6.2 Magnetoresistance . . . . . ... L L oo 29

3.6.2.1 Giant Magnetoresistance (GMR) . . . . ... ... ... 29

3.6.2.2  Spin Valve Giant Magnetoresistance . . . . . . . . . .. 30

3.6.2.3 Colossal Magnetoresistance (CMR) . . . ... ... .. 30

3.6.2.4 Tunnel Magnetoresistance (TMR) . . . ... ... ... 31

3.6.2.5  Spin-Transfer Switching and Spin Torque Devices . . . 32

3.7 Structure of This Thesis . . . . . . . . . ... ... ... ... ... 33

4 List of publications 37

5 Calculational details 39

6 Experimental details 41

13



14

Contents

7 Quaternary Heusler Alloys

7.1 Quaternary Half-Metallic Heusler Ferromagnets for Spintronics Applica-

7.1.1 Introduction . . . . . . ... .. .. ...
7.1.2 Calculational Details . . . . .. ... ... ... ... .......
7.1.3 Electronic structure . . . . . ... ... ... L.
7.1.4 Structural Characterization . . . . . ... ... ... .......
7.1.5 Magnetic Properties . . . . . . ... ..o .
7.1.6 Summary . . . . . ..o
7.2 Electronic, Structural, and Magnetic Properties of the Half-Metallic Fer-
romagnetic Quaternary Heusler Compounds CoFeMnZ (Z = Al, Ga, Si,

7.2.1 Introduction . . .. . . .. .. .. ...
7.2.2  Structural properties . . . . . . . .. ...
7.2.3 Electronic structure calculations . . . .. .. ... ... ... ..
7.2.4 Magnetic Properties . . . . . . ... . o L.
7.2.5 Hard X-ray Photoelectron Spectroscopy. . . . . . . . .. .. ...
7.2.5.1 Core Level Spectroscopy . . . . . . . .. .. ... ...

7.2.5.2 Valence band spectroscopy . . . . .. .. ... ... ..

7.2.6 Summary . . . . ...
7.3  Quaternary Heusler Compounds Coy_,Rh,MnZ (Z= Ga, Sn, Sb): Elec-
tronic, Structural, and Magnetic Properties . . . . . ... ... ... ..
7.3.1 Introduction . . . ... ... ... ...
7.3.2 Electronic Structure . . . . .. ... ... .. ... .. ...
7.3.3 X-ray Diffraction . . . . . .. ..o
7.3.4 Magnetic Properties . . . . .. .. ..o

T4 Summary . . ...

Mns-based Heusler Alloys

8.1 Tuning the Magnetism of the Heusler Alloys Mn3_,Co,Ga from Soft and
Half-Metallic to Hard-Magnetic for Spin-Transfer Torque Applications .
8.1.1 Crystal Structure . . . . . . . . . ... ...
8.1.2 Magnetic Properties . . . . . . . ... .o 0oL
8.1.3 Summary . . . . ...

8.2 Structural, and magnetic properties of Mna_,Rh,Sn Heusler materials
8.2.1 X-ray diffraction . . . .. ... o oL
8.2.2 Magnetic properties . . . . . . ...
8.2.3 Summary . . . . ...

43

43
43
43
44
49
52
54

95
95
95
o8
64
65
66
69
70

72
72
73
73
78
80

83



Contents 15
9 Summary and Outlook 93
Acknowledgement 97
List of Abbreviations 99
List of Figures 102
List of Tables 103
Bibliography 113



16

Contents




3 Introduction

3.1 Half-metallic Ferromagnets

Half-metallic ferromagnets represent a new class of materials which absorbed a lot of
attention considering their possible applications in spintronics (also known as magne-
toelectronics) [1]. In these materials the spin resolved bands have a special behavior.
One of the spin densities (in most cases majority) shows typically a metallic behavior
while the other (in most cases minority) is semiconducting. Therefore, the halfmetallic
ferromagnets exhibit 100% spin polarization at the Fermi energy which is supposed to
maximize the efficiency of magnetoelectronic devices [2, 3]. A schematic representation
of the density of states of a half-metal, a normal metal, and a semiconductor is shown

in Figure 3.1 for comparison [4].

Until now a lot of half-metallic ferromagnets are known. Full-Heusler and half-
Heusler alloys are the most prominent among the half-metallic compounds. Other
known half-metallic materials except the half- and full-Heusler alloys [4, 5, 6, 7, §]
are some oxides (e.g CrOg and Fe3O4) [9], the manganites (e.g Lag7Srg3MnO3) [9],
the double perovskites (e.g SraFeReOg) [10], the pyrites (e.g CoS2) [11], the transition
metal chalcogenides (e.g CrSez) and pnictides (e.g CrAs) in the zinc-blende or wurtzite
structures [12, 13, 14, 15|, the europium chalcogenides (e.g EuS) [16] and the diluted

magnetic semiconductors (e.g Mn impurities in Si or GaAs) [17, 18].
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s
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Figure 3.1: Schematic representation of the density of states for a half-metal compared
to a normal metal and a semiconductor.
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3.2 Heusler Compounds as Half-metallic Ferromagnets

Among the half-metallic ferromagnets which are mentioned in part 1.1 , although thin
films of CrOs and Lag 7Srg3MnO3 have been verified to present practically 100% spin-
polarization at the Fermi energy at low temperatures [10, 19], the Heusler alloys remain
attractive for technical application like spin-injection devices [20], spin-filters [21], tun-
nel junctions [22], or GMR devices [23, 24] due to their relatively high Curie temperature
compared to other compounds [25].

Heusler compounds first attracted interest among the scientific community in 1903,
when F. Heusler found that the compound CusMnAl becomes ferromagnetic, although
non of its constituent elements is ferromagnetic by itself [26, 27]. The origin of interest
in magnetic properties of the Heusler compounds is the prediction of half-metallic
ferromagnetism in MnNiSb by de Groot et al [28] and in CooMnSn by Kiibler et al [29].
In many Heusler compounds the total magnetic moment follows a simple electron-

counting rule based on the Slater-Pauling behavior [30, 31].

3.3 The Slater-Pauling Rule

Slater [32] and Pauling [33] independently discovered that the magnetic moment (m)
of the 3d elements and their binary alloys can be estimated on the basis of the average
number of valence electrons (ny) per atom. Depending on m(ny ), the materials are
divided into two classes. The first part of the Slater-Pauling curve, is the area of
itinerant magnetism and high valence electron concentrations (ny >8). Systems with
closed packed structures (fcc and hep) are found in this area. The second part is the area
of localized magnetism and low valence electron concentrations (ny <8). Here, mostly
bcc and bee-related structures are found. Iron is located at the borderline between
localized and itinerant magnetism. Figure 3.2 shows the Slater-Pauling curve for 3d
transition metals and some of their alloys.

The magnetic moment in multiples of Bohr magnetons (up) for the first part of the

curve describing itinerant magnetism is given by

m=2n1T —ny =2(ng T +nep 1) —nv) 1B (3.1)

where m denotes the magnetic moment in multiples of Bohr magnetons pp, n 1 the
total number of electrons in the majority states, ng T the number of spin-up electrons
in d orbitals, ns, 1T the number of spin-up electrons in sp orbitals, and ny the number
of the valence electrons (ny = n 1T + n |).

For filled majority d bands (as e.g. in Nickel), one has ng T = 5 and thus

m = (10 —ny +2ng, 1) up (3.2)
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Figure 3.2: Slater-Pauling curve for 3d transition metals and their alloys.

Slater and Pauling found that the number of occupied sp states is approximately
ngp = 2ng, T = 0.6, since the electrons are not polarised. This explains the magnetic
moment of Ni which approximately is equal to 0.6 up. It appears from the Slater-
Pauling curve that some of the alloys do not follow the expected curve (Co-Cr and Ni-Cr
in Figure 3.2). It was shown by Malozemov et al. that the high valence concentration
part of the curve can be generalized in such a way that the alloys under question
still follow a similar rule [34], which also holds for alloys between transition metals and
metalloids (Al, Si, Ga, etc.). For all of these cases, the magnetic moment is proportional
to the average magnetic valence zj; and given by m = z); + 2ng,1T (for details, see
Reference [31]).

The magnetic moments of Heusler compounds, especially Cos-based half-metallic
ferromagnets, follow the Slater-Pauling rule and are situated in the localized part of
this curve. For localized moment systems, an average magnetic moment per atom in

multiples of Bohr magnetons (up) is given by

m = (ny —2n | —2ng,) 1B (3.3)

where n] denotes the number of electrons in the minority states. Due to the fact
that the d electrons are constrained such that the Fermi energy falls into a minimum
(or gap) between occupied and unoccupied d states and therefore minimizes the total
energy. The minimum in the minority density of states forces the number of electrons
in the d minority band to be approximately three. In half-metallic ferromagnets with a
gap in one of the spin densities or in quasi-closed-shell compounds all sp electrons are
occupied, and the ng, term vanishes. Therefore, the magnetic moment in the localized

part of the Slater-Pauling curve can be calculated according to
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m = (ny —6) up (3.4)

which means that the average magnetic moment per atom is simply given by sub-
tracting 6 from the average number of valence electrons. It is often more convenient to
use the valence electron number per formula unit Ny .

For 1:1:1 Heusler compounds with 3 atoms in the unit cell, the Slater-Pauling rule is

given by

m = (NV - 18) uB (3.5)

In 2:1:1 or 1:1:1:1 Heusler compounds there are 4 atoms in the primitive cell and the

total magnetic moment thus amounts to:

m = (NV - 24) uB (36)

N, is the accumulated number of valence electrons in the primitive cell (for details see
References [6, 30, 31, 35]). The valence electron count means 2+n(d) for each transition
metal and 2+n(p) for the main group elements, where 2 arises in both cases from the s
electrons and n(d) and n(p) are the numbers of d and p valence electrons, respectively.
At N, = 24 the materials are not ferromagnetic according to the Slater-Pauling rule.
The reason is that a quasi-closed-shell character is reached at a filling of the bands by
24 valence electrons. It is caused by successive filling of the a; (2 s electrons), t2 (6
p electrons), e, and t9 (10 d electrons) bands, followed by subsequent complete filling
of an additional ¢t band (6 d electrons). Deviations from Equation (3.6) will appear
when the compound is not in a half-metallic state, and unbalanced sp or d electrons
are present. In certain cases of L2; ordered Heusler compounds, 24 valence electrons
lead to the phenomenon of half-metallic completely compensated ferrimagnetism [36],
where the moments are ordered in a way that the total magnetic moment vanishes
even though individual magnetic moments are of different magnitudes, in contrast to

antiferromagnets [37].

3.4 Crystal Structure of Heusler Compounds

3.4.1 Full-Heusler Compounds

The XY Z (X,Y = transition metals, Z = main group element) Heusler compounds
are ternary intermetallics with a 2:1:1 stoichiometry [27, 38]. These compounds crys-
tallize in the cubic structure (Fm3m, space group no. 225) with CusMnAl (L2;) as
prototype [26, 27, 38, 39, 40]. The X, atoms form a primitive cubic sublattice and ad-
jacent cubes of this X sublattice are filled alternating by Y or Z atoms (see Figure 3.3
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(a)). The primitive cell of the L2; structure contains four atoms that form the base
of the fcc primitive cell. The result is a lattice with the Fm3m symmetry were the
Wyckoff positions 4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 8c (1/4, 1/4, 1/4) are occupied
by Z, Y, and Xs, respectively.

full-Heusler structure Half-Heusler structure

Inverse-Heusler structure Quaternary-Heusler structure

Figure 3.3: Different types of Heusler structures. Full-Heusler (a), Half-Heusler (b),
Inverse-Heusler (c), and Quaternary-Heusler structures (d).

3.4.2 Half-Heusler Compounds

The Half-Heusler compounds (general formula: XYZ, X and Y= transition metals, Z =
main group element) crystallize in a non-centrosymmetric cubic structure (space group
no. 216, F 43m, C1;) which is a ternary ordered variant of the CaFy structure and
can be derived from the tetrahedral ZnS-type structure by filling the octahedral lattice
sites (Figure 3.3 (b)). Cl1; compounds of composition XYZ consist of three interpene-
trating fcc sublattices, each of which are occupied by the X, Y and Z atoms [25]. The
corresponding occupied Wyckoff positions are 4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 4c
(1/4, 1/4, 1/4). Table 3.1 summarizes three inequivalent atomic arrangements which

are possible for this structure type.

3.4.3 Inverse Heusler Compounds

In X9Y Z compounds, if the atomic number of Y, Z(Y), is higher than the one of X,
Z(X), from the same period (Z(Y') > Z(X)), an inverse Heusler structure (F43m, space
group no. 216) is observed. It may also appear in compounds with transition metals

from different periods [41]. Usually, the element X is more electropositive than Y. In
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Table 3.1: Inequivalent site occupancies within the Clp-type structure. Atoms on
Wyckoff positions 4a and 4c form a ZnS-type sublattice, the atoms on 4b
occupy the octahedral holes.

4a 4b 4c

(0,0,0) (1/2,1/2,1/2) (1/4,1/4,1/4)
Type I X Y Z
Type IT Z X Y
Type II1 Y A X

contrast to the normal Heusler structure where all of the X atoms fill the tetrahedral
holes (see Figure 3.4), in the inverse Heusler structure, X and Z atoms form a rock
salt lattice to achieve an octahedral coordination for X atoms and the remaining X
atoms and Y atoms fill the tetrahedral holes with fourfold symmetry. Both octahedral
and tetrahedral holes for inverse Heusler structure are displayed in Figure 3.4. This
structure is still described by four interpenetrating fcc sublattices, however the X atoms
do not form a simple cubic lattice. Instead, they are placed on the Wyckoff positions
4b(1/2, 1/2, 1/2) and 4d (3/4, 3/4, 3/4), while the Y and Z atoms are located at
4c (1/4, 1/4, 1/4) and 4a (0, 0, 0) respectively (see Figure 3.3 (c)). AgLisSb is the
prototype of this structure [42] (the older printed version of Pearson’s Handbook used
CuHg,Ti [41] but the electronic version uses correctly AglisSbh as prototype [42, 43]). It
is also possible to emphasize the difference to normal Heusler compounds by expressing
the formula as (XY)XZ. The inverse Heusler structure is frequently observed for Mns-
based materials with Z(Y) > Z(Mn) (see Figure 3.4). MnyCoSn or (MnCo)MnSn is the

most prominent example for this structure [44, 45].

3.4.4 Quaternary Heusler Compounds

When one of the two X atoms in X5 YZ compounds (full-Heusler compounds) is substi-
tuted by a different transition metal X', a quaternary compound with the composition
XX'YZ and F43m symmetry (space group no. 216) is generated. The prototype of this
Y-type structure of quaternary Heusler compounds is LiMgPdSn [46, 47]. Three pos-
sible nonequivalent superstructures based on the different positions of the four atoms
exist for this structure type [48]. Different site occupations for this structure are shown
in Table 3.2 for the CoFeMnM (M is a main group element) compound as an example.
As shown in Figure 3.3 (d) the LiMgPdSn-type structure exhibits a primitive fce cell
with a basis containing four atoms on the Wyckoff positions 4a to 4d, which form a
larger cubic cell. The exchange of the atoms between 4a and 4b or 4c and 4d positions

and between the groups (4a,4b) <> (4c,4d) does not change the structure due to the
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e lcole

Regular Heusler Inverse Heusler

Figure 3.4: Inverse and regular structure for Mns-based Heusler compounds. Both, the
inverse and the regular structure can be formed for Mns-based Heusler com-
pounds depending on the atomic number of the element on the Y position.

symmetry implied by the F 43m space group.

Several quaternary—or, better, pseudo-ternary—Heusler compounds (T277]_, T/ M)
have been designed in order to tailor the middle of the minority band gap exactly
to the Fermi energy. Quaternary Heusler compounds with a 1:1:1:1 stoichiometry
(TT'T"M), however, have as yet been little explored. For symmetry reasons (Ty),
they are substantially different from the L2; pseudo-ternary Heusler compounds with
Op symmetry and 2 : [(1 —2) : 2] : Tor 2 :1: [(1—y) : y| stoichiometry. In
applications, the quaternary TT'T" M compounds will have advantages over the pseudo-
ternary ToT]_, T/ M alloys. In the latter case, i.e., the alloy type, random distribution
of T" and T"” leads to additional disorder scattering resistivity and thus to an increase
in the total resistivity. The result is that electronic devices based on “real” quaternary

Heusler compounds are expected to have lower power dissipations.

3.4.5 Tetragonally Distorted Heusler Compounds

Until now only few tetragonal distorted Heusler materials have been studied thoroughly,
RhoYSn (Y =V, Cr, Fe, or Co) [49] and Mn3_,Ga [50, 51] are the most prominent
examples. A tetragonal distortion is observed for MnsYZ compounds crystallizing in
the inverse Heusler structure. In this structure, the Mn atoms occupy two different lat-
tice sites, one with tetragonal and one with octahedral coordination (see Figure 3.4).
Kiibler showed that the Mn atom on the octahedral site possesses an oxidation state
of +3 (Mn3*, d%) [29]. According to the crystal field theory, the triple degenerated ta,

orbitals and one of the double degenerated e, orbitals are occupied by a single electron
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Table 3.2: Different site occupations for the Y-type structure. M assigns the main
group element. Note that the exchange of the atoms between 4a and 4b
or 4c¢ and 4d positions and between the groups (4a,4b) <> (4c, 4d) does not
change the structure due to the symmetry implied by the F'43m space group.
In L2; the positions (4c,4d) become equivalent and combine to 8c.

4a 4c 4b 4d

(0,0,0) (1/4,1/4,1/4) (1/2,1/2,1/2) (3/4,3/4,3/4)
Y Type I M Fe Mn Co
Y Type 11 M Mn Fe Co
Y Type III Fe M Mn Co

for a single d* high-spin ion in an octahedral environment. This electron configuration
energetically is not favored and energy can be gained by a distortion of the octahe-
dron. Both, an elongation and a compression are possible. These distortions cause a
decreasing in energy levels of the occupied orbitals. This phenomenon is often referred
to as Jahn-Teller-distortion. The ¢/a ratios for Heusler alloys usually indicate distor-
tion which is comparable or larger than that observed in tetragonal spinels containing
the Jahn-Teller ions Mn3t and Cu?*t [49, 52]. The appearance of this tetragonal dis-
tortion is attributed to an electronic instability of the band Jahn-Teller effect. In the
band type of Jahn-Teller effect, bands which are degenerate in the cubic system are
no longer degenerate in the tetragonal system, allowing a repopulation of electrons to-
ward the lower energy bands. In contrast to the usual Jahn-Teller effect which shows
a splitting of energy levels, in the band Jahn-Teller effect the main effect is a modi-
fication of the width of the energy levels- a narrowing of bands derived from orbitals
which overlap in the direction of crystal elongation, and a broadening of bands which
overlap in the direction of contraction. For example the 3d-e, narrow band orbitals are
degenerate in the cubic structure, but in the tetragonal structure, for ¢/a>1, the d,»
band will narrow and the d,2_,2 band will widen because of decreased orbital overlap
respectively [49, 53, 54]. This allows a net transfer of 3d electrons to the d,2_,2 band.

The cubic unit cell undergoes an elongation along the ¢ axis, in the case of MnsYZ
compounds [40]. Therefore similar to the cubic Heusler structure, two different types
of structures are known for the tetragonal cell (see Figure 3.5). As shown in Fig-
ure 3.5, a regular tetragonal cell (Figure 3.5(a)) derived from the CugMnAl-type struc-
ture (full Heusler structure) and an inverse tetragonal cell (Figure 3.5(b)) derived from
the CuHgyTi-type structure (inverse Heusler structure). The symmetry of the regular
tetragonal structure is 14/mmm (space group no. 139). In this structure, the X atoms
occupy the Wyckoff position 4d (0, 1/2, 1/4), the Y and the Z atoms are located at
2b (0, 0, 1/2) and 2a (0, 0, 0), respectively. If X=Y, like wise MngGa, the symmetry
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becomes DOgs (prototype AlsTi) [51]. In the inverse tetragonal structure (I4m2, space
group no. 119) two Mn atoms occupy two different lattice sites, one with tetragonal and
one with octahedral coordination. The first Mn atom is located at the Wyckoff position
2b (0, 0, 1/2), while the second Mn atom and the Y atom are placed at the Wyckoff
position 4d (0, 1/2, 1/4). Finally, the Z atom occupies the 2a (0, 0, 0) position.

a)

Cu,MnAl-type structure CuHg, Ti-type structure
Fm3m, 225, L2] F43m, 216, X

I4/mmm, 139 [4m2, 119

Figure 3.5: Regular (a) and inverse (b) Heusler structures and their related tetragonally
distorted unit cells.

Experimentally, the tetragonal distortion becomes evident by a splitting of the cu-
bic (220) reflex into the (112) and (200) reflexes in the corresponding XRD pattern.
Depending on the direction of the distortion (elongation or compression), the reflexes
move to smaller or larger scattering angles compared to the cubic (220) reflex. There-
fore, the distance between the (112) and the (200) reflexes is a measure for the degree
of distortion. From the series of the (112) and (200) reflexes one can decide whether
c¢/a>1 or ¢/a<1l. When the (200) reflex appears after the (112) reflex, it means c¢/a>1
and an elongation occured in the cell and when the (200) reflex appears before the
(112) reflex, compression happened in the cell and ¢/a<]1.

MnsYZ compounds are intresting materials as both tetragonal and cubic phases are
found among them. MnyYZ tetragonal systems are particularly interesting due to their

perpendicular magnetic anisotropy which can be achieved in thin films [55] opening the
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door to spin-torque devices. Therefore, it is essential to design new materials that fulfill
the corresponding criteria, i.e. high spin polarization and Curie temperature but a low
saturation magnetization and magnetic damping. MnsYZ cubic systems also attract lot
of attention due to their half-metallic properties. It seems that MnoYZ cubic alloys are
the second largest family of Heusler alloys after the CosYZ compounds which present

the 100% spin polarized materials (or half-metals) obeying the Slater-Pauling rule.

3.5 Order-Disorder Phenomena in Full-Heusler Compounds

The properties of Heusler materials are strongly dependent on the atomic arrangement
of the atoms. Band structure calculations show that already small amounts of disorder
within the distribution of the atoms on the lattice sites cause distinct changes in their
electronic structure, and thus also in their magnetic and transport properties [56, 57, 58]
and also it leads to a decrease in spin polarization [59]. Therefore, a careful analysis of
crystal structure is essential to understand the structure-to-property relation of Heusler
compounds.

The most prominent disordered Heusler structures [25, 48, 60, 61, 62] are displayed
in Figure 3.6. The most frequent type of disorder for L2; structure is the CsCl-like
structure, also known as B2-type disorder. In this disorder structure, the Y and
Z atoms are equally distributed and consequently the 4a and 4b positions become
equivalent. As a consequence, the symmetry is reduced and the resulting space group
is Pm3m. On the other hand, the random distribution of X and Y or X and Z leads
to a BiFs-type disorder (space group no. 216: Fm3m, DO3). The NaTl-type structure
occurs very rarely. In this structure type, the X-atoms, which occupy one of the fec
sub-lattices, are mixed with the Y atoms, whereas the X atoms on the second sub-
lattice are mixed with the Z atoms. This kind of disorder is also known as B32a disorder
(space group no. 227, Fd3m). Here, the X atoms are placed at the Wyckoff position
8a (0, 0, 0), while Y and Z are randomly distributed at position 8b (1/2, 1/2, 1/2).
In contrast to these partial disorder phenomena all positions become equivalent in the
tungsten-type structure leading to a bec lattice and reduced symmetry (Im3m (A2)).
It should be noted that some types of disorder can not be easily detected by XRD, as

the scattering coefficients of the 3d-transition metals are very similar.

3.6 Application of Heusler Compounds as Half-metallic

Ferromagnets in Spintronics

Magnetoelectronics, also known as spintronics, is probably the field with the most rapid

growth in materials science [1, 63] and is one of the emerging disciplines that continue
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Figure 3.6: Most prominent disordered Heusler structures: (a) CsCl-type disorder, (b)
BiFs-type disorder, (¢) NaTl-type disorder, and (d) W-type disorder.

to revolutionize the thriving field of information technology. Spintronics covers the
field of devices that make use of not only the charge of electrons but also of their spin
and therefore it is a promising approach to overcome the problem of the physical limit,
namely the size of the structures.

In the last decade, spintronics has developed as a new approach that has revolution-
ized the market for electronic devices. Some predicted advantages of this new technol-
ogy are the nonvolatility of data storage, the increased speed of data processing, the

high storage density, and the low energy consumption [63].

In order to make use of the full potential of spintronics, new magnetic materials,
magnetic semiconductors and so-called half-metallic ferromagnets (HFM) are needed.
Half-metallic ferromagnets seem to be a suitable class of material which meet all re-
quirements of spintronics. The most important reason is their exceptional electronic
structure: They behave like metals for majority electrons and like semiconductors for
minority electrons. Half-metallic ferromagnetic metals, such as Heusler compounds are
potential candidates for spintronics applications.

Spintronics emerged from discoveries in the 1980s concerning spin-dependent electron
transport phenomena in solid-state devices. This includes the observation of spin-
polarized electron injection from a ferromagnetic metal to a normal metal by Johnson
and Silsbee [64] and the discovery of giant magnetoresistance independently by Fert et

al. [65] and Griinberg et al. [66]. Therefore, in the following, a short introduction into
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the field of spintronic devices and magnetoresistance effects will be given.

3.6.1 Spintronic Devices

Conventional electronic devices rely on the transport of electrical charge carriers, elec-
trons, in a semiconductor such as silicon. Now, however, physicists are trying to exploit
the spin of the electron rather than its charge to create a remarkable new generation of
spintronic devices which will be smaller, more versatile and more robust than those cur-
rently making up silicon chips and circuit elements. All spintronic devices act according
to the simple scheme: (1) information is stored (written) into spins as a particular spin
orientation (up or down), (2) the spins, being attached to mobile electrons, carry the
information along a wire, and (3) the information is read at a terminal. Spin orienta-
tion of conduction electrons survives for a relatively long time (nanoseconds, compared
to tens of femtoseconds during which electron momentum decays). Their non-volatile
nature makes spintronic devices particularly attractive for memory storage and mag-
netic sensors applications, and, potentially for quantum computing where electron spin
would represent a bit (called qubit) of information. Magnetoelectronics, spin electron-
ics, and spintronics are different names for the same thing: the use of electrons spins
(not just their electrical charge) in information circuits.

Nowadays, we are in contact with spintronics in our everyday life, in form of spin
valves based on the GMR effect, which are used in magnetic hard disk drives [40]. A spin
valve consists of two ferromagnetic layers sandwiching a thin nonmagnetic metal layer.
One of the magnetic layers is pinned by an antiferromagnetic material, and is, therefore,
insensitive to moderate magnetic fields; the second layer is free, i.e. its magnetization
can be rotated by the application of small magnetic fields. GMR spin-valve based
read heads consist of multilayer thin film material with alternating ferromagnetic and
non magnetic metals. The current in a GMR device can either flow perpendicular to
the interfaces (CPP, current-perpendicular-to-plane), or parallel to the interfaces (CIP,
current-in-plane). The GMR was originally discovered in a CIP configuration; however
the CPP configuration shows even larger effects.

New devices for spintronics which superseded the era of GMR are known as mag-
netic tunnel junctions (MTJs) or as tunneling magnetoresistance (TMR) devices. The
metallic spacer in GMR devices is replaced by an insulating material in TMR, devices
and lead to an increase in magnetoresistance by a factor of 10, compared to GMR
spin valves. Interestingly, the ultimate goal of spintronics, i.e. a tunneling device with
a magnetoresistance effect of several thousand percent, can be reached by two differ-
ent courses: One way is to engineer the insulation barrier, and the other way is to
develop new electrode materials with 100% spin polarization. Potential candidates in-

clude half-metallic ferromagnetic oxides as well as half-metallic ferromagnets, such as
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Heusler compounds.

3.6.2 Magnetoresistance

Magnetoresistance (MR) is a basic effect in spintronics, which is generally defined as the
property of a material to change the value of its electrical resistance when an external
magnetic field is applied to it. A large change in the electrical resistivity in response to
an applied magnetic field is of technological relevance for the development of magnetic
switching devices and magnetic memories.

The magnetoresistance effect was first discovered by William Thomson (more com-
monly known as Lord Kelvin) in 1856 [67], but he was unable to lower the electrical
resistance of anything by more than 5%. This effect was later called ordinary magne-
toresistance. He experimented with pieces of iron and discovered that the resistance
increases when the current is in the same direction as the magnetic force and decreases
when the current is at 90° to the magnetic force. He then did the same experiment
with nickel and found that it was affected in the same way but the magnitude of the
effect was greater. This effect is referred to as anisotropic magnetoresistance (AMR).
AMR is the property of a material in which a dependence of electrical resistance on the
angle between the direction of electric current and orientation of magnetic field is ob-
served [68]. The effect is attributed to a larger probability of s-d scattering of electrons
in the direction of the magnetic field. The net effect is that the electrical resistance has
its maximum value when the direction of current is parallel to the applied magnetic
field.

From the time of discovery of anisotropic magnetoresistance until 1988, AMR re-
mained the most important contribution to the magnetoresistance of ferromagnets.
More recently researchers discovered materials showing giant magnetoresistance (GMR),
colossal magnetoresistance (CMR) and magnetic tunnel effect (TMR). Due to the im-
portance of these types of magnetoresistance in the information technology a short

introduction into this field is given in the following.

3.6.2.1 Giant Magnetoresistance (GMR)

The discovery of the giant magnetoresistance (GMR) effect in magnetic multilayers
and sandwiches in 1986 by P. Griinberg [66] and A. Fert [65] is considered as the
birth of spintronics. The giant magnetoresistance effect observed in thin film structures
composed of alternating ferromagnetic and non magnetic layers and is used in magnetic
sensors and in nearly every hard disc read head. The effect is observed as a significant
change in the electrical resistance depending on whether the magnetization of adjacent
ferromagnetic layers are in a parallel or an antiparallel alignment. Figure 3.7 shows an

example of such a multilayer Fe-Cr-Fe systems [65]. The overall resistance is relatively
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low for parallel alignment and relatively high for antiparallel alignment.

Fe

E— Fe —_—
Cr Cr
Fé @ — Fe D
cr Cr
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Fe —-
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alignment alignment

Figure 3.7: A multilayer system Fe-Cr-Fe with ferromagnetic (left) and antiferromag-
netic (right) exchange coupling between the iron layers.

Different types of giant magnetoresistance include multilayer GMR, spin valve GMR,
pseudo-spin valve and granular GMR. As the GMR read head sensor in a hard disk is

built using a spin valve in following the spin valve GMR is briefly explained.

3.6.2.2 Spin Valve Giant Magnetoresistance

In spin valve giant magnetoresistance a nonmagnetic spacer layer is sandwiched be-
tween two ferromagnetic electrodes. Two types of configurations are observed in these
ferromagnetic layers, an antiparallel configuration and a parallel configuration which
are shown in Figure 3.8. In this figure, the electron path is represented by arrows
across the spin valves. A kink in the path displays the scattering of electrons. During
passing through the spin valve, an electron will be scattered if its spin is opposite to
the direction of the majority spins in the ferromagnetic layer which causes higher re-
sistivity. Therefore, the overall resistance for the antiparallel alignment is higher than

the resistance for the parallel alignment.

3.6.2.3 Colossal Magnetoresistance (CMR)

Colossal Magnetoresistance (CMR) was discovered by R. von Helmolt et al. [69] and
Jin et al. [70] in 1993 and is a property of some materials which enable them to modify
their electrical resistance in the presence of a magnetic field by orders of magnitude.
The CMR effect is observed mostly in manganese-based perovskite oxides. Although
this effect is large in manganites they are not suitable candidates for application due
to their temperature dependence (only small effect at room temperature) and their

sensitivity (magnetoresistance ratio in small fields).
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Figure 3.8: Scheme of the spin-valve GMR. A parallel configuration of magnetic mo-
ments is shown on the left and an antiparallel configuration on the right.
T is a spin-up electron and | is a spin-down electron, NM stands for non-
magnetic metal, FM for ferromagnetic metal. The vertical black arrows in
the ferromagnetic layers display the direction of the majority spins and the
thin lines across the spin valves present the electron path. A kink in the
path shows the scattering of an electron. The size of resistors in electric
circuits shows the amount of resistance (schematic).

3.6.2.4 Tunnel Magnetoresistance (TMR)

When two ferromagnetic layers are separated by a thin insulator layer (see Figure 3.9),
the tunnel magnetoresistance effect based on the tunneling of electrons through the
insulating barrier occurs. In this situation, the electrical resistance of the multilayer
in the perpendicular direction to the film changes depending on the orientations of the
magnetizations of ferromagnetic thin layers. When the directions of the magnetizations
of the two ferromagnetic electrodes are the same, the probability of electron tunneling
between the two ferromagnetic electrodes through the insulator layer becomes larger,
resulting in a larger tunneling current. However, if the directions of the magentiza-
tions of the two ferromagnetic electrodes are opposite, the electron with opposite spin
orientation with respect to the majority spins of the ferromagnetic electrode cannot
tunnel. Then the tunneling electron current becomes smaller compared to the case
for the same direction of the magnetizations. This phenomenon is called tunneling

magnetoresistance (TMR) [71] and was originally discovered by Jullire in 1975 [72].
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Figure 3.9: Tunnel magnetoresistance (TMR) effect in a magnetic tunnel junction
(MTJ) device. When the magnetizations are aligned parallel (left) the de-
vice resistance is small and when they are aligned antiparallel (right), the
device resistance is large.

3.6.2.5 Spin-Transfer Switching and Spin Torque Devices

In 1996, Slonczewski [73] and Berger [74] independently predicted the spin-transfer
effect, where magnetization orientations in magnetic multilayers can be manipulated
via a spin polarized current instead of an external magnetic field. The spin-transfer
phenomena occur for an electron current flowing through two ferromagnetic layers sep-
arated by a thin nonmagnetic spacer layer. The current becomes spin polarized by
transmission through or reflection from the first ferromagnetic layer (the pinned refer-
ence layer) and mostly maintains this polarization as it passes through the nonmagnetic
spacer and enters and interacts with the second ferromagnetic layer (the free layer).
This interaction exerts a spin torque on the magnetic moment of the free layer through
a transfer of angular momentum from the polarized current to the magnetization of
the free layer. This spin torque can oppose the intrinsic damping of the free layer
causing a magnetization precession or can reverse the direction of the magnetization
with sufficient current strength. A schematic figure of spin transfer switching is shown
in Figure 3.10. Spin-transfer can have important implications for electronic devices
since it provides a local means of magnetization manipulation rather than using the
non-local character of magnetic fields.

The STT-MRAM technology is one of the most important applications of the spin-
transfer switching phenomena and has significant advantages over magnetic-field-switched
MRAMSs. High speed of writing, local addressing, scalability, low power consumption,
non volatility, unlimited endurance, and simpler cell architecture are the most impor-
tant advantages of the STT-MRAM [75].

The main challenge for implementing the STT writing mode is achieving a low STT
write current density J.g required to switch the magnetization of the free layer and high
thermal stability required for long-term data retention at the same time.

The intrinsic current density J.o required for switching the magnetization in multiples

of A/cm? is expressed as
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Figure 3.10: Spin transfer switching. Two ferromagnetic layers separated by a thin
nonmagnetic layer. m; and my denote the direction of the majority spins
in the free layer and pinned reference layer, respectively. The white arrows
show the spin polarized current. The direction of the magnetization in the
free layer (m;) can be reversed with sufficient current strength as indicated
by the double-headed arrow.
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where e is the charge of the electron, h is the Planck constant, « is the damping
constant, ¢(6) is the spin polarization, K,°'7 is the perpendicular magnetic anisotropy,
and d is the free layer thickness.

The thermal stability factor is given by

A Y
KpT

(3.8)

Where V is the volume of the free layer, Kp is the Boltzmann constant, and T is
the temperature.

According to equations 3.7 and 3.8 materials with high spin polarization, low mag-
netic damping, low saturation magnetization, and high perpendicular anisotropy are

suitable for spin-torque devices.

3.7 Structure of This Thesis

This work is divided into two parts: part 1 is focused on the prediction of half-metallicity
in quaternary Heusler compounds and their potential for spintronic applications and
part 2 on the structural properties of Mns-based Heusler alloys and tuning the mag-

netism of them from soft to hard-magnetic for spin-transfer torque applications.
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In part 1, three different series of quaternary Heusler compounds are investigated,
XX'MnGa (X = Cu, Ni and X’ = Fe, Co), CoFeMnZ (Z = Al, Ga, Si, Ge), and
Coy—Rh,MnZ (Z= Ga, Sn, Sb). In this section all the quaternary Heusler compounds
have been identified using a theoretical approach for preselection and the half metal-
lic ferromagnets are predicted. For the XX’MnGa class of compounds as predicted by
calculations we have found that NiFeMnGa and NiCoMnGa are half-metallic ferromag-
nets (HMF). These are the first reported Ni based half-metallic ferromagnets within
the huge family of Heusler compounds. CuCoMnGa turned out to be a regular metal-
lic ferromagnet due to the closed shell character of the Cu d electrons. NiFeMnGa
has a Curie temperature, that is too low to make it relevant for technological appli-
cations but NiCoMnGa with a high spin polarization, magnetic moment, and Curie
temperature is an interesting new material for spintronics applications. The quater-
nary intermetallic Heusler compounds CoFeMnZ (Z = Al, Ga, Si, or Ge) were identified
as potential half-metallic ferromagnets with high T by ab- initio electronic structure
calculations. All compounds exhibit a cubic Heusler structure. The magnetic moments
of the compounds are in fair agreement with the Slater-Pauling rule indicating the half-
metallicity and high spin polarization required for spintronics applications. The Curie
temperatures of all compounds are 553 K or higher allowing for utilization at room
temperature and above. The quaternary Heusler compounds Cos_,Rh,MnZ (Z = Ga,
Sn, Sb) are also predicted by ab initio electronic structure calculations to be HMF. The
structural investigation revealed that the crystal structure of all compounds aside from
CoRhMnSn exhibit different types of anti-site disorder. The magnetic moments of the
disordered compounds deviate to different amounts from the Slater-Pauling rule indi-
cating that 100% spin polarization are not realized in CoRhMnGa, CoRhMnSb, and
in the alloy CogsRhisMnSb. Exchange of one Co in CooMnSn by Rh results in the
stable, well-ordered compound CoRhMnSn. This exchange of one of the magnetic Co
atoms by a non-magnetic Rh atom keeps the magnetic properties and half-metallicity
intact. Those properties are completely determined by the Mn atoms together with
valence electron count and do not depend much on the remaining type of atoms. This
behavior allows to increase the spin-orbit interaction at one of the sites while keeping
all other properties as a precondition for applications and physical effects relying on a

large spin-orbit interaction.

In part 2, two series of Mno-based Heusler alloys are investigated, Mns_,Co,Ga and
Mny_,Rhy4,Sn. It has been shown that the series Mns_,Co,Ga crystallizes in the
inverse tetragonal structure (I4m2, space group no. 119), for z = 0.1 — 0.4, in the
cubic inverse Heusler CuHgsTi structure type (F 43m, space group no. 216), for z =
0.6 — 1 and in both cubic and tetragonal phases for Mng 5Cog.5Ga. In this series, while
the tetragonal alloys, hard magnets, exhibit the features typically attractive for STT

applications (high Curie temperature and low saturation magnetic moment), the cubic
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systems, soft magnets, present 100% spin polarized materials (or half-metals) obeying
the Slater-Pauling rule. A continuous tunability of magnetic and structural properties
simply depending on the Co concentration can easily be realized in these materials. In
Mns_,Rhi,Sn series, MnaRhSn crystallizes in the inverse tetragonal structure (I4m2,
space group no. 119) and shows a hard-magnetic hysteresis loop at low temperature.
As MnyRhSn has a tetragonal structure, it does not follow the Slater-Pauling rule.
With substituting Mn by Rh, the inverse cubic structure for Mny_,Rh;1,Sn (x = 0.5,
0.6, 0.8) and regular cubic structure for RhoMnSn are observed. All cubic samples show
perfect Slater-Pauling behavior and a soft hysteresis loop at room and low temperature.
Both cubic and tetragonal phases exist for Mn; gRhy 9Sn and it shows similar magnetic

properties as MnsRhSn.
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5 Calculational details

The electronic structures of all quaternary compounds were calculated by means of
the full potential linearized augmented plane wave (FLAPW) method as implemented
in WIEN2k provided by Blaha, Schwartz, and coworkers [76, 77, 78]. The exchange-
correlation functional was taken within the generalized gradient approximation (GGA)
in the parameterization of Perdew, Burke and Enzerhof [79]. A 25 x 25 x 25 point mesh
was used as base for the integration in the cubic systems resulting in 455 k-points in
the irreducible wedge of the Brillouin zone. The energy convergence criterion was set
to 107° Ry and simultaneously the criterion for charge convergence to 1072e¢~. The
muffintin radii were set to 2.5 app (app = Bohr’s radius) for the transition metals as
well as the main group elements.

For XX'MnGa (X = Cu, Ni and X’ = Fe, Co) compounds, further electronic structure
calculations were carried out using the full relativistic spin polarized Korringa - Kohn -
Rostocker method (SPRKKR) provided by Ebert et al [80, 81, 82]. This program
provides the coherent potential approximation (CPA) for calculating the properties of
alloy systems with random distribution of the atoms. The SPRKKR calculations were
performed using the PBE generalized gradient approximation [79]. The CPA tolerance
was set to 1074 and the energy convergence criterion to 107°. f-states were included in
the basis of all atoms. 832 irreducible k-points based on a 22 x 22 x 22 mesh were used
for integration. The density of states is calculated for the double number of k-points
from the Greens function by adding a small imaginary part of 0.002 Ry to the energy.
For smaller values, the band gaps may become better visible, however, at the same
time the DOS becomes much more noisy.

Furthermore, the stability of all quaternary cubic structures was checked by calcu-
lation of the elastic constants c;;. The elastic constants were calculated by applying
isotropic strain as well as volume conserving tetragonal and rhombohedral strains to
the optimized cubic primitive cell. There are only three independent components for
cubic symmetry: ci11 = c92 = €33, €12 = €13 = Ca23, and ¢yq4 = c55 = cgg. The bulk
modulus of cubic systems is derived from B = (c11 4 2¢12)/3. The elastic stability
criteria of the cubic structure are found from the elastic constants [83]. For stability
of the cubic structure, the bulk modulus, the cg4-shear modulus, and the tetragonal
shear modulus must be positive resulting in the following conditions: c11 + 2¢12 > 0,

cqq > 0, and ¢17 — ¢12 > 0. The elastic anisotropy A. = 2¢44/(c11 — ¢12) compares the
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shear moduli and furthermore allows a decision about the structural stability. Youngs
modulus becomes isotropic for A. = 1. Materials with large A, ratios show a tendency

to deviate from the cubic structure.



6 Experimental details

All polycristalline samples were prepared by repeated arc melting of stoichiometric
amounts of high purity constituents in an argon atmosphere. Special care has to be
taken to avoid oxygen contamination, in particular in case of materials containing
elements with a high oxygen affinity, such as manganese. As the surface of mangenese
can absorb a lot of oxygen, it was melted several times to remove the oxygen from the
surface of it and obtain metallic ingots. To avoid oxygen contamination during the
melting a Ti sponge was used as an oxygen absorber before melting the compounds
as well as by additional purifying of the process gas. The samples were melted three
to four times from both sides to ensure sufficient homogeneity. To improve the crystal
structure as well as the phase purity the resulting polycrystalline ingots were annealed
in evacuated quartz tubes at 800°C for quaternary Heusler alloys and at 850°C for
Mns-based Heusler compounds for two weeks and quenched afterward into a bath of
an ice/water mixture.

The crystallographic structure was investigated by X-ray powder diffraction (XRD)
using a Bruker D8 powder diffractometer equipped with a Mo K, X-ray tube for
XX'MnGa (X = Cu, Ni and X’ = Fe, Co), CoFeMnZ (Z = Al, Ga, Si, Ge) and
Coy—,Rh,MnZ (Z = Ga, Sn) series and a Seifert XRD 3003 PTS powder diffractome-
ter equipped with a Cu K, X-ray tube for Cos_,Rh,MnSb (x = 1, 1.5) and Mny-
based Heusler compounds. Rietveld refinements of the data were performed using the
TOPAS ACADEMIC software package for all compounds. For the XRD measurements
cut disks of the samples were ground to fine powder and processed immediately to
avoid oxidation. Also flat disks were cut from the ingots and polished for spectroscopic
investigations of the bulk samples.

The magnetic properties of the samples were investigated by means of a super con-
ducting quantum interference device (SQUID, Quantum Design MPMS-XL-5) using
small spherical sample pieces of approximately 5-10 mg.

The compounds with Z = Si and Ge in CoFeMnZ series were investigated by means
of photoelectron spectroscopy. The measurements were carried out at different exci-
tation energies in order to investigate the influence of varying cross sections. For the
hard X-ray photoemission spectroscopy (HAXPES) measurements, polished discs of the
samples were fractured in-situ in an ultrahigh vacuum chamber before the respective

measurements to avoid surface contamination due to air exposure. The experiments
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were carried out at the beamlines BL15XU [84] and BL47XU of SPring-8 in Japan. At
BL15XU, the photon energy was fixed at 5.9534 keV using a Si (111) double crystal
monochromator (DCM) and the 333 reflection of a Si channel cut post monochroma-
tor. At BL47XU, the photon energy was fixed at 7.9392 keV using a Si(111) DCM
and the 444 reflection of the channel cut post monochromator. At both beamlines, the
photoelectrons were analyzed and detected by means of hemispherical analyzers (VG
Scienta, R4000). The overall energy resolution (monochromator plus analyzer) was
set to 240 meV, as verified by spectra of the Au valence band at Fermi energy (ep).
Additionally, spectra were recorded with a resolution of 150 meV. The angle between
the electron spectrometer and photon propagation is fixed at 90°. The photons are
p-polarized, i. e. the electric field vector is in the plane of incidence and always points
in the direction of the electron detector. A nearly normal emission (6 ~ 2°...5°) angle
was used for electron detection (Note that the angle is not that well defined for frac-
tured bulk samples due to surface roughness.) The measurements were performed at

sample temperatures of 300 K. The core level spectra were analyzed using the program
UNIFIT 2011 [85].



7 Quaternary Heusler Alloys

7.1 Quaternary Half-Metallic Heusler Ferromagnets for

Spintronics Applications

7.1.1 Introduction

The ToT'M (T, T’ = transition metals, M = main group element) Heusler compounds
are ternary intermetallics with a 2:1:1 stoichiometry [27, 38]. They attracted interest of
the magnetism community when F. Heusler et al. [26, 27] had shown that the compound
CusMnAl becomes ferromagnetic, even though none of its constituents is ferromagnetic
by itself. Interest in the Heusler compounds has increased since it has been established
that their properties can easily be altered by substitution of elements. Coo-based
compounds were already synthesized and investigated in the 1960s and 70s [86, 87].
Later the predicted half-metallic ferromagnets came into the center of attention [28, 29].
Today Heusler compounds are used for various applications in the research fields of
spintronics [63], thermoelectrics [88, 89], and superconductors [90]. Quaternary half-
metallic Heusler compounds are yet very rarely investigated. A multitude of compounds
of this class with interesting properties can thus be uncovered using appropriate tools
for exploration. We have used ab initio electronic structure calculations to identify
interesting half-metallic compounds for spintronics applications. In the current work
we present the results of theoretical, structural, and magnetic investigations of the
unreported half-metallic quaternary Heusler ferromagnets NiFeMnGa and NiCoMnGa.
These are actually the first Ni-based half-metallic ferromagnets reported up to now.
We have also characterized the unreported quaternary Heusler compound CuCoMnGa.
This compound is, however, of minor technological importance because the closed d

shell of copper inhibits half-metallic ferromagnetism.

7.1.2 Calculational Details

The electronic structures of the compounds were calculated by means of the full poten-
tial linearized augmented plane wave (FLAPW) method as implemented in WIEN2k
provided by Blaha, Schwartz, and coworkers [76, 77, 78]. The exchange-correlation
functional was taken within the generalized gradient approximation (GGA) in the pa-

rameterization of Perdew, Burke and Enzerhof [79]. A 25 x 25 x 25 point mesh was
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used as base for the integration in the cubic systems resulting in 455 k-points in the
irreducible wedge of the Brillouin zone. The energy convergence criterion was set to
10~° Ry and simultaneously the criterion for charge convergence to 10 3e~. The num-
ber of plane waves was restricted by Ryrkmaer = 7 (Ryr is muffin-tin radius). A
convergence test for NiFeMnGa as well as many other Heusler compounds [35] revealed
that this criterion is sufficient for systems with L2;, X, Y, or C'l, structure, due to
the closed packing of these fcc type structures. The muffin tin radii were set to 2.5 agp
(app := Bohr’s radius) for the transition metals as well as the main group elements.
Further electronic structure calculations were carried out using the full relativistic
spin polarized Korringa - Kohn - Rostocker method (SPRKKR) provided by Ebert et
al [80, 81, 82]. This program provides the coherent potential approximation (CPA) for
calculating the properties of alloy systems with random distribution of the atoms. The
SPRKKR calculations were performed using the PBE generalized gradient approxima-
tion [79]. The CPA tolerance was set to 10~* and the energy convergence criterion to
107°. f-states were included in the basis of all atoms. 832 irreducible k- points based
on a 22 x 22 x 22 mesh were used for integration. The density of states is calculated for
the double number of k-points from the Greens function by adding a small imaginary
part of 0.002 Ry to the energy. For smaller values, the band gaps may become better

visible, however, at the same time the DOS becomes much more noisy.

7.1.3 Electronic structure

Starting point for the electronic structure calculations was an optimization of the cu-
bic structure, i. e. a search of the minimum total energy as a function of the lattice
parameter and site occupation. For all three compounds, the optimization of the cubic
lattice parameter revealed the lowest energy for the structure with M on Wyckoff po-
sition 4a, 7" on 4b, T on 4c and T"” on 4d on the lattice with space group F 43m (see
Section 7.1.4). Starting for example with opposite moments at the Mn and Co sites
of CuCoMnGa, the calculations always converged into a state with parallel moments
at Co and Mn, ¢ .e. no ferrimagnetic ground state was observed for one of the three
structures. The dependence of the total energy on the crystal structure and the lattice
parameter is shown in Figure 7.1.

Furthermore, the stability of the cubic structure was checked by calculation of the
elastic constants c¢;;. The three independent elastic constants of the cubic structure (11,
c12, and cq4) were calculated by applying isotropic strain as well as volume conserving
tetragonal and rhombohedral strains to the optimized primitive cubic cell.

The results of the calculated elastic properties are summarized in Table 7.1. As
a result of a negative tetragonal shear modulus (c1; — ¢12), the elastic anisotropy of

CuCoMnGa becomes also negative. This clearly points on a structural instability of
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CuCoMnGa, whereas the Ni-containing compounds turned out to be structurally stable.
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Figure 7.1: Structure dependence of the total energy of CuCoMnGa. Shown is the
volume dependence of the total energy for the three possible different site
occupations Ya: CuCoMnGa, Yb: CoMnCuGa, and Ye¢: CuMnCoGa.

Table 7.1: Elastic constants of NiFeMnGa, NiCoMnGa, and CuCoMnGa. The opti-
mized lattice parameter agye is given in A, all values cij and the bulk mod-
ulus B are given in GPa, The elastic anisotropy A. = 2c44/(c11 — c12) is
dimensionless.

Compound Qeale €11 Cl2 cuu B A
NiFeMnGa 5.755 208 176 151 186 9.4
NiCoMnGa 5.784 186 172 119 177 17
CuCoMnGa 5.846 65 184 153 144 -2.6

Figure 7.2 shows the calculated band structure and density of states of NiFeMnGa.



46 Chapter 7. Quaternary Heusler Alloys

It is evident that the compound exhibits a half-metallic ferromagnetic band structure,
the minority channel shows a gap at the Fermi energy. NiCoMnGa was also identified
to exhibit a half-metallic ferromagnetic ground state. CuCoMnGa in contrast to these
findings has states at the Fermi energy in both spin directions and is thus a normal
metal. Figure 7.3 shows the corresponding band structure and density of states for
comparison. Table 7.2 summarizes the magnetic moments obtained from the electronic

structure calculations.
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Figure 7.2: Band structure and density of states of NiFeMnGa. (a) minority bands, (b)
density of states, (¢) majority bands. Majority and minority spin densities
are assigned by 1 and |, respectively.

Table 7.2: Calculated magnetic moments of NiFeMnGa, NiCoMnGa, and CuCoMnGa.
Note that the Mn atoms in this structure correspond to 7’ and occupy the
Wyckoff position 4b.

TT'MnGa  myot [ug] mr [ug] mpe [us]  mam (B8]

NiFeMnGa 4.01 0.47 0.79 2.84
NiCoMnGa 5.07 0.59 1.22 3.26
CuCoMnGa 4.32 0.08 0.97 3.27

For CuCoMnGa, calculations were performed assuming different types of anti-site
disorder. Besides the ordered Y-type structure, the A2 (I m3m, W-type), B2 (P m3m,
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Figure 7.3: Band structure and density of states of CuCoMnGa. (a) minority bands, (b)
density of states, (¢) majority bands. Majority and minority spin densities
are assigned by 1 and |, respectively.

CsCl-type), and a disordered L2 (F'm3m, CusMnAl-type) variation were assumed (see
also Ref. [48]). In A2, all sites are randomly occupied by one quarter of the different
atom types. For B2 it was assumed that Co and Cu are distributed on one site of
the CsCl cell and Mn and Ga on the second site. For the disordered L2; structure Cu
and Co randomly occupy the 8¢ Wyckoff position of the F'm3m lattice, while Mn and
Ga occupy the positions 4b and 4a, respectively. The KKR-CPA method was used to
account for the random site occupation. The lattice parameter was set to a = 5.846 A

in all four cases.

Figure 7.4 compares the density of states of well-ordered Y-type CuCoMnAl to the
three major disordered variations of the cubic structure: L2, B2, and A2. It is seen
that the density of states becomes smeared out with an increasing degree of disorder.
In the B2 and A2 structures, even the Heusler-typical hybridization gap (seen at about
-6.6 eV for Y and L2;), which separates the low-lying s bands from the higher-lying
p and d bands, vanished. The Fermi energy is located in a minimum of the total
density in the L2; and B2 type structures. This may stabilize or enhance these types
of disorder in the compound. The Fermi energy is also trapped in or close to a minimum
of the minority density of states. This behavior stabilizes the magnetic moments at

approximately 4 up.
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Figure 7.4: Electronic structure of disordered CuCoMnGa. Compared is the total and
spin-resolved density of states for the ordered compound (a) and 3 possi-
ble types of disorder L2; (b), B2 (¢) and A2 (d). Majority and minority
densities are assigned by up and down arrows, respectively.
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Table 7.3 compares the magnetic moments in the disordered and ordered structures
assumed for CuCoMnGa. The total spin magnetic moments stay, independent of the
structure, at approximately 4 up with respect to the fcc primitive cell with a basis
of four atoms. The magnetic moment in the Y structure using SPRKKR is slightly
smaller as in the FLAPW calculations, where the moment at the Co site was slightly
higher. This is due to the neglection of the full symmetry potential in the SPRKKR

method used here.

Table 7.3: Calculated magnetic moments of disordered CuCoMnGa. Total spin mo-
ments of A2 and B2 are given for the primitive cell of the Y structure. Site
resolved moments are given per atom.

Symmetry  muot [#B]  Mco [#B] My (18]

A2 I m3m 4.09 1.42 2.69
B2 P m3m 4.17 0.91 3.26
L2, F m3m 4.08 0.87 3.25
Y F 43m 3.98 0.7 3.28

7.1.4 Structural Characterization

Various types of ordered and disordered structures of Heusler compounds were discussed
by Bacon and Plant [48]. The L2; structure of the ternary Heusler compounds with a
2:1:1 stoichiometry is a perfect 23 CsCl superstructure. The T, atoms form a primitive
cubic sublattice and adjacent cubes of this T sublattice are filled alternating by 7"
or M atoms (see Figure 7.5(a)). The primitive cell of the L2; structure contains four
atoms that form the base of the fcc primitive cell. The result is a lattice with the
F m3m symmetry, where the Wyckoff positions 4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 8¢
(1/4,1/4, 1/4) are occupied by M, T', and T3, respectively. The simple cubic sublattice
is lost if one of the Ty atoms is replaced by a third type of transition metal T". At
the same time, the symmetry is lowered to F 43m (the center of inversion is removed
in this symmetry). In this so-called Y structure the Wyckoff positions 4a (0, 0, 0), 4b
(1/2,1/2,1/2), 4c (1/4, 1/4, 1/4), and 4d (3/4, 3/4, 3/4) are occupied by M, T', T,
and T, respectively (see Figure 7.5(c)). The prototype of this structure is LiMgPdSn.
Transforming the quaternary 1:1:1:1 compound back to a ternary by replacing 7" by T
does not change the F 43m symmetry (see Figure 7.5(b)). This transformation leads
to so-called X structure, which often appears for Heusler compounds when the ordinal
number of the 7" element is larger than the one of the T element (Z(T") > Z(T')) and
both elements are from the same period (i. e. 3d transition metals). It should be

mentioned that all three structure types are converted into a simple bee structure (A2,
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I m3m) when all four positions are filled with identical atoms. This is in particular
the case for Heusler compounds with a random occupation of all lattice sites, . e.

complete disorder.
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Figure 7.5: Different crystal structures of well-ordered Heusler compounds. In
CusMnAl compound red, gray, and green colors are representative of Cu,
Mn, and Al atoms respectively. In CuHgsTi compound red, gray, and green
colors show Hg, Ti, and Cu respectively. In LiMgPdSn blue, red, green, and
gray colors are representative of Sn, Mg, Pd, and Li atoms respectively. In
MgAgAs blue, green, and gray colors show Mg, As, and Ag atoms respec-
tively.

Figure 7.6 shows the powder diffraction data of the three compounds measured at
room temperature. The diffraction data confirm the cubic LiPdMgSn crystal structures
for all compounds. Note that the (111) and (200) fcc- superstructure reflexes are not
resolved for all compounds due to nearly equal scattering amplitudes of the constituting
elements, which are all found in the third period of the periodic table of elements. A
discussion of disorder phenomena as known from related Heusler compounds is therefore
not possible. A deeper insight into the structure is a task for the future and could be
achieved employing methods such as anomalous XRD or extended x-ray absorption
fine structure (EXAFS). Rietveld refinements of the data were performed using the
TOPAS ACADEMIC software package [91]. The lattice parameters as deduced from
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the refinements as well as the Rietveld figures of merit are shown in Table 7.4 and
compared to the calculated, structural data. The calculated bulk moduli of the Ni

compounds are in the order of 180-190 GPa whereas the Cu compound is obviously

softer with a ~ 30% lower value.
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Figure 7.6: Powder XRD of polycrystalline NiFeMnGa (a), NiCoMnGa (b), and Cu-
CoMnGa (c). The data were recorded at room temperature using Mo K,

radiation.



52 Chapter 7. Quaternary Heusler Alloys

Table 7.4: Lattice parameters, Rietveld figures of merit and goodness of fit (GoF) of
the NiFeMnGa, NiCoMnGa, and CuCoMnGa compounds.

Compound  @exp [A] Rup Rewp  RBragg GoF
NiFeMnGa 5.799 11.99% 827% 2.19% 1.45
NiCoMnGa 5.803 11.63% 8.10% 2.48% 1.44
CuCoMnGa  5.847 11.32% 8.63% 1.51% 1.31

7.1.5 Magnetic Properties

The magnetic properties of the polycrystalline samples were investigated by means
of SQUID magnetometry. The field dependent magnetic moments at low tempera-
ture (5 K) are displayed in Figure 7.7. The inset shows temperature dependent mea-
surements of the magnetizations. All compounds are soft-magnetic. The saturation
magnetic moments of the compounds are summarized in Table 7.5. The calculated
contribution of each atoms in total magnetic moment are summarized in Table 7.2.
According to the localized Slater-Pauling behavior (Equation 7.1) and the electronic
structure calculations, the magnetic moment for NiFeMnGa should amount to 4 up and
for NiCoMnGa to 5 pup. The discrepancy between these and the experimental values
is quite large. It may be attributed to structural disorder but the order of magnitude
is too high to be dedicated only to this effect. Impurities below the detection limit
of XRD (approximately 5%) may also contribute to the deviations. A ferrimagnetic
arrangement or canted spins are possible but energetically unstable for all compounds
according to the calculations. Antisite disorder may, however, lead to local ferrimag-

netic order of the Mn atoms when they are nearest neighbors.

m = (NV - 24) uB (71)

Table 7.5: Magnetic moments of the NiFeMnGa, NiCoMnGa, and CuCoMnGa alloys
at 5 K and 300 K and Curie temperatures T¢.

Compound  Megp(5 K) [B]  Merp(300 K) [up] T [K]

NiFeMnGa 3.45 1.74 326
NiCoMnGa 4.47 4.28 646
CuCoMnGa 2.32 2.14 631

As it was discussed in Section 3.3, for high valence electron concentrations (N, > 30),

the assumption of localized behavior may no longer hold. Heusler compounds with mo-
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Figure 7.7: Magnetic properties of NiFeMnGa, NiCoMnGa, and CuCoMnGa. The MH-
curves were measured at T' =5 K. The inset shows temperature dependent
measurements of the magnetic moments in order to determine T¢.

ments much larger than 6 up are rarely known. For higher valence electron concentra-
tions, an itinerant Slater-Pauling behavior is approximated where the magnetic moment
is determined by constraining the Fermi energy by the filled majority states [30, 31].

The following approximation is valid for these certain cases of Heusler compounds:

miy =~ (34 — Nv) uB (72)

This behavior is expected for d-elements with nearly filled d-shells as is the case for
Ni (or Cu) and is obtained for various Nig-based Heusler compounds [92]. Here, the
Cu-containing compound follows obviously this rule and the itinerant behavior may
arise from the CuCo sublattice. Indeed, because of the localized moment at the Mn
atoms, the behavior is not purely itinerant. The rule given by Equation (7.2) hints that
approximately 17 majority states are occupied [30, 92] corresponding to T, symmetry
with a complete filling of one a1, two e and four ¢, majority bands.

The magnetic moment of CuCoMnGa with N, = 30 should amount to 6 up when as-
suming half-metallicity and a localized Slater-Pauling behavior (Equation (7.1)), which
is in disagreement with the calculational and the experimental results. However, for an
itinerant Slater-Pauling behavior (Equation (7.2)) the expected moment is only 4 up.

The lower magnetic moment is explained by the vanishing contribution of Cu to the
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magnetic properties due to the filled d shell, which makes a localized Slater-Pauling
behavior in the form presented in Equation (7.1) impossible. Although the calculation
did not result in a half-metallic ferromagnetic state, the experimental value is also still
too small compared to the calculation for a simple, regular ferromagnet. The low mag-
netic moment may also be a result of disorder and/or undetected impurities below the
limit of powder XRD. The occurrence of disorder may be explained by the structural
instability suggested by the calculations. As for the other two compounds, antisite
disorder may lead to local ferrimagnetic order of next-neighbor Mn atoms with the
result of a lower total magnetic moment. This effect is not accounted for in the CPA

calculations.

NiFeMnGa and NiCoMnGa, however, show at least fair agreement with the Slater-
Pauling rule and thus half-metallic ferromagnetic behavior, which makes the compounds
attractive for the research area of spintronics. The high T of NiCoMnGa makes the
compound even more attractive for application. Optimizing annealing temperatures
and times could provide help to obtain a better quality of the samples with respect
to disorder and impurities. While NiCoMnGa and CuCoMnGa show a textbook fer-
romagnetic behavior, NiFeMnGa exhibits a rather sharp drop of magnetization at its
Curie temperature. This may be due to a structural transformation and remains to be

analyzed in future experiments (high-temperature XRD).

7.1.6 Summary

In conclusion, quaternary Heusler compounds were identified using a theoretical ap-
proach for preselection. As predicted by these calculations we have found the half-
metallic ferromagnets NiFeMnGa and NiCoMnGa. These are the first reported Ni-
based half-metallic ferromagnets within the huge family of Heusler compounds. Cu-
CoMnGa turned out to be a regular metallic ferromagnet due to the closed shell char-
acter of the Cu d electrons. NiFeMnGa has a Curie temperature that is too low to make
it relevant for technological applications but NiCoMnGa with a high spin polarization,
high magnetic moment, and high Curie temperature is an interesting new material for
spintronics applications. A large resource of quaternary Heusler materials is open and

to be investigated in future to find prospective materials for several applications.
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7.2 Electronic, Structural, and Magnetic Properties of the
Half-Metallic Ferromagnetic Quaternary Heusler
Compounds CoFeMnZ (Z = Al, Ga, Si, Ge)

7.2.1 Introduction

The class of quaternary Heusler materials offers an enormous variety of possibilities
for rational material design since Heusler compounds are known to exhibit tunable
magnetic and electronic properties depending on their valence-electron count. Some
quaternary Heusler compounds have recently been proposed to exhibit half-metallic
ferromagnetism [93]. A comprehensive study of four yet unreported quaternary half-
metallic ferromagnetic Heusler compounds will be presented in the following. The
compounds were identified by ab-initio electronic structure calculations. The preferred
route to predict a new quaternary half-metal has been to combine two ternary half-
metals that are already known to crystallize in the Heusler structure, such as CosFeSi or
CooMnSi [94]. Following this route, the quaternary compound CoFeMnSi was identified
to be a half-metallic ferromagnet [95]. The present work reports on the theoretical
identification and the experimental characterization of the quaternary Heusler half-
metallic ferromagnets CoFeMnZ (Z = Al, Ga, Si, Ge).

Several quaternary—or, better, pseudo-ternary—Heusler compounds have been de-
signed in order to tailor the middle of the gap exactly to the Fermi energy, as in
CoaMn;_,Fe,Si [96]. Quaternary Heusler compounds with a 1:1:1:1 stoichiometry,
however, have as yet been little explored. For symmetry reasons (7}), they are sub-
stantially different from the L2; pseudo-ternary Heusler compounds with Oy, symmetry
and2: [(1—z):x]:1or2:1:[(1—y) : y| stoichiometry. In applications, the quaternary
CoFeMnZ compounds will have advantages over the pseudo-ternary CosFe;_,Mn,7Z al-
loys. In the latter case, i.e., the alloy type, random distribution of Fe and Mn leads to
additional disorder scattering resistivity and thus to an increase in the total resistivity.
The result is that electronic devices based on “real” quaternary Heusler compounds are
expected to have lower power dissipations.

The experimental results presented in the following include a structural analysis by
powder X-ray diffraction (XRD), a characterization of the magnetic properties by a
superconducting quantum intereference device (SQUID), and an investigation of the

band structures by hard X-ray photoemission spectroscopy (HAXPES).

7.2.2 Structural properties

The classical intermetallic Heusler compounds consist of two transition or rare-earth
elements and one main group element in the stoichiometric composition XoYZ, and

crystallize in the cubic L2; structure (space group no. 225: F m3m). When one
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Table 7.6: Different site occupations for the Y-type structure. M denotes a main-group

element. Note that the exchange of the atoms between 4a and 4b or 4c and
4d positions and between the groups (4a,4b) <> (4c,4d) does not change the
structure because of the symmetry implied by the F 43m space group. In
L2y, the positions (4¢,4d) become equivalent and combine to 8c.

4a 4c 4b 4d

(0,0,0) (1/4,1/4,1/4) (1/2,1/2,1/2) (3/4,3/4,3/4)
Y Typel M Fe Mn Co
Y Type II M Mn Fe Co
Y Type III Fe M Mn Co

¢ o o
® o

> O ¢F
& &

S 2 S 2 2

Figure 7.8: Crystal structure of the quaternary Y-type Heusler compound CoFeMnSi

and related primitive cell. There are three nonequivalent supercells of
CoFeMnSi in the Y-type structure depending on the occupation of the four
different lattice sites 4a (0,0,0), 4b (1/2,1/2,1/2), 4¢ (1/4,1/4,1/4), and 4d
(3/4, 3/4, 3/4). As deduced from ternary Heusler compounds, Co and Fe
should occupy the lattice sites 4c¢ and 4d, and Mn and Si should occupy 4b
and 4a. Si atoms are gray, Mn atoms are red, Fe atoms are green, and Co
atoms are blue. The ratios of atomic radii correspond to the factual values
of the atoms.
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of the two X atoms is substituted by a different transition metal X’, a quaternary
compound with the composition XX’YZ and F'43m symmetry (space group no. 216) is
generated. The prototype of this Y-type structure of quaternary Heusler compounds is
LiMgPdSn [46, 47]. Three possible nonequivalent superstructures based on the different
positions of the four atoms exist for this structure type [48] (see Table 7.6). As shown
in Figure 7.8 the LiMgPdSn-type structure exhibits a primitive fcc cell with a basis
containing four atoms on the Wyckoff positions 4a to 4d, which form a larger cubic
cell. The three nonequivalent primitive or cubic cells are explained in Table 7.6 for the
example of CoFeMnSi, as depicted in Figure 7.8. It is known from the corresponding
regular Heusler compounds CoaMnZ or also archetype CugMnAl [27] that the Mn atoms
and the main group elements are typically located on the octahedrally coordinated
a and b Wyckoff positions, identical to the situation in Type I in Table 7.6. This
configuration determines highly localized magnetic moments at the Mn atoms, which

dictate the magnetic order in Heusler compounds [97].
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Figure 7.9: Powder XRD and Rietveld refinements of CoFeMnZ (Z = Si (a), Al (b), Ga
(c), and Ge (d)). The measurements were carried out at room temperature

using Mo K, radiation.

The XRD patterns of the compounds, measured at room temperature, are shown in
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Figure 7.9. Rietveld refinements of the data were performed using the TOPAS ACA-
DEMIC software package [91]. Details of the refinements are shown in Table 7.7. In
the patterns of CoFeMnGa and CoFeMnGe, the (111) and (200) fec superstructure
reflexes are very small or completely absent. This is the result of the nearly equal
scattering amplitudes of all constituent elements (3d and 4p); this impedes a detailed
order-disorder analysis by Mo K, XRD. It is impossible to distinguish among Type I,
I, or III (see Table 7.6) for all compounds because only 3d elements are involved. For
the Rietveld refinements, Type I was assumed, based on the experiences from regular
X5YZ Heusler compounds and the results of the ab-initio electronic structure calcu-
lations (see Section 7.2.3). However, an analysis of order was possible for the Al and
Si atoms. In the pattern of CoFeMnAl the (200) reflex is clearly visible, but (111) is
not visible at all. This indicates disorder among the Mn and Al atoms when Type I
is assumed. Including this type of structural disorder in the refinement provided an
improved weighted-profile R-factor R, of 10.90% as compared to 12.62% for an as-
sumed ordered Y-type structure. It has been known for several years that Al-containing
Heusler compounds are very susceptible to this type of disorder [98]. Similarly, but to
a smaller extent of disorder (~ 15% among Mn and Si), the Rietveld refinement of
CoFeMnSi was improved (R, =8.38%, Y-type: 8.50%).

Table 7.7: Lattice parameters and weighted-profile R-factors R,, of CoFeMnZ com-
pounds. The lattice parameters ey, and acalc are given in A. aeqe is taken
from a structural optimization (see Section 7.2.3). The R-factors R, of
CoFeMnAl and CoFeMnSi were determined employing disordered structural
models, as described in the text.

Z Gexp Gealc pr
[A] (Al [%]
Al 5.7858 5.6916 10.90
Si  5.6545 5.6103 8.38
Ga 5.8107 5.7075 10.52
Ge 5.7629 5.7099 10.70

7.2.3 Electronic structure calculations

Ab-initio electronic structure calculations were performed using WIEN2k [76, 77, 78]
and the generalized gradient approximation (GGA) [79]. The number of plane-waves
was restricted by Ryrkmaz = 9. All self-consistent calculations were performed with
256 k-points in the irreducible wedge of the Brillouin zone, based on a mesh of 203

k-points. The density of states was calculated on a mesh of 25 k-points. The conver-
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gence criteria were set to 10~° Ry for energy and simultaneously to 10~3 e~ for charges.
It was checked that the energies were converged with respect to the number of k-points
and the number of plane-waves. Further details are given in [35, 93]. The lattice pa-
rameters were optimized as a starting point for the calculation of the band structures,
densities of states, and magnetic moments. The magnetic state was checked by use of
different settings of the initial magnetization: ferromagnetic (all initial spins parallel)
or ferrimagnetic (initial spins partially anti-parallel). The results of the structural opti-
mization are summarized in Table 7.8. In the case of the Type III atomic arrangements
two different magnetic ground states were found. The additional results (marked by
“*7) exhibit higher energies compared to the other magnetic and site configurations.
For the Type I and II atomic arrangements, only one magnetic ground-state was found,

independent of the initial settings of the magnetization.

Table 7.8: Results of the structure optimization. The structure types are explained in
Table 7.6. For the “*’-types different settings of the initial magnetization

were used.
Byt [RY] Qopt [A] Mot [NB] mco [MB] MFe [;UB] MMn [MB]

CoFeMnAl

Type 1 -8135.60220 5.692 3.00 0.81 -0.13 2.44
Type 11 -8135.57782 5.775 5.03 1.20 2.22 1.76
Type 111 -8135.56980 5.793 6.41 1.80 2.11 2.66
Type IIT* -8135.54059 5.772 0.68 1.21 2.03 -2.46
CoFeMnSi

Type 1 -8230.06630 5.611 4.00 0.89 0.52 2.70
Type 11 -8230.04494 5.613 3.98 0.95 2.52 0.58
Type 111 -8230.01337 5.649 5.33 1.81 1.66 1.98
Type III* -8230.00433 5.588 0.45 0.47 1.58 -1.51
CoFeMnGa

Type 1 -11538.16710  5.717 3.05 0.77 -0.25 2.60
Type 11 -11538.15619  5.792 5.98 1.26 2.45 2.42
Type II1 -11538.14772 5.832 6.84 1.79 2.28 2.87
Type IIT* -11538.12254 5.810 0.35 1.22 2.11 -2.88
CoFeMnGe

Type I -11848.12662 5.713 4.01 0.86 0.51 2.71
Type 11 -11848.10152  5.726 4.25 0.99 2.54 0.81
Type II1 -11848.07647 5.780 6.03 1.75 1.94 2.45
Type IIT* -11848.06634  5.756 0.18 -0.48 -1.81 2.39

All structural optimizations showed that the Type I structures with Co(4d)Fe(4c)-
Mn(4b)Z(4a) exhibit the lowest energy, as reported in detail for CoFeMnSi [95] (the
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small differences in the results are caused by the larger number of plane-waves used in
the present work). The total energy of the Type I structure is on average ~ 270 meV
lower than that of the Type II structure. The optimized lattice parameters are com-
pared with the experimental values in Table 7.7. GGA usually tends to slightly larger
lattice parameters. It is obvious that all calculated values are =~ 1% below the experi-
mental values. This may be attributed to a temperature effect (measurement at 300 K),
to disorder, and/or other structural defects. In the following, Type I structures with
optimized lattice parameters were used for the calculations of the electronic structures
and magnetic properties of the compounds.

The stability of the cubic structure was checked by calculation of the elastic constants
¢ij- The elastic constants were calculated by applying isotropic strain as well as volume-
conserving tetragonal and rhombohedral strains to the optimized cubic primitive cell.
There are only three independent components for cubic symmetry: c11 = co9 = cs3,
C12 = C13 = C93, and c4q = ¢55 = cgg- The bulk modulus of cubic systems is derived
from B = (c11 + 2c12)/3. The elastic stability criteria of the cubic structure are found
from the elastic constants [83]. For stability of the cubic structure, the bulk modulus,
the c44 shear modulus, and the tetragonal shear modulus must be positive, resulting in
the following conditions: ¢11 + 2¢12 > 0, cqq > 0, and ¢11 — ¢19 > 0.

The elastic anisotropy A = 2¢44/(c11 — ¢12) compares the shear moduli and allows a
decision about the structural stability. Young’s modulus becomes isotropic for A, = 1.
Materials with large A. ratios show a tendency to deviate from the cubic structure.
The results of the calculated elastic properties are summarized in Table 7.9. The results
are for the Birch—-Murnaghan equation of state (EOS). They are within ~ +0.4 GPa
compared to EOS2 [99] or Murnaghan, and no differences in the optimized lattice pa-
rameters are observed within 10~* A for different EOSs. All fits to determine the
optimized lattice parameters were performed with nine volume changes between -8%
and +8% approximately around the relaxed volume. For elastic properties, seven de-

formations within £4% about the equilibrium structure were used.

Table 7.9: Elastic constants of CoFeMnZ compounds (Z = Al, Si, Ga, Ge). A is
dimensionless.

Z cn [GPa] ci2 [GPa] ¢4 [GPa] B [GPa] A

Al 209 183 156 192 12.1
Si 302 197 177 232 6.3
Ga 245 198 147 214 3.4
Ge 315 190 132 231 2.1

CoFeMnAl exhibits the lowest bulk modulus, and the highest values are observed
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for CoFeMnSi and CoFeMnGe. With respect to both A. and the elastic stability
criteria, the compounds are stable in the cubic Y-type crystal structure. The observed
structural instability of CoFeMnAl, with a tendency to disorder [100], may be related
to the comparatively high elastic anisotropy. The Cauchy pressure (pc = c12 — c44) i8
positive for all four compounds.

Figures 7.10-7.13 show the calculated electronic structures of the CoFeMnZ (Z = Al,
Si, Ga, Ge) compounds. The compounds exhibit electronic structures typical of fully
spin-polarized half-metallic ferromagnetic Heusler compounds with a band gap in the

minority channel.
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Figure 7.10: Band structure and density of states of CoFeMnAl. (a) minority bands, (b)
density of states, (c) majority bands. Majority and minority spin densities
are denoted by 1 and [, respectively. The irreducible representations of
the bands are given for the I' point.

All compounds exhibit a typical Heusler-compound hybridization gap between the
low-lying s bands and the remaining, high-lying part of the valence bands, which mainly
contain p and d states. The sizes of the sp gap of the compounds differ but do not
depend much on the spin character of the bands because of the small exchange splitting
of the s states. The hybridization gaps between W and L are indirect, and their sizes
are 40 meV, 1 eV, 1.7 eV, and 2.6 eV for Z = Al, Ga, Si, and Ge, respectively. The
widths of the low-lying s-bands are 3.5 eV, 2.5 eV, 3 eV, and 2.5 eV for Al, Si, Ga,

and Ge, respectively. This is related to the different lattice parameters and thus to the
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Figure 7.11: Same as Figure 7.10 but for CoFeMnSi.
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Figure 7.12: Same as Figure 7.10 but for CoFeMnGa.
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Figure 7.13: Same as Figure 7.10 but for CoFeMnGe.

differences in the overlaps of the wave functions. The small sp gap in CoFeMnAl points
to weak hybridization and indicates structural instability; this may be the reason for

anti-site disorder.

The most important feature of the electronic structure is the band gap in the minor-
ity channel, turning the compounds to half-metallic ferromagnets. This band gap in
the minority states arises from a particular band filling by 12 valence electrons. This
is caused by successive filling of the minority bands a; by one s electron, to by three p
electrons, e and to by a total of five d electrons, followed by subsequent complete filling
of an additional t3 band by three d electrons (see the assignment of the irreducible
representations of the bands at I' in Figures 7.10 and 7.11 for the example of the com-
pounds based on Al and Si, respectively). It should be noted that the representations
for the Ty group used here for the quaternary compounds with a 1:1:1:1 composition
are considerably different from quaternary (pseudo- ternary) or ternary Heusler com-
pounds with Oy symmetry and a 2:1:1 composition described in [101]. At 24 valence
electrons, a quasi-closed shell character is reached, accounting for both spin channels
with 12 minority and 12 majority electrons. Additional valence electrons (here three
for Al, Ga, or four for Si, Ge) fill majority bands only, and the exchange interaction
concurrently splits the minority and majority bands. According to the Slater—Pauling
rule [32, 33|, ep is pinned directly above the occupied minority states. In the minor-
ity channel of CoFeMnGa, 0.02 electrons are found above er at the optimized lattice

parameter, calculated for T = 0 K. A slight change in the lattice parameter will push
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this band at the I' point away from ep. It is interesting to note that these states will
be depleted at elevated temperatures as a result of the Fermi—Dirac distribution; this

increases the spin polarization with temperature.

7.2.4 Magnetic Properties

The magnetic properties of the polycrystalline samples were investigated using a SQUID
magnetometer. The field-dependent magnetization at 5 K is shown in Figure 7.14. The
corresponding magnetic moments in saturation are given in Table 7.10. Although the
magnetic moment of CoFeMnSi is in reasonable accordance with the Slater—Pauling
rule [6, 30, 31], the other compounds exhibit higher magnetic moments than expected.
These results indicate the existence of disorder and/or magnetic impurities. As is
known from the structural characterizations, disorder was identified in CoFeMnAl and
CoFeMnSi, and cannot be excluded for CoFeMnGa and CoFeMnGe. Magnetic impu-
rities were not identified in either of the diffraction patterns but may be below the
detection limit of XRD, i.e., an impurity content of ~ 5%. EDX shows no phase sepa-
ration on a length scale of 1 ym [102]. The Curie temperatures T of the compounds
were determined by temperature-dependent magnetization measurements as shown in
the inset of Figure 7.14 and Table 7.10. Evidently, all compounds exhibit high T

facilitating technological application.

4-r T=5K
_. 3 —— CoFeMnAl
4 | —o— CoFeMnSi
€ 2+ —o— CoFeMnGa
T 1L CoFeMnGe / i
= |
£ 25
o 2.0f i
E 1.5%%%
= 1.0} ] 7
= of ]
Y 0.0t =
= 400 600 800 T
Temperature 7 [K] -
-4 -3 -2 -1 0 1 2 3 4

Magnetic field strength A [MAm™]

Figure 7.14: Magnetic properties of CoFeMnZ (Z = Al, Si, Ga, and Ge). The field-
dependent measurements were performed at T' = 5 K. The inset shows
temperature-dependent magnetic moments in the high-temperature range
of the Curie temperature.
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The calculated values mecae of the total magnetic moments are all integers, as is
typical for half-metallic ferromagnets with a band gap in the minority states at ep.
According to the Slater—Pauling rule, the magnetic moments adopt values of 3 up for
Z = Al and Ga, and 4 up for Z = Si and Ge. From the calculations of the site-specific
moments, it is evident that the magnetic properties are mainly determined by the Mn
atoms, which contribute the highest magnetic moments, of approximately 2.5 pp. The
magnetic moment at the Co sites is also stable against variations of the Z element and
the number of valence electrons. It exhibits a value of approximately 0.8 pp. Most
interestingly, the moment at the Fe site shows the strongest variation and even exhibits
a change of sign when comparing compounds with 27 and 28 valence electrons. In
CoFeMnAl and CoFeMnGa, it is oriented anti-parallel to the Mn and Co atoms. This
may be interpreted as a ferrimagnetic order. The nearest neighbors of Mn are Co and
Fe atoms. It can therefore be supposed that the magnetic moments at the Fe atoms are
induced by the neighboring Mn spins. In other words, the stability of the Co and Mn
moments, together with the Slater—Pauling rule, dictates whether the moment at the
Fe sites is aligned anti-parallel or parallel to Mn. This obvious dependence of the Fe
moments also explains the soft-magnetic behavior of the compounds, even for seemingly
ferrimagnetic types of order. A detailed investigation of the local magnetic moments of
these compounds has recently been carried out using X-ray magnetic circular dichroism
and supports the findings shown here [102].

The measured magnetic moments at 5 K are increased by 0.1 up for the Al and
Si compounds, and by 0.2 up for the Ga and Ge compounds, compared to the calcu-
lated values. Evidently, the magnetic order is conserved at room temperature, and the

temperature dependences of the magnetic moments for all compounds are very similar.

Table 7.10: Magnetic moments and T¢ of CoFeMnZ compounds.

Z  mexp(5K) (] mexp(300 K) [uB]  mcale (] Tc [K]

Al 3.14 2.65 3.0 553
Si 4.05 3.70 4.0 711
Ga 3.21 2.78 3.0 567
Ge 4.21 3.81 4.0 623

7.2.5 Hard X-ray Photoelectron Spectroscopy.

The compounds with Z = Si and Ge were investigated using photoelectron spectroscopy.
The measurements were carried out at different excitation energies in order to investi-

gate the influence of varying cross sections.
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7.2.5.1 Core Level Spectroscopy

Figure 7.15 shows the HAXPES spectra of CoFeMnSi and CoFeMnGe in the energy
range of the semi-core level (note the low intensity of the valence band at energies from
-12 eV to 0 compared to the intense Ge 3s or Si 2s lines). The spin—orbit splitting of
the 3p states is resolved clearly for Ge, but not for the transition metals (Co, Fe, Mn),

despite the small differences in nuclear charges.
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Figure 7.15: Spectra of the shallow core states of CoFeMnZ (Z = Si, Ge). The excitation
energy was hv = 7.9380 keV. The spectra are normalized to the maxima
for easier comparison; (b) shows an enlarged view of the Mn 3s states.

Besides the spin-orbit splitting of the p states, the spectra shown in Figure 7.15 ex-
hibit several satellites, which have different origins. The appearance of metallic satel-
lites (for example, plasmons) or multiplet splittings resulting from exchange interaction
is typical. The spin—orbit (Agp) and exchange (Agpx¢) splittings were determined for
selected core and semi-core levels. Selected results for Agp are summarized in Ta-
ble 7.11. The most interesting finding is that the Mn 3s states of the compounds
exhibit well-distinguished exchange splittings of A]SEiXC = 4.3 eV and A%‘%C =4.6 eV
(see Figure 7.15(b)); these splittings are quite independent of the main-group element
or the total magnetic moment. The intensity ratio between the main 3s line and the
exchange-split satellite appears to be independent of the photon energy; it amounts to
1.37 £ 0.01. The Coulomb interaction of the Mn 3s core hole and the Mn 3d valence
electrons leads to a splitting of the photoionized state into sublevels [101, 103] caused
by the existence of more than one possible final ionic state during ejection of electrons,
even from a closed s shell. A difference in the splitting would point to differences in

the localization of the Mn 3d valence electrons in CoFeMnSi and CoFeMnGe. The
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observed similarity of the compounds shows that the Mn atoms behave identically and
independently of the main-group element, even though the compounds differ in their
total magnetic moments.

Figure 7.16 displays the results of the core-level photoemissions from the transition-
metal 2p states of CoFeMnSi and CoFeMnGe excited by hard X-rays of energy ap-
proximately 6 keV. The typical spin-orbit splitting of the states into 2p; /o and 2p3/,
sublevels is clearly detected (2p1/2 in -793.21 eV, -719.61 eV, -649.94 €V and 2p3/; in
-778.21 €V, -706.71 €V and -638.44 ¢V for Co, Fe and Mn, respectively).
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Figure 7.16: Co, Fe, and Mn 2p core levels of CoFeMnZ (Z = Si, Ge). The most
important satellites (see text) are marked by arrows. The photon energy
was hv = 5.9534 keV.

The details of the spin orbit splitting of the transition metal 2p core levels are
summarized in Table 7.11 together with selected intensity ratios. The intensity ra-
tio R(2p3/2) = Ico/Ire/Inn of the 2p3/y core states is independent of the compound
and points on the correct stoichiometry of the samples. The statistical branching ratio
BR = 1(2p3/2)/1(2p12) is expected to be 4:2 from the (2j+1) multiplicity of the states.
In nearly all cases, the observed branching ratios are larger than the statistical value
of 2. At the higher photon energy of approximately 8 keV, they are lower than those
measured at the excitation energy of approximately 6 keV. This is because of the energy

dependence of the differential cross sections o0,;; and angular asymmetry parameters
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Bni; [104]. For the present experimental setup and linearly p-polarized photons, the

energy dependence of the branching ratio for the 2p states is given by:

O2ps,2 (E)(l + 52103/2 (E))
O2p1/s (E)(l + 521)1/2 (E)) ‘

This ratio only accounts for the spin—orbit-split components and does not include

BR(E) =

(7.3)

multiplet effects. The changes in the branching ratios with excitation energy, however,
reflect the energy dependence of both the differential cross-section and the angular
asymmetry parameter.

The observed spin—orbit splitting itself is independent of the excitation energy, as
expected. The calculated spin—orbit splittings are 14.8 eV, 12.5 eV, and 10.4 eV for
Co, Fe, and Mn, respectively. These values are within 10 meV, independent of the main-
group element in the CoFeMnZ compounds. The observed and calculated values for Co
and Fe are in good agreement within the resolution of the experiment. A considerable
deviation is found for the Mn 2p states (=~ 1.5 V). The reason is the observed multiplet
splitting (see below), which was not accounted for in the calculations. The interaction
between the core hole and the valence electrons in the photoexcited state causes an

additional increase in the splitting on top of the ground-state spin—orbit interaction.

Table 7.11: Experimentally determined spin-orbit splitting Ago and intensity ratios
in the core-level spectra of CoFeMnSi and CoFeMnGe. R(2p3;) =
Ico/Ipe/ Inm is the intensity ratio of the 2ps , core states. BR is the branch-
ing ratio of the 2p states. All core level energies are given in eV. The exact
excitation energies hv = 5.9534 keV and 7.9380 keV are assigned by 6 and
8, respectively.

Z hv Co2p Mn 2p Fe 2p
Aso BR Aso BR Aso BR R(2ps)

Si 6 1490 230 11.96 3.0 13.00 3.15 0.70: 0.76 : 0.75
8 1.83 291 2.76

Ge 6 15.00 242 11.80 3.49 13.00 3.29 0.71:0.77: 0.75
8 2.03 3.25 3.01

A pronounced, further splitting of the Fe 2p states is not observed. The absence of
multiplet effects in the Fe 2p states points to the “weak” role of the Fe atoms in the
magnetic properties of the compounds, as discussed above. In both compounds, the
Co 2p3/, state exhibits a broad satellite at approximately 4 eV below the maximum
(marked by an arrow in Figure 7.16(a)). This satellite is also seen in the Co 2p; /5 state.
The Co 2p satellite may be the result of an intra-atomic shake-up transition from states

directly below ep into the onset of the unoccupied s-bands at approximately 4-5 eV
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above er. An influence of the interaction between the core hole with the partially filled
d-bands cannot, however, be excluded. A similar transition is also observed in X-ray
absorption spectroscopy and is assigned to effects of the fec structure [102, 105].

The Mn 2p3 5 state exhibits a typical multiplet structure with a pronounced splitting
of approximately 1 eV (see the arrow in Figure 7.16(c)). This splitting is not seen in
the Mn 2p, 5 state but leads only to a considerable broadening of the line. Additional
weaker satellites show up as broadenings at approximately 4 eV and 7 eV below the
Mn 2p3/; and 2p;/, states, respectively. The multiplet splitting of the Mn 2p states
arises from the interaction of the core hole with the partially filled d-bands, which are
strongly localized [106, 107]. Similar to the splitting of the Mn 3s state, the Coulomb
interactions of the Mn 2p core holes and the Mn 3d valence electrons lead to splitting
caused by the existence of several possible final ionic states [101, 103]. The splittings
and intensity ratios observed in the spectra of the Mn states of CoFeMnGe or CoFeMnSi
are very close to those of CoaMnGe. In Ref. [101], the multiplet splittings of the Mn
3s and 2p states were analyzed in detail and it was shown, by comparing experimental
data with calculations, that the Mn state cannot be identified as being definitely ionic
Mn3*+ or Mn?*, but is in between. This means that one has either a mixture of d* and
d® or, more realistically for a metallic solid, a formal d** configuration with respect to

the incomplete localization of the d electrons at the Mn site.

7.2.5.2 Valence band spectroscopy

Figure 7.17 compares the valence-band spectra of CoFeMnSi and CoFeMnGe excited
by hard X-rays of photon energy of approximately 8 keV. Both compounds exhibit the
hybridization gap expected from the electronic structure calculations at approximately
8 eV below er. The low-lying s states with a; character at I" exhibit maxima at -9.9 eV
and -10.5 eV for CoFeMnSi and CoFeMnGe, respectively. The energies of the maxima
correspond to the centre of the low-lying a; bands rather than to the maxima in the
calculated densities of states at -8.9 eV and -9.6 eV (see Figures 7.11 and 7.13). As a
result of the different cross-sections for the Si 3s and Ge 4s states at the same photon
or kinetic energy, the intensity is considerably lower in CoFeMnSi than in CoFeMnGe.
At the same time, the maxima at approximately -6 eV are lower in CoFeMnGe than in
CoFeMnSi.

The energy range of the d bands in CoFeMnSi contains three major maxima at ap-
proximately -1.55 eV, -2.95 eV, and -4.4 eV. A comparison with the calculated densities
of states reveals that they arise from localized d states, either at Fe or Mn, which are
responsible for the localized magnetic moments in Heusler compounds. The Co d states
appear to be rather delocalized. Only two major maxima related to d states are re-

solved for CoFeMnGe at -1.3 eV and -4.1 eV. The maximum at -4.1 eV arises mainly
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Figure 7.17: HAXPES valence band spectra of CoFeMnSi and CoFeMnGe. The excita-
tion energy was set to hv = 7.9380 keV. For easier comparison the spectra
are normalized to their maxima.

from to majority states localized at the Mn atoms. The states at about -1.55 eV or
-1.3 eV are in both compounds localized to a greater extent at Fe than at Mn. Overall,
the valence-band spectra of both compounds show good agreement with the calculated
densities of states using GGA. This shows that the localizations of the Fe and Mn d
states are rather insensitive to the type of order or disorder. It should also be noted
that no pronounced effects of electron—electron correlations are observed. Figure 7.18
compares the valence-band spectra of CoFeMnGe excited by hard X-rays of different
energies. With increasing photon energy, the cross-section of the s states decreases
more slowly compared to the d states. The intensity in the energy range of the d bands
is, at the lower photon-energy, increased compared to the range of the s bands. Both
the intensity arising from the Mn t5 majority states at approximately -4.1 eV and that
arising from the d states at -1.3 eV become more pronounced at the lower excitation

energy.

7.2.6 Summary

In summary, the quaternary intermetallic Heusler compounds CoFeMnZ (Z = Al, Ga,
Si, Ge) were identified as potential half-metallic ferromagnets with high T by ab-initio
electronic structure calculations. The compounds were then synthesized, the electronic
and structural properties were analyzed at 300 K, and the magnetic properties were

analyzed at 5 K. All the compounds exhibit cubic Heusler structures. A certain amount
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Figure 7.18: Valence band spectra of CoFeMnGe taken at different excitation energies.

of disorder was found in the XRD patterns of CoFeMnAl and CoFeMnSi, and cannot
be excluded for CoFeMnGa and CoFeMnGe, as a result of the similar scattering am-
plitudes of the corresponding elements. A detailed study of order—disorder is required
to clarify the complex crystallographic situation with four equivalent fcc sublattices.
Anomalous XRD and extended X-ray absorption fine structure (EXAFS) studies will
help to clarify this. It was, however, shown for related and recently reported quater-
nary half-metallic ferromagnetic Heusler compounds that disorder does not influence
the electronic structures to an extent that destroys the half-metallicity [93] of the com-

pounds.

Bulk sensitive hard X-ray photoelectron spectroscopy revealed the correct composi-
tions of CoFeMnSi and CoFeMnGe. The multiplet splitting of the Mn 3s and 2p states
suggests incomplete localization, i.e., a metallic character of the d electrons in the
compounds. The absence of multiplet effects in the Fe 2p states points to a weak role
for Fe in the magnetic properties of the compounds, in agreement with the electronic
structure calculations. Observed changes in the spectra (for valence bands) on the one
hand and similarities (for core levels) when changing the excitation energy on the other
hand are exclusively the result of differences in the cross-sections. This rules out surface
influences for kinetic energies of 5 keV and above. The energy dependences of cross-
sections and angular asymmetry parameters are revealed in the energy dependence of

the 2p branching ratios of all three transition-metal elements.

The magnetic moments of the compounds are in fair agreement with the Slater—

Pauling rule, indicating the half-metallicity and high spin-polarization required for
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spintronics applications. The results are also in accordance with the electronic structure
calculations and the results of X-ray magnetic circular dichroism [102]. The Mn atoms
carry the highest local magnetic moments and, together with the Co atoms and the
Slater—Pauling rule, dictate the orientation of the Fe moments. The Curie temperatures
of all compounds are higher than 550 K, allowing use at room temperature and above.
The many possible combinations in designing quaternary 1:1:1:1 Heusler compounds
give enormous potential for many applications such as in spintronics or thermoelectrics

and other areas of research, and clearly deserve further exploration in the future.

7.3 Quaternary Heusler Compounds Co; ,Rh,MnZ (Z= Ga,

Sn, Sb): Electronic, Structural, and Magnetic Properties

7.3.1 Introduction

Half-metallic ferromagnetism (HMF') was initially predicted for the Heusler compounds
NiMnSb by de Groot et al. [28] and CoeMnSn by Kiibler et al. [29] in 1983. It was
brought to the center of scientific research by the recent development in electronics
based on the combination of magnetic and semiconducting materials (so-called magne-
toelectronics or spintronics). In these magnetic metals, the electrons are semiconducting
in one spin channel while the other spin channel exhibits a metallic electronic struc-
ture. Several Heusler compounds were predicted to exhibit half-metallicity and are due
to their high Curie temperatures (T¢) attractive candidates for spintronics applica-
tions [40, 63, 108]. Recently a tunable effect of the spin-orbit interaction becomes more
and more important for new spintronic applications making use of the spin Seebeck
or spin Hall effects [109, 110, 111]. Heusler compounds offer the opportunity of easily
tunable electronic and magnetic properties, depending on their valence electron con-
centration. Heusler compounds containing elements with large spin-orbit interaction
and high spin polarization are therefore highly prospective candidates for the desired
effects. Introducing Rh or Ir into the Cos-based HMF compounds may consequently
allow the combination of both large spin-orbit interaction and high spin polarization.

In quaternary Heusler materials, the large number of possible combinations of atoms
opens a wide range of possibilities for material design, in particular due to the pre-
dictability and tunability of their electronic and magnetic properties. It was reported
very recently that several quaternary Heusler compounds exhibit the required proper-
ties for implementation in spintronic devices [93, 112]. The compounds investigated in
those studies contained 3d elements exclusively on the X, X’, and Y positions.

In this section a theoretical and experimental study on the so far not reported qua-
ternary Heusler compounds CoRhMnZ (Z= Ga, Sn, Sb) is presented. Compared to

the convenient CooMnZ Heusler compounds [113, 114], one Co atom was substituted
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by Rh. The differences between Co and Rh are the atomic radii and the magnetism, i.
e. the atomic size of Rh is larger, it does not carry a considerable magnetic moment,
and it exhibits an increased spin-orbit interaction. It is furthermore known that several
Rhsy-based compounds crystallize in a tetragonally distorted variation of the Heusler
structure [115]. Several tetragonal Heusler compounds exhibit electronic and magnetic
properties highly prospective for spin-transfer torque applications [50, 51].

The CoRhMnZ compounds were synthesized and investigated experimentally in de-
tail using powder X-ray diffraction (XRD) and SQUID magnetometry. Electronic struc-
ture calculations by ab initio methods were used to verify the assumed half-metallic

ferromagnetic band structures of the compounds.

7.3.2 Electronic Structure

The electronic structures of the compounds were calculated as described in chapter 3.
For all three compounds the optimization of the cubic lattice parameter revealed the
lowest energy for the structure with Z on Wyckoff position 4a, Mn on 4b, Rh on 4c and
Co on 4d in the lattice with space group F 43m. Furthermore we checked the stability
of the cubic structure by calculation of the elastic constants ¢;;. The three independent
elastic constants of the cubic structure (c11, ¢12, and c44) were calculated by applying
isotropic strain as well as volume conserving tetragonal and rhombohedral strains to
the optimized primitive cubic cell.

The results of the calculated elastic properties are summarized in Table 7.12. The
bulk modulus decreases with increasing Z of the main group element, i. e. the com-
pounds become slightly softer. The elastic stability criteria for the cubic structure are
found from the elastic constants (c;;) [83]. The necessary conditions are: ci1+2¢12 > 0,
cqq > 0, c11 — c12 > 0 that is, the bulk, c44- shear, and tetragonal shear moduli are all
positive. From both, the elastic stability criteria as well as A., the CoRhMnZ com-
pounds are stable in the cubic Y-type crystal structure, whereas CoRhFeGa exhibits a
tetragonal instability as is seen from the negative value of A., i. e. the compound is
not stable against tetragonal strain (it was verified experimentally that a single phase
compound CoRhFeGa does not form, see Section 7.3.3).

The calculated band structure and density of states of CoRhMnGa, CoRhMnSn, and
CoRhMnSb are shown in Figures 7.19, 7.20, and 7.21, respectively. It is evident that
all compounds exhibit gaps at the Fermi energy in the minority spin channels and that

all electronic structures are close to HMF.

7.3.3 X-ray Diffraction

The LiMgPdSn-type structure exhibits a primitive fcc cell with a basis containing four
atoms on the Wyckoff positions 4a (0,0,0), 4b (1/2,1/2,1/2), 4c (1/4,1/4,1/4), and
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Table 7.12: Structural properties of Cos_,Rh,MnZ (Z= Ga, Sn, Sb). Compared are
the structure types as well as measured and calculated lattice parameters.
The calculated elastic properties for the Y-type structure bulk modulus

1 .. s : _ 2¢c44 . .
B, elastic constants c;j, and elastic anisotropy A, = oo are given in
addition for the pure compounds.
Compound structure type dexp [A] @cale [A] Rup (%] B [GPa] c11 [GPa] cio [GPa] cu4 [GPa] A,
CoRhMnGa L2, 5976 5910  10.55 196 300 135 146 1.8
CoRhMnSn Y 6.149 6164 1281 177 369 88 173 25
CoRhMnSh X 6.048 6203  16.42 151 296 89 217 4.2
Cog.5Rhy sMnSb DO3 6.152 6258  20.14 - - - - -
CoRhFeGa - - 5.908 - 189 186 189 73 -97
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Figure 7.19: Band structure and density of states of CoRhMnGa. (a) minority bands,
(b) density of states, (c) majority bands. Majority and minority spin
densities are assigned by 1 and |, respectively.
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Figure 7.21: Same as Figures 7.19 but for CoRhMnSb.
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4d (3/4,3/4,3/4). Three possible nonequivalent superstructures based on the different
positions of the four atoms exist for this structure type [48] (see Table 7.13). Note that
the exchange of the atoms between 4a and 4b or 4c and 4d positions and between the
groups (4a, 4b) and (4c, 4d) does not change the structure due to the symmetry implied
by the F 43m space group. The comparsion between the structure of quaternary and

ternary Hesler compounds and corresponding primitive unit cells is shown in figure 7.22.

Figure 7.22: Crystal structures of the regular Heusler compound CusMnAl (a) and
quaternary compound LiMgPdSn (b). The corresponding primitive unit
cells give insight into the different fcc sublattices.

Table 7.13: Different site occupation for the Y-type structure compared to L2;. Z
assigns the main group element. Note that the exchange of the atoms
between 4a and 4b or 4c and 4d positions and between the groups (4a, 4b)
(4c,4d) does not change the structure due to the symmetry implied by the
F 43m space group. In L2; the positions (4c, 4d) become equivalent and
combine to 8c.

4a 4c 4b 4d

(0,0,0) (1/4,1/4,1/4) (1/2,1/2,1/2) (3/4,3/4,3/4)
Y Typel A Rh Mn Co
Y Type 11 Z Mn Rh Co
Y Type 111 Rh Z Mn Co
L2y Z Co Mn Co

The room temperature XRD patterns of the compounds are shown in Figure 7.23.

On a first glance it is evident that all compounds exhibit cubic crystal structures. The
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compound CoRhFeGa was also predicted to be a candidate for HMF and was therefore
also synthesized and investigated. For this material, however, a mixture of two cubic
phases was observed. These are most probably addressed to CosFeGa and RhoFeGa.
This finding demonstrates that the Co-Rh substitution cannot be generalized to all

parent ternary CooY Z compounds.
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Figure 7.23: Powder XRD of polycrystalline Cos_,Rh,MnZ (Z= Ga, Sn, Sb). The
measurements were carried out at room temperature using Mo K, ra-
diation for CoRhMnZ (Z= Ga, Sn) and Cu K, for Co,Rhs_,MnSb

(z =1,1.5).

Rietveld refinements of the data were performed using the TOPAS ACADEMIC
software package [91]. The lattice parameters deduced from the refinements as well as
the weighted-profile R-factors R,,, are summarized in Table 7.12 and compared to the
calculated structural data. For the Heusler compounds a well-ordered crystal structure
is desired in order to conserve the HMF electronic structure because anti-site disorder
can reduce the spin polarization. Perfectly ordered regular Heusler compounds such
as CooMnZ crystallize in the regular L2; structure. In this structure, the Wyckoff
position 8c is occupied by equivalent atoms (Co). The Mn and Z atoms occupy the
4b, and 4a Wyckoff positions, respectively. Substitution of Co by Rh leads to the Y-
type structure (F 43m symmetry) where 8c is split into 4c and 4d. However, if Co
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and Rh are randomly distributed among the (4c, 4d) positions then the structure is
again transformed to L2;, which in that case represents disorder. In fact quaternary
or inverse Heusler compounds are prone to this type of disorder [116, 117, 118, 119].
The structural models in the Rietveld refinements were modified in order to account
for anti-site disorder in the compounds. The R,,, values listed in Table 7.12 correspond
to the respective best structural model derived for the compounds. For CoRhMnGa
it was found that the structure is L2; disordered (Co and Rh). However, a conclusive
declaration of order is particularly difficult for CoRhMnGa due to almost equal scat-
tering amplitudes of Co, Mn, and Ga for the energy of the X-rays used. CoRhMnSb
was identified to exhibit an X-type of disorder. In this case the Rh and Mn atoms mix.
The best fit was obtained for an occupancy of 30% of Mn on the Rh position and vice
versa. The bad R, value of 16.42% is explained by the occurrence of an unidentified
impurity in the XRD pattern. The amount of this impurity is rather small (< 5%).
The Cog.sRhi sMnSb alloy exhibits a DOs-type of disorder. The optimum fit was ob-
tained for a random distribution of Co, Rh, and Mn atoms. The types of disorder
determined for CoORhMnSb and Cog sRh; sMnSb explain the huge discrepancy between
the theoretical and experimental lattice parameters of these compounds. When the
small Mn atoms replace the large Rh atoms, the sizes of atoms in the corresponding
layers become more similar (Co/Mn and Rh/Sb) and the unit cell can contract. The
bad R, value of 20.14% for CogsRh; sMnSb is attributed to the very broad reflexes in
the XRD pattern. The large shoulders on the right sides of the (220) and (422) reflexes
may indicate a structural distortion. A further increase of the Rh content may lead
to a tetragonal distortion (the compound RhaMnSb is known to exhibit a tetragonally
distorted Heusler structure) [115]. Finally, the CoRhMnSn compound was found to
be ordered and to crystallize in the proposed Y-structure. Compared to their ternary
regular Heusler relatives CooMnGa, CooMnSn, and CosMnSh, the lattice parameters
of CoRhMnGa, CoRhMnSn, and CoRhMnSb are larger, respectively [120, 121]. With

increasing atomic radii of the Z atoms this difference decreases.

7.3.4 Magnetic Properties

The magnetic properties of the polycrystalline samples were investigated by means of
SQUID magnetometry. The field dependent magnetic moments at low temperature
(5 K) are displayed in Figure 7.24. Obviously, all compounds exhibit soft-magnetic
hysteresis loops. The saturation magnetic moments of the compounds and several
other experimentally determined or calculated magnetic parameters are summarized in
Table 7.14. According to the generalized Slater-Pauling rule [31, 108] for half-metallic
Heusler compounds, the magnetic moment for CoRhMnGa should amount to 4 ug,
for CoRhMnSn to 5 up, and for CoRhMnSb and CopsRh; sMnSb to 6 pp. The cal-
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culated magnetic moments for the assumed ordered Y-structures are in good agree-
ment with these values. The experimentally determined magnetic moments aside from
CoRhMnSn deviate from the Slater-Pauling values, and the corresponding compounds
are thus probably not 100% half-metallic. This is evident due to the structural disorder
as explained in Section 7.3.3. The value of 4.83 pp for CoRhMnSn on the other hand
confirms the derived ordered Y structure and the proposed half-metallicity. The small
deviation of 0.17 pup can be attributed to sample inhomogeneities, partial surface ox-
idation, the weighting and measurement errors, and to the measurement temperature
of 5 K.
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Figure 7.24: Field dependent magnetic moments of Cos_,Rh,MnZ (Z= Ga, Sn, Sb).
The hysteresis loops were measured at T' = 5 K, the values exhibit un-
certainties of +0.5%. The inset shows the saturation magnetic moments
compared to the generalized Slater-Pauling curve.

Figure 7.25 displays the temperature dependent magnetic moments of the investi-
gated samples. The high temperature magnetic moments exhibit larger uncertainties
due to the lower amounts of material used in the measurements. This leads to de-
viations of approximately +0.05 pup in the overlapping temperature range. The high
temperature magnetic moments were therefore rescaled to fit to the low temperature
data. From the measured magnetization curves Me,,(T), T and the total angular
momentum quantum number J can be obtained by fitting the corresponding curves
M ¢(T') from the mean field theory. In the mean field approximation, the magnetiza-

tion must fulfill the equation:
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Te 3 M

where My is the saturation magnetization, By(-) is the Brillouin function and cp is

a constant that depends on the external, applied field. cp is defined by

_ guBB
-~ kTc’

CB (7.5)

where ¢ is the gyromagnetic factor, up is the Bohr magneton, B = ugH is the
external induction field, and kp is the Boltzmann constant. The function M, ¢(T") can

be fitted to the experimental data by minimizing the mean square deviation

X = Z (Mg (Th) — Mexp(Tk))2 ) (7.6)
k

summed over all data points Megy,(T)). The fitting procedure provides the T of the
considered materials as shown in Table 7.14. The high T of CoRhMnSn supports its
attractiveness for spintronics applications. The shape of the temperature dependent
magnetization of CoRhMnSn indicates the presence of an impurity since the expected
drop of magnetization is not pronounced. An impurity concentration below the detec-

tion limit of XRD cannot be excluded.

Table 7.14: Measured and calculated magnetic moments of the compounds
Coy—zRh,MnZ (Z= Ga, Sn, Sb). The measured values exhibit uncertain-
ties of +0.5%. All values are given in pp. The Curie temperatures T¢ were
derived from mean field fits.

Compound Mexp (D K)  mexp(300 K)  To K] mMeale MRh Mco  MMn
CoRhMnGa 3.39 2.27 408 4.11 0.23 0.89 3.12
CoRhMnSn 4.83 4.61 620 5.02 036 1.20 3.56
CoRhMnSh 9.50 4.87 534 598 0.62 1.50 3.78
Cop.5sRhi1 5sMnSb 5.09 4.02 424 5.06 0.41 1.50 3.67

7.4 Summary

In summary, the quaternary Heusler compounds Cos_,Rh,MnZ (Z = Ga, Sn, Sb)
were predicted by ab initio electronic structure calculations to be HMF. The com-
pounds were synthesized by arc melting and subsequent annealing and characterized
by powder XRD and SQUID. The ab-initio calculations hint on stable cubic struc-

tures for the Mn containing compounds. The structural investigation revealed that
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Figure 7.25: Temperature dependent magnetic moments of (a) CoRhMnGa, (b)
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1T.
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the crystal structures of all compounds aside from CoRhMnSn exhibit different types
of anti-site disorder. The quaternary Heusler compounds seem to be more susceptible
for anti-site disorder compared to their ternary relatives. It is therefore necessary to
improve the synthesis to increase the order of the compounds. The magnetic moments
of the disordered compounds deviate to different amounts from the Slater-Pauling rule
indicating that 100% spin polarization are not realized in CoRhMnGa, CoRhMnSb,
and in the alloy CogsRh; sMnSb. The low temperature magnetic moments vary with
the composition and are in the range of 3.4 to 5.5 up. The Curie temperatures were
found from measurements in induction fields of up to 1 T by applying molecular field
fits respecting the applied field and are in the range of 400 to 620 K depending on the
composition.

Exchange of one Co in CooMnSn by Rh results in the stable, well-ordered compound
CoRhMnSn. This exchange of one of the "magnetic” Co atoms by a “non-magnetic”
Rh atom keeps the magnetic properties and half-metallicity intact. Those properties
are completely determined by the Mn atoms together with valence electron count and
do not depend much on the remaining type of atoms. This behavior allows to increase
the spin-orbit interaction at one of the sites while keeping all other properties as a pre-
condition for applications and physical effects relying on a large spin-orbit interaction.
The ordered compound CoRhMnSn is a HMF with a saturation magnetization of 5 pp.
It furthermore exhibits a high Ty of 620 K allowing utilization at room temperature

and above.



8 Mn,-based Heusler Alloys

Tetragonally distorted Heusler compounds are currently attracting a lot of interest as
materials for spin-transfer torque (STT) applications [73, 74]. Several Heusler com-
pounds were predicted to exhibit tetragonal distortions [122, 123] but up to the present
only few tetragonal Heusler materials have been discovered. Mns_,Ga are the most
prominent alloys among them [40, 50, 51]. These exhibit the required high spin po-
larization and Curie temperatures T¢ as well as low saturation magnetizations Mg
and Gilbert damping constants [124, 125, 126, 127, 128]. They are particularly inter-
esting due to their perpendicular magnetic anisotropy (PMA), which was realized in
thin films opening the door for application in STT magnetic random access memories
(STT-MRAMS) [55].

8.1 Tuning the Magnetism of the Heusler Alloys Mn;_,Co,Ga
from Soft and Half-Metallic to Hard-Magnetic for
Spin-Transfer Torque Applications

The ferrimagnetic cubic Heusler compound MnyCoGa has been studied in theory and
from the experimental point of view by several groups [129, 130, 131, 132]. It ex-
hibits a total magnetic moment of 2 up following the generalized Slater-Pauling rule
for half-metallic Heusler compounds [6] and it was predicted to have a T of above
800 K [129, 132]. The alloys Mns_,Co,Ga have been studied using X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) [133], where an
antiparallel alignment of the Mn atoms on different lattice sites corresponding to a
ferrimagnetic order has been shown. Here the corresponding structural and detailed
magnetic properties of these materials are presented. They offer particular advantages
for STT applications, which require minimum switching currents while maintaining
thermal stability. The tetragonal Mn-rich alloys (x = 0.1 — 0.4) exhibit hard-magnetic
properties similar to MnzGa, and the cubic Co-rich alloys (z = 0.6—1) are soft-magnetic
half-metallic ferrimagnets. This allows an easy tunability of perpendicular magnetic
anisotropy by variation of the Co content. Employing a soft-magnetic, half-metallic
material with in-plane magnetization as the switching layer of a magnetic tunnel junc-

tion and a hard-magnetic composition with large perpendicular magnetic anisotropy
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as the reference layer, the efficiency and the speed of switching can be increased [134].
Furthermore, all alloys were found to exhibit high T¢ of 700 K and above. Besides
the prominent Cos-based Heusler compounds the Mno-based cubic compounds are the
second large family of half-metals, in this case ferrimagnets, following the generalized

Slater-Pauling curve.

8.1.1 Crystal Structure

The regular Heusler compounds X2Y Z crystallize in the cubic L2; structure (F'm 3m,
space group no. 225) with CupMnAl as prototype [27]. If the atomic number Z(Y') >
Z(X), then the inverse Heusler structure XY XZ (prototype AgLisSb, F 43m, space
group no. 216) is formed. A well-studied example is the compound MnyCoSn or, more
exactly, (MnCo)MnSn [44, 45, 116]. The Mn atoms on the octahedrally coordinated
lattice sites possess an oxidation state of +3 (Mn3*+, d*) [29]. This electron configuration
is energetically unfavorable, and energy can be gained by a distortion of the octahedron.
Both, an elongation and a compression are possible. This phenomenon is referred to
as the Jahn-Teller-effect. In case of Mns_,Co,Ga, the cubic unit cell undergoes an
elongation along the c-axis [40] leading to an inverse tetragonal cell (I 4m2, space
group no. 119) The lattice parameters determined by the Rietveld refinements (see
Table 8.1) were analyzed as shown in Figure 8.1(c). The cell volumes of the cubic
compounds decrease linearly as expected because of the smaller atomic radius of Co
compared to the Mn atom. Those of the purely tetragonal alloys do not evidently
depend on x. As seen from Table 8.1 this is due to the fact that the lattice parameter ¢
decreases with increasing x in the tetragonal alloys while a at the same time increases,
resulting in constant cell volumes. However, the ¢/a ratio and thus the tetragonal
distortion decreases with x. The alloy Mnsy 5Cog5Ga is a mixture of both cubic and

tetragonal phases with different cell volumes.

8.1.2 Magnetic Properties

The magnetic properties of Mns_,Co,Ga determined by SQUID magnetometry are
summarized in Table 8.1. The hysteresis loops of three selected compositions (z= 0.3,
0.5, and 1) in comparison to Mn3Ga [51] and the Slater-Pauling curve are displayed in
Figure 8.2(a). It was found that all tetragonal alloys, x = 0.1 — 0.4, are hard-magnetic
similar to MngGa and exhibit low saturation magnetic moments that decrease with «.
The moments follow a linear dependency according to Mmyetrq = 1 — 1.34 x. The mag-
nitude of the magnetic moments indicates a ferrimagnetic type of order as expected
from antiferromagnetic coupling Mn atoms on the different lattice sites. The cubic
alloys, x = 0.6 — 1, exhibit soft-magnetic behavior and follow a linear dependency

with meypic = Ny — 24. This is a typical Slater-Pauling-type behavior similar to the
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Table 8.1: Structural and magnetic properties of the Mns_,Co,Ga alloys. The lattice
parameters were determined at room temperature. V is the volume of the
unit cell, m is the magnetic moment measured at 5 K in a magnetic induction
field of 5 T, 4. e. in or close to magnetic saturation. H. is the coercive field,
B, the magnetic remanence, both determined at 5 K.

x a c c/a \%4 m Tc H, B,

A [4) (A% [ws] [K] [Am~'] [T]

0.1 3.871 7.049 1.82 105.63 0.90 787 116 83.1

0.2 3.869 7.034 1.82 105.30 0.78 767 111 78.1

0.3 3.874 7.024 1.81 10542 0.58 750 89 67.1

0.4 3.892 7.013 1.80 106.23 0.49 736 55 38.2
3.878 7.042 1.82 105.90

0.5 5911 ) ) 103.28 0.95 727 26 7.3
0.6 5.907 - - 103.01 1.18 717 - -
0.7 5.898 - - 102.61 1.37 714 - -
0.8 5.888 - - 102.04 1.57 713 - -
0.9 5.885 - - 101.89 1.62 713 - -
1 5.869 - - 101.08 2.02 718 - -

related half-metallic ferromagnetic Coa-based Heusler compounds [94]. The phase mix-
ture Mng 5Cog 5Ga evidently has a weakly hard-magnetic hysteresis loop indicating the
tetragonal structure but on the other hand exhibits a perfect Slater-Pauling satura-
tion magnetic moment in line with the other cubic alloys. The slope of the magnetic
moments of the tetragonal alloys is not in quantitative consistence with the XMCD
results [133]. This has been explained by the insufficient external magnetic field of 2 T
used in the XMCD study impeding magnetic saturation. High-temperature SQUID
measurements were performed to determine T, which are summarized in Table 8.1
and plotted in Figure 8.2(b). All alloys investigated exhibit T above 700 K. T¢ of the
cubic alloys are more or less constant while in the tetragonal alloys T decrease with
x. This decrease is correlated with the ¢/a ratios of the tetragonal alloys, which are
strongly connected to their magnetic anisotropies. The relation between T¢ and the
magnetic anisotropy in these alloys can be clarified by an investigation of thin films,

which is the next step on the way to operating devices.

From Table 8.1, which summarizes the structural and magnetic data, it is apparent
that Mns_,Co,Ga becomes magnetically softer with decreasing Mn content (increasing
Co content). The coercivities H. and magnetic remanences B, consequently decrease
with x. Besides their useful properties for STT applications, the tetragonal alloys
Mns_,Co,Ga offer potential as permanent magnets, a branch of research, where new

rare-earth-free materials are nowadays strongly desired.
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8.1.3 Summary

In conclusion the multifaceted Heusler alloys Mns_,Co,Ga have been synthesized and
investigated. Depending on the Co concentration x the compounds exhibit cubic or
tetragonal Heusler structures. The tetragonal alloys are hard-magnetic, have low sat-
uration magnetic moments, and high 7c. They are thus highly attractive for STT
applications and represent new rare earth free permanent magnets. The cubic alloys
are soft-magnetic and also exhibit high T¢. Besides the Cos-based half-metallic fer-

romagnets, the cubic Mno-based compounds and alloys represent the second class of
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materials exhibiting the typical 100% spin polarized Heusler half-metallic electronic
structure and obeying the Slater-Pauling rule. A continuous tunability of magnetic
and structural properties simply depending on the Co concentration can easily be re-
alized in these materials. With respect to STT it is expected that due to the strong
relation to Mn3zGa a perpendicular magnetic anisotropy can be realized in thin films of
tetragonal Mns_,Co,Ga alloys. In that case, very similar compositions could be used
as reference and as switching layers allowing for a strong increase of efficiency in the
STT devices.

8.2 Structural, and magnetic properties of Mn,_,.Rh; ,Sn

Heusler materials

The ferromagnetic cubic Heusler compound RhaMnSn has been studied in theory and
from the experimental point of view by several groups [49, 135, 136, 137, 138, 139]. It
exhibits a total magnetic moment of 4.14 pp [139] and it was predicted to have a T¢
between 410 K to 420 K in different literatures [49, 135, 136, 137, 138, 139]. The present
work reports on the structural characteristic of Mns_,Rh14,Sn with x varying from 0
to 1 in steps of z = 0.2 and their magnetic properties. The structure was investigated
using powder X-ray diffraction (XRD). The magnetic properties were studied using
induction field dependent magnetometry by a super conducting quantum interference

device (SQUID).

8.2.1 X-ray diffraction

The crystalline structure of the Mns_,Rh;,,Sn series was examined using XRD with
excitation by Cu K, radiation. The measurements were performed at room tempera-
ture. As examples, Figure 8.3 shows the XRD results for MnsRhSn and Mn; sRhy 5Sn.
Rietveld refinements of the data were performed using the TOPAS ACADEMIC soft-
ware package [91]. The XRD data verify that MnyRhSn crystallizes in the inverse
tetragonal structure type (I4m2, space group no. 119). Splitting of the cubic (220)
reflex into the (112) and (200) reflexes in the related diffraction pattern is an evidence
for existance of tetragonal structure. With increasing amount of Rh, both tetragonal
and cubic structure for Mnj gRhj 2Sn and inverse cubic structure for Mns_,Rhi4,Sn
(x= 0.5, 0.6, 0.8) are observed. RhyMnSn crystallizes in the regular cubic Heusler
structure [49, 135, 136].

The lattice parameters found from a Rietveld refinement of the powder XRD data

are summarised in Table 8.2.
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Figure 8.3: Powder diffraction patterns of Mngs_,Rhyy,Sn. The measured diffrac-
tograms for MnyRhSn and Mnj sRh; 5Sn are compared to the fits from
a Rietveld refinement. The spectra were excited using Cu K, radiation for
Mn; 5Rh; 5Sn and Mo K, radiation for MnsRhSn recorded at 7' = 300 K.
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Table 8.2: Lattice parameters, magnetic moments and Curie temperatures T of the
Mno_,Rhi4,Sn compounds. As found from a Rietveld refinement of the
XRD data, the lattice parameters a and ¢ are tabulated for increasing Rh
content. The ratios ¢/a are calculated from the measured values of a and c.
Magnetic moments of the compounds are available at 5 K and 300 K. Also
the amounts of magnetic moment from the Slater-Pauling rule are given in

the table.
alloy alA]  c[A]  c¢/a Hys meyp(5K) [up] msp [1B] meap(300 K) [up] T [K]
MnyRhSn 4.2945 6.6055 1.54 hard 1.87 3 0.57 305
4.29 6.61 1.54
Mn; gRhj 2Sn 6.2035 ) ) hard 2.84 3.40 0.75 320
Mnj sRh; 5sn  6.2207 - - soft 4.01 4.00 2.21 387
Mn; 4Rh; 6Sn 6.2202 - - soft 4.04 4.20 2.63 391
Mn; oRh; gSn  6.2243 - - soft 4.51 4.60 3.43 398
RhoMnSn 6.2320 - - soft 4.14 5.00 - 410

8.2.2 Magnetic properties

The magnetic properties of the polycrystalline samples were investigated by means of
SQUID magnetometry. The field dependent magnetic moments at 7' = 5 K and T
= 300 K are displayed in Figure 8.4 (a) and (b), respectively. The inset shows the
zoom of the hysteresis at T = 5 K for MnsRhSn and Mn; gRhj2Sn. According to
Figure 8.4 all cubic compounds exhibit soft magnetic behavior while tetragonal com-
pounds (MnyRhSn and Mnj gRhj 2Sn) are hard magnets. The saturation magnetic
moment at 5 K and 300 K, the Slater-Pauling magnetic moments, and the Curie tem-
perature of the compounds are summarized in Table 8.2. Unfortunately for all the
compounds, T, is too low (less than 410 K) to make them relevant for technological ap-
plications. The saturation magnetic moments of cubic samples are in good agreement
with the Slater-Pauling magnetic moments and exhibit the typical 100% spin polarized
Heusler half-metallic electronic structure obeying the Slater-Pauling rule. The tetrago-
nal MnyCoSn alloy which is a hard magnet has low saturation magnetic moment which

makes it attractive as a candidate for STT applications.

8.2.3 Summary

In summary, MnsRhSn crystallizes in the inverse tetragonal structure (I4m2, space
group no. 119) and shows hard magnetic hysteresis behavior. As MnyRhSn has a tetrag-
onal structure, it does not follow the Slater-Pauling rule and low saturation magnetic
moment of it beside its hard magnetic properties can make it suitable for STT appli-

cations. With substituting Mn by Rh, the inverse cubic structure for Mns_,Rhi,,Sn
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(x = 0.5, 0.6, 0.8) and regular cubic structure for RhoMnSn is observed. All cubic
samples show perfect Slater-Pauling behavior and soft hysteresis loops and exhibit the
typical 100% spin polarized Heusler half-metallic electronic structure. Both cubic and
tetragonal phases exist for Mnj; gRhj 2Sn and it shows similar magnetic properties with

MnsRhSn.



9 Summary and Outlook

This work emphasizes on the prediction of half-metallicity in the quaternary Heusler
compounds and their potential for spintronic applications and also on the structural
properties of Mng-based Heusler alloys and tuning the magnetism of them for spin-
transfer torque applications.

In Section 5.1, XX'MnGa (X = Cu, Ni and X’ = Fe, Co) quaternary Heusler com-
pounds have been identified using a theoretical approach for preselection. As predicted
by these calculations NiFeMnGa and NiCoMnGa are half-metallic ferromagnets. These
are the first reported Ni-based half-metallic ferromagnets within the huge family of
Heusler compounds. CuCoMnGa turned out to be a regular metallic ferromagnet due
to the closed shell character of the Cu d electrons. NiFeMnGa has a Curie temperature
that is too low to make it relevant for technological applications but NiCoMnGa with a
high spin polarization, high magnetic moment, and Curie temperature is an interesting
new material for spintronics applications. A large resource of quaternary Heusler ma-
terials is open and to be investigated in future to find prospective materials for several
applications.

In Section 5.2, the quaternary intermetallic Heusler compounds CoFeMnZ (Z = Al,
Ga, Si, Ge) were identified as potential half-metallic ferromagnets with high T by ab-
initio electronic structure calculations. Electronic, structural, and magnetic properties
of these compounds were analyzed. All compounds exhibit cubic Heusler structures. A
certain amount of disorder was found in the XRD patterns of CoFeMnAl and CoFeMnSi
and cannot be excluded for CoFeMnGa and CoFeMnGe due to similar scattering am-
plitudes of the corresponding elements. A detailed study of order/disorder is required
to clarify the complex crystallographic situation with four equivalent fcc sublattices.
Anomalous XRD and extended X-ray absorption fine structure (EXAFS) will provide
help. It was, however, shown for related and recently reported quaternary half-metallic
ferromagnetic Heusler compounds that disorder does not influence the electronic struc-
tures to an amount that destroys half-metallicity of the compounds [93]. The magnetic
moments of the compounds are in fair agreement with the Slater-Pauling rule indicat-
ing the half-metallicity and high spin polarization required for spintronics applications.
The Curie temperatures of all compounds are higher than 550 K allowing for utilization
at room temperature and above.

In Section 5.3, the quaternary Heusler compounds Cos_,Rh,MnZ (Z = Ga, Sn,

93
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Sb) were predicted by ab initio electronic structure calculations to be half-metallic
ferromagnet. The ab-initio calculations hint on stable cubic structures for the Mn con-
taining compounds. The structural investigation revealed that the crystal structures
of all compounds aside from CoRhMnSn exhibit different types of anti-site disorder.
The quaternary Heusler compounds seem to be more susceptible for anti-site disorder
compared to their ternary relatives. It is therefore necessary to improve the synthe-
sis to increase the order of the compounds. The magnetic moments of the disordered
compounds deviate to different amounts from the Slater-Pauling rule indicating that
100% spin polarization are not realized in CoRhMnGa, CoRhMnSb, and in the alloy
Cog.sRh; sMnSb. The low temperature magnetic moments vary with the composition
and are in the range of 3.4 to 5.5 up. The Curie temperatures were found from mea-
surements in induction fields of up to 1 T by applying molecular field fits respecting
the applied field and are in the range of 400 to 620 K depending on the composition.
Exchange of one Co in CooMnSn by Rh results in the stable, well-ordered compound
CoRhMnSn. This exchange of one of the "magnetic” Co atoms by a “non-magnetic”
Rh atom keeps the magnetic properties and half-metallicity intact. Those properties
are completely determined by the Mn atoms together with valence electron count and
do not depend much on the remaining type of atoms. This behavior allows to increase
the spin-orbit interaction at one of the sites while keeping all other properties as a pre-
condition for applications and physical effects relying on a large spin-orbit interaction.
The ordered compound CoRhMnSn is a HMF with a saturation magnetization of 5 pup.
It furthermore exhibits a high Ty of 620 K allowing utilization at room temperature
and above.

In Section 6.1, the multifaceted Heusler alloys Mns_,Co,Ga were investigated . De-
pending on the Co concentration x the compounds exhibit cubic or tetragonal Heusler
structures. The tetragonal alloys are hard-magnetic, have low saturation magnetic
moments, and high T. They are thus highly attractive for spin-transfer torque ap-
plications and represent new rare earth free permanent magnets. The cubic alloys are
soft-magnetic and also exhibit high T¢. Besides the Cog-based half-metallic ferromag-
nets, the cubic Mns-based compounds and alloys represent the second class of materials
exhibiting the typical 100% spin polarized Heusler half-metallic electronic structure and
obeying the Slater-Pauling rule. A continuous tunability of magnetic and structural
properties simply depending on the Co concentration can easily be realized in these
materials. With respect to spin-transfer torque it is expected that due to the strong
relation to Mn3gGa perpendicular magnetic anisotropy can be realized in thin films of
tetragonal Mns_,Co,Ga alloys. In that case, very similar compositions could be used
as reference and as switching layers allowing for a strong increase of efficiency in the
spin-transfer torque devices.

In Section 6.2, the detailed investigation of Mny_,Rhy,,Sn series was reproted.



Chapter 9. Summary and Outlook 95

MnyRhSn crystallize in the inverse tetragonal structure (I4m2, space group no. 119)
and shows hard magnetic hysteresis loop. As MnsRhSn has a tetragonal structure, it
does not follow the Slater-Pauling rule and its low saturation magnetic moment of it
beside its hard magnetic properties can make it suitable for spin-transfer torque appli-
cations. With substituting Mn by Rh, the inverse cubic structure for Mns_,Rhi,,Sn
(x = 0.5, 0.6, 0.8) and regular cubic structure for RhoMnSn is observed. All cubic
samples show perfect Slater-Pauling behavior and soft hysteresis loop and exhibit the
typical 100% spin polarized Heusler half-metallic electronic structure. Both cubic and
tetragonal phases exist for Mnj gRhj 9Sn and it shows similar magnetic properties as
observed for MnsRhSn.
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List of Abbreviations

A
A/Cm?
AMR
bee
CPP
CIP
CMR
CPA
DOS
eV
EXAFS
fec
FM
FLAPW
GMR
GGA
hcp
HMF
HAXPES
K
m
MTJs
MR
MRAM
ny
Ny
NM
PMA
STT

STT-MRAM

SPRKKR
SQUID

Angstrom

Ampere per square centimeter
anisotropic magnetoresistance
body-centered cubic
current-perpendicular-to-plane
current-in-plane

colossal magnetoresistance

coherent potential approximation

density of states

electron volt

extended x-ray absorption fine structure
face-centered cubic

ferromagnetic metal

full potential linearized augmented plane wave
giant magnetoresistance

generalized gradient approximation
hexagonal close-packed

half-metallic ferromagnet

hard X-ray photoemission spectroscopy
Kelvin

magnetic moment

magnetic tunnel junctions
magnetoresistance

magnetic random access memory
number of valence electrons per atom
valence electron number per formula unit
nonmagnetic layer

perpendicular magnetic anisotropy
spin-transfer torque

spin-transfer torque switched magnetic random access memory
spin polarized Korringa - Kohn - Rostocker method

super conducting quantum interference device
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TMR tunneling magnetoresistance
T, Curie temperature
XRD X-ray powder diffraction
XAS x-ray absorption spectroscopy
XMCD x-ray magnetic circular dichroism
€r Fermi energy

uB

Bohr magneton
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