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1 Introduction

Spintronics is a multidisciplinary field and a new research area for solid state scientists.
New materials must be found for satisfying the different types of demands. The search
for ferromagnetic semiconductors and stable half-metallic ferromagnets with Curie tem-
peratures higher than room temperature is still a challenge for solid state chemists. A
general understanding of how structures are related to properties is a necessary prereq-
uisite for material design. This work presents some parts of the materials research for
the field of spin electronics and the related area magnetoelectronics. Spin electronic, or
short spintronic, covers the field of devices that make use not only of the charge of the
electrons but also of their spin. Magnetoelectronic comprises the devices making use of
ferromagnetic materials. For example, the probably most oftenly used magnetoelectronic
device is nowadays the read-write head of hard-discs in computers. Spintronics includes
additionally the semiconductor based devices. The spin-valve transistor is thought to
be most promising for future applications and quantum computing. The borderline be-
tween the two disciplines is flexible. In particular, the magnetic tunnelling phenomena
are the connecting link between magnetoelectronics and spintronics.

1.1 Magnetoelectronics

For the last 40 years, the semiconductor industry has been able to continually shrink
the size of electronic components on silicon chips, packing ever more performance into
computers. The fundamental physical limits of the current technology have now been
reached, namely the sizes of the structures. Within the last decade, a new approach
appears to be capable of revolutionising the market for electronic devices. Some predicted
advantages of the new technologies arising from spintronics are the non-volatile storage of
data, increased data processing speeds, high storage density and low energy consumption.

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 materials which meet all re-
quirements of spintronics. One reason is their exceptional electronic structure: They
behave like metals for majority electrons and like semiconductors for minority electrons.
CrO2, Manganites and Heusler compounds are half-metallic ferromagnets. Ferromag-
netic semiconductors with Curie temperatures higher than room temperature are not
known up to now.

In the following, a short explanation of the basic spintronic and magnetoelectronic
effects will be given to introduce the reader in this interesting field and to make him the
demand on the materials transparent.
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1.1.1 Spin Current

All currently available spin-based devices are memory devices that use the spin to store
information. Just as conventional electronic devices require charge currents, spin-based
electronic (spintronic) devices such as transistors require spin currents [1].Unfortunately,
it is very difficult to generate and transport spin currents. Sharma gave an easily un-
derstandable explanation of what is meant by a spin current [2]. Consider an electron
current that flows through a wire and contains only electrons of one spin, say spin-up
polarised electrons. Add to this a similar current in which all electrons are polarised
spin-down that flows in the opposite direction. The result is a current of spins only;
there is no net particle transfer across any cross section of the wire (see Figure 1.1).
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Figure 1.1: Current through a wire: the upper part shows a regular charge current
(charges of both spin move), the middle part a single spin and charge current
(charges of a single spin move), and the lower part a pure spin current (no
charges but only spins move.

A spin current (Figure 1.1 (c)) differs from a charge current (Figure 1.1 (a)) in some
important ways. For a spin current, the ohmic resistivity is suppressed as no electrons
and thus no charges are moved. In addition, the spin current is invariant under time
reversal: if a clock ran backwards, the spin current would still flow in the same direction.
Furthermore, the spin current is associated with a spin flow that is a vector quantity
(angular momentum). This allows quantum information to be sent across semiconduct-
ing structures, just as in quantum optics using polarised light states.

A current that does not only use the electron charge but also the spin as transport
property will need new types of materials that are completely spin polarised. In 1983,
de Groot defined a fully spin polarised compound as a half-metallic ferromagnet [3].
Half-metallic ferromagnets (HMFs) are expected to have a gap at ep for the spin density
in one direction (e.g., down) while the opposite spin density is metallic (see Figure 1.2).
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This allows a completely polarised current [3].
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Figure 1.2: Schematic density of states of a half-metallic ferromagnet. In this case, the
gap appears in the minority states (left).

1.1.2 Magnetoresistance

A basic effect in spintronics is the magnetoresistance (MR), which is generally defined
as the ratio of the resistance of a material without a magnetic field to the resistance of
a material in a magnetic field. 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 search for new systems is important
because improvements are still needed for applications.

There are two definitions used in the literature. The magnetoresistance, which can
not exceed 100%, is defined as

AR _R11-R1| 4

R RT]

R 7| and R 77 are the resistivities for the antiparallel and the parallel alignment of the

magnetisation in two adjacent magnetic layers (see Figure 1.3). The optimistic definition

of magnetoresistance is sometimes useful for comparing small values: it becomes infinite
for fully polarised electrodes and is given by

AR _ R{1-R1|

i R1T (1.2)
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Figure 1.3: Schematic magnetoresistance of a multilayer device, with different scaling for
the MR ratio AR/R, realistic and optimistic.

Anisotropic magnetoresistance (AMR), the first magnetoresistive effect reported, was
discovered in 1857 by W. Thomson (Lord Kelvin)[4]. This anisotropic effect is small (
~ 3%), and depends on the Fermi surface of the material. From the time of its discovery
until 1988, AMR remained the most important contribution to the magnetoresistance
of ferromagnets. The AMR effect has been applied in making magnetic sensors and
readout heads for magnetic disks.

Giant Magnetoresistance (GMR)

A breakthrough occurred in 1988 when the Griinberg [5] and Fert [6] groups each inde-
pendently discovered the so-called giant magnetoresistance (GMR), which is ten times
larger than the anisotropic effect. Similar to the high temperature superconductor area,
many research activities have started in this field. The Giant magnetoresistive effect is
observed in multilayer systems consisting of interleaved magnetic and non-magnetic lay-
ers, and is used in magnetic sensors and in nearly every hard disc read head. Figure 1.4
shows an example of such a multilayer Fe-Cr—Fe system [6].
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Figure 1.4: A multilayer system Fe-Cr—Fe with ferromagnetic (left) and with antiferro-
magnetic (right) exchange coupling between the iron layers.

By applying a magnetic field, the resistivity of some samples can be suppressed by
orders of magnitude. Depending on the thickness of the Cr interlayers, the interlayer
exchange coupling between the Fe layers changes from ferromagnetic (parallel) to anti-
ferromagnetic (antiparallel). Measurements of the electrical resistance show that where
the exchange is antiferromagnetic, the resistance is high and can be changed by apply-
ing large magnetic fields. The resistivity drops as the configuration of the magnetisation
in neighbouring Fe layers goes from antiparallel to parallel. When an electrical field
is applied, the spin oriented electrons of the Fe layers accelerate until they encounter
a scattering centre. Provided that the interlayer thickness is less than the coherence
length, the electron arrives at the interface of the neighbouring ferromagnetic layer still
carrying its initial spin orientation. In the case of ferromagnetically coupled Fe layers,
the arriving electron has a high probability of entering the adjacent layer because its
spin orientation matches that of the layer. If the exchange coupling is antiferromagnetic,
the electrons suffer strong scattering at the interface, resulting in a high resistance. The
magnetoresistance ratio of a Fe-Cr—Fe multilayer system reaches 79% at 4 K and small
fields, and is still 20% at room temperature for a sample with a 9 A thick Cr layer [6].

The read head or the magnetic sensor device consists of an artificial multilayer thin film
material consisting of alternate ferromagnetic and non-magnetic metals. IBM introduced
these devices in 1997 and the market for them is now one billion dollars per year [7].
Figure 1.5 shows a typical geometry for GMR measurements. The current can either be
perpendicular to the interfaces (CPP, current-perpendicular-to-plane) or can be parallel
to the interfaces (CIP, current-in-plane). The GMR was originally discovered in a CIP
configuration; however the CPP configuration shows an even larger effect. A spin valve
consists of two ferromagnetic layers sandwiching a thin non-magnetic metal layer. One
of the magnetic layers is ”pinned”, insensitive to moderate magnetic fields; the second
is ”free” and its magnetisation can be changed by applying small magnetic fields.
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Figure 1.5: Typical multilayer geometry for the measurement of giant magnetoresis-
tance. The arrows indicate the current-in-plane (horizontal) and current-
perpendicular-to-plane (vertical) geometries.

Colossal Magnetoresistance (CMR)

In 1993, von Helmolt et al. [8], and soon followed by Jin et al. [9], discovered an
even larger magnetoresistive effect in mixed valence manganese perovskites, the so-
called colossal magnetoresistance (CMR). In general, the resistivity of a ferromagnetic
bulk material is reduced at low temperatures (deviating from the resistivity curve of a
non-magnetic metal). Near the Curie temperature, the resistivity increases due to the
scattering of the conduction electrons by spin disorder. Scattering by spin fluctuations is
usually a small effect and, in transition metals, resistance changes of only a few percent
occur near the ferromagnetic ordering temperature. The magnitude of the CMR is not
explained as being due to scattering of conduction electrons; it is the result of a metal to
insulator transition in the manganites that depends on temperature. The most famous
system, described in detail in Reference [10], is LaMnOsg.

Whereas the effect is large in manganites, both the sensitivity (MR ratio in small
fields) and the temperature dependence (only a small effect at room temperature) are
not satisfactory for applications.

Tunnel Magnetoresistance (TMR)

The use of half-metallic electrodes in spin valves or in magnetic tunnel junctions (MTJs)
results in a pronounced increase in the magnetoresistance. As sketched in Figure 1.6,
a tunnel junction is a device in which the pinned magnetic layer and the free magnetic
layer are separated by a very thin insulating layer, commonly aluminium oxide. The
effect is based on the tunnelling of electrons through the insulating barrier and is called
the tunnel magnetoresistance (TMR) (for details see the review [11]). Early pioneering
investigations on the problem of spin dependent tunnelling were performed in the 1970s
by P. M. Tedrow and R. Meservey [12], by M. Jullire [13], and by S. Maekawa and
U. Gfvert [14]. Twenty years later, however, the first large magnetoresistance in mag-
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netic tunnel junctions was observed at room temperature by J. S. Moodera [15] and T.
Miyazaki [16]. Following the Jullire model [13], the tunnelling magnetoresistance (TMR)
ratio of a junction is related to the spin polarisation P of the electrodes according to:

AR 2PP,
Rryr 1+ PPy

where P is the polarisation of one electrode and P, is the polarisation of the second
electrode. The spin polarisation P is defined by

(1.3)

_NT-N|
 NT+N|

N 7T and N | are the densities of the majority and the minority electrons at the Fermi
energy.

The Jullire model is a simple approximation for the tunnel effect. However, the
model is commonly used to estimate the spin polarisation of the electrodes. High spin
polarisation is required for high TMR ratios. The largest ratio of 1,800% was measured
by Fert’s group in a tunnel junction with a manganite electrode. This corresponds to an
electrode spin polarisation of at least 95%, but unfortunately only at 4 K [17]. Significant
progress has recently been achieved with crystalline MgO barriers exhibiting very high
TMR ratios of more than 400% at room temperature [18, 19, 20].

(1.4)

Figure 1.6: A typical tunnel magnetoresistance device (TMR).

Powder Magnetoresistance (PMR)

The powder magnetoresistance experiment is a variant of the tunnel magnetoresistance
(TMR) experiment with point contacts between the grains of a powder of a half-metallic
material. The experiment is rather easy to perform and a simple way for the material
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scientist to determine half-metallicity [21]. In the experiment, a powder of a supposedly
half-metallic material is compressed into a compact pellet. The magnetic orientation of
the grains will be statistically random in the non-magnetised state and the resistance
will be high. By applying an external magnetic field, the magnetic domains of the grains
will be orientated along the direction of that field. This will lead to a decrease of the
resistance. As shown in Figure 1.7, a typical butterfly magnetoresistance curve is traced
out on cycling the field, with a maximum resistance at the coercive field. The contacts
between the powder grains are typically a mixture of tunnel barriers and ballistic point
contacts, and the resistance is determined by the most conductive paths through the
maze. It is helpful to dilute the conducting magnetic powder with a non-conducting,
non-ferromagnetic powder of similar particle size [21]. This extrinsic grain boundary
magnetoresistance is observed in conducting oxides like CrOg2, pyrochlore TlaMnsOv,
magnetite Fe3Oy, ordered double perovskites SroFeMoOg [22] and Lag_2,Sr1 42, MnaO7
[23]. In addition, a PMR ratio of 30% was found in powder samples of CoyCrgFeg 4Al
in low magnetic fields [24, 25].
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Figure 1.7: Powder magnetoresistance (PMR) of CosCrggFeg4Al + 15% AlyOs, mea-
sured at room temperature.

Granular Magnetoresistance

Granular magnetoresistance is observed in granular magnetic materials and is related to
GMR [26]. A granular magnetoresistance material consists of a metallic matrix (Cu or
Ag) with magnetic inclusions. This effect is also sometimes observed in ordered alloys
with magnetic superstructures [27, 28]. In these systems, the magneto-resistance curve
looks like the MR curve of a multi-layer GMR system; even in large fields however,
no saturation can be achieved. The reason for this behaviour is the inhomogeneous
particle size distribution of the ferromagnetic inclusions. For large particles (; 5 nm),
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the magnetisation is easily changed, whereas it is difficult to change for small particles.

1.1.3 Spin Injection

Another possible spintronics application is based on the spin injection of a spin po-
larised current into a semiconductor system [29]. When electrons are injected from a
ferromagnet into a non-magnetic material, they can retain their spin polarisation over
a certain distance. The requirements for this to occur are successful spin injection, spin
transport within the semiconductor with a spin diffusion length of many microns, spin
lifetimes of more than 100 ns, and spin detection [30]. The best suited material would be
a ferromagnetic semiconductor with a Curie temperature far above room temperature.
Semiconductors doped with small amounts of magnetic impurities such as manganese ex-
hibit room temperature ferromagnetism (dilute magnetic semiconductor, DMS). These
materials exhibit both semiconducting and magnetic properties and are of high potential
use in spintronics devices. Major progress in this field was achieved in particular by the
H. Ohno [31, 32] and D. D. Awshalom [29] groups, both of which demonstrated that
electrons can retain their spin polarisation over unexpectedly long times and distances
[29, 33, 34]. Important devices based on DMS are spin polarised light emission diodes
(spin-LED) and spin polarised field effect transistors (spin-FET) [30]. A spin FET is an
FET in which the source and the drain are ferromagnetic materials that are intended
for injecting and detecting spin polarised currents. The conduction depends on the spin
orientation and can be controlled by the gate voltage. As shown in Figure 1.8, in a
spin-LED, the spin polarised electrons are injected into a semiconductor. If the carriers
retain their spin polarisation, the emitted light is circularly polarised.

1.2 Magnetic Materials

Since brief explanations of the different important effects in spintronics have been given
above, the focus will now be on the materials themselves: half-metallic ferromagnets and
ferromagnetic semiconductors.

1.2.1 Regular Ferromagnetic Metals

Most ferromagnetic materials are metals. The ferromagnetic transition metals are iron,
cobalt, and nickel. All of these three elements exhibit high Curie temperatures (Fe: T¢
= 1039 K; Co: T = 1394 K; Ni: T = 633 K); they are not however half-metallic.
The rare earth metals Gd (T¢ = 288 K), Dy, and Th, as well as a large number of
metallic alloys and compounds, also exhibit ferromagnetism. In general, half-metallic
ferromagnets are rare because of their particular electronic structure.

To have only minority or majority electrons at (er), it is necessary to reorder the 3d
and 4s bands of the ferromagnetic transition element. As sketched in Figure 1.2, the DOS
at EF must have a real gap in one spin direction to achieve half-metallic ferromagnetism.
The occurrence of band gaps in the overall band structure may therefore be a prerequisite
for a ferromagnetic half-metal.
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Spin injector
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Figure 1.8: Schematic cross section of a spin polarised light emitting diode (spin-LED)
based on spin injection. The device is constructed from a AlGaAs—GaAs
quantum well multilayer system

These band gaps can be achieved by pushing the bottom of the 4s band up above (er),
or by depressing the Fermi level below the bottom of the 4s band (ionic half-metals).
Alternatively, a hybridisation gap may be introduced at (er) for one spin direction. Co-
valent intermetallic compounds exhibit hybridisation gaps in their electronic structure.
In any case, it is necessary to go from a pure element to an alloy or compound; therefore,
all half-metallic ferromagnets contain more than one element. Some ferromagnets are
stoichiometric compounds, others are solid solutions. It should be noted that there is
no relation between a half-metal and a semi-metal. Semi-metals, of which graphite or
bismuth are textbook examples, have small and equal numbers of electrons and holes
(0.01 per atom) that are due to a fortuitously small overlap between the valence and
conduction bands. This leads to an anisotropy in the conductivity. On the other hand,
a half-metal has a real gap in one spin direction and is metallic in the other.

1.2.2 The Slater-Pauling Rule

Slater [35] and Pauling [36] independently found that the magnetic moments m of the
3d elements and their binary alloys can be described by the mean number of valence
electrons (ny ) per atom. Depending upon m(ny ), the Slater-Pauling rule distinguishes
between two regions. The first region with high valence electron concentration (close
packed structures: fce, hep) is the range of itinerant magnetism (ny > 8), and the second
region (bcc) is the region of localised moments (ny < 8). Fe is a borderline example of
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the latter. As described by Kbler [37], a plot of m versus the average number of valence
electrons m(ny) is called the Slater-Pauling curve. Figure 1.9 shows the Slater-Pauling
curve for the transition metals and some of their alloys. The Heusler compound CosMnSi
and the C1, compound NiMnSb are included for comparison.
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Figure 1.9: Slater-Pauling curve for 3d transition metals and their alloys. NiMnSb and
CooMnSi are given for comparison.

From the definition of the magnetic moment (m = n 1 - n | , in multiples of the Bohr
magneton pp), and the number of valence electrons (ny =n 1+ n | ), it is easy to show
that the Slater-Pauling rule for the part of the curve for describing itinerant magnetism
is given by

m=2n1—-ny =2(ng T +nsp T) — ny (1.5)

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

m =10 —ny + 2ngy 1 (1.6)

Slater and Pauling found that the number of occupied sp states is approximately ng,
= 2 ng | = 0.6, since the electrons are not polarised. This explains the itinerant part
of the curve and, in particular, that the magnetic moment of Ni is &~ 0.6 up. It appears
that some alloys do not follow the expected curve (Co-Cr and Ni-Cr in Figure 1.9). It
was shown by Malozemov et al. that the high valence concentration part of the curve
can be generalised in such a way that the alloys under question still follow a similar
rule [38], 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 zps and given by m = zps + 2 ng, 1 (for details, see Reference [37]).
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In the context of this thesis, the localised part of the Slater-Pauling curve, where
iron and the bce-type alloys are found, is of greater interest. From the definitions given
above, an alternative form for the magnetic moment in multiples of up is easily found
to be

m=mny —2n | (1.7)

The minimum in the minority spin density constrains the number of occupied electrons
in the minority d bands to be approximately 3. By neglecting the sp electrons, it is
found that the magnetic moment in the localised part of the Slater-Pauling curve is
approximately described by the rule

m~ny —6 (1.8)

which indicates that the average magnetic moment per atom is simply given by sub-
tracting 6 from the average number of valence electrons per atom.

Half-metallic ferromagnets are expected to exhibit a real gap in the minority density
of states where the Fermi energy is pinned. The existence of this gap requires that the
number of occupied minority states be integer. That is, the above given Slater-Pauling
rule is strictly followed when mpgyp = ny - 6 [37, 39] In general, this rule may lead
to non-integer numbers of the magnetic moment due to the averaging over the number
of valence electrons. For well-ordered compounds, it may be more practical to use the
total number Ny of valence electrons in the unit cell.

For C1; compounds with 3 atoms in the unit cell, the following valence electron rule
is expected:

mci, = Ny — 18 (1.9)

In particular, the rule for Heusler compounds with 4 atoms in the unit cell is found
to be

mra, = Ny — 24 (1.10)

where the magnetic moment in the unit cell is expressed in up. Ny is the accumulated
number of valence electrons in the unit cell.

Exceptions to those rules are found for conventional semiconductors or for zinc blende
based half-metals that follow an 8 valence electron rule. Other than Heusler-like alloys
however, such materials may not fulfil the symmetry requirements that are required of
Slater-Pauling alloys.

It should be noted that complete disorder in the L2; Heusler compounds results in
an A2 (bce-type) structure. Thus, the ferromagnetic Heusler compounds are expected
to behave like the alloys found on the localised part of the Slater-Pauling curve. This
distinguishes the Heusler compounds from most of the other compounds reported upon
in this thesis, the other compounds also perhaps having a linear dependence between the
magnetic moments and the valence electron concentration but with a different symmetry
of the crystalline structure.
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1.2.3 Half-Metallic Ferromagnets

The dependence of spin polarisation as a function of temperature in half-metallic fer-
romagnets was recently investigated theoretically [40, 41] and experimentally [42]. The
magnetisation of the usual ferromagnets is reduced at ambient temperature, supposed
they have a high Curie temperature. In the same way, the minority density of states
(DOS) f half-metallic ferromagnets becomes non-zero at finite temperatures due to spin-
rotation. A reduction of the spin polarisation may also be caused by crystal imper-
fections, interfaces, and surfaces. These results are important for room temperature
applications using half-metallic ferromagnets: very high Curie temperatures and stable
structures are a prerequisite for a high magneto-resistance.

Covalent Half-Metals

A possible way of achieving a band gap in the overall band structure is by covalence.
Silicon is a semiconductor because of the strong covalent bonding interaction between
the silicon atoms. Silicon crystallises in the diamond structure in which one silicon atom
is surrounded by four other silicon atoms. Each silicon atom is sp® hybridised with four
fully occupied bonding bands, and a band gap separating the unoccupied antibonding
bands from the bonding bands. Like GaAs, other semiconductors crystallise in the zinc
blende structure. ZnS exhibits the same number of valence electrons (8 valence electrons
or, if the ten d electrons are included, 18 valence electrons) and, in a first approximation,
a similar band structure. All these semiconductors exhibit band gaps in their overall
band structures. In Si, the energy gap (identical for both spins) is responsible for the
semiconducting behaviour of the material. In half-metals, the gap in only one spin
channel is just as important because it produces the blocking effect that prevents a spin
flip since no spin-down states are available within the gap.

C1, compounds

The C1p compound NiMnSb was one of the early materials being predicted to be a
HMF by electronic structure calculations [43]. Two alternative structural descriptions
of the C1, structure (space group F 43m, sometimes falsely called half-Heusler) are
possible. The common description is that the C1; compounds of composition XYZ
(X, Y=transition metals, Z=main-group element) consist of three interpenetrating fcc
lattices. From the viewpoint of electronic structures, the most appropriate description
of these compounds is a zinc-blende YZ lattice stuffed with X atoms (see Figure 1.10).

In 1984, Kiibler found that the Slater-Pauling rule is useful for describing the magnetic
properties of the C'1l, and L2; compounds [44]. Jung et al [45] recognized that many
XYZ compounds can be thought of as comprising X" ions stuffed in a zinc-blende-type
[YZ]"~ sublattice, where the number of valence electrons associated with the [YZ]"~
sublattice is 18 (d'¥ + s? + pb). Such closed-shell 18-electron compounds are nonmag-
netic and semiconducting [46, 47]. The prototype for a non ferromagnetic compound is
CoTiSh.
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Many attempts have been made to prepare semiconducting compounds that also have
ferromagnetic properties. Mn-doped GaAs [48] was considered to be a suitable com-
pound, but its Curie temperature is only about 150 K [49] and thus still far away from
being suitable for application in electronic devices (see Reference [50] for a recent re-
view). Other materials, like Mn-doped GaN (T¢ = 228 to 370 K) [51], V-doped TiO»
(Te =~ 400 K) [52], p-(Ga,Ni)N (T¢ =~ 300 K) [53], or Co-doped ZnO (T > 300 K) [54]
come only close to room temperature or need special treatments (see References).

On the other hand, most of the magnetic and half-metallic C'l;, compounds contain
manganese or a rare earth metal. This is not accidental because, as described by Kiibler
et al[55], the properties of the manganese ions in the Y position of the Heusler compounds
must be taken into account. These manganese ions, which have an approximate Mn3*
configuration, have a highly localized moment in the order of 3 to 4 up. The rare earth
ions (RE) in C'1, compounds (for example, RENiSb or REAuSn) also exhibit a charge
of +3 and a magnetic moment corresponding to localized f states [56].

Figure 1.10: Structure of B3 (zinc-blende), C1, and L2; (Heusler) compounds.

L2, compounds

Heusler compounds - discovered in 1901 - have the chemical formula XY Z, with X and
Y being transition metals and Z being a main group element [57, 58]. Ordered Heusler
compounds crystallise in the L2y structure (F'm3m) [59]. The additional X atom fills
the remaining tetrahedral vacancy in the XY Z structure. However, this changes the
symmetry of the crystal structure. The two X atoms occupy sites with Ty symmetry
and the Y and Z atoms occupy sites with Op symmetry.

In addition to the localised magnetic moment at the Y atom on the cubic site, the X
atoms on the tetrahedral sites interact with each other, and this may lead to an additional
itinerant magnetic interaction between the X atoms. In the case of 4 atoms per unit cell,
as in Heusler compounds, 24 (six times the number of atoms) must be subtracted from
the accumulated number of valence electrons Ny (s, d electrons for the transition metals
and s, p electrons for the main group element) to find the magnetic moment per unit
cell, i. e. Mypyp = Ny - 24. This rule is strictly followed for half-metallic ferromagnets
[60, 61]. Whereas C'1, compounds mostly exhibit only a localised moment at the Y
site, the magnetic interactions in Heusler compounds are more complicated because the
additional X atom results in an additional magnetic interaction. For this reason, the
variety of L21 compounds is much larger than the number of C'1; compounds, and the
possibility of achieving half-metallic ferromagnetism is greater as well.
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Table 1.1: The classification of half-metals after Coey et al. [21]

Type | Density of states | Conductivity | T Electrons at e | | Electrons at ep
1A half-metal metallic itinerant none

1B half-metal metallic none itinerant
ITA half-metal nonmetallic localised none

1IB half-metal nonmetallic none localised
IIIA metal metallic itinerant localised
II1B metal metallic localised itinerant
IVA semi-metal metallic itinerant localised
IVB semi-metal metallic localised itinerant
VA semiconductor | semiconducting few, itinerant none

VB semiconductor | semiconducting none few, itinerant

1.2.4 Classification of Half-Metals

Coey has proposed a broad classification scheme for half-metallic ferromagnets [21]. The
classification scheme and examples are given in Table 1.1.

A material exhibiting metallic conductivity and a spin moment with an integral num-
ber of Bohr magnetons per unit cell at 7' = 0 is the best indicator for a type I or type 11
half-metal. However, the integer spin moment criterion for stoichiometric compounds, or
an extension of the criterion to include solid solutions, is a necessary but not a sufficient
condition for half-metallicity.

Type TA half-metals are metallic for majority electrons but semiconducting for mi-
nority electrons, whereas the opposite is true for the type IB half-metals. Half-metallic
oxides, in which the 4s states are pushed above ep, are of type IA when there are less
than five d electrons, but half-metallic oxides with more than five d electrons are of type
IB. Half-metallic Heusler alloys, with heavy p elements like Sb, tend to have the 3d levels
depressed below the 4s band edge by hybridisation.

Examples of type TA half-metals are CrOs and Mny VAL and examples of type 1B
half-metals are SroFeMoOg and CooMnSi. In a second class of half-metals, which is
designated as type II, the carriers at the Fermi level are in a band that is sufficiently
narrow for them to be localised. Magnetite, a magnetic mineral, is a half-metal with a
spin gap in the majority density of states, and localised states in the minority band [62];
it is a type IIB half-metal. A third class of half-metals, known as ”transport half-metals”,
has localised majority states and delocalised minority states, or vice versa [63].

The density of states at ep does not vanish for either of the sub-bands, but the carriers
in one band have a much larger effective mass than those in the other band. In regards
to electronic transport properties, only one type of carrier contributes significantly to
conduction. (Lag7Srg3)MnOs is a type IIIA half-metal, with both spin states present
at ep, but with very different mobilities for the two spins. TIoMnyO7, a ferromagnetic
pyrochlore structure oxide, has an unusual semi-metallic band structure, with approx-
imately 0.01 electrons and holes per formula [64]. There are a small number of heavy
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holes at the top of a narrow majority band of Mn(ta,) character, and an equal number of
minority electrons in a broad band of mixed T1(6s), O(2p) and Mn(3d) character, mak-
ing this a type IVA half-metal. Diluted magnetic semiconductors (DMS) are included
in the table as type V half-metals.

1.3 Investigations of this thesis

This work emphasizes the potential of Heusler compounds in a wide range of spintronic
applications. Using electronic structure calculations it is possible to design compounds
for specific applications. Examples for GMR and TMR applications, for spin injection
into semiconductors, and for spin torque transfer applications will be shown. Chapter 5
reports about the investigation of new half-metallic compounds where the Fermi energy
is tuned in the middle of the gap to result in more stable compounds. The bulk proper-
ties of the quaternary Heusler alloy CosMn;_,Fe,Si with the Fe concentration ranging
from z = 0 to 1 will be reported. All samples, which were prepared by arc melting,
exhibit L2 long range order over the complete range of Fe concentration. Structural
and magnetic properties of CooMn;_,Fe,Si Heusler alloys were investigated by means
of X-ray diffraction, high and low temperature magnetometry, Molbauer spectroscopy,
and differential scanning calorimetry. The electronic structure was explored by means
of high energy photo emission spectroscopy at about 8 keV photon energy. This en-
sures true bulk sensitivity of the measurements. The magnetization of the Fe doped
Heusler alloys is in agreement with the values of the magnetic moments expected for
a Slater-Pauling like behavior of half-metallic ferromagnets. The experimental findings
are discussed on the hand of self-consistent calculations of the electronic and magnetic
structure. To achieve good agreement with experiment, the calculations indicate that
on-site electron-electron correlation must be taken into account, even at low Fe concen-
tration. The investigation focuses on searching for the quaternary compound where the
half-metallic behavior is stable against outside influences. Overall, the results suggest
that the best candidate may be found at an iron concentration of about 50%.

In CooMn;_,Fe,Si the transition metal carrying the localized moment is exchanged.
This might lead to unexpected effects on the magnetic properties if the samples are
not completely homogeneous. Therefore Chapter 6 reports about the optimization of
the Heusler compounds for GMR and TMR applications. The structural and magnetic
properties of the quaternary Heusler alloy CosFeAl;_,Si, with varying Si concentration
will be reported. The structure of the CosFeAl;_,Si, solid solution was investigated by
means of X-ray diffraction and differential scanning calorimetry. It is found that the
alloys exhibit the L2y structure for x > 0.4. Depending on the Si concentration x, a
structural phase transition is found at temperatures between 1000 K and 1200 K. The
transition temperature decreases with increasing Si content x. The magnetic properties
were studied using low temperature magnetometry. For x > 0.4, the magnetization of
the compounds is in agreement with a Slater-Pauling like behavior and with the values
obtained from ab-initio calculations. For z < 0.4 enlarged magnetic moments are found
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due to disorder. From the combination of experimental (better order for high Si content)
and theoretical findings (robust gap at z ~ 0.5 £ 0.25) it is concluded that a compound
with an intermediate Si concentration close to = 0.5...0.7 would be best suited for
spintronic applications, especially for GMR and TMR applications.

Chapter 7 reports about a detailed investigation of diluted magnetic semiconductors
with a very low lattice mismatch among each other. This makes this samples interesting
for spintronics applications like Spin-LEDs or other spin injection devices. One could
prepare thin film devices including these materials and it should be possible to grow
them epitaxially with clean and smooth interfaces. If depositing layer by layer one can
use the Co-planes to merge the different materials without any interface at all.

The diluted magnetic semiconductors were prepared by substituting titanium in the
semiconducting compound CoTiSb by other 3d transition elements. The structural,
electronic, and magnetic properties of the pure and doped materials were investigated.
It was found that substitution of up to 10% Ti by Fe, Mn, Cr, and V does not affect
the crystalline structure and the lattice mismatch is less than 0.5% among each other.
Self consistent calculations of the electronic structure predict some of the materials to
be half-metallic ferromagnets. The Curie temperature of the Fe substituted alloy is far
above room temperature (> 700 K), thus making that material a serious candidate for
future electronic applications, in particular for magnetoelectronics and spintronics.

Chapter 8 reports about a detailed investigation of the theoretically predicted half-
metallic completely compensated-ferrimagnet MngGa as a suitable material for spin
torque transfer applications. The electronic, magnetic, and structural properties of the
tetragonal DOy phase of Mn3Ga were investigated. It has been found that the material
is hard magnetic with an energy product of H, x B, = 52.5 kJm™ and an average
saturation magnetization of about 0.25 Bohr magnetons per atom at 5 K. The saturation
magnetization indicates a ferrimagnetic order with partially compensating moments at
the Mn atoms on crystallographically different sites. The Curie temperature is above
730 K where the onset of decomposition is observed. The electronic structure calculations
indicate a nearly half-metallic ferrimagnetic order with 88% spin polarization at the
Fermi energy.
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3 Calculational Details

The self-consistent electronic structure calculations were carried out using the scalar-
relativistic full potential linearized augmented plane wave method (FLAPW) as provided
by Wien2k [65]. The exchange-correlation functional was taken within the generalized
gradient approximation (GGA) in the parameterization of Perdew et al [66].

The calculation of mixed random alloys is not straight forward in the FLAPW as is
used here. To verify that ordered compounds could be used instead of random alloys,
the full relativistic Korringa-Kohn-Rostocker (KKR) method with the coherent poten-
tial approximation (CPA) was employed [67]. The exchange-correlation functional was
parameterized by using the plain GGA. No significant differences in the integrated prop-
erties, such as the density of states or the magnetic moments, were found between the
methods.

For the case of CogFeSi, it has recently been demonstrated that LSDA or GGA
schemes are not sufficient for describing the electronic structure correctly. Significant
improvement was found, however, when the LDA+U method [39, 68] was used and this
computational scheme was used here as well. LDA+U, as described by Anisimov et
al [69], adds an orbital dependent electron-electron correlation, which is not included
in the plain LSDA or GGA schemes. It should be mentioned that the +U was used
in the FLAPW scheme with the GGA rather than the LSDA parameterization of the
exchange-correlation functional. No significant differences were observed using either of
these parameterizations.

In case of the dilluted magnetic semiconductors the calculations were performed using
one of the most common parameterizations of the exchange-correlation functional as
given by Vosco, Wilk, and Nussair [70, 71, 72]. Additionally, the generalized gradient
approximation (GGA) was used in the form given by Perdew et al [73]. The CPA
tolerance was set to 10~* and the energy convergence criterion to 107°. f states were
included in the basis of all atoms. 578 irreducible k-points based on a 22 x 22 x 22 mesh
were used for integration. The density of states was calculated for the same number of
k-points from the Greens function by adding a small imaginary part of 2 mRy to the
energy. For smaller values, the band gaps may become better visible, however, at the
same time the DOS becomes much more noisy.

31



32

3. Calculational Details




4 Experimental Details

All polycristalline samples were prepared by arc melting of stoichiometric amounts of
the constituents in an argon atmosphere at 10~* mbar. Care was taken to avoid oxygen
contamination. This was ensured by evaporating Ti inside of the vacuum chamber
before melting the compound as well as by additional purifying of the process gas. The
polycrystalline ingots were then annealed in an evacuated quartz tube.

The cristallographic structure was investigated by X-ray powder diffraction (XRD)
using excitation by Mo K, (Bruker, AXS D8) in reflection geometry or Cu K, radiation
(Bruker, D500) in transmission geometry in a # — 6 scanning mode.

Flat disks were cut from the ingots and polished for spectroscopic investigations of
bulk samples. For powder investigations, the remainder was crushed by hand using a
mortar. It should be noted that using a steel ball mill results in a strong perturbation
of the crystalline structure.

X-ray photo emission (ESCA) was used to verify the composition and to check the
cleanliness of the samples. After removal of the native oxide from the polished surfaces
by ArT ion bombardment, no impurities were detected with ESCA. The samples were
afterwards capped in-situ by a 2 nm layer of Au at room temperature to prevent oxidation
of the samples during transport in air.

Magneto-structural investigations were carried out using MofSbauer spectroscopy in
transmission geometry using a constant acceleration spectrometer. For excitation, a
57Co(Rh) source with a line width of 0.105 mm/s (5 neV) was used. The spectra from
powder samples were taken at 290 K.

The magnetic properties were investigated by a super conducting quantum interfer-
ence device (SQUID, Quantum Design MPMS-XL-5) using nearly punctual pieces of
approximately 5 mg to 10 mg of the sample.

Differential scanning calorimetry (DSC) measurements (NETZCH, STA 429) were
performed to detect phase transitions below the melting point. In particular, attempts
were made to find the Curie temperature (7¢), but this turned out to be too high
to be determined directly by the SQUID, which is limited to 775 K even in the high
temperature mode.

The electrical transport property measurements were done with flat discs (2x3 x5 mm)
of the annealed samples. The electrical resistivity was measured using a Quantum Design
Physical Properties Measurement System (PPMS) by the four contact method with silver
contacts.

The electronic structure of the Cos based Heusler compounds was explored by means
of high energy X-ray photo emission spectroscopy. The measurements were performed
at the beamline BL47XU of the synchrotron SPring 8 (Hyogo, Japan). The photons are
produced by means of a 140-pole in vacuum undulator and are further monochromized by
a double double-crystal monochromator. The first monochromator uses Si(111) crystals
and the second a Si(111) channel-cut crystal with 444 reflections (for 8 keV X-rays). The
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energy of the photo emitted electrons is analyzed using a Gammadata - Scienta R 4000-
12kV electron spectrometer. The ultimate resolution of the set up (monochromator plus
analyzer at 50 eV pass energy using a 200 pm slit) is 83.5 meV at 7935.099 eV photon
energy. For the here reported experiments, a photon energy of 7939.15 eV has been
employed. Under the present experimental conditions an overall resolution of 250 meV
has been reached. All values concerning the resolution are determined from the Fermi-
edge of an Au sample. Due to the low cross-section of the valence states from the
investigated compounds, the spectra had to be taken with E,qss = 200 eV and a 500 pm
slit for a good signal to noise ratio. The polycrystalline samples have been fractured
in-situ before taking the spectra to remove the native oxide layer. Core-level spectra
have been taken to check the cleanliness of the samples. No traces of impurities were
found. The valence band spectra shown in section 5.7 were collected over 2-4 h at about
100 mA electron current in the storage ring in the top-up mode. All measurements have
been taken at a sample temperature of 20 K.

The temperaure dependent XRD measurements were performed at the X-ray powder
diffraction (XPD) beamline at the bending magnet D10 at the Brazilian Synchrotron
Light Laboratory (LNLS). For details about the characteristics of the beamline see, e.g.
Reference [74]. The temperature was varied from 20 to 300 K using a closed cycle cryostat
and resistive heating. The excitation energy was set to hv = 7050 eV corresponding to
a photon wavelength A = 1.75886 A.

Details of the electronic structure of CoTiSb and CoTig gFeg.1Sb have been explored
experimentally by means of photo emission spectroscopy. The hard X-ray photo emission
spectroscopy (HAXPES) measurements have been performed at the KMC-1 beamline of
the storage ring BESSY (Berlin, Germany). The photons are produced by means of a
bending magnet. The photon beam is focused by a toroidal mirror and monochromatized
by a double-crystal monochromator. In the present work the Si(111) crystal pairs were
used which can be employed for photon energies up to ~ 15 keV with a starting energy
of 1.997 keV. The spot size of the beam is (0.4 x 0.6) mm? at the sample. The complete
beamline is operated under oil-free UHV conditions (< 5 x 1078 mbar at last valve). For
details about the characteristics of the beamline see, e.g. Reference [75].

As electron analyzer, a recently developed hemispherical spectrometer with 225 mm
radius has been used (PHOIBOS 225 HV). The analyzer is designed for high resolution
spectroscopy at kinetic energies up to 15 keV. For the present study, a 2D detector has
been employed for detection of the electrons. The analyzer is equipped for parallel 2D
(energy and angle) and simultaneous spin-detection using a combination of a 2D-delay-
line detector with a low energy Mott-detector. Typical spectra, as taken from a Au(100)
single crystal are shown in Reference [75].

Under the experimental conditions an overall resolution of 240 meV at 2 keV photon
energy has been reached (monochromator plus electron detector), as was determined
from the Fermi edge of Au(100). Due to the low cross-section of the valence states
from the investigated compounds, the spectra had to be taken with FE,qss from 50 eV to
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150 eV and a 1 mm entrance slit for a good signal to noise ratio.

The soft X-ray photo emission spectroscopy measurements have been performed at
the UE52-SGM undulator beamline (former U49) of BESSY (Berlin) using the PHOIBOS
225 HV spectrometer (SPECS). The beamline provides the soft X-ray radiation in the
energy range from 100 eV to 1600 eV. For the present measurements the exit slit was
set to 100 pm for a nominal resolution of about 10* at 750 eV for the grating with 1200
lines per mm resulting in an energy resolution of better than 100 meV. For details about
the characteristics of the beamline - flux and resolution - see, e.g. Reference [76].

For site specific magnetometry, X-ray Magnetic Circular Dichroism (XMCD) in photo
absorption (XAS) was performed at the First Dragon beamline of NSRRC (Hsinchu,
Taiwan) [77, 78]. The entrance and exit slits of the monochromator were set symmet-
rically in the range from 10 pm to 25 um resulting in a resolution of about 50meV at
the different absorption edges. The XAS spectrum was obtained by the TEY-method,
measuring directly the sample current while scanning the photon energy. The helicity
of the light was fixed while two spectra with opposite directions of the external field,
defined as u™ and p~, were acquired consecutively. The magnetic field applied in situ
to the sample (up to 0.8 Tesla) was aligned along the surface normal and at an angle of
30 degrees with respect to the incident photon direction.

Extended X-ray absorption fine structure (EXAFS) measurements have been per-
formed at the XAFS1 beamline of the LNLS (Brazilian Synchrotron Light Laboratory)
using a Si (111) channel-cut monochromator for additional structural investigation, in
particular to explain the site specific short range order. The powders (20 um) were ad-
ditionally mixed with BN and pressed to thin pellets. Powder samples were investigated
in transmission mode using two ion chambers. The EXAFS spectra were analyzed using
the IFEFFIT analysis package [79]. The isolated-atom background function was removed
from the experimental X-ray absorption coefficient data yielding the y(k) signal. The
Fourier transform (FT) was applied using a Hanning window with a k range of 8 A~1.
The structural parameters were obtained from a least-squares fit to the data in r and
k-space using phase shift and amplitudes obtained from the FEFF code [80]
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5 Tuning the Fermi Energy in the Middle of the
Gap

5.1 Introduction

Kiibler et al [55] recognized that the minority-spin state densities at the Fermi energy
nearly vanish for CooMnAl and CooMnSn. The authors concluded that this should lead
to peculiar transport properties in these Heusler compounds because only the majority
density contributes. The so called half-metallic ferromagnets have been proposed as ideal
candidates for spin injection devices because they have been predicted to exhibit 100 %
spin polarization at the Fermi energy (er) [3]. From the applications point of view, a
high Curie temperature for a half-metallic ferromagnet may be an important condition.
For this reason, Heusler alloys with L2; structure have attracted great interest. Some of
these alloys exhibit high Curie temperatures and, according to theory, should have a high
spin polarization at the Fermi energy [81, 82, 83]. Calculations also show that anti-site
disorder will destroy the high spin polarization [84], implying that precise control of the
atomic structure of the Heusler alloys is required.

The Heusler alloy CooMnSi has attracted particular interest because it is predicted to
have a large minority spin band gap of 0.4 eV and, at 985 K, has one of the highest Curie
temperature, among the known Heusler compounds [85, 86]. Structural and magnetic
properties of CoaMnSi have been reported for films and single crystals [87, 88, 89, 90, 91,
92]. In accordance with theoretical predictions, bulk CoaMnSi has been stabilized in the
L2, structure with a magnetization of 5 up per formula unit. From tunneling magneto
resistance (TMR) data with one electrode consisting of a CooMnSi film Schmalhorst et
al [93, 94] inferred a spin polarization of 61 % at the barrier interface. Although the
desired spin polarization of 100 % was not reached, the experimental value of the spin
polarization is larger than the maximum 55 % effective spin polarization of a variety of
3d-transition metal alloys in combination with Al;Os barriers [95]. However, the spin
polarization of photoelectrons emerging from single crystalline CoosMnSi films grown on
GaAs by pulsed laser deposition indicate a quite low spin polarization at the Fermi level
of only 12 % at the free surface [92]. Wang et al [91, 92] assumed that partial chemical
disorder was responsible for this discrepancy with the theoretical predictions.

Photo emission spectroscopy is the method of choice to study the occupied electronic
structure of materials. Low kinetic energies result in a low electron mean free path
being only 5.2 Aat kinetic energies of 100 eV (all values calculated for CoyFeSi using the
TPP2M equations [96]) and a depth of less than one cubic Heusler cell will contribute
to the observed intensity. The situation becomes much better at high energies. In the
hard X-ray region of about 8 keV one will reach a high bulk sensitivity with an escape
depth being larger than 115 A(corresponding to 20 cubic cells). High energy photo
emission (at about 15 keV excitation energy) was first performed as early as 1989 [97]
using a ®"Co MoBbauer v-source for excitation, however, with very low resolution only.
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Nowadays, high energy excitation and analysis of the electrons become easily feasible due
to the development of high intense sources (insertion devices at synchrotron facilities)
and multi-channel electron detection. Thus, high resolution - high energy photo emission
was recently introduced by several groups [98, 99, 100, 101, 102, 103] as a bulk sensitive
probe of the electronic structure in complex materials. In the present work, this method
has been used at hv =~ 8 keV to study the density of states of CooMn;_,Fe,Si with
x=0,1/2,1.

Recent investigations [39, 104, 105, 68] of the electronic structure of Heusler com-
pounds indicate that on-site correlation plays an important role in these compounds
and may serve to destroy the half-metallic properties of CooMnSi. In addition, if on-site
correlation is considered in electronic structure calculations CogFeSi becomes a half-
metallic ferromagnet with a magnetic moment of 6 yp.

The present investigation focuses on searching for a mixed compound in the series
CooMn;_,Fe,Si where the half-metallic behavior is stable against the variation of on-
site correlation and other outside influences.

CooMn;_,Fe,Si samples were prepared by arc melting then annealed in an evacuated
quartz tube for 21 days.

5.2 Computational Details

The present work reports, besides experiments, on calculations of the electronic and
magnetic properties of ordered Heusler compounds of the Coa(Mn;_,)Fe,)Si type. The
random alloys were treated as virtual crystals of the CoaMn(_;/4)Fe;/4Si type with
i =0,1,2,3,4. Non-rational values of = as well as random disorder (for examples see
References [106, 107, 108]) will not be discussed here.

The self-consistent electronic structure calculations were carried out using Wien2k
[65].

The properties of pure compounds containing Mn or Fe were calculated in F m3m
symmetry using the experimental lattice parameter (a = 10.658a¢p, app = 0.529177 A)
determined by X-ray powder diffraction. Co atoms are placed on 8¢ Wyckoff positions,
Mn or Fe on 4a and Si on 4b '. A structural optimization for the pure compounds
showed that the calculated lattice parameter deviates from the experimental one only
marginally.

The calculation of mixed random alloys is not straight forward in the FLAPW as is
used here. However, the substitution of some Mn atoms of the L2; structure by Fe
leads in certain cases to ordered structures that can be easily used for the calculations.
Those ordered, mixed compounds have the general formula sum Cog(Mn;_,)Fe;)4Sis
and have integer occupation of Mn and Fe if x = i/4 where ¢ = 1,2, 3. (for more details
see Ref.[108]). To verify that ordered compounds could be used instead of random alloys,
the full relativistic KKR method with CPA was employed [67]. The exchange-correlation
functional was parameterized by using the plain GGA. No significant differences in the

!Note that 4a and 4b positions are equivalent; for clarity we assume that Si is always on 4b.
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integrated properties, such as the density of states or the magnetic moments, were found
between the methods.

For the case of CooFeSi, it has recently been demonstrated that LSDA or GGA
schemes are not sufficient for describing the electronic structure correctly. Significant
improvement was found, however, when the LDA+U method [39, 68] was used and this
computational scheme was used here as well. LDA+U, as described by Anisimov et
al [69], adds an orbital dependent electron-electron correlation, which is not included
in the plain LSDA or GGA schemes. It should be mentioned that the +U was used
in the FLAPW scheme with the GGA rather than the LSDA parameterization of the
exchange-correlation functional. No significant differences were observed using either of
these parameterizations.

5.3 Electronic and Magnetic Structure

The electronic structure of the substitutional series CoaMn; _;/4)Fe;/4Si with ¢ = 0,...,4
was calculated using the LDA+4U method. This method was used because it was found
that plain GGA calculations are not sufficient to explain the magnetic moments in
CogFeSi [39]. Using the impurity model of Anisimov and Gunnarsson [109] along with
self consistent calculations, the effective Coulomb-exchange parameter U.rs was deter-
mined for the pure compounds containing Mn and Fe. Details of the procedure and
the implementation of the constrained LDA calculations in FLAPW are reported by
Madsen and Novak [110]. The values found in the present work are Uc, = 0.30 Ry and
Unrn = 0.39 Ry for CooMnSi, and Ug, = 0.31 Ry and Up, = 0.32 Ry for CogFeSi.

Comparing the semi-empirical values used in [68] to the values found here from the
constrained LDA calculations, it is evident that the latter are too high to explain the
magnetic moments. Additional calculations for the elemental 3d transition metals re-
vealed that all values for U, ¢y found in the constrained LDA calculations are considerably
too high to explain those metallic systems correctly. This is despite the fact that such
calculations may result in reliable values for Mott insulators [111].

For these reasons, the semi-empirical values corresponding to 7.5 % of the atomic
values (see Reference [68]) will be used and discussed here for the case of the FLAPW
calculations. These values ensure that the calculated magnetic moments agree with the
measured values over the entire range of the Fe concentration (compare Section 5.6).
In particular, the values for U.rs were set to Ug, = 0.14 Ry, Up, = 0.132 Ry, and
Unrn = 0.13 Ry, independent of the iron concentration. These values are closer to the
values for the Coulomb interaction Uyy for d electrons in the elemental 3d transition
metals reported by Bandyopadhyay and Sarma [112] even before the LDA+U method
itself was introduced.

The use of U, f f = U —J suppresses multipole effects. That means, it neglects the non-
spherical terms in the expansion of the Coulomb interaction. Additionally, full potential
linearized muffin tin orbitals (FPLMTO) calculations were performed to check for the
influence of the non-spherical terms. Differently, the LMTART 6.5 program provided
by Savrasov [113] uses the Slater integrals F...F?* for the calculation of the on-site
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Table 5.1: LDA + U parameter for CooMn;_,Fe,Si. (All values are given in Ry.)

Ref.:[112] | constrained LDA | FLAPW | FPLMTO
element Ui U Ueyys FY F? F*
Co 0.194 0.3(1) 0.140 0.185 0.085 0.053
Fe 0.171 0.32 0.132 0.175 0.081 0.050
Mn 0.148 0.39 0.130 0.164 0.076  0.047

correlation with U = F9 and J = (F? + F*)/14 (see also References [109, 69]).

As in FLAPW, the use of the U values from the constrained LDA calculations leads
also in FPLMTO to much too large values for the magnetic moments compared to the
experimental findings. In a next step, only reduced values for FV were used. Following
the arguments of Reference[114], only F should be effected by the screening in the solid
state. However, the use of the atomic values for 2 and F'* as proposed in Reference[114]
still did not lead to satisfactory values for the magnetic moments. Finally, the reduction
of all Slater integrals to 10 % of their atomic values was leading to results being compati-
ble to the measured magnetic moments. Moreover, nearly identical results as in FLAPW
were obtained concerning not only the magnetic moments but also the band structures.
The slightly higher values resulting in the most appropriate for FPLMTO are caused
by the fact that these calculations used the U on top of the LDA exchange-correlation
functional and not on top of the GGA parameterization. This behavior reveals that
GGA includes some more correlation compared to pure LDA. It is also observed within
the FLAPW scheme.

The different values for U, Ugq, Uy, and FO ... F* are summarized in Table 5.1. The
values according to Reference[112] where calculated for the d-state occupation as found
from calculations using spherical potentials. The values for FLAPW are calculated from
the Slater integrals reduced to 7.5% of the atomic values as calculated by Cowans pro-
gram [115, 68] and the values for FPLMTO correspond to 10% of the atomic values. The
use of these values leads to nearly identical results comparing FLAPW and FPLMTO.

In the following, only the results from the FLAPW calculations are discussed to allow
for a better comparison with previous work. However, all results shown below are com-
patible and agree very well with those using LDA+4U in FPLMTO calculations. Figure
5.1 shows the spin resolved band structure and the total density of states for the pure
compounds CooMnSi and CosFeSi as calculated within the framework of the LDA+U.
In all cases, the band structures are very similar and the gap in the minority bands is
clearly revealed.

When explaining the Heusler half-metallic ferromagnets using simple rigid band-like
or molecular orbital-like models, it is expected that the additional d electron of the Fe
compound fills the majority states while not affecting the minority states. As may be seen
from Figure 5.1, this is clearly a strong oversimplification. The additional electron must
be absorbed in the strongly dispersing unoccupied d-bands seen in the Mn compound just
above ep. Comparing the majority DOS, it can be seen that the high density d-states at
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Figure 5.1: Band structure and density of states of CooMnSi and CosFeSi.

-1.4 eV (or -3.5 V) in CoaMnSi are shifted to approximately -3 eV (or -5 eV) in CoyFeSi.
Keeping the minority DOS fixed, this would imply an additional exchange splitting of
about 1.6 eV, when compared to CooMnSi, between the majority and minority states
in CogFeSi. This large and rather unphysical shift indicates that the rigid band model
fails and that other alterations of the band structure must take place.

After inspecting the electronic structure in more detail, some particular changes are
found. For example, the rather large shift of the occupied majority d-states is compen-
sated by a shift of the occupied minority d-states, and this keeps the exchange splitting
rather fixed. This then results in a shift and splitting of the occupied minority d-states
(seen at -1 eV in the Mn compound and at -1.7 eV or -2.3 eV in the Fe compound)
as well as a shift of the unoccupied minority d-states towards the Fermi energy. In ad-
dition, the splitting of the unoccupied minority d-states just above the gap is reduced
from 0.7 eV in CosMnSi to 0.4 eV in CogFeSi. The most striking effect, however, is the
shift of the Fermi energy from the top of the minority valence band to the bottom of the
minority conduction band. These particular positions of the minority gap with respect
to the Fermi energy make both systems rather unstable with respect to their electronic
and magnetic properties. Any small change of a physically relevant quantity may serve
to destroy the HMF character by shifting the Fermi energy completely outside of the
minority gap. As long as the shift is assumed to be small, the magnetic moment may
still be similar to the one expected from a Slater-Pauling behavior, even so, the minority
gap is destroyed. For this reason, the magnetic moment may not provide evidence for a
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Figure 5.2: Spin resolved density of states of CooMn;_,Fe,Si for x = 1/4,1/2, and 3/4.

half-metallic state.

It is to be immediately expected that the situation improves in the mixed compounds
containing both Mn and Fe. Figure 5.2 shows the spin resolved total density of states
for the compounds with an intermediate Fe concentration (z # 0,1). In all cases, the
gap in the minority bands is kept.

The shift of the majority d-states with low dispersion away from the Fermi energy is
clearly visible in Fig: 5.2. The additional charge (with increasing Fe concentration x) is
filling the strongly dispersing d-states in the majority channel. At the same time, the
minority DOS is shifted with respect to the Fermi energy such that ep moves from the
top of the minority valence bands at low x to the bottom of the minority conduction
bands at high . In general, it can be concluded that the additional electrons affect both
majority and minority states.

Table 5.2 summarizes the results for the gap in the minority states as found from
LDA+U calculations. The largest gap in the minority states is found for CosMnSi.
The size of the gap decreases with increasing Fe content x, and at the same time, the
position of the Fermi energy is moved from the top of the valence band to the bottom
of the conduction band. It is also seen that the compounds with x = 0 and 1 are on the
borderline to half-metallic ferromagnetism, as the Fermi energy just touches the top of
the valence band or the bottom of the conduction band. In both cases, a slight change
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Table 5.2: Properties of the minority gap of ordered CooMn;_,Fe,Si. Given are the
extremal energies of the valence band maximum (VB,,4z), the conduction
band minimum (CBy;,), and the resulting gap (AE) in the minority states
as found from LDA+U calculations. The extremal energies are given with
respect to ep. All energies are given in eV.

| VBmae CBpin AE

0 0.003 1.307 1.3
1/4 | -0.181  0.970 1.15
1/2 | -0.386  0.495 0.88
3/4 | -0.582 0.181 0.86
1 -0.810 -0.028 0.78

of Ugyy in the calculation is able to shift e outside of the gap in the minority states.

For intermediate Fe concentration, the Fermi energy falls close to the middle of the
gap in the minority states (see also Figure 5.2). This situation makes the magnetic
and electronic properties of the compound very stable against external influences that
will not be able to change the number of minority electrons. This applies both to the
parameters in the theoretical calculations as well as the actual experimental situation.
From this observation it can be concluded that CoaMn, pFe; /5Si exhibits a very stable
half-metallic character in this series of compounds, as well as those with a concentration
close to z = 0.5.

If the Heusler alloys are half-metallic ferromagnets, then they will show a Slater-
Pauling behavior for the magnetization, meaning that the saturation magnetization
scales with the number of valence electrons [81, 83, 45]. The magnetic moment per
unit cell (in multiples of the Bohr magneton up) is given by:

m = Ny — 24, (5.1)

with Ny denoting the accumulated number of valence electrons in the unit cell. For
CosMnSi there is a total of 2 x 9 + 7 + 4 = 29 valence electrons in the unit cell and
accordingly 30 for CosFeSi. for this reason the magnetic moment is expected to vary
linearly from 5 pup to 6 pup with increasing iron concentration in CooMn;_,Fe,Si.

The results found from the LDA+U calculations for the magnetic moments are sum-
marized in Table 5.3 and compared to pure GGA calculations without the inclusion of
the U type correlation. It is evident from Table 5.3 that the GGA derived values do
not follow the Slater-Pauling curve (with the exception of CooMnSi), whereas the values
from the LDA+U follow the curve closely. These results again indicate the loss of the
minority gap - and thus the loss of half-metallicity - if the on-site correlation is not
included.
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Table 5.3: Total magnetic moments of ordered CooMn;_,Fe,Si. All moments were cal-
culated for the given super-cells. Their values are in pp and respect 4 atoms
in the unit cell for easier comparison.

compound ‘ T ‘GGA LDA+U

CoaMnSi 0 5.00 5.00
CogMngFeSiy | 1/4 | 5.21 5.25
CogsMnFeSiy | 1/2 | 5.44 5.50
CogMnFesSiy | 3/4 | 5.55 5.75
CogFeSi 1 5.56 6.00

5.4 Structural Properties

Structural characterization has been performed with X-ray diffraction (XRD) of powders
as the standard method. Due to the small differences in the scattering factors between
the 3d metals Mn, Fe and Co, structural information, other than a simple confirmation
of a single cubic phase can only be gained by measuring the comparatively small (5 %
of the (220)-peak) (111) and (200) superstructure peaks that are typical for the face
centered cubic (fcc) lattice. The simulated powder diffraction pattern of CooMnSi shows
the decisive (111) and (200) peaks for the defect-free structure. Both of these super-
lattice peaks vanish for a random occupation of all lattice sites (4a, 4b, and 8c) resulting
in the A2 structure. In the case of random occupation of 4a and 4b sites by Mn, Fe, and
Si, only the (200) super-lattice peak of the B2 structure type would be seen, while the
(111) peak would vanish.

Such types of disorder would close the gap in the minority DOS so that the material
would no longer be a half-metallic ferromagnet [108, 105]. However, the magnetic mo-
ments may still follow a Slater-Pauling like behavior. The half-metallic character is also
destroyed when only one of the Co atoms is exchanged by Mn/Fe (X structure [116]
with symmetry F' 43m). This type of disorder shows up as a (111) super-lattice peak
with higher intensity than the (200) peak.

As expected for the defect-free structure, the experimental data show both the (111)
and (200) peaks with equal intensity for all Fe concentrations indicating the presence
of a long range fcc structure for all samples (see Figure 5.3). Within the uncertainty of
the experiment, the lattice parameter of 5.64 A remains nearly independent of the Fe
concentration .

Because the scattering factors of all three transition metals are very similar, X-ray
diffraction cannot easily discern a disorder when the Mn and Fe are partially exchanged
with Co atoms on both 8a positions (DO3 like disorder). Because both have the same
F'm3m symmetry, this leads to nearly identical diffraction patterns when going from the
L2y to the DO3 structure. As will be shown in the next section, this type of disorder
can be ruled out by means of Moébauer spectroscopy.
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Figure 5.3: XRD spectra for CooMnSi and CosMng gFeg2Si. The spectra were excited
by Mo K, radiation.

5.5 Magneto-structural Properties

5TFe MoBbauer spectroscopy was performed to investigate the magneto-structural prop-
erties. The transmission spectrum of CosMng 5Feqg 551 is shown in Figure 5.4. Starting
from 10 %, the spectra for the complete range of Fe concentration x are all similar and
therefore not shown here. The observed sextet-like pattern is typical for a magnetically
ordered system. The pattern is typical for the cubic symmetry and no asymmetric shift
of the lines from a non-cubic quadrupole interaction is observed.

The spectrum shown in Figure 5.4 for 50 % Fe is dominated by an intense sextet.
With Fe occupying the 4a sites with cubic symmetry (Oy), this sextet indicates on the
high order of the sample. In addition to the sextet, a much weaker line at the center of
the spectrum is visible. Depending upon the composition it can be explained as a singlet
or doublet. Its contribution to the overall intensity of the spectrum is approximately
3.5 % at x = 0.5. The origin of the singlet or doublet may be caused by anti-site disorder
leading to a small fraction of paramagnetic Fe atoms. The splitting of the paramagnetic
line into a doublet is due to dynamic effects and, among others reasons, usually depends
upon the size of the powder grains. The slight disorder arises most likely from surface
regions of the sample that are destroyed when the sample is crushed to powder. A
partial contamination of the relatively large surface area of the powder with oxygen can
also not been excluded. The relative contribution of the doublet decreases exponentially
from 9 % in low Fe-substituted CosMng gFeq1Si to 1.8 % in pure CosFeSi. As was also
suggested by the photo absorption and ESCA measurements, this may indicate a larger
probability for oxidation in the Mn rich part of the series.

The line width of the sextet is approximately (0.14 £+ 0.01) mm/s (corresponding to
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Figure 5.4: 5"Fe Mofbauer spectrum of CooMng sFeq5Si. The spectrum was taken at
290K and excited by a 5"Co(Rh) source. Solid lines are results of a fit to
determine the sextet and doublet contributions and to evaluate the hyperfine
field.

6.7 neV) on average over the complete series of compositions. A pronouncedly higher
line width of ~ 0.19mm/s was found for the alloy with « = 0.7. This indicates a
higher disorder in that sample and may also explain the slightly higher magnetic moment
(compare Figure 5.8 in Section 5.6). The isomer shift increases linearly from 0.075 mm/s
(3.6 neV) to 0.129 mm/s (6.2 neV) with increasing z, indicating the change in the
environment of the Fe atoms, that appears here in the second nearest neighbor shell
where the next Fe or Mn atoms are located. Despite this increase, the values suggest
a Fe?t-like character of the iron atoms in CosMnj_,Fe,Si. The increase points on a
slight decrease of the valence electron concentration close to the iron atoms. Table 5.4
summarizes the values for the isomer shift and the hyperfine field (Hp¢s) as function of
the iron concentration.

The hyperfine field at the Fe sites amounts to 26.5x 10¢ A /m in CoaMng 5Feq 5Si. This
is the maximum value observed in the complete series with varying Fe concentration
x. Overall, the hyperfine field varies non-linearly from 25.9 x 10° A/m at # = 0.1 to
25 x 10% A/m at z = 1 (see also: 2). For low iron concentration, it increases with z and
decreases from x = 0.5 to x = 1. It should be noted that the M&fbauer spectra taken
at 85K from CooFeSi exhibited a considerably higher value (26.3 x 10% A /m) without
additional singlet or doublet contributions. Therefore, thermally activated fluctuations
or disorder can not be excluded here. The values of the hyperfine field at the Fe atoms are
comparable to those found by Niculescu et al [117, 118] using spin-echo nuclear magnetic
resonance (NMR). For Coz_,Fe,Si, these authors reported approximately 26.9x 105 A /m

*Note that the M&Bbauer data reported in Ref.[39] were taken at lower temperature (85K).
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Table 5.4: Mo bauer data for iron in CooMn;_,Fe,Si. Given are the measured and
calculated values of the hyperfine field (Hpsf) and the measured isomer shift
(IS) for increasing Fe concentration x.

xT thf [106 A/m} 1S [neV]
Experiment Calculation

0.1 25.937 3.61
0.2 26.214 3.77
0.25 - 26.534

0.4 26.412 4.18
0.5 26.466 26.629 4.34
0.6 26.417 4.75
0.7 26.259 4.90
0.75 - 26.962

0.8 25.915 5.33
0.9 25.480 5.77
1 24.997 27.013 6.21

for iron on 4a sites. The values for partial occupancy of 8c sites, expected from NMR
[118] (= 16 x 105 A/m) for CogFeSi are considerably smaller. This is in agreement
with calculations for Co and Fe on interchanged sites (= 17 x 105 A/m). Therefore, a
DOs type disorder can be excluded. The calculated hyperfine fields are, however, nearly
independent of the Fe concentration. They decrease linearly with 2 by —0.7 x 10 A/m
from 27.01 x 10® A/m for CopFeSi. A maximum in the Hy,sf(z) dependence at z = 1/2
could not be verified. It was found neither for the ordered compounds using the FLAPW
method with the LDA+U (see Table 5.4), nor for random alloys calculated using a KKR-~

CPA scheme in the GGA approximation 3.

Differential scanning calorimetry was used to find the high temperature phase tran-
sitions in the substitutional series. Figure 5.5 shows a typical result from DSC, which
was used to investigate the expected phase transitions. The figure displays the change
of the DSC signal as a function of the temperature using nominal heating and cooling
rates of 20 K/min. A strong signal arising from a phase transition is easily detected at
about 1000 K to 1050 K during both heating and cooling. The shift of the maxima is
mainly due to an intrinsic hysteresis effect of the method and depends on the tempera-
ture rates and the actual amount of material. The length of the error bars in Figure 5.6
corresponds to this hysteresis.

A series of DSC measurements was performed with different scanning rates for heating
and cooling, but it was not possible to distinguish the magnetic transition temperature
because it was too close to the structural transition temperature of the L2 to the B2

3Note that these calculations need at present a rather unphysical enlargement of the lattice parameter
in order to explain the magnetic moments and position of the minority gap correctly.
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Figure 5.5: DSC results for CooMnSi and CooMng gFeg oSi.

phase TtB 2=l o overcome the problem of nearby phase transitions of different kind,

it would be necessary to obtain high temperature magnetization curves such as those
that Kobayashi et al. [119] obtained in their examination of the series CosCr;_,Fe,Ga,
or the difference in the transition temperatures should be more than 100 K.

Figure 5.6 displays the temperature dependence of the L2; <> B2 phase transition.
It is nearly constant, increasing slightly, as the Fe content increases, from ~ 1024 K for
CooMnSi to =~ 1031 K for CogFeSi. It is seen that the Curie temperatures of the end
members of the substitutional series are slightly below or above the structural phase
transition for the compound containing Mn or Fe, respectively. The Curie temperature
is expected to increase with increasing x from T(0) = 985 K [120] to Tx(1) = 1100 K
[39], while in CosMn;_,Fe,Si TtB 2=L% hardly varies with increasing z, being around
1027 K for x = 0.5. It is therefore impossible here to unambiguously determine T by
using the DSC technique, because of the relative weakness of the magnetic transition
compared to the structural transition and the overlap of those two transitions in the
DSC spectra. It is interesting to note that the Curie temperature of the compounds
with high Fe concentration appears to be above the order-disorder phase transition.

5.6 Magnetic Properties

The Cos-based Heusler alloys that are half-metallic ferromagnets show a Slater-Pauling
like behavior for the magnetization. The saturation magnetization scales with the num-
ber of valence electrons [83] and the magnetic moment per unit cell is given by equa-
tion 5.1. A magnetic moment of:
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m(x) = (5+2)up (5.2)

is expected for CooMn;_,Fe,Si.

Low temperature magnetometry was performed by means of the SQUID to check the
calculated saturation moment. Selected results are shown in Figure 5.7. The increase
of the saturation moment with the iron concentration is clearly visible. In addition, it
is found that all CooMn;_,Fe,Si samples are soft magnetic with a small remanence and
a small coercive field. Results for the element-specific magnetic moments from X-ray
magnetic circular dichroism are reported elsewhere [121].

The total magnetic moments, measured at 5 K and in saturation, are (4.97 +0.05)up
and (5.97 £ 0.05)up for the pure compounds CoaMnSi and CogFeSi, respectively. The
latter is in perfect agreement with the recent investigation reported in References[39,
104]. Figure 5.8 displays the dependence of the saturation moment as a function of the
Fe concentration z. The series shows a nearly linear increase of m with increasing Fe
concentration that closely fits the values expected from a Slater-Pauling like behavior.

Comparing the experimental results to the theoretical values as given in Table 5.3, it is
evident that they closely agree with those from the LDA+U calculations. The agreement
of the GGA result for CooMnSi may thus be seen as due to chance. The comparison
also substantiates the use of correlation energies of about 0.135 Ry, as these can be used
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Figure 5.7: Magnetization of CooMn;_,Fe,Si.
Displayed are the hysteresis curves for x = 0,0.5,1 taken at T'= 5 K.

to predict the magnetic moment correctly over the entire range of Fe concentration .

5.7 Electronic Properties

The results from high energy photo emission are shown in Figure 5.9 and compared
to the total density of states calculated for CoaMn;_,Fe,Si with z = 0,1/2,1). The
calculated total DOS is the sum of the spin resolved majority and minority DOS shown
in Figures 5.1 & 5.2 and convoluted with a Fermi-Dirac distribution using 7' = 20 K.

The spectra of all three compounds reveal clearly the low lying s-states at about
-11 €V to -9 eV below the Fermi energy, in well agreement to the calculated DOS.
These low lying bands are separated from the high lying d-states by the Heusler-typical
hybridization gap being clearly resolved in the spectra as well as the calculated DOS.
The size of this gap amounts typically to AF ~ 2 eV in Si containing compounds.

Obviously, the emission from the low lying s-states is pronouncedly enhanced com-
pared to the emission from the d-states. This can be explained by a different behavior of
the cross sections of the s, p, and d states with increasing kinetic energy as was recently
demonstrated by Panaccione et al for the case of the silver valence band [102]. In partic-
ular, the cross section for d-states decreases faster with increasing photon energy than
the one of the s-states. This behavior influences also the onset of the d-bands at about
-7 V. Just at the bottom of those d-bands, they are hybridized with s, p-like states,
leading to a high intensity in this energy region.

The structure of the spectra in the range of the d states agrees with the structures
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Figure 5.8: Concentration dependence of the magnetic moment in CooMn;_,Fe,Si.
All measurements were performed at T =5 K.

observed in the total DOS. However, one has to account for lifetime broadening and
the experimental resolution if comparing that energy range. The lowest flat band of the
majority band structure (see Figure 5.1), accompanying the localized moment at the Y
sites, results in a sharp peak in the DOS at about -3.5 eV and -5 eV for Mn and Fe,
respectively (marked by arrows in Fig.5.9 a) and c). These peaks are shifted away from
er by the electron-electron correlation in the LDA4U calculation and would appear
without U closer to the Fermi energy. Their energetic position corresponds to structures
revealed in the measured spectra, thus they are a good proof for the use of the LDA+U
scheme.

Most interesting is the behavior of the calculated DOS and the measured spectra close
to € as this might give an advice about the gap in the minority states. The majority
band structure contributes only few states to the density at er emerging from strongly
dispersing bands. This region of low density is enclosed by a high density of states arising
from flat bands at the upper and lower limits of the minority band gap. The onset of
the minority valence band is clearly seen in the total DOS as well as the low majority
density at the Fermi energy. The same behavior is observed in the measured valence
band spectra. From the spectra, it can be estimated that the Fermi energy is in all three
cases about 0.5 eV above the minority valence band. This gives strong evidence that all
compounds of the CoosMn;_,Fe,Si series exhibit really half-metallic ferromagnetism.

The values for Ucsy used in section 5.3 are the borderline cases for the half-metallic
ferromagnetism over the complete series CooMn;_,Fe,Si. They were used being inde-
pendent of the Fe concentration, what was suggested for Co from the constrained LDA
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Figure 5.9: Valence density of CooMn;_,Fe,Si (z =0,1/2,1).
The calculated total density of states (a, b, ¢) has been convoluted by a
Fermi-Dirac distribution using 7" = 20 K. The photoelectron spectra (e, f, g)
have been excited by hv = 7.939 keV.

calculations. However, the valence band spectra shown in Figure 5.9 indicate that the
Fermi energy of both end members may fall inside of the minority gap rather than being
located at the edges of the minority gap. This situation may be simulated by a variation
of U. A comparison to the U-dependence of the minority gap shown in Reference [68]
suggests smaller effective Coulomb exchange parameters for the Mn rich part and larger
ones for the Fe rich part of the series. This might also explain the non-linearity reported
in section 5.6 for the hyperfine field. A variation of those parameters for all contributing
3d constituents in the calculations was omitted here because it would not bring more
insight into the nature of the problem, at present.

Overall, the measured photoelectron spectra agree well with the calculated density of
states and principally verify the use of the LDA+U scheme. In particular, the shape of
the spectra close to er can be explained by the occurrence of a gap in the minority states
and thus points indirectly on the half-metallic state of all three compounds investigated
here by photo emission. For clarity about the gap, spin resolved photo emission spec-
troscopy at high energies would be highly desirable. However, this will make another
step of improvement of the instrumentation necessary, for both photon sources as well
as electron energy and spin analyzers, as the spin detection will need a factor of at least
three to four orders of magnitude more intensity for a single energy channel at the same
resolution as used here for the intensity spectra.
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5.8 Summary and Conclusion

The substitutional series of the quaternary Heusler compound CosMn;_,Fe,Si was syn-
thesized and investigated both experimentally and theoretically.

The results found from the LDA+U calculations for the magnetic moments m(x)
closely follow the Slater-Pauling curve. The shift of the minority gap with respect to the
Fermi energy, from the top of the minority valence band for CooMnSi to the bottom of the
minority conduction band for CosFeSi, makes both systems rather unstable with respect
to their electronic and magnetic properties. The calculated band structures suggest
that the most stable compound in a half-metallic state will occur at an intermediate Fe
concentration. These theoretical findings are supported by the experiments.

All samples of the substitutional series exhibit an L2; order that is independent of the
Fe concentration . The observed structural order-disorder phase transition from L2 «
B2 is nearly independent of x and occurs at about 1030 K. Mofibauer measurements
show only a negligible paramagnetic contribution confirming the high degree of order
over the whole substitutional series. In agreement with the expectation from the Slater-
Pauling curve, the magnetic moment increases linearly with x from 5 pup to 6 pup. True
bulk sensitive, high energy photo emission bearded out the inclusion of electron-electron
correlation in the calculation of the electronic structure and gave an indirect advise on the
gap in the minority states. Both, valence band spectra and hyperfine fields indicate an
increase of the effective Coulomb exchange parameters with increasing Fe concentration.

From both the experimental and computational results it is concluded that a com-
pound with an intermediate Fe concentration of about 50% should be most stable and
best suited for spintronic applications.
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6 Optimization for GMR/TMR Applications

6.1 Introduction

Heusler compounds [57] have attracted scientific and technological interest for their po-
tential use as materials for magnetoelectronic devices [122]. Reason is the exceptional
electronic structure found in particular in the CoaYZ Heusler compounds (Y = transi-
tion metal, Z = main group element). Kiibler et al. [55] concluded from ab-initio cal-
culations that Coo based compounds will have peculiar transport properties when they
recognized that the minority-spin density at the Fermi energy e vanishes in CooMnAl
and CosMnSn. That means, those compounds exhibit a complete spin polarization at
er such that they behave like a metal for electrons of one spin direction and like an
insulator for the other one. In particular, all Coy based Heusler compounds are half-
metallic ferromagnets [3], as recently demonstrated in ab-initio calculations (see [123]
and references there).

Besides the ternary CooYZ Heusler compounds, there exist also a large assortments
of substitutional quaternary alloys. One of the early substitutional series that attracted
interest as potential material for magnetoelectronics was CogCr_,Fe, Al [124, 108]. Dis-
advantage of this series is that it is hard to be stabilized in the L2; structure. Mostly
a mixture of atoms in Y and Z positions is observed leading to B2-like disorder [107].
However, the disorder destroys the half-metallic properties [105], despite that high tun-
neling magneto resistance (TMR) ratios have been observed for CoyCrggFeg4Al [125].
The series CooMn;_,Fe,Si has also attracted particular interest because it exhibits the
L2, order over the whole range of x [126] and the end member with = 1 exhibits
the highest Curie temperature of all Heusler compounds [104]. The end members of
this series (x = 0 and 1) have been used for fabrication of magnetic tunnel junctions
[127, 128, 129]. The tunnel magnetoresistance (TMR) ratios of 159% in the Mn com-
pound at low temperature and 41% in the Fe compound at room temperature suggest
that still an improvement with respect to the temperature stability of the TMR is nec-
essary.

In CooMn;_,Fe,Si the transition metal carrying the localized moment is exchanged.
This might lead to unexpected effects on the magnetic properties if the samples are
not completely homogeneous. The situation is different in the iso-electronic series
CogFeAl;_,Si, where the main group element is substituted. Tezuka et al. [130, 131] re-
ported about TMR junctions build from CooFeAly 5Sig.5. The junctions exhibited TMR
ratios of 76% at 300 K and 106% at 5 K for the B2 structure while the junctions with
L2, structure showed 51% and 78% at 300 K and 5 K, respectively. The TMR ratio is
175% at 300 K for optimized junctions with L2; structure [131] and thus larger than the
ones found for pure CosFeAl or CogFeSi electrodes.

Recent ab-initio calculations [132] indicated that the compound with 50% of the Al
substituted by Si will lead to a situation where e is located close to the middle of the

55
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Figure 6.1: Powder diffraction of CosFeAl;_,Si,. Shown are the powder pattern mea-
sured with Mo K, at room temperature for selected compositions with x =
0.3, 0.4, and 0.5. (Note that the indices of the reflections are different in the
L2q and B2 structures due to the different symmetry of the lattices.

minority gap and thus should lead to an improved temperature stability of the spin
polarization, in particular if quasi particle excitations are appearing close to the band
edges. The present study is devoted to the bulk properties of CogFeAl;_,Si, in order to
find the most stable compound of the series with respect to the structural and magnetic
properties and thus the most promising candidate for thin film devices using them in
GMR and TMR applications.

6.2 Structural Properties

The CogFeAl;_,Si, samples with varying x in steps of 0.1 were prepared by arc melting
of stoichiometric amounts of the constituents in an argon atmosphere at 10~* mbar,
resulting in polycrystalline ingots. The as-cast samples (data not shown here) exhibit
for z > 0.5 already the L2y structure and only samples with higher Al content exhibit a
B2 structure. To improve the structural properties, the ingots were annealed at about
1000 K in an evacuated quartz tube for 7 days afterwards. This procedure resulted in
samples exhibiting the L2 structure for > 0.4 and the B2 structure for z < 0.4.

The crystalline structure was determined by X-ray powder diffraction (XRD) using
excitation by Mo K, radiation. Typical powder diffraction patterns are shown in Fig-
ure 6.1. The lattice parameter found from the Rietveld-refinement is a = 5.665 A and
almost independent of the Si concentration xz. For compounds with > 0.4, the (111) and
(200) reflections being indicative for the L2; structure are clearly visible. At x = 0.3 the
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(111) reflection is hardly detectable pointing on a B2 structure. The Rietveld-refinement
points on a partial Fe-Z (Z=Al, Si) antisite-disorder that increases from about 5% to
20% with decreasing Si content (0.9 < z < 0.5).

6.3 Magnetic Properties

The magnetic properties were investigated by a super conducting quantum interference
device (SQUID, Quantum Design MPMS-XL-5) using nearly punctual pieces of approx-
imately 5 mg to 10 mg of the sample. In Figure 6.2a, the measured total magnetic
moments (at 5 K and in saturation) are compared to the Slater-Pauling curve. The
magnetic moments can be clearly distinguished in two regions for low and high Si con-
tent. In the high Si content region (z > 0.4), the saturation moments at 5 K decrease
linearly with decreasing Si concentration from 5.98up for x = 1 to 5.42up for z = 0.4. In
that region all samples exhibit the L2; structure and the measured magnetic moments
follow the Slater-Pauling curve. Moreover, they fit almost perfectly to the predicted
values obtained from LDA+U calculations as reported in [132]. The situation changes
in the high Al content region. Below a Si concentration of 40% the magnetic moments
are partially much higher than expected from the Slater-Pauling curve. These enlarged
values indicate a mixture of the A2 and the B2 structure. Wurmehl et al. calculated
the magnetic moments for different kinds of disorder of CogFeAl and reported a value
of 5.46up for the A2 structure [105]. The increase of the magnetic moment in the dis-
ordered A2 structure emerges mainly from an increase of the magnetic moment of the
Co atoms. At the same time the orbital moment is enhanced. The latter effect can be
attributed to the loss of the local cubic environment in the disordered structure. It is
worthwhile to note that the structural disorder destroys the half-metallic character and
results in a dramatic decrease of the spin polarization [106].

Figure 6.2b displays the behavior of the gap in the minority states of CosFeAl;_,Si,
with increasing Si content. The minority gap is clearly visible in the calculated density of
states as shown in Figure 6.2c for CosFeAlg 5Sig 5 as an example. Figure 6.2b compares
the position of the extremal energies of the states involving the minority band gap that
are the accompanied valence band maximum and conduction band minimum. Using
LDA+U, the gap has a nearly constant width of 760 meV over the complete series from
z =0 to 1. From Figure 6.2b, it is seen that the end-members are just at the borderline
to half-metallic ferromagnetism. Starting from xz = 0, e moves from the top of the
valence band to the bottom of the conduction band for x = 1. For CosFeAly5Sig 5, €p
is located close to the middle of the band gap in the minority states.

6.4 Phase transitions studied by DSC measurements

Differential scanning calorimetry (DSC) was used to find the high temperature phase
transitions in the substitutional series. Figure 6.3 displays the dependence of the order-
disorder transition temperature as a function of the Si concentration x. The insets
display the change of the DSC signal as a function of the temperature using nominal
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Figure 6.2: Electronic and magnetic structure of CogFeAl;_,Si;. (a) compares the mea-
sured magnetic moments (symbols) to the Slater-Pauling curve (line). (b)
shows the gap in the minority states with respect to the Fermi energy ep.
Compared are the positions of the valence band maximum (VBM) and the
conduction band minimum (CBM). (c) shows the density of states (DOS) of
CogFeAly 55ip.5 as calculated by means of LDA+U.

heating rates of 15 K min~—!. Depending on the temperature rates and the actual amount
of material, a shift of the maxima is observed between heating and cooling curves (see
also [126]) that is mainly due to an intrinsic hysteresis effect of the method. The length
of the vertical bars in Figure 6.3 corresponds to the range of that hysteresis. The signal
at the phase transition is rather high for x > 0.4 (Fig. 6.3a), that is for compounds
exhibiting clearly the L2; structure. In that case the signal can be clearly attributed
to an L2y < B2 order-disorder phase transition as also observed in other quaternary
Heusler compounds [107, 126]. For z < 0.4 the signal is much weaker. Here, XRD
indicates mainly a B2 structure with a very low portion of L2; and in some cases a high
portion of an A2 structure. Therefore, the signal at low x may be attributed either to
a L2y < B2 or to a B2 < A2 phase transition. Overall, Figure 6.3 demonstrates that
the structural transition temperature of the L2; to the B2 phase TtB 2=L2t Jecreases
almost linearly with increasing Si content at least for z > 0.4. The results from both,
XRD and DSC, demonstrate the better structural stability of the compounds with high
Si content. This is expected from the stronger hybridization between Co and Si in these
compounds [132]. An important detail is that for z > 0.5 the as-cast samples exhibit the
L21 which make the production of thin films much easier because it may avoid extensive
heat treatment to achive the correct structure of the samples.
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Figure 6.3: Phase transitions in CooFeAl;_,Si,. Shown is the composition dependence
of the phase transition temperature. The length of the vertical bars cor-
responds to the experimental hysteresis (see text). The insets (a) and (b)
display typical DSC curves in low (0.1) and high (0.7) Si content compounds,
respectively.

6.5 Summary and Conclusion

In summary, it has been shown that the series CooFeAl;_,Si, crystallizes for x > 0.4
in the L2; structure. This structure is essentially required for a high spin polarization
resulting in high magnetoresistive effects. Both, structural and magnetic investigations
suggest that the Si rich systems x > (0.5 are more stable with respect to the L2; structure,
due to the stronger hybridization between Co and Si compared to Al. For x = 0.5, calcu-
lations predict that the Fermi energy is located in the middle of the gap of the minority
states [132] while in CooFeSi ef is located at the bottom of the conduction band which
can easily destroy the half-metalicity. This behavior will make CosFeAly5Sig 5 stable
against temperature variations. From the combination of experimental (better order for
high Si content) and theoretical findings (robust gap at x ~ 0.5 £ 0.25) it is concluded
that a compound with an intermediate Si concentration close to x = 0.5...0.7 would be
best suited for spintronic applications, especially for GMR and TMR applications.
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7 Spin Injection into Semiconductors

7.1 Introduction

Over the last 40 years, the semiconductor industry has been able to continually shrink
the size of electronic components on silicon chips, packing ever more performance into
computers. The limits of the current technology are reached, when smaller component
sizes are prevented by the fundamental physical laws. In the last decade, spintronics
has developed as a new approach that has revolutionized the market for electronic de-
vices. Some predicted advantages of this new technology are the non volatility of data
storage, the increased speed of data processing, the high storage density, and the low
energy consumption. To exploit the full potential of spintronics, the development of new
magnetic materials, magnetic semiconductors, and half-metallic ferromagnets (HMF) is
necessary [122]. Half-metallic ferromagnets meet all the requirements of spintronics, as a
result of their exceptional electronic structure. These materials behave like metals with
respect to the electrons of one spin direction and like semiconductors with respect to the
electrons of the other spin direction.

The C1p compound NiMnSb was one of the early materials being predicted to be a
HMEF by electronic structure calculations [43]. Two alternative structural descriptions of
the C1, structure (space group F'43m) are possible. The common description is that the
C'1p compounds of composition XYZ (X, Y=transition metals, Z=main-group element)
consist of three interpenetrating fcc lattices. From the viewpoint of electronic structures,
the most appropriate description of these compounds is a zinc-blende YZ lattice stuffed
with X atoms (see Figure 7.1).

In 1984, Kiibler found that the Slater-Pauling rule is useful for describing the magnetic
properties of the C'1, and L2; compounds [44]. Jung et al [45] recognized that many
XYZ compounds can be thought of as comprising X" ions stuffed in a zinc-blende-type
[YZ]"~ sublattice, where the number of valence electrons associated with the [YZ]"~
sublattice is 18 (d'® + s? 4+ p5). Such closed-shell 18-electron compounds are nonmag-
netic and semiconducting [46, 47]. The prototype for a non ferromagnetic compound is
CoTiShb.

Many attempts have been made to prepare semiconducting compounds that also have
ferromagnetic properties. Mn-doped GaAs [48] was considered to be a suitable com-
pound, but its Curie temperature is only about 150 K [49] and thus still far away from
being suitable for application in electronic devices (see Reference [50] for a recent re-
view). Other materials, like Mn-doped GaN (T¢ = 228 to 370 K) [51], V-doped TiOq
(Te = 400 K) [52], p-(Ga,Ni)N (T ~ 300 K) [53], or Co-doped ZnO (T¢ > 300 K) [54]
come only close to room temperature or need special treatments.

On the other hand, most of the magnetic and half-metallic C'1l; compounds contain
manganese or a rare earth metal. This is not accidental because, as described by Kiibler
et al[55], the properties of the manganese ions in the Y position of the Heusler compounds
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Figure 7.1: Crystal structure of CoTi;_,Y,Sb. The Ti (or Y) atoms are placed in the
centers of tetrahedra formed by Co.

must be taken into account. These manganese ions, which have an approximate Mn3*
configuration, exhibit a highly localized moment in the order of 3 to 4 up. The rare
earth ions (RE) in C1, compounds (for example, RENiSb or REAuSn) also exhibit a
charge of +3 and a magnetic moment corresponding to localized f states [56].

This work focuses on the search of suitable compounds that bridge both semicon-
ducting and ferromagnetic properties in almost one material. Therefore samples based
on the semiconducting CoTiSb were prepared and investigated both theoretically and
experimentally.

7.2 Computational Details

The electronic structure has been calculated for pure and doped CoTi;_,Y,Sb (where
Y = Sc, V, Cr, Mn, or Fe) in order to examine their electronic and magnetic properties.
Self consistent calculations have been performed by means of the full-relativistic, spin
polarized Korringa-Kohn-Rostocker (KKR) method in combination with the coherent
potential approximation (CPA) [67, 133]. CPA allows electronic structure calculations
for systems with random distribution of the atoms as is here the case where Y substitutes
partially Ti.

For the ordered, substitutional compounds, the CPA method has been used to model
the statistic distribution of the Y atoms and Ti on a common site of the C'1; crystalline
structure. The Co atoms are placed on the 4a Wyckoff position, the Ti atoms are placed
together with the Y atoms on the 4c position, and the main group element Sb is finally
placed on the 4d position of the cell with F' 43m symmetry. The disordered CoTiSb
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Table 7.1: Models for disordered CoTiSb. Given are the site occupation numbers for the
four different Wyckoff positions in the F' 43m lattice. The top 3 lines give
the swapped and lines 4 to 6 the access or lack structures. The occupancy of
the positions by the vacancy (¢) is always chosen such that the sum of the
occupancies is 1.

4a, 4b 4c 4d
Co-Vc 0.9Co 0.1 Co Ti Sb
Ti-Ve Co 0.1 Ti 0.9Ti Sb
Sb-Vc Co 0.1 Sb Ti 0.9 Sb
Co access Co 0.05 Co Ti Sb
TiSb lack Co o 0.95Ti 0.95 Sb

access /lack  Co  0.05 Co 0.95Ti 0.95Sb

compound also has been treated using the CPA method by placing vacancies on regular
sites and simultaneously the swapped or accessed part on the 4b Wyckoff position. Six
different kinds of disorder have been respected as summarized in Table 7.1.

The calculations have been performed using one of the most common parameteri-
zations of the exchange-correlation functional as given by Vosco, Wilk, and Nussair
[70, 71, 72]. Additionally, the generalized gradient approximation (GGA) has been used
in the form given by Perdew et al [66]. The CPA tolerance has been set to 10~% and
the energy convergence criterion to 107°. f states are included in the basis of all atoms.
578 irreducible k-points based on a 22 x 22 x 22 mesh have been used for integration.
The density of states is calculated for the same number of k-points from the Greens
function by adding a small imaginary part of 2 mRy to the energy. For smaller values,
the band gaps may become better visible, however, at the same time the DOS becomes
much more noisy.

7.3 Electronic and Magnetic Structure

The electronic structure has been calculated for pure and doped CoTip9Y(.1Sb where
Y = Sc, V, Cr, Mn, and Fe using the the full-relativistic, spin polarized Korringa-
Kohn-Rostocker (KKR) method in combination with coherent potential approximation
(CPA) [67, 133]. CPA allows electronic structure calculations for systems with random
distribution of the atoms as is here the case where Y substitutes partially Ti.

The calculated density of states (DOS) are shown in Figure 7.2 and Figure 7.3. For
a better comparison the minority states are shown on a negative scale. As predicted by
Tobola et al [134], CoTiSb is a semiconductor with a gap at the Fermi energy for both
spin directions. All calculated densities show principally the same structure. Low lying
s states at about 11 eV to 9 eV below the Fermi energy which are separated from the
high lying d states by the C1p-typical hybridization gap. The size of this gap amounts
typically to AE ~ 3...4 eV in Sb containing compounds. It indicates the strong covalent
bonding between the Ti or Y atoms and the Sb atoms.
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Figure 7.2: Spin resolved density of states of CoTipgScy1Sb (a), CoTiSb (b), and
CoTip9Vp1Sb (c). The additional DOS arising from the Y atom is shown in
red (majority) and blue (minority).

While the calculations for CoTiggScg1Sb and CoTiggVg.1Sb result in semiconducting
behavior the calculations show a half-metallic behavior for CoTig gCrg.1Sb, CoTig.9Mng.1Sb,
and CoTiggFe 1Sb. Figure 7.2 compares the spin resolved density of states (DOS) of
CoTip.9Scp.1Sb (a), CoTiSb (b), and CoTipgV(.1Sb (c). For CoTiSb the Fermi energy
(er) is located in the middle of the semiconducting gap. In the case of doping 10% Sc on
the Ti position the gap shifts with respect to the Fermi energy to the top of the valence
band like in p-type semiconductors. On the other hand if the Ti position is doped with
10% V the gap shifts with respect to the Fermi energy to the bottom of the conduction
band like in n-type semiconductors.

The situation changes if doping CoTiSb with more d electrons. Partial replacement of
titanium by Cr, Mn, or Fe (10%) has the result that the semiconductor is converted into
a HMF: The DOS at the Fermi energy is clearly different from zero for only one spin
direction, while remaining zero for the other (see Figure 7.3). An interesting observation
is that the half-metallicity has different reasons in the three different cases. In the
CoTigoCrg.1Sb case the Cr 3d states fill up directly the gap at ez in the majority
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Figure 7.3: Spin resolved density of states of CoTig9Crp1Sb (a), CoTiggMng1Sb (b),
and CoTipgFey1Sb (c). The additional DOS arising from the Y atom is
shown in red (majority) and blue (minority).

channel while in the CoTig9Mng 1Sb case the localized Mn 3d states fill the band gap
at approximately 2.5 eV below er in the majority channel. This Mn 3d states shift
the Co states from the valence band into the gap. If doping CoTiSb with 10% Fe the
calculation shows a similar result. The Fe 3d states are localized at approximately 3 eV
below € - note that the Fe 3d states are not filling up the band gap like the Mn states
in CoTiggMng 1Sb - and therefore the Co states are shifted into the gap. In all three
cases the doping does not effect the minority band gap. In the minority channel the
additional states are located well above e which results in a clear and stable band gap.
A further, important result of the calculations is that only those Fe atoms replacing
Ti contribute to the total magnetic moment of the compound. Fe atoms on Co positions
or in vacant tetrahedral holes do not contribute to the magnetic moment at all. This
was verified by X-ray magnetic circular dichroism measurements as reported in [135].
The calculated value of the magnetic moment per iron atom in the Ti position changes
slightly with increasing Fe concentration from 3.4 up (at 5%) to 3.7 up (at 10%).
Figure 7.4 compares the calculated number of d-electrons on the Y-site form CoTig 9Y(.1Sb
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Figure 7.4: Number of d-electrons on the Y-site of CoTip.9Yo.1Sb where Y = Sc, Ti, V,
Cr, Mn, and Fe.

where Y = Sc, Ti, V, Cr, Mn, and Fe. The results show no dependence in the number
of d-electrons on the doping element for Co, Ti, Sb, and the vacancy position. On the
Co-site there are formally 7.75 d-electrons while there are 2.5 and 0.45 d-electrons on the
Ti-site and the Sb-site including the vacancy, respectively. The number of d-electrons
on the Y site increases indeed linearly with the 3d transition metal Y. There are approx-
imately 0.5 d-electrons more on the Y-site than expected from a Y2* ion. This results
exclude charge-transfer effects and point certainly on localized moments on the Y-sites.
This is obvious, in particular for Mn (see Figure 7.3 (b)), where a sharp feature appears
in the minority states.

7.4 Structural Properties

CoTii—,Y;Sb (Y =V, Cr, Mn, or Fe) samples have been prepared and it was carefully
proved that the Y atom occupies the Ti positions and not an other vacant site. For
that purpose, the X-ray powder diffraction patterns of the substituted compounds were
compared to that of pure CoTiSh. It was observed that no additional diffraction reflexes
appear up to 10% Y-doping. This confirms that the structure remains the same as of
pure CoTiSh, that is Cl. The diffraction patterns of pure and 10% Fe and Mn and 5%
Cr and V doped samples are compared in Figure 7.5. The change of th lattice parameter
a = 5.886 A for CoTiSh is small (= 0.2%) if 10% of Ti is replaced by any of the Y atoms
as expected due to the similar radii of the 3d transition metals. This is a very important
result if thinking about preparing thin film devices including these materials due to
their very low lattice mismatch among each other. It should be possible to grow them
epitaxially with clean and smooth interfaces. If depositing layer by layer one can use
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Figure 7.5: XRD spectra for CoTi;_,Y,Sb where Y = Ti, V, Cr, Mn, and Fe. The
spectra were excited by Cu K, radiation

the Co-planes to merge the different materials without any interface at all.

The R values for the best fits in the Rietveld refinement are R; = 6% and R, = 11%
confirming the high degree of site order of the samples. It should be noted that the
structure was hardly stabilized in the correct C'1 structure for Mn substitution.

The structural parameter of CoTiSb has been investigated in dependence of the tem-
perature between 20 K and 300 K. Figure 7.6 shows the temperature dependency of
the cell volume V = a3 of the cubic cell. The Volume decreases by about 0.5% if the
temperature is lowered from room temperature to 20 K. The change of the cell volume
with temperature is clearly non-linear and evidence is given that the volume increases
with an approximate T2 law.

Further, iron doped CoTiy.9Y(.1Sb samples were investigated by means of transmission
electron microscopy (TEM) in order to prove the homogeneity of the sample. Uniform
TEM images were observed and, in particular, no Fe clusters were detectable. Figure 7.7
shows a typical diffraction pattern taken at 120 keV exhibiting the cubic structure of
the compound.

7.5 Magneto-structural Properties

5TFe MoBbauer spectroscopy was performed in transmission geometry using powder sam-
ples. The MoBbauer spectrum (see Figure 7.8) of the sample with z = 0.1 comprises a
small singlet line (yellow) and a more intense magnetic sextet (blue). The ferromagnetic
sub-spectrum is explained by Fe atoms on Ti positions of the C1; structure in accor-
dance with the electronic structure calculations. It exhibits an isomer shift of about
0.1 mms~!. The low intense, singlet corresponds to Fe atoms occupying either voids or
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Figure 7.7: Transmission electron microscopy image of CoTig.9Y(.1Sb. The TEM diffrac-
tion pattern shows the cubic symmetry of the sample
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Figure 7.8: M&fibauer spectrum of iron in CoTi;_,Fe,Sb.

Co positions. Overall, Mol bauer spectroscopy gave clear evidence that the Fe atoms
occupy Ti sites and do not form a separate Fe phase. The observed hyperfine field
(Hpfr = 27.53 MAm™! at 4.2 K for 10% Fe substitution) exceeds clearly the value of
a-Fe (26.85 MAm™!), such that the appearance of Fe clusters can be excluded. T he
values at lower iron concentrations of 1% and 5% are 27.07 MAm~! and 27.24 MAm™!,
respectively. The hyperfine field is lowered by about 2% if the temperature is raised
from 4.2 K to 300 K in agreement to the high Curie temperature of the alloy.

7.6 Magnetic Properties

If the C'1;, compounds are half-metallic ferromagnets, then they will show a Slater-
Pauling behavior for the magnetization, meaning that the saturation magnetization
scales with the number of valence electrons [81, 83, 45]. The magnetic moment per
unit cell (in multiples of the Bohr magneton up) is given by:

m = Ny — 18, (7.1)

with Ny denoting the accumulated number of valence electrons in the unit cell. For
CoTiSb there is a total of 9 + 4 4+ 5 = 18 valence electrons in the unit cell which results
in no magnetic moment at all.

Low temperature magnetometry has been performed by means of the SQUID to in-
vestigate the dependence of the dopants on the magnetic properties and to compare the
results with the calculated saturation moments. Selected results are shown in Figure 7.9.

The total magnetic moments, measured at 5 K and in saturation, are 0.32 up, 0.30 up,
and 0.02 up for CoTipgFeq1Sb, CoTigoMng 1Sh, and CoTiggCrg1Sb respectively for
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Figure 7.9: Magnetic moments for CoTi;_,Y,Sb where Y = V, Cr, Mn, and Fe. The
data for the Cr and V doped samples are shown in the inset on an enlarged
scale.

the ferromagnetic samples. The pure CoTiSb shows a diamagnetic behavior while the
V doped sample is paramagnetic. Figure 7.10 displays the dependence of the saturation
moment as a function of the Y atom and compares the calculated moments with the
experimental results.

The experiments confirm the calculations which result in ferromagnetic samples in the
case of CoTiggFep1Sb, CoTiggMng 1Sh, and CoTiggCrg.1Sb but remain non-magnetic
for CoTiggVg.1Sb, and CoTig9Scg.1Sb. To distinguish the Curie temperatures of the
compounds high temperature magnetometry has been performed up to 800K. The Curie
temperature of CoTiggFeq 1Sb is higher than 700 K, where the onset of decomposition
of the alloy has been observed (see Reference [135]) while the transition temperature in
the Cr doped compound is around 60K.

For site specific magnetometry, X-ray Magnetic Circular Dichroism (XMCD) in photo
absorption spectroscopy was performed at the First Dragon beamline of NSRRC (Hsinchu,
Taiwan). Figure 7.11 proofs that a XMCD signal was only detectable at the Fe Ly/3
edges in agreement with the theoretical predictions. It should be noted that the sam-
ple magnetization was not saturated in the XMCD measurement due to limitations of
the experimental setup. The spin magnetic moment, as determined from a sum-rule
analysis, amounts to ms; = 0.68 up under the experimental conditions (7" = 300 K,
uoH = 0.36 T). The orbital to spin magnetic moment ratio amounts to m;/ms = 0.09.
This value is in good agreement with calculations for Fe atoms substituting Ti atoms.
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7.7 Electric Properties

To approve the predictions from the electronic structure calculations measurements of the
resistivity were done. Figure 7.12 displays the temperature dependence of the resistivity
for pure COTISb, COTiQ.95V0.05Sb, COTiQ.95Cr0‘05Sb, and COTi0,95F60,05Sb from 15 K
to 350 K. The pure CoTiSb and CoTig.95V.055b show semiconducting behavior while
CoTig.95Feq.055b is metallic and CoTig.95Crg o55b undergoes a metal to semiconductor
transition with a transition temperature of 73 ~ 210 K.

This observations can be explained if considering the number of d-electrons which were
doped in the semiconducting CoTiSb. If doping just 5% Vanadium instead of Titanium
there are not enough d-electrons to obtain a conducting sample. But if doping 5% Iron
instead of Titanium there are now enough d-electrons to end up in a metallic behavior.
In the Cr-doped sample there is an intermediate situation. The sample is metallic at
low temperature and becomes semiconducting at about 7T} ~ 210 K.

From the measurements one can estimate the semiconducting gap AFE from

In(0) = C — AE/2kg x 1/T, (7.2)

where o is the conductivity and C a constant. The calculation for CoTiSb results in
a gap of AF ~ 9 meV. This value is the same as reported recently by Stadynk et al
[136]. For CoTig.95V0.05Sb a gap of AE ~ 3 meV has been calculated.

One possibility of the small size of the gap might be the occurrence of structural de-
fects being related to the vacancy of one of the positions in the unit cell. To explain
the discrepancy between the calculated gap with a size of &~ 1 eV and the one obtained
from the resistivity measurements, the electronic structure was re-calculated assuming
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Figure 7.13: Density of states for different kind of disorder of CoTiSb. The panels a) to
c¢) show the DOS for the swapped structures and panels d) to f) for access
or lack structures. The site occupation numbers are given in Table 7.1.

different kinds of disorder. Six different kinds of disorder have been respected as sum-
marized in Table 7.1. Figure 7.13 shows the results of those calculations. If assuming
disorder between Ti (Figure 7.13 (b) or Sb (Figure 7.13 (c)) and the vacancy position
or lack of Ti and Sb (Figure 7.13 (e) and (f)) the gap is completely smeared out which
would result in metallic behavior of the sample. In case of assuming disorder between
Co (Figure 7.13 (a) and the vacancy position or an access of Co (Figure 7.13 (d) the
remaining gap is filled up with states and shifted with respect to the Fermi energy. From
this calculations the most probable type of disorder to explain the small band gap is the
access of Co atoms on the vacancy position. This agrees with the XRD data where this
type of disorder is the only possibility to enhance the quality of the Rietveld refinement.

7.8 Photo Emission Spectroscopy

Using photo emission spectroscopy one obtains information about the occupied electronic
states. The dispersion of the bands may be studied by spin and angular resolved UPS.
This needs, however, well ordered surfaces of single crystals. For the interpretation one
has to take into account that usually the kinetic energy of the photo emitted electrons
is in a range where the mean free path is only a few A and the method therefore mainly
shows electronic bands very close to the surface layer.

Using higher photon energy for excitation (and thus kinetic energies of the photo
electrons), it is possible to study the density of states, in particular for polycrystalline
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Figure 7.14: Valence band spectra taken at different excitation energies around the Co
L3 edges of CoTiSb (a) and CoTipgFep1Sb (b).

samples. Making use of resonant excitation one expects to become more bulk sensitive
[137] and may be able to distinguish the site specific contributions.

Figure 7.14 shows the energy dependence of the valence band photo emission spectra
taken with photon energies close to the Co Lg edge for CoTiSh (Figure 7.14(a)) and for
CoTiggFep1Sb (Figure 7.14(b)). The spectra are normalized to the photon flux. The
photon energies correspond to the onset of the absorption (778.2 eV), the maximum of
the Co L3 white line (779.4 eV), and the trailing edge of the Co L3 absorption (781 eV).
For the complete absorption spectrum see Reference [135].

The most prominent feature seen in the spectra is the Co Auger electron emission. The
L3VV Auger electron emission is observed just when the onset of the Co L3 absorption
edge is reached. It can be clearly identified from its linear energy dependence (see
Figure 7.14). On a kinetic energy scale it stays fixed. Due to the intrinsic width of the
Auger transition it is difficult to observe details of the valence band structure.

Nevertheless, comparing the valence band spectra of CoTiSb and CoTipgFep1Sb (see
Figure 7.15(a)) in detail a slightly higher Auger transition intensity is observed for
CoTiSb in comparison to the Fe doped sample. Figure 7.15(b) shows the spectra of
CoTiSb and CoTiggFeg 1Sb close to the Fermi level for a better comparison on a larger
scale. The Ag Fermi edge as used for the energy calibration of the spectrometer is shown
for comparison. Close to the Fermi energy a slightly higher intensity for the Fe doped
sample in comparison to the pure CoTiSb is observed. This behavior is compatible
with the electronic band structure calculations which predict a higher density close to
the Fermi level for CoTiggFeg1Sb. Indeed, the valence band spectra hint on a metallic
like characteristic for both samples. If present, a semiconducting gap with a width of
below 100 meV can not be excluded. Antimony is a well known surfactant, therefore
the metallic like character may also be explained by a few monolayer thick, conducting
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Figure 7.15: Valence band spectra of CoTiSb and CoTiggFeg1Sb at 779 eV excitation
energy. Panel (a) shows the complete spectra while panel (b) shows an
enlarged view of the area around the Fermi energy. The spectra are shown
in comparison to the fitted Ag Fermi level (dotted line).

Sb layer on top of the surface. The occurrence of a very narrow gap is, however, also
supported by the conductivity measurements (see Section 7.7).

Due to the high intense Auger transition governing the spectrum an additional analysis
is needed. Therefore, hard X-ray photo emission spectroscopy with high bulk sensitivity
has been performed.

The partial, atomic resolved (p) and the orbital (I) resolved densities of states for
CoTig.gFep.1Sb (see Figure 7.16 (a) and (b)) and the energy and ! dependence of the
cross section of the valence states of atomic Co, Ti, Fe, and Sb were calculated to
compare the measurement with calculations. The p-DOS of the vacancy as well as the
[-DOS for higher angular momenta (I) are omitted as they contribute only very few to
the total density of states. The main contribution to states close to the Fermi energy
are d states being located at the Co site.

The peak in the density at about 3 eV below er is due to the contribution of the Fe
3d states. The smaller peak at about -5 eV is due to s — p hybridization. The orbital
momentum and site resolved cross sections are displayed in Figure 7.16 (c)-(f). The
calculations were performed for atomic valence states using a modified full relativistic
Dirac-solver based on the computer programs of Salvat and Mayol [138, 139]. The radial
integrals for the various transitions have been computed using the dipole length-form. In
particular, the cross section for d states decreases faster with increasing photon energy
than the ones of the s or p states.

Both measured high energy spectra reveal clearly the low lying s states at about 11 eV
to 9 eV below the Fermi energy, in well agreement to the calculated DOS, see Figure 7.17.
These low lying bands are separated from the high lying d states by the C1-typical
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Figure 7.16: Partial and orbital recall for C'1, compounds with T; symmetry, one finds a
strong bonding interaction between transition metal d states (to4) with Sb
p-solved densities of states and photo emission cross sections. Shown are the
atomic resolved p-DOS in (a) and the orbital momentum resolved I-DOS in
(b). (Note the axis break between -9 eV and -6 eV that was used to bridge
the low lying hybridization gap.) Panels (c)-(f) show the calculated energy
and [ dependence of the cross section of the valence states of atomic Co, Ti,
Fe, and Sb.

hybridization gap being clearly resolved in the spectra as well as the calculated DOS.
The size of this gap amounts typically to AE ~ 3...4 eV in Sb containing compounds.

The structure of the high energy spectra in the range of the d states agrees roughly
with the structures observed in the total DOS although the high density at -5 eV and
-3 eV is not well resolved. Overall the emission from the d states covers a larger energy
range compared to the calculated DOS, what gives advice on an underestimation of
correlation effects in the local density approximation. However, one also has to account
for lifetime broadening and the experimental resolution if comparing that energy range.
At 2.5 keV excitation energy, the emission is still dominated by the high dense d states
at about -1.5 eV.

The big difference in the measured valence band between the pure CoTiSb and the Fe
doped sample is obviously the additional peak at around 3 eV below the Fermi energy.
This peak can only be explained with the additional Fe 3d states in this region of the
valence band as shown in Figure 7.16 (a) and as well in Figure 7.17 where the calculated
DOS of CoTiggFey1Sb for a better comparison with the experiment is weighted by
the partial photo emission cross sections of 2.5 keV excitation energy and additionally
broadened by a Gaussian of 0.25 eV width to account roughly for the experimental
resolution at 2.5 keV excitation energy. However, a semiconducting band gap of CoTiSb
within a width of 100 meV can not be detected at the given energy resolution of the
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spectra.

7.9 Summary and Conclusion

The pure and doped C1, compounds CoTi;_,Y.Sb where Y = Sc, Ti, V, Cr, Mn,
and Fe were synthesized and investigated both experimentally and theoretically. The
band structure calculations predicted for CoTig9Scy.1Sb and CoTiggVg.1Sb semicon-
ducting behavior and half-metallic behavior for CoTiggCrg 1Sb, CoTiggMng 1Sb, and
CoTiggFep.1Sb. The measurements of the electric resistivity approved this predictions.
The pure CoTiSb and CoTig.95V.055b show semiconducting behavior while CoTig g5Feq.055b
is metallic and CoTig 95Crg.05Sb undergoes a metal to semiconductor transition with a
transition temperature of T3 ~ 210 K. The XRD data verified the C1; structure for all
samples and show a very low lattice mismatch among each other. This result makes this
doping series interesting for spintronics applications like Spin-LEDs or other spin injec-
tion devices. One could prepare thin film devices including these materials and it should
be possible to grow them epitaxially with clean and smooth interfaces. If depositing
layer by layer one can use the Co-planes to merge the different materials without any
interface at all.

The electronic structure of the CoTiSb and CoTiggFep.1Sb has been investigated by
means of photo emission spectroscopy. In particular the HAXPES spectra agree with
the calculated density of states and show the difference between the pure compound and
the Fe-doped compound. The additional Fe 3d states could observed at around 3 eV
below the Fermi energy.
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8 Spin Torque Transfer Application

8.1 Introduction

In the quest for creating magnetic random access memory following the semiconductor
roadmap (=~ 20 nm node in 2010), spin momentum transfer is considered to be the likely
mechanism for switching the magnetization of the so-called free magnetic layers storing
the bit information in each storage cell [140]. In 1996, Berger [141] and Slonczewski [142]
predicted the possibility of current induced magnetic switching processes. A few years
after the theoretical predictions several groups verified the effect experimentally and
started initial investigations of those processes in GMR-devices [143, 144, 145, 146, 147].
Later, spin transfer switching was also observed in magnetic tunnel junctions (MTJ)
[148, 149]. MTJs are suggested to be better suited for devices than GMR-elements
based on metallic multilayers because of a large tunneling magnetoresistance (TMR)
ratio and a small spin transfer switching current.

One of the critical issues for applications is the current density needed for stable
switching using the spin transfer torque mechanism. At present, this current density is
order of 2-3 MAcm~2 [150, 151]. New materials are needed to achieve a stable switch-
ing at significant lower values. Such materials must have a high spin polarization, a
high Curie temperature and a low magnetic moment. Furthermore, the direction of
the magnetization must be thermally stable at room temperature. It is evident that
compensated ferrimagnets are suitable materials. They exhibit a high stability against
thermal switching at moderate coercitive fields. Ochiai et al. [152] have demonstrated
that a synthetic antiferromagnetic layer used for exchange biasing of the free layer is
able to reduce the critical current density. In principal, the result is a local (layer-wise)
ferrimagnetic order. A reduction of the the switching current density by one order of
magnitude was also observed if applying exchange biasing to the fixed layer [153]. Both
effects suggest that an enhancement of the spin transfer effect may also be reached in
real ferrimagnets, although the situation of the spin moments may be more complicated
[154].

The Mn-Ga alloys show a manifold of stable phases and Mn7;Gags (corresponding
to Mn3zGa) was reported to exist in a cubic face centered structure [155]. Wurmehl
et al. [156] predicted that MnszGa becomes a half-metallic completely compensated-
ferrimagnet in the cubic DOs Heusler-type phase. However, in experiments it turned
out that the cubic phase of Mn3Ga is not stable. In 1970, Kren and Kadar [157] syn-
thesized the hexagonal high temperature D19 phase of Mns g5Gag 15 and investigated
the crystal and magnetic structure by neutron diffraction. With annealing at 750 K
of this triangular anti-ferromagnetic structure they observed a tetragonal Do phase
which is ferrimagnetic with magnetic moments of -2.8 up for Mny and 1.6 up for Mny;.
Niida et al. [158] investigated the complete series Mng_sGa but single phase DOaso-type
samples could only be obtained for a composition range of 0.15 < ¢ < 1.16. With a new
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approach of ab initio electronic structure calculations Kiibler [159] calculated the Curie
temperature of Mn3Ga in the tetragonal D99 structure to be To = 762 K.

In the following, details of the electronic, magnetic, and structural properties of Mn3Ga
will be reported. First, the electronic and magnetic structure as calculated by ab-initio
methods will be discussed. Afterwards, the experimental results will be presented and
the structural and magnetic properties will be discussed.

8.2 Computational Details

Self-consistent electronic structure calculations have been performed to explain the elec-
tronic and magnetic properties of the compound. The calculations have been carried
out by means of the (FLAPW) method as provided by Wien2k [65]. The exchange-
correlation functional was taken within the GGA in the parametrization of Perdew et al
[66]. A base, 25 x 25 x 25 mesh was used for integration. The mesh corresponds to 1183
k-points in the irreducible wedge of the Brillouin zone. The properties of MnsGa were
calculated in I 4/mmm symmetry using optimized lattice parameters. In this structure
type, the Mn atoms occupy two different positions. The first (Mn;) with the multiplicity
one is located at (0,0,1/2) and the second (Mnjy) with multiplicity two at (0,1/2,1/4).
The Ga atom is positioned at (0,0,0). The structural optimization has been done by
variation of the volume as well as the ¢/a ratio. The structural parameters minimizing
the total energy were found to be: a = 3.77 Aand ¢ = 7.16 A. No essential changes of the
electronic and magnetic structure were obtained when the calculations were performed
for the experimental lattice parameter as reported below.

8.3 Electronic Structure

The calculations result in a ground state with ferrimagnetic order. The spin magnetic
moments found in the calculations are -2.896 up for Mn; and 2.355 up for Mnjy;. In-
cluding the interstitial space and the Ga sites, this results in a total moment of 1.77 up
in the primitive cell due to the partial compensation of the moments from the Mn atoms
on the two different sites.

Figure 8.1 shows the spin resolved band structure and density of states (DOS) for
Mn3Ga. In the majority states, few valence states are above the Fermi energy ey close to
the high symmetry points (I', X) and just one d-band crosses (er) in the I'-A direction.
This band is strongly dispersing and contributes mainly to the small density in the
pseudo-gap of the majority states. The situation is different in the minority channel.
Several flat d-bands are located close to er and cross it in all high symmetry direction.
This particular behavior suggests that there is a strong difference in the conductivity
for the minority and the majority electrons. Following the classification of Coey et al.
[21], the tetragonal Mn3Ga is a type I1] half-metal, where the electron current will be
carried through itinerant majority and localized minority electrons. The calculated spin
polarization at the Fermi level amounts to 88 %, and is comparably higher than the one
calculated for Fe;_,Co, alloys.
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Figure 8.1: Electronic structure of MngGa. Shown are the band structures for the mi-
nority (a) and majority (c) electrons together with the spin resolved density
of states (b).

8.4 Structural Properties

Mn3Ga samples were prepared by arc melting and annealed at 673 K in an evacuated
quartz tube for 7 days. This procedure resulted in samples exhibiting the DOsy structure
(space group: I 4/mmm). The crystalline structure was determined by X-ray powder
diffraction (XRD) using excitation by Mo K, radiation. The lattice parameters found
from a Rietveld-refinement are a = 3.90416 A and ¢ = 7.08820 A (see Figure 8.2). These
values result in an about 5% larger cell volume compared to the calculated one.

The crystal structure of Mn3Ga was additionally investigated in dependence of the
temperature at the D10B-XPD beamline of the Brazilian Synchrotron facility LNLS
(Campinas). The crystal structure was recorded in a temperature range from 25 K to
300 K using excitation by radiation of a wavelength of 1.75866 A. Figure 8.3 shows the
temperature dependency of the lattice parameter a, the volume of the tetragonal unit
cell V' and the c/a ratio.

The lattice parameter a and the cell volume V' decrease linearly with decreasing tem-
perature. The lattice parameter ¢, which is not shown in Figure 8.3, exhibits also a linear
decrease upon reduction of the temperature. However, the ¢/a ratio increases with de-
creasing temperature (see Figure 8.3 (c)) due to the fact that the lattice parameter ¢
grows stronger than the lattice parameter a, with decreasing temperature. This means
that the tetragonal unit cell of Mn3zGa becomes more cubic with increasing temperature.
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Figure 8.2: Powder diffraction of MnsGa. Shown is the measured spectrum compared
to the fit from a Rietveld-refinement. The spectra were excited by Mo K,
radiation. The picture shows the crystal structure. Mn atoms are drawn
in yellow and orange and Ga atoms in gray. The Mn; atoms (yellow) are
located at the base and center planes, the Mn;; atoms (orange) are found in
the inner cage drawn around the center Ga atom.

8.5 Magnetic Properties

The results of the magnetization measurements are displayed in Figure 8.4. The samples
exhibit hard-magnetic behavior as is seen from the hystereses measured at 5 K as well
as at room temperature. The values of the coercitive field are H, = 359 kAm~! and
H. = 289 kAm™' for 5 K and 300 K, respectively. The corresponding values of the
remanence are B,(5K) = 0.146 T and B,(300K) = 0.145 T. The resulting energy
product is £ = H, x B, = 52.5 kJm™2 at 5 K. This value is comparable to the one
of other hard-magnetic materials like ALNICO 6 but at a four times higher coercitivity.
The relatively low saturation magnetization, due to the ferrimagnetic order, makes the
material comparable to ferrites and related materials. The energy products from a direct
integration of the magnetization loops are about three times larger. The integrated
values are £ =163 kJm~> and 140 kJm ™2 for 5 K and 300 K, respectively.

The magnetization at an induction field of 5 T and 5 K corresponds to a magnetic
moment of about 1.1 up in the unit cell or in average 1/4 pp per atom. However, under
that conditions the magnetization is still not completely saturated what may explain
the lower value compared to the calculated one. The value at room temperature is only
slightly lower. Additional investigations have shown that the DOy structure is stable
under variation of the composition. It turned out that the magnetic moment is tunable
between near zero and 1 up by changing the Mn to Ga ratio in the concentration range
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Figure 8.3: Temperature dependence of the Mn3Ga lattice. Panels (a) and (b) show the
temperature dependence of the lattice parameter a and the cell Volume V,
respectively. Panel (c) shows the corresponding ¢/a ratio.

from Mns g5Ga to MnzGa.

The temperature dependence of the magnetization is shown in the inset of Figure 8.4.
The measurements were performed in remanence, that means in zero field after magne-
tizing the sample in an induction field of pgH = 5T. The cause of the dramatic decrease
of the magnetization at Ts ~ 730 K is a structural transition from the tetragonal to
the hexagonal phase [155, 157]. The phase transition is easily detected using differen-
tial scanning calorimetry. The occurrence of the structural phase transition makes it
impossible to determine the Curie temperature of the tetragonal phase of MnzGa. The
structural phase transition takes place at temperatures below the expected magnetic
phase transition. Nevertheless, this should not be a problem for the design of devices
using this material because it is very stable in the temperature range up to 700 K and
thus well suited for applications at and above room temperature.
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Figure 8.4: Magnetization of Mn3Ga. Displayed are the hysteresis curves taken at T' =
5 K and T' = 300 K. The magnetization as a function of the temperature is
shown in the inset.

8.6 Summary and Conclusion

In summary, it has been shown that the DOy phase of Mn3zGa is a suitable material
for spin torque transfer applications. The material is hard magnetic with an energy
product of 52.5 kJm~3 at 5 K. The saturation magnetization is in average about 1/4
up per atom. The Curie temperature is above the decomposition temperature of about
730 K. The electronic structure calculation indicate a ground state with ferrimagnetic
order and 88% spin polarization at the Fermi energy. To achieve the necessary MTJ
structure one may grow thin films of MnsGa epitaxially for example on SrTiO3(100)
or Pd(100) substrates. Depending on the substrate, it should be possible to grow films
with the magnetic easy axis in plane or perpendicular to the plane.
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9.1 Summary

This work emphasizes the potential of Heusler compounds in a wide range of spintronic
applications. Using electronic structure calculations it is possible to design compounds
for specific applications. Examples for GMR and TMR applications, for spin injection
into semiconductors, and for spin torque transfer applications were shown.

Chapter 5 reported about the investigation of new half-metallic compounds where the
Fermi energy is tuned in the middle of the gap to result in more stable compounds for
GMR and TMR applications.

The bulk properties of the quaternary Heusler alloy CooMn;_,Fe,Si with the Fe con-
centration ranging from xz = 0 to 1 were reported. The electronic structure was explored
by means of high energy photo emission spectroscopy at about 8 keV photon energy. This
ensures true bulk sensitivity of the measurements. The magnetization of the Fe doped
Heusler alloys is in agreement with the values of the magnetic moments expected for
a Slater-Pauling like behavior of half-metallic ferromagnets. The experimental findings
were discussed on the hand of self-consistent calculations of the electronic and magnetic
structure. To achieve good agreement with experiment, the calculations indicate that
on-site electron-electron correlation must be taken into account, even at low Fe concen-
tration. Overall, the results suggest that the best candidate for applications may be
found at an iron concentration of about 50%.

Due to the effect that in the CooMn;_,Fe,Si series the transition metal carrying the
localized moment is exchanged and this might lead to unexpected effects on the magnetic
properties if the samples are not completely homogeneous chapter 6 reports about the
optimization of the Heusler compounds for GMR and TMR applications. The structural
and magnetic properties of the quaternary Heusler alloy CosFeAl;_,Si, with varying Si
concentration were reported. It was shown that the alloys exhibit the L2 structure for
x > 0.4. Depending on the Si concentration x, a structural phase transition is found at
temperatures between 1000 K and 1200 K. The transition temperature decreases with
increasing Si content x. For x > 0.4, the magnetization of the compounds is in agree-
ment with a Slater-Pauling like behavior and with the values obtained from ab-initio
calculations. For z < 0.4 enlarged magnetic moments are found due to disorder. From
the combination of experimental (better order for high Si content) and theoretical find-
ings (robust gap at = ~ 0.5+0.25) it is concluded that a compound with an intermediate
Si concentration close to z = 0.5...0.7 would be best suited for spintronic applications,
especially for GMR and TMR applications.

In chapter 7 the detailed investigation of compounds for spin injection into semicon-
ductors was reported. It was shown that the diluted magnetic semiconductors based on
CoTiSb with a very low lattice mismatch among each other are interesting materials
for spintronics applications like Spin-LEDs or other spin injection devices. One could
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prepare thin film devices including these materials and it should be possible to grow
them epitaxially with clean and smooth interfaces. If depositing layer by layer one can
use the Co-planes to merge the different materials without any interface at all.

The diluted magnetic semiconductors were prepared by substituting titanium in the
semiconducting compound CoTiSb by other 3d transition elements. The structural,
electronic, and magnetic properties of the pure and doped materials were investigated.
It was found that substitution of up to 10% Ti by Fe, Mn, Cr, and V does not affect
the crystalline structure and the lattice mismatch is less than 0.5% among each other.
Self consistent calculations of the electronic structure predict some of the materials to
be half-metallic ferromagnets. The Curie temperature of the Fe substituted alloy is far
above room temperature (> 700 K), thus making that material a serious candidate for
future electronic applications, in particular for magnetoelectronics and spintronics.

Chapter 8 refered about a detailed investigation of the theoretically predicted half-
metallic completely compensated-ferrimagnet MnsGa as a suitable material for spin
torque transfer applications. The electronic, magnetic, and structural properties of the
tetragonal D93 phase of Mn3Ga were investigated. It has been found that the material
is hard magnetic with an energy product of H, x B, = 52.5 kJm™ and an average
saturation magnetization of about 0.25 Bohr magnetons per atom at 5 K. The saturation
magnetization indicates a ferrimagnetic order with partially compensating moments at
the Mn atoms on crystallographically different sites. The Curie temperature is above
730 K where the onset of decomposition is observed. The electronic structure calculations
indicate a nearly half-metallic ferrimagnetic order with 88% spin polarization at the
Fermi energy.

9.2 QOutlook

The two most important challenge for a further optimization of Heusler compounds for
spintronic application are the correct crystallographic structure of the samples and the
determination of their electronic structure to demonstrate the half metallicity.

Most of the XoYZ Heusler compounds used for the production of TMR devices are
based on 3d transition metals like Co for the X element and Cr, Mn, Fe, or mixtures of
those for the Y element. The main group element (Z) is usually taken from the 3"¢ row
(Al, Si) or from the 4" row (Ga, Ge) of the periodic system of elements. The detection of
the correct structure, as a necessary prerequisite for a half-metallic character, by regular
X-ray diffraction (XRD) is difficult in particular if all 3 elements in the compound are
from the 4" row. In that case, the scattering factors of all three elements are very similar
for excitation by standard laboratory sources (for example: Cu K, or Mo K,).

The situation changes if one approaches with the photon energy close to the absorption
edges of the constituents as then the anomalous scattering factors play an important role.
The complete scattering factors of the atoms with ordinal number N are described by:

fn = fo(N,0,E) + (f(N,E) +if"(N, E)), (9.1)
where f'(N, E) and f”(N, E) are the real and imaginary part of the anomalous scat-
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Figure 9.1: Panel (a) shows the anomalous scattering factors of Co, Fe, and Ga. Panel (b)
shows the calculated anomalous XRD intensities for CogFeGa. The energies
for excitation by typical laboratory sources are assigned by vertical lines in
(c) Panels (d)-(f) show XRD measurements taken with the excitation energy
of the Fe K-edge (7111.96 keV) and below that energy.

tering factor. These factors do not depend on the scattering geometry but only on the
photon energy (F) and the material (V).

Figure 9.1(a) displays the calculated anomalous scattering factors of Co, Fe, and Ga.
Panel (b) and (c) displays the calculated anomalous scattering intensities for CoaFeGa.
The enhancement of the (111) reflexion, being indicative for the L2; structure, at energies
close to the Fe K-edge is clearly visible.

The associated anomalous XRD experiments have been performed at the XPD beam-
line of the LNLS (Brazilian Synchrotron Light Laboratory). The results for CosFeGa,
CoyFeGe, and CooFeGag 5Geg 5 are displayed in panels (d)-(f) of Figure 9.1. For a better
comparision the measurements were taken with the excitation energy of the Fe K-edge
(7111.96 €V) and an energy below this edge (7050 eV). As predicted from the theory a
clear enhancement of the (111) reflexion at energies close to the Fe K-edge is observed.

From this very recent results it is expected that anomalous XRD may also help for
a better understanding of the structure of thin films in order to improve the quality of
TMR - junctions.

On the other hand - as show in the previous chapters - hard X-ray photo emission
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Figure 9.2: High energy valence band spectra of CooMnSi. Shown is the comparision
between CooMnSi thin films capped with 2 nm and 20 nm MgO and the
bulk sample. Panel (a) shows the complete spectra while panel (b) shows an
enlarged view of the area around the Fermi energy.

spectroscopy (HAXPES) with high bulk sensitivity is the best methods to study bulk
properties of new materials and devices due to the large mean free path of the photo-
electrons compared to conventional photoemission spectroscopy.

Very recent results measured at the NIMS (Natinal Institue for Material Science)
beamline BL 15 XU at SPring8 in Japan show the high bulk sensitivity and a huge
mean free path of the photoelectrons from CosMnSi trough a MgO barrier.

We investigated the valence band of CooMnSi thin films capped with 2 nm and 20 nm
MgO and compared them with the the bulk sample. Figure 9.2 displays the results
from the HAXPES measurements. Panel (a) shows the complete spectra while panel
(b) shows an enlarged view of the area around the Fermi energy and it is obvious and
certainly surprising that it is possible to investigate the valence band of CosMnSi through
a 20 nm thick layer of MgO. Moreover the observed valence band spectra is complete
identical around the Fermi energy compared to the one measured from the bulk sample
(see Figure 9.2 (b)). And only this electrons near the Fermi energy are important for
the behavior and the properties of the devices.

However, for magnetic materials such as spintronics devices the measurement of the
spin and charge is necessary for fully understanding of these materials. Therefore it is
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necessary to develop spin polarized high resolution HAXPES.

With the spin dependent measurement one can investigate the spin diffusion length
of the materials depending on the barrier and spacer layer material and thickness. The
observation if and how the spin polarisation of the bottom electrode is retained trough
the MTJs and GMR devices will be possible with this technique.

In summary, this means that spin polarized high resolution HAXPES is a powerful
and necessary tool to investigate different materials for tunneling barriers and spacer
layers to optimize the structure, configuration and composition of the MTJs and the
GMR devices to achieve sophisticated properties and results.
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