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1 Introduction.

The Heusler compounds [1] were discovered in 1901. Remarkably, the first one to be
reported (CugMnAl) [1], is a ferromagnet made from non ferromagnetic constituents.
Heusler compounds are ternary intermetallic XoY Z-compounds. Most of the CosYZ
Heusler compounds are predicted to be half-metallic ferromagnets. An example of a
Density of States (DOS) of a half-metallic ferromagnet was first shown by Kiibler et
al. [2] for CooMnAl and CosMnSn pointing on peculiar transport properties. The con-
cept of a half-metallic ferromagnet was presented by de Groot [3], predicted for the
Cip-Heusler compound NiMnSb. The density of states of a half-metallic ferromagnet
shows a gap for minority electrons at the Fermi energy (er). Thus, these materials are
supposed to be 100% spin polarised at ex. Only the other spin direction contributes to
electronic conductivity. The scheme of the density of states (DOS) for a half-metallic
ferromagnet is shown in Figure 1.1. Nevertheless, the half-metallic ferromagnetism in
NiMnSb is still controversially discussed [4, 5, 6, 7, 8]. Up to now, about 500 Heusler
compounds X;YZ have been already reported [9, 10]. The half-metallic ferromagnetic
character of CooMnZ compounds was first reported by Ishida et al. [11]. Recently,
Co2MnSi [12] and CooMnGe [13] were used to build first thin film devices. So far, most
of the predicted half-metallic ferromagnets belong to the class of Heusler compounds
[1]. Beside Heusler compounds, there are only few other materials being predicted to
be half-metallic ferromagnets, like some oxides. Most of the predicted compounds with
Zincblende structure are chemically uncharacterisable, at least up to now. However, the
discovery of half-metallic ferromagnetism led also to a new research area, namely the
spintronics [14, 15, 16]. This research area was established by the discovery of the Giant
Magneto Resistance effect (GMR) [17, 18]. The GMR effect appears in structures build
of alternating layers of magnetic and nonmagnetic materials. These layers are antifer-
romagnetically coupled without application of a magnetic field. Thus the electrons in
alternating layers bear opposite spins and are not allowed to change between layers. This
results in a high resistivity. The electrons can be forced to a ferromagnetic coupling by
applying a magnetic field, which leads to an oppression of the scattering between layers.
Thus the resistivity decreases.

Spintronics uses the spin of electrons, in contrast to the conventional information car-
rier, which uses the charge of electrons. The proposed advantages of so called spintronics
are non volatility of the data, large storage density and lower energy consumption. Po-
tential applications for spintronics are magnetic hard discs, magnetic random access
memories (MRAMS) as well as angle and field dependent sensors.

Apart from the search of new candidates for half-metallic ferromagnetism and spin-
tronics, some practical aspects have to be considered before the development of new
materials with a high degree of spin polarisation for technical applications.

Firstly, samples without disorder are an experimental challenge, because disorder-
order phenomena strongly depend on the preparation conditions. Recently band struc-
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Figure 1.1: Schematic DOS of a half-metallic ferromagnet.
One spin direction exhibits a gap at er, while the other exhibits electronic states at ep.

ture calculations revealed a decrease in spin polarisation and magnetic moment if some
types of disorder occur on certain atomic positions [19, 20].

Complete disorder in the X5YZ Heusler compounds between all sites results in the A2
structure-type with reduced symmetry I'm3m. The X, Y and Z sites become equivalent
leading to a body-centered cubic lattice (see Figure 1.2), also known as the tungsten
structure-type. This type of disorder has some strong effects on the properties of the
investigated materials [21, 22].

It turned out that the mainly occurring type of disorder is of B2 type. This disorder
arises in the simplest form by mixing of ¥ and Z atoms. Thus the Y and Z sites
become equivalent, which leads to a CsCl lattice with X on the center of the cube
randomly surrounded by Y and Z atoms (Figure 1.2). The symmetry is reduced and
the resulting spacegroup is (Pm3m). The lattice constant is the same as for the A2 type
structure. According to electronic structure calculations, B2-type disorder effects the
spin polarisation not as strong as other types of disorder, at least in the CooCry_,Fe, Al
system [23, 24] as well as for CoaCrGa [25].

Miura et al. [23, 24] reported, that a mixing of X and Y atoms, DOs-type disorder,
is unlikely due to energetic reasons. Nevertheless, Zhang et al. [26] estimated the Co-
(Cr,Fe) (DOj3 type) disorder in CoyCry_,Fe, Al compounds to be about 30%. This kind
of disorder reduces the spin polarisation [23, 24]. The ordered Heusler compounds are
ternary XoY Z-compounds and crystallise in the L2; structure (see Figure 1.2). X and
Y are usually transition metals while Z is a main group element. The related spacegroup
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Figure 1.2: Crystal structure of a Heusler compound X2YZ (a) A2, (b) B2 and (c) L2;.
The related spacegroup is Fm3m.

is Fm3m. X occupies the Wykhoff position 8¢ (%%i), Y is on 4b (%%%) and Z is on 4a
(0 0 0). The structure can be described as a superstructure of a CsCl lattice, in which
the lattice parameter of the CsCl lattice is doubled in all three dimensions. This leads
to a cell consisting of eight cubes with one atom in each center. The 16 atoms in this
supercell may be divided in four groups consisting of four atoms. The atoms in the center
of each cube are the X atoms, while the Y and Z atoms occupy the corner of the eight
cubes. Each Each atom is face centered cubic ordered, leading to four interpenetrating
face centered cubic lattices. In case of only half filled centers of the eight cubes, the
C1p-Heusler structure is obtained.

Figure 1.3 shows the theoretical powder pattern of a Heusler compound X3YZ in (a)
A2, (b) B2 and (c) L2; type structure. The corresponding hkl value is given on top of
the reflections of the L2 structure type. The hkl values correspond to the indices in the
reciprocal space. The most pronounced differences in the theoretical powder pattern for
ordered and disordered Heusler compounds are shown in Figure 1.3. The L2; pattern
shows some additional reflections, in particular the (111) reflex at a scattering angle of
12° indicates the L2; type order.

It should be noted that some types of disorder cannot be detected easily by X-ray
powder diffraction as the scattering coefficients of the 3d-transition metals are very
similar. The same applies for neutron diffraction. Due to the nearly equal scattering
length of Cr and Al for neutrons, it is not possible to distinguish between ordered L2
and disordered B2 structures.

In particular, the CooCri_,Fe, Al Heusler compounds are reported to show disorder.
CoyCrAl is predicted to be a half-metallic ferromagnet. In experiments, the compound
reveals a magnetic moment of 1.55up [27]. This value corresponds to half of the value
obtained from calculations and no integer value. This reduction of the magnetic mo-
ment might originate from an interchange of Cr and Co sites, as proposed by Miura et
al. [23, 24]. This type of disorder leads to an antiferromagnetic coupling of the antisite
- Cr with the nearest neighbour ordinary site - Cr atoms and degrades the half-metallic
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Figure 1.3: Theoretical powder pattern of a Heusler compound X2YZ in (a) A2, (b) B2 and (c) L21with
indicated hkl values.
The diffraction pattern was calculated for excitation by Mo-K, radiation.

character. The Heusler compounds CoyCry_,Fe, Al also show a magnetic moment, which
is significantly too low in bulk materials [27, 28, 29, 23, 24, 30, 21, 26] and in tunnel
junctions [31, 32, 33, 34] compared to the value [35, 36, 37] expected from the Slater-
Pauling rule. This points to disorder effects and selective oxidation of Cr [38, 39, 40].
Nevertheless, pressed powder samples of CooCrg gFeg.4Al showed a very high magnetore-
sistance ratio (30%) at room temperature [28, 29] in bulk material and large tunneling
magnetoresistance between 19% [31, 32, 33] and 42% [41, 34] in tunnel junctions.

The CoyCry_,Fe, Ga compounds crystallise in the ordered L2; structure and the mag-
netic moments for the compounds with lower concentration z are in good agreement with
predictions [42, 43]. Therefore, a careful sample preparation is essential, followed by a
demanding structural characterisation. In order to investigate order disorder phenom-
ena and in particular to exclude disorder a combination of diffraction and spectroscopic
methods is required.

It is also possible, that also in completely ordered samples a full spin polarisation
might not be detectable due to surface states [44]. The properties of the surface might
differ from the bulk properties, due to altered coordination on the surface. Webster et al.
[45] and Pierre et al. [46] reported segregation on surfaces for some Heusler compounds.



1. Introduction. 9

In addition, oxidation of the surfaces may reduce the spin polarisation. Nevertheless,
the Heusler compounds seem to be promising candidates for spin dependent technical
applications. In particular it should be noted that the CosYZ Heusler compounds exhibit
the highest Curie temperature (985K, CooMnSi [47]) and the highest magnetic moment
(5.9up per unit cell, CooFeSi [48]) being reported so far, as well as varying magnetic
moments ranging from 0.3 pup to 1.0 up at the Co site depending on the constituents
Y and Z [49, 50, 51, 52]. High Curie temperatures, magnetic moments, thermal and
chemical stability and large minority gaps are desirable for various applications. Thus,
these Heusler compounds are the most interesting ones for technical applications.

In 1991, de Groot [53] predicted the Heusler compound MnCrSb to exhibit ferrimagnetic
coupling with compensating magnetic moments and 100 % spin polarisation at €. This
class of material was, unfortunately, called half-metallic antiferromagnets. In the fol-
lowing, the class of ferrimagnetic materials with complete spin polarisation at ex and
a ground state with compensated magnetic moments will be refered to the following:
half-metallic completely compensated-ferrimagnets (HMCCF). In addition, half-metallic
completely compensated-ferrimagnets are supposed to have a potential advantage over
half-metallic ferromagnets for some technical applications because they do not have a
stray field and are much less affected by external magnetic fields. They could be used
as sensors in spin polarised scanning tunnelling microscopes for measuring the spin
polarisation of samples without perturbing the domain structures [53]. In particular,
half-metallic materials with full spin polarisation and without stray magnetic fields may
be useful for advanced ‘spin electronic’ devices [53, 54]. The half-metallic completely
compensated-ferrimagnets were also predicted as a base for a new type of superconductor
that has only one superconducting spin channel, the so-called single spin superconductor
[55].

In the following text, a simple concept was used for a systematic search for new mate-
rials with high spin polarisation. It is based on two semi-empirical models. Firstly, the
Slater-Pauling rule was used to estimate the magnetic moment. Slater [35] and Paul-
ing [36] found that the magnetic moments (m) of 3d elements and their binary alloys
can be described by the mean number of valence electrons per atom (ny). The rule
distinguishes the dependence of the magnetic moment m as a function of the number
of valence electrons (ny) into two regions (Figure 4.1) (Figure 1.4). In the second part
(ny > 8), one has closed packed structures (fcc, hep) and m decreases with increasing
ny. This is called the region of itinerant magnetism. According to Hund’s rule, it is
often favorable that the majority d states are fully occupied (ng4 = 5). The magnetic va-
lence is defined by nj; = 2n4y —ny, whereby the magnetic moment per atom is given by
m = npr + 2ngpr. A plot of m versus magnetic valence (m(naz)) is called the generalised
Slater-Pauling curve (Figure 1.4 ([56, 37]). In the first region (ny < 8), m increases
with increasing ny. This part is attributed to localised moments, where Fe (bcc) is
a borderline case. Here, the Fermi energy is pinned in a deep valley of the minority
electron density. This constrains ng resulting in m = ny — 2n|. For Fe and its bi-
nary alloys one has an average of approximately three minority electrons with the result
m ~ ny — 6. Many Heusler compounds exhibit an increase of m with increasing ny, and
thus they belong to the first region of the Slater-Pauling curve. This model is confirmed
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Figure 1.4: Generalised Slater Pauling curve.

by electronic structure calculations [57]. The second model was found to fit particu-
larly well for CosYZ Heusler compounds when comparing their magnetic properties. It
turned out that these compounds seemingly exhibit a linear dependence of the Curie
temperature as function of the magnetic moment. Stimulated by these models, CosFeSi
was revisited. The compound was investigated in detail concerning its geometrical and
magnetic structure by means of X-ray diffraction, extended X-ray absorption fine struc-
ture (EXAFS), X-ray absorption- and Méfbauer spectroscopy as well as high and low
temperature magnetometry, X-ray magnetic circular dichroism and difference scanning
calometry. The measurements revealed that it is currently the material with the highest
magnetic moment (6 up) and Curie-temperature (1100 K) in the classes of Heusler com-
pounds as well as half-metallic ferromagnets [58, 59, 60, 61]. The experimental findings
are supported by detailed electronic structure calculations [57]. The same concepts were
used to predict the properties of the Heusler compounds CosCr;_,Fe, Al [29]. The cor-
responding quaternary Heusler compounds CosCry_,Fe, Al with varying Cr to Fe ratio
x were investigated experimentally and theoretically and will be presented in the follow-
ing text. The structural and chemical properties of the quaternary Heusler compounds
CoyCry_,Fe, Al were investigated comparing powder and bulk samples [62, 63, 64]. The
long range order was determined by means of X-ray diffraction and neutron diffraction,
while the site specific (short range) order was proved by the extended X-ray absorption
fine structure method (EXAFS). The magneto-structural properties were measured with
5TFe MoBbauer spectroscopy in transmission mode as well as in X-ray scattering mode in
order to compare powder and bulk properties. The chemical composition was analysed
by means of X-ray photoemission spectroscopy (XPS). The results from these methods
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are compared to get an insight in the differences between surface and bulk properties
and the appearance of disorder in such alloys. The electronic structure and spectroscopic
properties were calculated using the full relativistic Korringa-Kohn-Rostocker method
with coherent potential approximation to account for the random distribution of Cr and
Fe atoms as well as random disorder. Magnetic effects are included by the use of spin
dependent potentials in the local spin density approximation. Magnetic circular dichro-
ism in X-ray absorption was measured at the L32 edges of Co, Fe, and Cr of the pure
compounds and the z = 0.4 alloy in order to determine element specific magnetic mo-
ments. Calculations and measurements show an increase of the magnetic moments with
increasing iron content. Resonant (560 eV - 800 eV) soft X-ray as well as high resolution
- high energy (3.5 keV) hard X-ray photoemission was used to probe the density of the
occupied states in CoyCrg¢Feg 4Al [21]. This work presents a further compound in the
class of Heusler compounds. CoyCrln is L2; ordered. The geometrical properties were
obtained from the XRD data using the Rietveld method. The magnetic properties of
CoyCrIn were measured by means of SQUID magnetometry. The material turns out to
be a soft magnet with a saturation moment of 1.2 up at 5 K. In contrast to CooYZ
Heusler compounds as mentioned above, CooCrln is no half-metallic ferromagnet [65].

In this work, a rule for predicting half-metallic compensated-ferrimagnets in the class
of Heusler compounds will be described. This concept results from combining the well
known Slater-Pauling rule with the Kiibler rule. The Kiibler rule states, that Mn on the
Y position in Heusler compounds tends to a high localised magnetic moment. When
strictly following this new rule, some candidates in the class of Heusler compounds are
expected to be completely compensated-ferrimagnetic but with a spin polarisation of
100 % at the Fermi energy. This rule is applied to three examples within the class of
Heusler compounds. All discussion of the materials is confirmed by electronic structure
calculations.

In summary, this work will present a comprehensive characterisation of some selected
Heusler compounds.
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2 Calculational Details.

Self-consistent band structure calculations were carried out using the spin polarised
Korringa-Kohn-Rostocker method (KKR) provided by H. Akai [66] or for full relativistic
calculations by Ebert et al. [67, 68]. This program allows calculations in the muffin
tin (MT) and the atomic sphere (ASA) approximations. Additionally, it provides the
coherent potential approximation (CPA) to be used for disordered systems. This method
was used to estimate the influence of disorder on the magnetic structure.

The full potential linear augmented plane wave (FLAPW) method as provided by
WIEN2K [69] was used to exclude that the observed deviations are due to the spherical
approximation for the potential (MT or ASA) as used in the above mentioned methods.

The tight binding (TB-) linearised muffin tin orbital (LMTO) method within the
atomic sphere approximation (ASA) was used as provided by Andersen et al. [70].

All Brillouin zone integrations were performed on a 22 x 22 x 22 mesh of k-points
resulting in 256 k-points in the irreducible part of the Brillouin zone. Only in case
of the HMCCF Heusler compounds, another approach was used: The self-consistent
calculations employed a grid of 455 k points from a 25x25x25 mesh in the irreducible
part of the Brillouin zone. A 22x22x15 mesh was used for integration of the tetragonal
cells leading to 528 irreducible k£ points. A similiar mesh leads to 968 irreducible k points
for the orthorhombic cell. The energy convergence criterion was set to 107> eV in all
cases. Simultaneously, the charge convergence was monitored and the calculation was
restarted if it was larger than 1073, In cases of doubt about convergence or quality of
the integration, the number of irreducible k-points was doubled. An imaginary part of
0.002 Ry was added to the energy when calculating the density of states. It should be
noted that care has to be taken while initialisation of the calculations. Slight differences
of the initial spin polarisation parameter cause that the calculations converge into a not
appropriate minimum of the total energy. This may result in wrong conclusions about
the ground state.

The calculations were started with the most common parameterizations of the exchange-
correlation functional as given by Moruzzi, Janak, and Williams [71] (MJW), von Barth
and Hedin [72] (vBH), and Vosco, Wilk, and Nussair [73, 74, 75] (VWN). The gener-
alized gradient approximation (GGA) was used in the form given by Perdew et al [76].
To include non-local effects, the VWN parametrization with additions by Perdew et al
[77, 78, 79] was used (PYVWN). The so-called exact exchange is supposed to give the
correct values for the gap in semi-conductors using local density approximation. Here it
was used in the form given by Engel and Vosko [80] (EV).

Usually, Heusler compounds are attributed to exhibit localized moments. In that
case, electron-electron correlation may play an important role. The LDA+U scheme [81]
was used for calculations of the electronic structure to find out whether the inclusion
of correlation resolves the discrepancy between the theoretical and measured magnetic
moment. In Wien2k, the effective Coulomb-exchange interaction (U.fs = U—J, where U

13



14 2. Calculational Details.

and J are the Coulomb and exchange parameter) is used to account for double-counting
corrections.

Several types of disorder in CoyCry_,Fe; Al compounds have been considered. It
turned out that the mostly occurring type of disorder is B2 like. This type is a result
of disorder in the Y Z (Y=Cr, Fe, Z=Al) planes. It is found by setting the F' m3m site
occupations of the 4a and 4b sites equally to 1/2 for Y and Z (assigned as B2a in [82]).
The resulting structure with reduced P m3m symmetry was used for the calculations.
The lattice parameter is aps = a2, /2. X was placed at the la site (origin of the cube)
and the site occupations for Y and Z at 1b (center of the cube) were set equally to
1/2. For the mixed Fe-Cr systems, the site occupation factors for Y and Y’ have to be
weighted by z and (1 — z), respectively. Complete disorder between all sites results in
the A2 structure with reduced symmetry I m3m.



3 Experimental Details.

All polycrystalline samples were prepared by arc-melting of stoichiometric quantities of
the constituents in an argon atmosphere (10~* mbar). Homogeneous samples were ob-
tained by re-melting for several times. This procedure leads to polycrystalline ingots.
Care was taken to avoid oxygen contamination. This was established by evaporation of
Ti inside of the vacuum chamber before melting the compound. The weight loss was
monitored to be less than 0.5%. In particular, the polycrystalline ingots of CosFeSi
were annealed in evacuated quartz tubes at 1300 K for 20 days. This procedure re-
sulted in samples exhibiting the correct Heusler type L2; structure. Some samples of
CoyCry_,Fe, Al were annealed at 1273 K for several days.

Flat disks were cut from the ingots and polished for spectroscopic investigations at
bulk samples. For powder investigations, the remaining part was crushed by hand using
a mortar. It should be noted that pulverisation in a steel ball mill results in 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. The spectra were excited by Al-K, or Mg-K,, radiation to
discriminate the Auger electrons from core level emission. No impurities were detected
in case of Coy F'eSi by means of ESCA after removal of the native oxide from the polished
surfaces by Art ion bombardment. In case of the CoyCry_,Fe, Al compounds, electron
excited Auger electron spectroscopy (AES) was used for depth profiling. The surface of
the bulk samples was removed by sputtering the polished surfaces to depth up to 0.5 pm
by means of Ar™ ion bombardment at 4keV ion energy and 25 pA target current.

The long range order of the system was investigated by means of X-ray diffraction
(XRD). Powders were measured using Mo-K, radiation (Stoe, STADIP) or Cu-K,
(Bruker, AXS D8). The measurements were performed in reflection geometry in a 6 — 6
scanning mode. Bulk samples were analysed in a Philips XPert MRD diffractometer
(Cu-K,, radiation) using a parallel beam geometry equipped with a long Soller-slit to
enhance the resolution. In particular asymmetric diffractograms were measured at an
angle of incidence of 0.5 in order to obtain the surface contribution to the diffraction
spectra. All measurements were performed at room temperature. The structural para-
meters were obtained from Rietveld refinement of the XRD data using the FULLPROF
program [83] or the Jana 2000 program package [84].

Additionally, the geometrical structure of CosCrggFeg4Al powder samples was in-
vestigated by means of neutron diffraction at the Institute Laue-Langevin (Grenoble,
France). The measurements were performed at the D1A monochromator using a neu-
tron wavelength of 1.909 A.

Extended X-ray absorption fine structure (EXAFS) measurements were performed at
the XAS beamline of LNLS (Campinas, Brazil) for additional structural investigation,
in particular to explain the site specific short range order. The powders (20 pm) were
additionally mixed with BN and pressed to thin pellets. Powder samples were investi-

15
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gated in transmission mode using two ion chambers, bulk samples were investigated by
the total electron yield technique (TEY). The spectra were taken at the Cr, Fe, and Co
K edges. The EXAFS spectra x(k) were extracted using the AUTOBK program [85].
The ATOMS program [86] was used to prepare the structural input for FEFF6 [87]. The
final data analysis was performed using the IFEFFIT program package [88, 89].

Magneto-structural investigations were carried out by means of °"Fe MoBbauer spec-
troscopy using a constant acceleration spectrometer. A 57Co(Rh) source with a line
width of 0.105 mm/s was used for excitation. All powder samples were measured in
transmission mode in order to investigate the bulk properties (10 A). The surface prop-
erties were determined in X-ray scattering mode using 6.3 keV secondary X-ray Fe-K-a
radiation with a penetration depth of around (10* A). There secondary X-rays appear
together with fluorescence y-radiation after MoBbauer resonance absorption by 3’ Fe nu-
clei. All isomer shift values reported below are quoted relative to a-Fe at 293 K. The
Recoil 1.02 MéBbauer analysis software was used to fit the experimental spectra [90].

The magnetic properties were investigated at low temperatures using a super con-
ducting quantum interference device (SQUID, Quantum Design MPMS-XL-5) in the
temperature range 4 K <T < 300 K. The high temperature magnetic properties were
investigated by means of a vibrating sample magnetometer (Lake Shore Cryotronics,
Inc., VSM Model 7300) equipped with a high temperature stage (Model 73034).

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) [91, 92]. The entrance and exit slits of the monochromator were set symmet-
rically in the range from 10 pym to 25 pm 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 p™ 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.

Spectra obtained for opposite field directions may exhibit different re-absorption effects
of emitted electrons [93]. This effect is less prominent when the sample is oriented with
the field applied perpendicular to the surface because in this case the Lorentz force
causes even low energy electrons to leave the surface following a screw line. In addition,
an electric field to extract electrons from the sample surface was applied. The photon
flux onto the sample surface was measured by the electron yield of a Au grid positioned in
the photon path. The electron yield of the Au grid showed an (unexplained) systematic
dependence on the applied field H which could be phenomenologically described by an
energy independent correction factor f(H) (0.98 < f(H) < 1.02). In the following, the
electron yield of the sample was normalized by the signal from the Au grid and by f(H).
This data correction results in a vanishing of the dichroism signal for photon energies
smaller than the Ls-edge.

Soft X-ray excited photoemission was performed at the UE 56/1 PGM beamline of
BESSY (Berlin, Germany). The resolution of the beamline was set to E/AE = 8000 in
the energy range from 600 eV to 800 eV with a resolution better than 100 meV. The
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spectra were taken by means of a hemispherical analyser (VG ESCA-Lab). The analyser
slits were set to 200 ym and a pass energy of 20 eV was used. High resolution - high en-
ergy photoemission excited by hard X-rays [94] was performed at the BL22XU beamline
of SPRING-8 (Hyogo, Japan) using a Gammdata Scienta R4000-10 keV analyser [95].
For high resolution (better than 250 meV), the pass energy was set to 200 eV and the
entrance slit to 0.5 mm. A 1.5 mm slit was used for spectra with lower resolution (about
500 meV), in particularly at the 8 keV photon energy were the valence band emission
has a very low cross section.

Before taking the spectra excited by synchrotron radiation, the samples were scratched
in situ with a diamond file in order to remove the native oxide layer from the surface.
ESCA and Auger electron depth profiling revealed a thickness of the oxide layer of up
to 0.5 pm depending on the sample history.
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3. Experimental Details.




4 The Heusler Compound Co,FeSi.

4.1 Introduction.

Several rules are used to predict the magnetic moments in Heusler compounds from
the number of valence electrons. These rules are based on valence electron counting
starting with the semi-conducting compounds where one has 18 valence electrons in Cfy
compounds [19], or 24 in Heusler compounds. Rules that are not general but depend
on the composition of the sample are, somehow, not satisfactory. Therefore, it may be
helpful to start more basically.

As already pointed out in chapter 1, many Heusler compounds exhibit an increase of
m with increasing mean number of valence electrons per atom (ny ), and thus belong to
the first region of the Slater-Pauling curve.

Half-metallic ferromagnets are supposed to exhibit a real gap in the minority density
of states and the Fermi energy is pinned inside the gap. Therefore, this gap leads to an
integer magnetic moment. From this point of view, the Slater-Pauling rule is strictly
fulfilled with

mymr =ny — 6 (4.1)

for the magnetic moment per atom, as the number of minority electrons n has to be
integer, too. The distribution of the 6 minority electrons, however, has to be found from
electronic structure calculations.

For ordered compounds with different kinds of atoms it is more convenient to work
with all atoms of the unit cell. In the case of 4 atoms per unit cell, as in Heusler
(FH) compounds, one has to subtract 24 (six times the number of atoms) 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

mpg = Ny — 24. (4.2)

This valence electron rule ! is strictly fulfilled for half-metallic ferromagnets only, as
was first noted in [37] for Cy, Heusler (HH) compounds with 3 atoms per unit cell
(mpgpy = Ny — 18). In both cases the magnetic moment per unit cell becomes strictly
integer (in multiples of Bohr magnetons) for half-metallic ferromagnets, what may be
seen as an advantage of the valence electron rule compared to the original Slater-Pauling
rule (Equation 4.1) although it suggests the existence of different rules.

The Slater-Pauling rule relates the magnetic moment to the number of valence elec-
trons per atom [35, 36], but does not, per se, predict a half-metallic behavior. The gap in

!This term is used in the following to distinguish the rule derived from the overall number of valence
electrons in the unit cell from the more general Slater Pauling.
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the minority states of Heusler compounds has to be explained by details of the electronic
structure (for examples see [2] and references there).

Self consistent field calculations were performed in order to investigate the Slater-
Pauling like behaviour of Heusler compounds in more detail. The electronic structure of
most known Heusler compounds were calculated in order to find their magnetic moments
and type of magnetic structure. The calculations were performed for overall 107 reported
Heusler compounds from which 59 are based on X and Y being 3d metals, 17 with only
X and 28 with only Y being a 3d metal. The remaining ones contain 4d and 4f metals on
the X and Y sites, respectively. In addition calculations were performed for 50 reported
C1p Heusler compounds

It turned out that nearly all CoaYZ compounds (if not simple metals) should exhibit
half-metallic ferromagnetism. It is also found that the calculated magnetic moments
of the Coy based compounds follow the Slater-Pauling curve as described above (see
Figure 4.1a). Some small deviations are possibly caused by inaccuracies of the numerical
integration.

Inspecting the other transition metal based compounds, one finds that compounds
with magnetic moments above the expected Slater-Pauling value are X=Fe based. Those
with lower values are either X=Cu or X=Ni based, with the Ni based compounds ex-
hibiting higher moments compared to the Cu based compounds at the same number of
valence electrons. Moreover, some of the Cu or Ni based compounds are not ferromag-
netic independent of the number of valence electrons. Besides Mns VAL only compounds
containing both, Fe and Mn, were found to exhibit half-metallic ferromagnetic character
with magnetic moments according to the Slater-Pauling rule. No attempts have been
made to perform calculations for compounds that turn out to be chemically uncharac-
terizable.

Inspecting the magnetic data of the known Heusler compounds in more detail (see
data and references in [9, 10]), one finds a very interesting aspect. Seemingly, a linear
dependence is obtained for CoyYZ Heusler compounds when plotting the Curie tem-
perature (T¢) of the known, 3d metal based Heusler compounds as function of their
magnetic moment (see Figure 4.1b). According to this plot, T¢ is highest for those
half-metallic compounds that exhibit a large magnetic moment, or equivalent for those
with a high valence electron concentration as derived from the Slater-Pauling rule. T¢
is estimated to be above 1000K for compounds with 6 pp by an extrapolation from the
linear dependence.

CooFeSi was revisited as a practical test for the findings above. Niculescu et al.
reported in [48]: a = 5.66 A, T > 980 K and m = 5.9 up at 10 K; the lattice parameter
(5.64 A) found here agrees with the one reported in [48] for FeyCoSi; values for a and m
reviewed later [10, 96] are considerably different, for unknown reasons. In addition, this
compound was previously reported to have a magnetic moment of only 5.18 yp per unit
cell and a Curie temperature of above 980 K [48, 96]. One expects, however, m =6 up
and T¢ to be above 1000 K, from the estimates given above.
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Figure 4.1: Magnetic moments (a) and Curie temperature (b) of Heusler compounds.
The heavy 3d transition metals are given for comparison. Full dots assign Co2YZ and open
circles assign other Heusler compounds. The lines in (a) assign the Slater-Pauling curve.
The line in (b) is found from a linear fit for Co2YZ compounds. The cross in (b) assigns
CosFeSi as measured in this work.
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KKR MT ASA

Miot  TMCo MMFe Miot  MCo MFe
MJW 5.03 1.19 2.69 5.17 1.27  2.68
vBH 4.88 1.15 2.64 5.03 1.22 2.62
VWN 499 1.18 2.68 5.15 1.26 2.67
GGA 5.22 1.22 2.85 5.18 1.27 2.69
EV 5.19 1.24 2.77 5.15 1.26 2.68

PYVWN 5.03 1.19 2.72 5.67 1.25 3.23

Table 4.1: Magnetic moments of CosFeSi calculated for spherical potentials.
The calculations were carried out by means of KKR in muffin tin (MT) and atomic sphere
(ASA) approximations for a=5.64 A. All values are given in pp. Total moments are given
per unit cell and site resolved values are per atom.

4.2 Electronic Structure

As starting point, self consistent first principle calculations were performed using the
linearized muffin tin orbital (LMTO) method [97], as this method is very fast. Using
the experimental lattice parameter (aeqzp=>5.64 A, see Section 4.3), the results predicted
CooFeSi to be a regular ferromagnet with a magnetic moment of 5.08 pp per formula
unit. The latter value is much too small compared to the experimental one of 6 up (see
Section 4.4).

More detailed calculations were performed to check if the too low value is the result
of a particular method or the parameterization of the energy functional.

The results of the calculations using different approximations for the potential as well
as the parameterization of the exchange-correlation part are summarized in Table 4.1.
The calculated total magnetic moments range from = 4.9 pup to = 5.7 up, thus they are
throughout too low compared to the experiment. They include, however, the value of
5.27 pp found in reference [98] by means of the full potential KKR method.

The calculated magnetic moments for most known Heusler compounds are summarized
in Figure 4.1 and discussed in Section 4.1. It turned out, however, that the magnetic
moment of CooFeSi is still too small compared to the experimental value.

Comparing the results for CooFeSi, the magnetic moments found by the different
calculational schemes are very similar (compare Table 4.1 and 4.2), implying that Co
and Fe atoms are aligned parallely independent of the method used. The small, induced
moment at the Si atom (not given in Table 4.1) is aligned anti-parallely to the magnetic
moment at the transition metal sites. As for KKR, the use of the EV parameterization
of the energy functional did not improve the magnetic moment, the result was only
5.72 UB-

Other than the LMTO or KKR methods (spherical potentials), the (full symmetry
potential) FLAPW calculations revealed a very small gap in the minority states, but
being located below ep. Figure 4.2 shows the band structure and density of states
calculated by FLAPW for the experimental lattice parameter.

The electronic structure shown in Figure 4.2 reveals a very small indirect gap in the
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Mitot MMCo MFe mg; Mint
TDA (VWN) 559 140 2.87 -001 -0.07
LDA (EV) 5.72 1.45 2.94 -0.003 -0.11
LDA+U 6 1.54 3.30 -0.13 -0.25

Table 4.2: Magnetic moments of CoFeSi calculated for full symmetry potentials.
The calculations were carried out by means of FLAPW for a = 5.64 A. All values are given
in pp. Total moments are given per unit cell and site resolved values are per atom. m;n; is
the part of the magnetic moment that cannot be attributed to a particular site.
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Figure 4.2: LDA band structure and DOS of CosFeSi.
The calculation was performed by Wien2k using the experimental lattice parameter.
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Figure 4.3: Minority gap in CooFeSi.
Shown are the positions of the extremal energies of the upper and lower bands depending
on the lattice parameter (.o, = 5.64A). Energies are given with respect to the Fermi
energy. The grey shaded area marks the domain of half-metallic ferromagnetic character
(lines are drawn to guide the eye).

minority states at about 2eV below er. The fact that the Fermi energy cuts the minority
bands above the gap finally results in a magnetic moment too low and not integer, as it
would be expected for a half-metallic ferromagnet.

A structural refinement was performed to check if the experimental lattice parameter
minimizes the total energy. The dependence of the energy with lattice parameter a
revealed that the minimum occurs at the experimentally observed lattice parameter aegp.
From the lattice parameter dependent calculations it showed up that the experimentally
found magnetic moment appeared at larger values of a. At the same time the size of
the gap increased. Inspecting the band structure, one finds that the ep is inside the
gap for lattice parameters being enlarged by about 7.5% to 12.5%. Figure 4.3 shows
the dependence of the extremal energies of the lower (valence) band and the upper
(conduction) band of the minority states enveloping the gap.

The magnetic moment is integer (6up) in the region were ep falls into the gap (grey
shaded area in Figure 4.3), which is the region of half-metallic ferromagnetism. The
reason for the integer value is clear: the number of filled minority states is integer and
thus the magnetic moment, too.

The LDA+U scheme [81] was used to approximate electron-electron correlations. It
turned out that values of Ugy; from 2.5 eV to 5.0 eV for Co and simultaneously 2.4 eV
to 4.8 eV for Fe result in a magnetic moment of 6up and a gap in the minority states.

Figure 4.4 shows the band structure and density of states calculated using the LDA+U
method. The effective Coulomb-exchange parameter were set to Uesr oo = 4.8 €V and
Uesrre = 4.5 eV at the Co and Fe sites, respectively. These values are comparable to



4. The Heusler Compound CoyFeSi. 25

(a) minority { (c) majority T

P ]

S

energy E-e¢, (eV)

' \@ \
A Y
7§

AT/ WA

a2k S I SR BN
L r X WK 10 5 0 5 10 W r X WK
momentum k density of states momentum k

-

Figure 4.4: LDA+U band structure and DOS of CosFeSi.
The calculation was performed by Wien2k using the experimental lattice parameter.

majority minority
Co 4.887 3.343
Fe 5.063 1.766
Si 1.247 1.373
interstital 1.915 2.176
sum CooFeSi 18 12

Table 4.3: Distribution of the valence states in CoxFeSi.
The number of occupied states was calculated by means of FLAPW using LDA+U for
a = 5.64 A. The muffin tin radii were set for all sites to rasr = 1.22 A. This results in a
space filling of 67% by the atomic spheres, the remainder is taken as interstitial.

those found in reference [99] for bee Fe (4.5 eV) and fec Ni (5 eV).

The minority DOS (Figure 4.4) exhibits a clear gap around €p, confirming the half-
metallic character of the material. The high density below e is dominated by d-states
being located at Co and Fe sites. Inspecting the majority DOS one finds a small density
of states near er. This density is mainly derived from states located at Co and Si sites.

The distribution of the charge density on the atoms and states with different orbital
momentum is given in Table 4.3 (Note that two Co atoms count for the sum of the
charge in the unit cell.).

From Table 4.3 it is found that in average three minority states per atom are occupied
(2n; = 6) as required by the Slater-Pauling rule for the range of increasing magnetic
moments with an increasing number of valence electrons (see Section 4.1). It is worth-
while to note that the same is true for the other Heusler compounds shown in Figure 4.1
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Figure 4.5: Rietveld-refinement of CoFeSi.
The black line shows the measurement. The upright bars stand for the Bragg positions
and the grey line shows the difference between the calculation and the measurement.

exhibiting half-metallic ferromagnetism. However, the electrons are distributed in a
different way across the X, Y, and Z sites.

4.3 Structural Properties.

The correct L2y structure CosFeSi was verified by XRD. The lattice constant was de-
termined to be 5.64 A. The lattice parameter is obviously smaller than the one reported
before ([100]) and a lower degree of disorder is observed in the present work.

A disorder between Co and Fe atoms (DOj3 type disorder) can be excluded from the
Rietveld refinement of the XRD data (see Figure 4.5), as well as from neutron scattering
data (not shown here). A small disorder between Fe and Si (B2 type disorder) atoms
(< 10%) can not be excluded by neither of these methods, particularly due to the low
intensities of the (111) and (200) reflections in XRD.

For further site specific structural information, EXAFS measurements were carried
out. A powder sample, as used for XRD, was investigated in transmission mode.

The absorption spectra collected at the Fe and Co K-edges after removal of a constant
background are shown in Figure 4.6. The best fitting of the Fourier transform modulus
considering the L2; structure are also displayed in Figure 4.6. These measurements
corroborate the XRD results even at the short range order for both Co and Fe. It
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was not possible to fit the experimental data to a structural model including DOs3 type
disorder, as expected.

The radial distribution function x(R) is produced by forward Fourier transform of the
EXAFS spectra after background subtraction. It is given as function of the effective
distance R. Note that R includes the nearest neighbor distance and the scattering
phase shift. The high intensity of x(R) in the first co-ordination shell of Fe points
on the cubic environment consisting of eight Co atoms, as expected for a well ordered
Heusler compound. The peak of x(R) for the first co-ordination shell of Co exhibits a
clear splitting due to the different scattering phases of Fe and Si, although the distance
between these atoms and Co is the same. The Fe induced intensity of x(R) is about half
of that observed in the Fe K-edge spectra. This confirms the tetragonal environment at
the Co sites with respect to Fe sites, as the scattering factors for both types of atoms are
nearly the same. Thus, the EXAFS measurements corroborate the XRD results even at
the short range order for both Co and Fe.

For an additional magneto-structural investigation, Mofibauer spectroscopy was per-
formed. The measurements were carried out at 85 K using powder samples. The observed
6-line pattern of the spectrum (Figure 4.7) is typical for a magnetically ordered system.
The observed 5"Fe Mofibauer line width of 0.15 mm/s is characteristic for a well-ordered
system. The value is comparable to 0.136 mm/s observed from a-Fe at 4.2 K.

In detail, the Moflbauer spectrum shown in Figure 4.7 exhibits a sextet with an isomer
shift of 0.23 mm/s and a hyperfine magnetic field of 26.3 x 105 A/m. No paramagnetic
line was observed. Further, no quadrupole splitting was detected in accordance with
the cubic symmetry of the local Fe environment. A DOs-like disorder (mixing of Co
and Fe at X and Y sites) can be definitely excluded from a comparison of the measured
(26.3 x 105 A/m) and calculated values (21 x 10° A/m for Fe in Y and 11 x 105 A/m
for Fe in X positions) of the hyperfine field. This value is in agreement with the one
found by Niculescu [48, 100] with spin echo nuclear magnetic resonance experiments.
Niculescu et al. reported the hyperfine field for Fe at the 4a site to be 26.9x10° A /m.
This observation confirms the occupation of a single site for Fe and thus a well ordered
system. In addition, the values suggest that Fe in CopFeSi may be described as Fe3™.

4.4 Magnetic Properties.

Low temperature magnetometry was performed by means of SQUID to proof the esti-
mated saturation moment. The results are shown in Figure 4.8. The measured magnetic
moment in saturation is (5.97 +0.05) pp at 5 K corresponding to 1.49 pp per atom. An
extrapolation to 6 up per unit cell at 0 K fits perfectly to the one estimated from the
Slater-Pauling rule. The measurement of the magnetic moment reveals, as expected for
a half-metallic ferromagnet, an integer within the experimental uncertainty. The result
of the measurement (an integer) and the wvalence electron rule, sum up to an evidence
for half-metallic ferromagnetism in CogFeSi. In more detail, CooFeSi turns out to be
soft magnetic with a small remanence of =~ 0.3% of the saturation moment and a small
coercive field of ~ 750 A /m, under the experimental conditions used here. The magnetic
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Figure 4.6: EXAFS results for Co,FeSi.
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Figure 4.7: MoSbauer-spectrum of CosFeSi. The sample was excited by *’Co and measured from a
powder sample in transmission geometry at T = 85 K.

moment for CoyFeSi was previously reported to be 5.90 up [48] at 10.24 K, but with a
rather high degree of disorder (11% B2 and 16% DOs3). Later the same group reported
[100] a smaller magnetic moment (= 5.6 pp interpolated to 0 K) at a lattice parameter
of 5.657 A, but still with a high degree of disorder.

The experimental magnetic moment is supported by the band structure calculations
[57], revealing a half-metallic ferrromagnetic character with a magnetic moment of 6 pp,
if using appropriate parameters in the self consistent field calculations.

XMCD in photo absorption was measured to investigate the site specific magnetic
properties. The XAS and XMCD spectra taken at the L3o absorption edges of Fe and
Co are shown in Figure 4.9. An additional spectral feature is visible at 3 eV below the Lg
absorption edge of Co is related to the L2; structure and points on the high structural
order of the sample (it vanishes for B2-like disorder). The magnetic moments per atom
derived from a sum rule analysis [101, 102] are (2.6 +0.1) up for Fe and (1.2 £ 0.1)up
for Co, at T'= 300 K and poH = 0.4 T. The error arises mainly from the unknown
number of holes in the 3d shell and the disregard of the magnetic dipole term in the sum
rule analysis. The orbital to spin magnetic moment ratios are about 0.05 for Fe and
0.1 for Co. All values (ratio of Co and Fe moments, as well as values extrapolated to
0 K) are in good agreement to the electronic structure calculations, keeping in mind that
calculated site resolved values always depend on the Muffin-Tin-radius(RMT)-settings
for the integration of the charge density around a particular atom.

The high temperature magnetisation of CooFeSi was measured by means of VSM.
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Figure 4.9: Site resolved magnetic properties of Co2FeSi.
Shown are the XAS (Ip) and XMCD (Ixcp) spectra taken at the Ls 3 absorption edges of
Fe (a) and Co (b) after subtracting a constant background.

The specific magnetisation as function of the temperature is shown in Figure 4.10. The
measurements were performed in a constant induction field of ugH = 0.1 T. For this
induction field, the specific magnetisation at 300 K is 37% of the value measured in
saturation. The ferromagnetic Curie temperature is found to be T = (1100 + 20) K.
This value fits very well into the linear behavior shown in Figure 4.1 for CooYZ Heusler
compounds.

The Curie temperature is well below the melting point being obtained by means of
differential scanning calorimetry (DSC) to be T, = (1520 £5) K.

The paramagnetic Curie-Weiss temperature © was estimated from a plot of the inverse
susceptibility (1/x) as a function of temperature (Figure 4.10). The Curie-Weiss tem-
perature is found by interpolating 1/x(T") to be (1150 & 50) K. A true linear behavior
for 1/x as a function of temperature is not observed here because the experiment was
performed in a temperature range close to the Curie temperature. A linear dependence
can be expected from molecular field theory only for temperatures far above T¢.

The here observed properties of CooFeSi are in agreement to those reported previously
by Niculescu et al. [48, 100] for a higher degree of disorder (10% B2 plus 16% DO3).

SQUID magnetometry often does not allow to determine high temperature magnetic
phase transitions. The low temperature requirement of the instrumental set-up may not
be met, in particular if T is very high. Differential scanning calorimetry (DSC) [43]
is well established to investigate various kinds of phase transitions in solid materials.
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Figure 4.10: Measurement of the specific magnetisation as a function of temperature (black dots) and
inverse suceptibility (white dots). (Lines are drawn to guide the eye).

Here it was used to examine the magnetic phase transition in order to support the Curie
temperature received by the VSM experiments. Figure 4.11 compares the DSC signal
(b) with the derivative of the specific magnetisation (a) with respect to the temperature
(compare Figure 4.1b). The minimum at (1040 &+ 20) K in Figure 4.10 corresponds to
the maximum change of the magnetisation with temperature. With DSC, a pronounced
shift of the signal is observed during cooling or heating at about 1017 K and 1037 K,
respectively. This shift is due to the hysteresis of the DSC method and depends on the
temperature gradient T(t) The signals might be attributed to changes of the magnetic
properties. Therefore, one expects a mean value of (1030 +5) K for the magnetic phase
transition of CogFeSi. The melting point was also observed by DSC and found to be
T = (1517 £ 5) K (not shown in Figure 4.11).

The observation of the magnetic transition by DSC is verified by the comparison of
the structures in DSC with the differential magnetisation. The latter is clearly observed
at the point of maximum change of the magnetisation with temperature. It is seen
that the value obtained by DSC is slightly lower than T determined from the VSM
measurement. For CooFeSi one finds it to be only 4.5% below the Curie temperature
measured by the VSM. The structural transition temperature of the L2; phase to the
B2 phase TtB ol g very close to the Curie-temperature as measured by DSC. Thus,
the transition measured by DSC might be attributed to either the Curie-temperature
as well as to the T}P?“1% phase transition. Recent measurements by Balke et al. [103]
on the CosMn;_,Fe,Si serie give hint, that the transition measured with DSC is the
TtB 2ol phase transition. This order-disorder phase transition is independent of the Fe
concentration z and occurs at about 1030 K.
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Figure 4.11: Phase transition in CosFeSi.
The differential magnetisation (a) close to T¢ is compared to the measurement with the

differential scanning calorimetry (b).



34 4. The Heusler Compound CoyFeSi.

The highest known Curie temperature is reported for elemental Co to be 1388 K
[104]. Only few materials exhibit a T above 1000 K, for example the Fe-Co binary
alloys. With a value of =~ 1100 K, CosFeSi has a higher Curie temperature than Fe and
the highest of all half-metallic ferromagnets and Heusler compounds being measured up
to now.

4.5 Summary for Co,FeSi.

In summary, it was shown how simple rules may be used to estimate the properties of
magnetic materials, in particular for those Heusler compounds exhibiting half-metallic
ferromagnetism.

As practical application of these simple rules, it was found that the Heusler compound
CogFeSi is a half-metallic ferromagnet exhibiting the highest Curie temperature and
magnetic moment. In particular, a magnetic moment of 6 up and a Curie temperature
of 1100 K were found in L2, ordered samples with a lattice parameter of 5.64 A.

The experimental findings are well supported by electronic structure calculations [57].
The comparison between experiment and calculations gives clear advise that electron-
electron correlation plays an important role in Heusler compounds.



5 The Heusler Compounds Co,Cr;_,Fe, Al

5.1 Introduction.

The ferromagnetic properties of the Heusler compounds CoyCr; _,Fe, Al have been inves-
tigated experimentally and theoretically. CooCrggFeg.4Al is of special interest because
a relatively high magneto-resistance ratio of up to 30% was found in powder samples in
a small magnetic field of 0.1 T [29, 28]. Thin films of the compound were successfully
grown by several groups [105, 106, 107, 108]. A magneto-resistance ratio of 26.5% [31] (at
5 K) and 19% [32] (at room temperature) was found for a tunnelling magnetoresistance
(TMR) device of the same compound. Very recently, Marukame et al. [41] reported a
TMR ratio of 74% at 55 K for a CosCrg gFeg 4 Al-MgO-CoFe magnetic tunnel junction. A
spin polarisation of only less than 49% was found for polycrystalline samples by means
of Andreev reflections [109]. The observation of an incomplete spin polarisation may
not only be caused by the model used to interpret the data [109, 110] but also by the
properties of the sample. Clifford et al. [111] recently reported a spin polarisation of
81% in point contacts of CosCrg gFeg 4 Al

For CosCrAl a ground state magnetic moment of 1.55 up/formula unit has been
reported [96] and it was considered that Co atoms mainly carry the magnetic moment in
this alloy whereas the contribution of Cr and Al atoms remains negligible [112]. Recent
LMTO band structure calculations [28] reveal a half-metallic character of the DOS.
According to our calculation all constituents of the alloy should possess a magnetic
moment, 0.77 up/atom for Co, 1.63 pp/atom for Cr and —0.10 pp/atom for Al. For the
total moment a value of approximately 3 pp/formula unit is obtained, in agreement with
the valence electron rule for the magnetic moment p of half~-metallic Heusler compounds
(see equation 4.2). Experimentally determined magnetic moments for Cos CrAl vary from
1.5 pp per formula unit to 3.0 pup per formula unit [28]. Reproducible magnetic moments
could be obtained in agreement with the valence electron rule if Cr is partly replaced
by Fe [28].

X-ray and neutron diffraction were used as a starting point for the long range order
investigations on CooCry_,Fe, Al. Both methods are necessary, as the similar scattering
coefficients of the constituents (Co, Cr, and Fe for X-rays and Cr, Al for neutrons)
bear an experimental and anlytical challenge for the determination of order and disorder
effects. The short range order was proved by the extended X-ray absorption fine structure
method (EXAFS). The magneto-structural properties were measured by means of °7Fe
Mofbauer spectroscopy in transmission mode as well as in X-ray scattering mode in
order to compare powder and bulk properties. The chemical composition was analysed
by means of X-ray photoemission spectroscopy (XPS) combined with Auger electron
spectroscopy (AES) depth profiling. The results from these methods are compared to
get an insight in the differences between surface and bulk properties and the appearance
of disorder in such alloys.

35
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X-ray photoabsorption spectroscopy provides a way to study the unoccupied electronic
structure of these materials. In combination with circularly polarised light it allows the
determination of the element specific magnetic moments. In particular, the L3 edges
of the ferromagnetic 3d transition metals are easily accessible in the soft X-ray range
(500 eV to 800 eV) as they exhibit pronounced white lines. X-ray magnetic circular
dichroism (XMCD) [113, 38] was used in the present work to study the site specific
magnetic moments in CoyCry_,Fe Al

Photoemission spectroscopy is the method of choice to study the occupied electronic
structure of materials. Excitation by low energies gives direct access to the band struc-
ture. However, low kinetic energies result in a low electron mean free path being only
6 A at and below 100 eV (all values calculated for CopCrAl using the TPP2M equations
[114]). Thus, resonant excitation at the M edges of the 3d metals may hardly be assigned
as bulk sensitive because only one Heusler unit cell will contribute, for example. The
situation becomes better at higher energies (18 A at 700 eV) close to the L absorption
edges of Fe and Co or for typical Al-K, laboratory sources (31 A at 1.4 keV). In the hard
X-ray region above 3.5 keV one will reach true bulk sensitivity with an escape depth
being larger than 65 A for electrons emitted from the Fermi energy.

High energy photoemission (up to 15 keV excitation energy) was first performed as
early as 1989 [115] using a ®"Co MoBbauer y-source for excitation. However, the res-
olution was very low due to the limitations given by the low intense source and single
channel detection of the electrons [116]. Nowadays, high energy excitation and analy-
sis become easily feasible due to the development of high intense sources (insertion
devices at synchrotron facilities) and multi-channel electron detection. Thus, high reso-
lution - high energy photoemission (HRHEPE) was recently introduced by several groups
[94, 117, 118, 119, 120, 121] as a bulk sensitive probe of the electronic structure in com-
plex materials. In the present work, resonant photoemission (at the L3 o-edges of the
transition metals) and HRHEPE (< 3.5 keV) were used to study the density of states
of COQCI'O.GFGOAAI.

The present work reports on the electronic, magnetic, and spectroscopic properties
of the Heusler compound CoyCr;_,Fe,Al. The calculated properties are compared to
experiments. Deviations from the L2; structure are discussed by means of disordered,
random alloys. Site disorder seems to play an important role for the magnetic properties
as well as the spin polarisation of CoyCry_,Fe, Al

5.2 Structural Properties.

5.2.1 X-ray and Neutron Diffraction.

The long range order of the materials was investigated by XRD on powders and bulk
samples. The powder measurements show the bulk properties, while the bulk samples
reveal the surface properties, depending on the penetration depth of the used technique.
Figure 5.1 shows the powder patterns of (a) CosCrggFeg4Al and (b) CosFeAl samples.
All reflections are indexed with their hkl-value and their intensities are normalised rel-
ative to the (110) reflex for better comparison. As can be seen from Figure 5.1 the
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Figure 5.1: XRD from Co>Cri_ Fe Al powder material.
Powder XRD measurements of (a) Co2Crg.¢Feo.4Al and (b) CozFeAl excited by Mo K.
The samples clearly show B2 structure.

diffractograms of the doping serie CooCry_,Fe, Al clearly show B2-type disorder. This
can be deduced in particular from the missing of the L2, superstructure reflex at a scat-
tering angle of 12° 26. The measured XRD data of CoyCr;_,Fe, Al were refined by the
Rietveld method using B2 structure (space group P m3m) as input model. The lattice
constant for all samples was determined to be 2.86 A, as expected (this corresponds
to 5.72 A for the L2; cell of the regular Heusler structure). The fitting resulted in
Rpragg = 5 for the different samples.

The surface sensitive measurements as shown in Figure 5.2 reveal diffraction pattern
that differ clearly from the powder pattern. Again, the intensities are normalised to
the (110) reflex. It is seen that the intensity of the (100) and (200) reflections increases
relatively with respect to (110). This means that the surface is still B2 ordered but with
preferred orientation of some planes at the surface. This is a typical texture effect and
points on large grained crystallites. The appearance of small, superstructure reflections
in CoyCrg gFeg4Al point on additional disorder, most probably caused by oxidation.

As already mentioned above, some types of disorder cannot be detected easily by X-
ray powder diffraction as the scattering coefficients of Co and Cr are very similar. The
same applies for neutron diffraction. Due to the nearly equal scattering length of Cr
and Al in particular, it is not possible to distinguish between ordered L2; and disor-
dered B2 structures. However, a combination of both methods may give the designated
informations about the long range structure of CoyCry_,Fe, Al. The results of the pow-
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Figure 5.2: XRD from the surface of CooCri—,Fe, Al
Surface sensitive XRD measurement of Co2Cro.¢Feo.4Al (a) and CozFeAl (b) excited Cu
K, radiation. Note the different intensity scales in (a,b).
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Figure 5.3: Neutron diffraction from Co2Crg.¢Feg 4 Al
Shown are the measured intensity (Iesp) and the difference compared to the Rietveld
refinement (Igg). Vertical bars indicate the Bragg positions of the expected diffraction
reflections.

der neutron diffraction from CoyCrggFeg4Al are displayed in Figure 5.3. As mentoined
above, this diffractogram gives no hint on L2; ordering or B2-type disorder due to the
similar scattering coefficients for Cr and Al for neutron diffraction. The B2 structure
was also used to refine the crystal structure with the neutron diffraction data with the
Rietveld method. The magnetic structure was not refined. The occupancy of Cr and Fe
were co-refined, while the occupancy of Co and Al were fixed. The Cr to Fe ratio was
estimated to be 0.6:0.4, this value was also confirmed with the refinement. The lattice
constant was determined to be 2.866 A, which is in agreement with the XRD data. The
obtained Rpyqqq4-value is 3.62 and the Rp-value is 2.78.

In summary, both methods to investigate the long range order in CosCr;_,Fe, Al
clearly point on well ordered B2 structure. In all cases it was possible to fit the B2
structure with very satisfying results (Rprqgq-value = 3 — 5). It also reveals, that the
mixed compounds show the right stoichiometry.

5.2.2 Extended X-ray Absorption Fine Structure.

Investigations on disorder effects regarding the long range order may not lead to sat-
isfying results due to the similar scattering coefficients for Co, Cr and Fe for X-ray
diffraction and for Cr and Al for neutrons. Thus, short range order measurements were
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performed using the EXAFS method. The absorption spectra pu(E) were taken at the
Cr, Fe and Co K-edges. The resulting normalised absorption spectra p(E) for CooCrAl
are shown in Figure 5.4.

As the B2 structure was verified from XRD as well as from neutron diffraction, B2-
type structure was used to analyse the EXAFS data. The EXAFS method depends on
the scattering of the photoelectron on neighbour atoms. So, the first co-ordination shell
is well described with a CsCl-lattice with Co in the center surrounded by Cr/Fe and
Al. The second co-ordination shell has to be modelled by four different CsCl lattices all
contributing with the factor 0.25. The lattice constant in the B2 structure is reduced
to a = 2.86 A. All single scattering (SS) paths were varied independently. Collinear
multiple scattering (MS) paths were parametrised in terms of the SS paths with the
same starting and endpoints.

In Figure 5.4 (b-d,f-h) the B2 fitting results in R space for CosCrAl bulk sample
can be seen. It shows the magnitude of the Fourier transformation as well as its real
and imaginary parts. The radial distribution function x(R) is generated by forward
Fourier transformation of the EXAFS spectra after background subtraction. It is given
as function of the effective distance R. This effective distance R includes both the nearest
neighbour distance kR; and the scattering phase shift §; (kR; + d;). In particular the
first co-ordination shell of the real and imaginary parts fit very well to the data. The
fits were performed using the model described above and led to satisfying results with
R-values: Rp = 0.06 for Co and Rr = 0.023 for Cr. The obtained values for the passive
electron reduction factor S3 are 0.730 for Co and 0.874 for Cr. Both AR were physically
reasonable (0.008 for Co and -0.016 for Cr) as well as the Ej values (6.582 for Co and
9.987 for Cr). The o? values for the different paths are throughout small (between 0.002
and 0.02).

The same fitting procedure as for CosCrAl was performed for CooFeAl. Figure 5.5
shows the normalised absorption spectra (a,e), the magnitude of the Fourier transfor-
mation (b,f) and its real (c,g) and imaginary parts (d,h) for the Fe and Co edges of
CogFeAl. As can be seen from Figure 5.17, the fittings are in very good agreement with
the data. The R-values: Rgp = 0.015 for Co and Rr = 0.019 for Fe. The passive electron
reduction factor S7 are 0.784 for Co and 0.967 for Fe, while the AR were -0.039 for Co
and -0.061 for Fe. The E; values were assigned to be 4.97 for Co and -1.463 for Fe. The
o2 values for the different paths are throughout small (between 0.002 and 0.008). The
Fe as well as the Co edge show no additional feature at about 1.4 - 1.6 eV indicating
any oxidation.

Both ternary end members of the doping serie were successfully fitted with a B2-type
model. So, the EXAFS data are in accordance with the long range order measurements.

The parameter range for the Cr, Fe mixed compounds with B2 structure are, however,
too complex for any reasonable fitting process. Therefore, only a qualitative analysis
for the quaternary compounds are given. Figure 5.6 as well as Figure 5.7 compare the
EXAFS measurements taken from CosCrggFeg.4Al powder and bulk samples.

Figure 5.6 shows the absorption spectra taken at the Cr, Fe and Co edges of
CoyCrggFeg.4Al. The dots represent the measurements on powder sample, while the line
shows the spectra taken on bulk samples. The absorption p(E) at the Cr edge differs
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Figure 5.4: EXAFS of Co>CrAl measured on bulk sample.
Shown are the site resolved results of the EXAFS data taken at the Cr (a-d) and Co (e-h)
K edges. Displayed are the normalised absorption spectra (a,e), the Fourier transformation
(b,f) and its real (c,g) and imaginary part (d,h).
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EXAFS of CozFeAl measured on bulk sample.

Shown are the site resolved results of the EXAFS data taken at the Fe (a-d) and Co (e-h)
K edges. Displayed are the normalised absorption spectra (a,e), the Fourier transformation
(b,f) and its real (c,g) and imaginary part (d,h).
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Figure 5.6: EXAFS results of Co2Cro.¢Feo.4Al comparing powder and bulk.
Spectra taken at the Cr, Fe, and Co K edges are compared for powder and bulk samples.

dramatically for the powder and bulk spectra at the different edges. The energy shift of
the oscillating part of ;(E) is revealed in x(R) as an additional structure at R = 1.5 A.
This additional feature is most probably caused by the selective oxidation of Cr in the
compound. This difference also shows up in the x (k) spectrum as well as in the real and
imaginary parts of the Fourier transformation (Figure 5.7).

The radial distribution function x(R) is generated by forward Fourier transformation
of the EXAFS spectra after background subtraction. It is given as function of the
effective distance R. The peak of x(R) for the first co-ordination shell of Co at 1.954
exhibits a clear splitting for the bulk sample and a shoulder for the powder sample
although the distance between these atoms and the Co is the same. The reason lies
in the the different scattering phases of Cr, Fe and Al. The high intensity of x(R) in
the first co-ordination shell of Fe and Cr points on the cubic environment consisting of
eight Co atoms. On the other side, a Co atom is surrounded by four atoms Cr or Fe
and Al each. Therefore, the ratios of the intensities for x(R) for Cr and Fe to Co are
1:2, regarding, that the back scattering factors and phases for Cr, Fe and Co are quite
similar but that of Al is different. These differences occur also in x(R) after Fourier
transformation (see Figure 5.6). The effective radius for the first co-ordination shell
of Cr, consisting always of eight Co atoms, is the same in powder and bulk. All next
neighbour shells are clearly shifted in R by about 1% to larger distances pointing on a
different neighbourhood for Cr in powder and bulk samples.

At the Fe edge, neither the absorption spectrum nor the radial distribution function
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Figure 5.7: EXAFS results of Co»Cro.¢Feo.4Al
Shown are x(k) and the real and imaginary parts of the Fourier transformation.
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exhibit dramatic changes when changing from powder to bulk samples. In particular
x(k) and the real and imaginary parts of the Fourier transformation reveal no difference
in powder and bulk for the Fe edge, as can be seen in Figure 5.7. The only difference
between powder and bulk spectra are the different intensities in the absorption spectra
p(E) and the FT-magnitude as a function of R (Figure 5.6, mainly caused by the different
methods of data collection, transmission or TEY). The oscillatory part, however, stays
unaffected, which can be seen from Figure 5.7. It follows, that the co-ordination of Fe
is the same in powder and bulk.

The Co absorption spectrum also shows only different intensities. This difference in
intensity leads here to a different weight of the structures at different effective distances
for the first co-ordination shell in Co. Note that the splitting of the peak for the first co-
ordination shell of Co appears clearly in the powder spectrum only. This splitting arises
from the different scattering phases of Fe/Cr and Al, although the distance between these
atoms and the Co is the same. The subsequent peaks are not altered in x(R). Also the
the real and imaginary parts of the Fourier transformation reveal no difference comparing
powder and bulk material. The x(k) is also only altered in intensity. This means that
Co has a different first co-ordination shell in powder and bulk samples whereas the next
neighbour shells are the same.

One has to account that both, surface and bulk, contribute in the analysis of spectra
obtained by the total electron yield method. As known from the XRD measurements,
the surface shows no ordered B2 structure while the bulk is well B2 ordered. In the total
electron yield method these two parts can not be separated easily. This means that the
EXAFS signal obtained from the discs has to reveal a different structure in the different
samples, as is clearly seen from Figure 5.6 and Figure 5.7.

As mentioned above, only the ternary end members of the quaternary series can be
modelled.

5.2.3 MoBbauer Spectroscopy.

MoBbauer spectroscopy was performed in order to clarify the magnetic state of Fe atoms
in CosCrggFeg4Al to compare bulk and surface properties. Figure 5.8 shows the res-
onance effect in percent of the absorption as a function of the Doppler velocity of the
Mofbauer source.

CEMS studies of bulk samples based on CoyCrggFeg4Al revealed unusual sensitiv-
ity of magnetic properties of this material to the disordering effects. Figure 5.8(a)
shows the transmission spectrum of a powdered CosCrggFeg4Al sample. It comprises
a sextet subspectrum with Hyy = 22.6 x10° A/m and a nonmagnetic central line. In
temperature-dependent CEMS measurements it was found that the relative intensity of
the nonmagnetic component decreases as temperature decreases (Figure 5.8 (b) and (c)).
However, CEMS measurements revealed no influence on the central line of the external
field of 2.4 x10% A/m. This fact excludes a superparamagnetic nature of the central
line. Furthermore, it was found that rough polishing with a sand paper destroys the
magnetic ordering of the surface in depth of ca. 100 nm. Figure 5.8(a) demonstrates the
surface spectrum after rough polishing. The intensity of the paramagnetic component
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Figure 5.8: MoBbauer spectroscopy of Co2Cro.¢Feq.4Al

Shown are the °"Fe MdBbauer spectrum measured in transmission geometry (a) and the
CEMS spectra at 300 K (b) and at 93 K (¢).
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Figure 5.9: CEMS MéBbauer spectroscopy of Co2Crg.6Feo.4Al bulk material.
Shown are the 5"Fe MéSbauer spectrum measured after rough polishing (a) and fine pol-
ishing (b).

attains almost 40%. Subsequent polishing of the sample surface leads to vanishing of the
paramagnetic component in favor of the magnetic subspectrum (Figure 5.8(b)), which
can be interpreted applying a hyperfine fields distribution model.

5.2.4 Chemical Analysis.

ESCA was used to investigate the sample composition. The photoemission spectra shown
in Figure 5.10 reveal the presence of oxygen in both powder and bulk even after 45 min of
sputtering. However, the oxygen content is much higher in powder than in bulk material.
This result can be understood regarding the much larger corroding surface in powders.
Small amounts of carbon are found in powder as well as in bulk samples. AES depth
profiling showed that the oxygen is still present in a depth of about 500 A. The presence
of oxygen may cause a structural transition in this material. The observed oxygen
contamination was more pronounced for Cr rich compounds compared to Fe rich ones.
This may explain why disorder and too low magnetic moments are found particularly in
the high Cr content region. It was also found that compounds with Z=Si are much less
sensitive to oxygen compared to the ones with Z=Al. As seen from XAS measurements
in particular the Cr seems to oxidise [28, 38, 39, 40] The metal - oxygen bond enthalpy
is larger for Cr (430 kJ/mol) than for Fe (400 kJ/mol) and Co (385 kJ/mol). Thus, Cr
is selectively oxidised whereas the majority of Co and Fe remains in a metallic state.
The information depth of XAS involves a surface layer of 1...2 nm thickness, i.e. 2 to 4
unit cells. Therefore, the selective oxidation of Cr involves a surface segregation process,
which at least partially destroys the stoichiometry of these Heusler compounds in the
surface region. From its chemical reactivity (Al-O bond enthalpy 511 kJ/mol) one might
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Figure 5.10: Photoemission spectra of CooCrAl in bulk and powder samples.

assume that Al is oxidised as well. Nevertheless, the experiment gave no advice on the
oxidation of Al.

5.3 Magnetic Properties.

Figure 5.11 shows magnetisation loops as measured by SQUID magnetometry. The coer-
cive fields as well as the remanence are very small for all investigated Heusler compounds
The remanence observed for both Heusler compounds is also very small. The magneti-
zation cycle is almost reversible. This indicates that both Heusler compounds are soft
magnetic materials, which is common to Heusler compounds [96]. It may be caused by
magneto-strictive interactions between adjacent grains. If magneto-striction along the
easy axis is not zero, elastic interactions between the grains lead to additional conditions
for the domain structure which in turn reduce the remanence below the value of 80%
expected for independent randomly oriented grains [122]. Note, that the magnetisation
loops are not corrected for the demagnetisation field arising from the spherical shape of
the sample.

The saturation magnetisation values measured in saturation are m (300 K) = 3.25 up
for CogCrggFeg4Al and m(300 K) = 5.20 up for CogsFeAl. Slightly higher values were
measured at low temperatures, i.e. m(4 K) = 3.49 ug for CosCrggFeg4Al and m(4 K =
5.29 pp for CooFeAl. The magnetisation at room temperature for CoyCrygFeg4Al is
slightly larger than for similar samples measured previously [39, 40] (m(300K) = 3.2 up).
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Figure 5.11: Magnetisation curves measured by SQUID for the Heusler compounds Co2CrAl (dark
grey), Co2Cro.6Feg.4Al (black) and CosFeAl (bright grey).

While the latter value for CogFeAl is in agreement with calculations (5.0 up [28]) con-
sidering that orbital magnetic moments are not included in the theoretical value, the
measured magnetic moment for CosCrggFeg 4Al is significantly smaller than predicted
by theory (3.8 up [28]). Element specific moments measured by XMCD [39, 40] indicate
that the reduced magnetic moment is mainly due to the too small magnetic moment at
the Cr site.

Thus, a comprehensive analysis of the site specific magnetic moments as revealed by
XMCD is necessary.

5.3.1 Calculated Properties of Co,Cr;_,Fe, Al

The electronic structure of the pure and doped alloys will be discussed in the following.
First, the electronic structure of the ordered alloys are presented followed by the results
for disordered alloys. Both include a more specific discussion of the magnetic properties
by means of measured and calculated magnetic moments. A band structure in the usual
definition has no meaning for alloys with random disorder, due to the lack of periodicity.
Therefore, only the integrated quantities will be discussed here. Indeed, the magnetic
moments depend more directly on the DOS rather than on the particular form of the
dispersion of the electronic bands.



50 5. The Heusler Compounds CoyCr;_,Fe, Al

(@) Co,CrAl (b) Co,Cr,Fe, Al (c) CoFeAl

[ majority T

(¢,
——

¥

total DOS p (eV")
o

()]
—T
]

[ minority 4
-10 -5 0 5-10 -5 0 5-10 -5 0 5
energy E-¢_(eV)

Figure 5.12: Density of states of CosCri_,Fe, Al (z = 0,0.4, 1).
(Note that the minority states are shown on a negative scale.)

Electronic and Magnetic Structure of L2; Ordered Alloys.

First, the electronic structure for the L2; ordered ternary compounds was calculated.
The resulting density of states (DOS) of CopCrAl and CoyFeAl is shown in Fig.5.12(a,c).
These are the end members of the quaternary series of alloys. In the next step the elec-
tronic structure for the L2 ordered alloys CosCr;_,Fe, Al was calculated and the result
for z = 0.4 is compared exemplarily in Figure 5.12(b) to the pure compounds.

The low lying s-bands are visible at about 6 eV to 10 eV below er. The d-bands
start at about 5.5 eV below er. The gap between s- and d-bands is less pronounced
compared to non relativistic calculations (see [123]). The majority DOS at the Fermi
energy decreases with increasing iron concentration z. The DOS of majority electrons
at ep is a crucial point for spectroscopic methods investigating the spin polarisation, like
spin-resolved photoemission. The small, non vanishing DOS in the half-metallic gap of
the minority states at ep emerges mainly from the imaginary part added to the energy
when calculating the DOS by means of the Greens function. However, a coupling between
majority and minority states is always expected in the full relativistic calculations thus
that a pure spin up state is not possible in general. Mavropoulos et al. [124, 125] for
example discussed the relativistic effects and their influence on the half-metallic gap.

Figure 5.12 reveals that the Fermi energy (er) is pinned in the minimum of the density
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Figure 5.13: Spin resolved partial density of states of CosCri_,Fe, Al
(Note the different scales at the partial DOS, the minority states are shown on a negative
scale.)

of the minority states. Further, it is seen that the majority density is shifted with
increasing Fe concentration and thus with increasing number of valence electrons. Both
together have finally the result that the magnetic moments increase with the number of
valence electrons (see below). This is typical for Slater-Pauling behaviour in the case
of materials with localised magnetic moments [126, 36, 56, 22]. It is also seen that the
majority density is shifted with increasing Fe concentration and thus with increasing
number of valence electrons. Both together have finally the result that the magnetic
moments increase with the number of valence electrons (see below).

The spin resolved partial DOS (PDOS) is displayed in Figure 5.13. Shown are the
partial (site specific) densities for the majority and minority states of CoyCry_,Fe, Al
for £ = 0,0.4, 1. In particular, the gap in the minority DOS is better resolved. From the
behaviour of the different PDOS depending on the Fe concentration z, it is clear that
the electronic structure does not follow a rigid band like model. In particular it can be
seen that the Cr PDOS decreases with increasing iron content keeping its shape rather
unchanged. In the same way the Fe PDOS increases with . However, the maxima of
the density at the Co sites are clearly shifted away from er. The Al PDOS stays rather
independent of the Fe content.

From Figure 5.13 it is seen that the high majority DOS at er emerges from Cr. Both,



52 5. The Heusler Compounds CoyCr;_,Fe, Al

Co and Fe, exhibit only a small majority PDOS at and above ep. Overall, the change
of the majority DOS of CosCr;_,Fe, Al around er can be clearly attributed to the
increasing amount of Fe with respect to Cr. The minimum in the minority DOS around
er is mainly restricted by the shape of the Co PDOS. This indicates that the half-metallic
ferromagnetic-like behaviour is mainly characterised by Co. The steep increase of the
minority PDOS of Cr and Fe is mainly located in the unoccupied part above ep.

Doping with Fe does not only change the total DOS but also the PDOS of Co and, in
a much less pronounced manner, the one of Cr. In particular, a very small shift of the
Cr PDOS causes an additional decrease of majority states at ep. This shift increases
with increasing Fe concentration (as was found from the PDOS with variation of z, not
shown here). The energy shift of the PDOS results in a change of the local magnetic
moments in particular at the Co sites.

Figure 5.14 compares the measured and the calculated magnetic moments. The cal-
culated total magnetic moment m;,; = ms + m; depends linearly on the composition x
and follows the Slater-Pauling rule [37, 56, 22]. The measured total moments as deter-
mined by SQUID magnetometry at 5 K are smaller compared to the calculated values in
particular for low Fe (or equivalently high Cr) content. This behaviour will be discussed
in the next section about disorder.

Site specific spin (mg) and orbital (m;) magnetic moments were determined for z =
0,0.4,1 from XMCD measurements at the L3 edges of Cr, Fe, and Co. Details of the
spectroscopy experiments are reported below. The values were found from a sum rule
analysis neglecting the magnetic dipole term [38]. The calculated spin magnetic moments
at the Co sites increase with increasing Fe concentration z as result of the shift of the
majority PDOS of Co. The calculated spin moments at the Fe sites decrease slightly
with increasing x. The principal dependence of the measured Co and Fe spin moments
on z is the same as in the calculation. However, the changes in the measured moments
are stronger. The calculated Al spin moment is negative and very small. It is induced
by the surrounding polarised atoms. Obviously, the measured spin magnetic moments
at the Cr sites are smaller compared to the calculated ones. This finally causes the too
small total moment observed by SQUID magnetometry. The calculated orbital magnetic
moments increase with = at the Co sites by a factor of 4 and are nearly constant at the
Fe sites. The calculated Cr orbital moments are very small and change sign at z = 1/2.
In contrast, the measured orbital moments are throughout larger. Both experiment and
calculation exhibit, however, the same trend for m;.

Most evidently, the calculated ratios between orbital m; and spin ms magnetic mo-
ments are much smaller than the experimental values. For Cr, a vanishing of the orbital
momentum is expected, as observed in the calculation. On the other hand, the deter-
mination of the Cr moments at the L3 o edges is complicated due to the partial overlap
of the lines, what may cause the observation (see spectra shown below in Figure 5.15).
The too low values of m; at Co and Fe sites cannot be explained that way. However, it
is clear that the usual Hamiltonian used in LSDA contains a spin dependent coupling
only. Thus the orbital part of the moment arises via spin-orbit interaction only, or in
words of the full relativistic case from the coupling of the large and the small compo-
nents of the wave functions. This already leads in the case of pure Co and Fe metal to
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Figure 5.14: Magnetic moments in CosCri—_,Fe, Al
The experimental uncertainty for a single measurement is within the width of the symbols
as assigned at myot.
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z=0 =04 rz=1
Structure  Co Cr  tot Co Cr Fe tot Co Fe tot
L2 0.77 1.53 3.01 0.94 142 292 382 1.14 281 5.00
B2 0.75 146 2.92 0.57 -1.12 295 1.61 1.07 291 4.95
A2 0.22 1.25 2.68 1.44 0.19 224 383 159 238 5.46

Exp. 0.55 0.19 1.3 1.11 0.36 2.64 3.49 1.57 2.15 5.29

Table 5.1: Magnetic moments in Co2Cri—_,Fe, Al
Given are the site specific moments per atom and the overall magnetic moment per unit
cell, both in multiples of the Bohr magneton (ug). The overall magnetic moments for the
disordered structures are converted to fit those of the L2; cell in number of atoms.

an underestimation of the orbital moments. One way to overcome that problem is the
inclusion of the Brooks orbital polarisation [127] term (OP) in the Hamiltonian [128].
The use of the OP term increases the orbital moments slightly as shown in Figure 5.14,
but evidently, the calculated values of the orbital magnetic moments are still smaller by
a factor of up to 5 compared to the experimental values. The spin and total moments
stayed in the same order as in pure LSDA. The observation of high orbital moments
may point on additional orbital polarisation effects or correlation being not respected in
LSDA.

The findings of the full relativistic calculations are throughout compatible to those
made in non-relativistic calculations using ordered compounds [22]. Comparing the ran-
dom alloy CoyCrg gFeg 4Al and the nearly iso-electronic, ordered compound Co4CrFeAl,
[22], it is found that there are no major differences between CPA and supercell approxi-
mation calculations for the materials investigated here. The non rigid band like character
of the electronic structure upon Fe doping is revealed in both methods. The band gaps
in the minority densities are smaller here due to the additional splitting of bands caused
by the spin-orbit interaction rather than by properties of the CPA scheme, as is seen
from the pure compounds.

Random Alloys with Disorder.

Table 5.1 shows the results of the calculations for the magnetic moment in the well
ordered (L2,), partially disordered (B2), and completely disordered (A2) alloy
CoyCry_zFe; Al in comparison to the experimental values.

CoyCrAl and CogFeAl exhibit a total moment of 3.0 up and 5.0 pp in L24, respectively.
These values correspond to those expected from the Slater-Pauling rule for the moment in
the half-metallic ferromagnetic ground state. The magnetic moment of correctly ordered
CoyCrggFeg.4Al is close to the value of 3.8 g expected for a half-metallic ferromagnetic
ground state. From the calculations it is expected that the total magnetic moment of
the B2 disordered compounds is lower compared to the one in the L2; structure.

The calculations for B2 or A2 disorder are not able to explain the too low value of
the magnetic moment found experimentally for CosCrAl. A reduction of the overall
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8¢ 4a, 4b  mean

Co 1.08 186 198 1.25
20%A2 Cr -0.90 1.33 1.20 0.87
Fe 096 279 287 243

Table 5.2: Magnetic moments in disordered Co2Cro.¢Feg 4Al
All calculated values are in pp per atom. The mean value is weighted by the disorder site
occupation factors.

moment caused by an anti-ferromagnetic order of the Cr atoms could not be verified by
the calculations for these structure types. Therefore, calculations were also performed
for other types of disorder. In the DOs-type disordered alloy the Co and Cr atoms in
8c and 4b positions of the L2 structure are mixed. The calculations revealed an overall
moment of 2.0 up. The moment of the Co atoms at the two different sites are 0.86 up
and 1.51 pp. The moments of the Cr atoms are aligned anti-parallel with respect to each
other and amount to —0.41 up and 4+0.44 pp at 8c and 4b sites, respectively. Exchange
of only one of the Co atoms with the Cr atom leads to the X structure [82]. In this
case the calculations revealed an anti-parallel alignment of the Cr moments (—0.93 up)
with respect to the Co moments (0.8 up and 1.11 pp) with a resulting overall moment
of only 0.95 pp in the cell. From this approach, a tendency to ferrémagnetic order is
concluded if Cr and Co atoms change sites resulting in a lower magnetic moment. It is
worthwhile to note that disorder of this type closes the gap in the minority DOS and
the half-metallic character is lost.

The measured overall magnetic moment of CosCrggFeg4Al is smaller compared to
the calculated one for the ordered compound. Inspecting the site resolved moments one
finds that the Co moment is slightly enhanced whereas the Cr and Fe moments are
lowered compared to the L2; calculation. Such type of behaviour is also observed in the
calculation for A2 disorder, but less pronounced. Thus, it is obvious to assume a partial
disorder for this type of samples. It is interesting to note that the calculations revealed a
ferrémagnetic ground state for B2 disordered CosCrggFep 4Al, indeed, in contrast to the
experiment where the Cr moment was small but aligned parallelly to the Co moment.

The results from a calculation for 20% disordered systems are compared in Tab.5.2.
For (80%L2,+20%A2), the Co and Fe moments are larger in the 4a and 4b positions
compared to the 8c position. Most evidently, the Cr moment exhibits an anti-parallel
alignment in the 8c position. The total magnetic moment in the cell is 3.96 pp and thus
larger than the experimentally observed value.

In the experiment at CosFeAl, a larger total magnetic moment was observed in com-
parison to the expectation from the Slater-Pauling rule. At the same time the Co
moment was enhanced and the Fe moment lowered compared to the calculations for
L2;. Comparing the values calculated for different type of disorder, one finds easily that
the experimental values coincide with those expected for A2 type disorder. This means
that the sample investigated by XMCD was to a large amount completely disordered.
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Figure 5.15: X-ray absorption spectra at the Lz » edges of Cr, Fe, and Co in
CO2CI‘1_IF61A1.
(a) to (c) show the experimental and (d) to (f) the calculated spectra for z = 0,0.4, 1.
The energy scales of the spectra are shifted with respect to the steepest point of the
spectra (maximum of the derivative). The intensity scales are normalised to the maxima
at the L3 edges and shifted for sake of clarity.

5.3.2 Spectroscopic Properties of Co,Cr,¢Fej Al

In the following, results from spectroscopic experiments will be presented and compared
to the calculated properties. The discussion in the two subsections about photoabsorp-
tion and photoemission will be focused on the mixed compound CoyCrg gFeg 4 Al

Photoabsorption and XMCD.

X-ray absorption spectroscopy probes the unoccupied density of states above the Fermi
energy. For the resonant excitation of the 2p-states of the 3d transition metals the
transition probability is proportional to the density of final states resulting from the 3d
and 4s holes. The spectra, consisting mainly of the L3 (2p3/5) and Ly (2p;/2) white
lines (see Figure 5.15), reflect the high density of unoccupied states resulting from the
3d electrons.

Figure 5.15 compares measured and calculated absorption spectra at the L3 o edges
of Cr, Fe, and Co in CoyCry_,Fe, Al. The monochromator resolution was set to 50 meV
for the spectra in (a)-(c). The spectra (d)-(f) were calculated for L2; structures using
a lifetime broadening of 136 meV. The measured white lines at both Cr edges are con-
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Figure 5.16: XAS spectra for Cr (a), Fe (b), and Co (c) in Co2Cro.¢Feo.4Al
XAS spectra for the quenched (black line) sample measured after in-situ cleaning of the
surface is compared to XAS spectra obtained for the quenched sample after exposure to
air (grey line). Prominent extra peaks at the Ls and Ly absorption edges for the exposed
sample indicate oxidation. In particular the Cr edge shows strong oxidation.

siderably wider compared to the calculated spectra whereas the width of the Fe and
Co white lines are comparable. This points on a shorter lifetime of the holes at the Cr
sites. Similarly, the measured Ls lines of Co and Fe hint on a slightly larger lifetime
broadening compared to the L3 edges. Overall, it is found that the spectra are governed
by the lifetime broadening rather the experimental resolution.

The experimental spectrum exhibits a prominent feature at the Co L3 line for
CoyCrggFeg4Al, in particular, that is shifted by about 4 eV with respect to the white
line. This feature is only weakly revealed for x = 0 and z = 1 and appears only as
weak shoulder in the Fe (z = 0.4) spectrum. It is not revealed in the measured Cr
spectra what may be partially attributed to the higher lifetime broadening. The same
structure occurs in the simulated absorption spectra and can be related to the structural
properties. A similar feature is observed for example in fcc Ni but not in bee Fe or hep
Co. It reflects the onset of the high lying s-bands (see also Figures 5.12, 5.13). Here, its
occurrence is characteristic for the highly ordered Heusler compounds. It vanishes for
annealed and presumably disordered samples [38] as well as for oxidised samples.

In addition, prominent extra peaks at the Lg and Lo absorption edges for the exposed
sample indicate oxidation. A clear difference is observed in particular for the Cr XAS
(see Figure 5.16(a)) before and after removing the oxide layer. The XAS spectra of the
cleaned sample look similar to spectra obtained from metallic Cr samples. Resonant ab-
sorption lines are obtained at 575.9 eV and 584.6 eV for the L and Lo edge, respectively,
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with a full width at half maximum (FWHM) of ~ 3.5 eV, which is characteristic for Cr
in the metallic state [129]. Contrarily, the Cr XAS spectrum of the oxidised surface
shows two distinct peaks at the L edge (575.9 eV and 577.0 eV) and the peak at the
Lo edge is accompanied by a shoulder. The peak positions and relative intensities are
characteristic for the XAS spectrum obtained from CrsO3 [130]. However, no particu-
lar features giving advice on half-metallic ferromagnetism are found in the absorption
spectra due to the relatively high width of the lines.

Figure 5.16(b) shows the XAS spectra at the Fe L3 2 edge for the same set of samples.
Both spectra show the resonant absorption lines at 707.7 eV and 721 eV for the L3 and
Lo edge, respectively, with a FWHM of ~ 2 eV, similar to the XAS spectra of metallic
Fe [131]. In particular, the oxidised sample does not show an additional peak at the Ls
edge, which could be expected at a photon energy shifted by 2 eV to a higher binding
energy [132]. A weak shoulder at the L3 edge at 712 eV (Ae =~ 4 eV) may be recognized
for the quenched sample, which is absent for the oxidised sample.

As in the case of Fe, the XAS spectra at the Co L3 o edge (Figure 5.17) shows two
prominent resonant peaks corresponding to the L3 and Ly component at 778.6 eV and
793.8 eV, similar to XAS spectra observed for metallic Co [131]. The FWHM is ap-
proximately 2 eV. No additional peaks can be recognized for the oxidised sample. In
particular, no multiple peak structures in the L3 region were observed as in the case of
the Sn-based Heusler alloys CoyYSn (Y=Ti, Zr, and Nb) [52]. The lack of these many-
peak structures cannot be attributed to a limited energy resolution as can be concluded
from the steep increase at 778 eV. Instead, it must be explained by a different DOS
which indicates a more metallic character of the Co d-band compared to the CooYSn
alloys. For the quenched sample we observed a pronounced shoulder at the L3 peak
shifted by 4 eV with respect to the maximum to a higher photon energy. A similar
structure should be observed in the Ly region. A less pronounced shoulder can indeed
be observed at the Lo peak. Less sharp structures in the Lo region can be ascribed to
a lifetime broadening effect because the lifetime of the 2p; /o core hole is much shorter
than the 2p;/5 core hole due to the Coster-Kronig decay [52].

From the comparison of the XAS spectra of oxidised samples with clean surfaces it is
obvious that the 3 elements Cr, Fe and Co react differently when exposed to air. This can
be expected, because the metal - oxygen bond enthalpy is larger for Cr (430 kJ/mol)
than for Fe (400 kJ/mol) and Co (385 kJ/mol). The strong selectivity, however, is
surprising. Cr is selectively oxidised whereas the majority of Co and Fe remains in
a metallic state. The information depth of XAS involves a surface layer of 1 — 2 nm
thickness, i.e. 2 —4 unit cells. Therefore, the selective oxidation of Cr involves a surface
segregation process, which at least partially destroys the stoichiometry of the Heusler
compound in the surface region. Taking this into account, one may conclude that the
near surface region of about 1 — 2 nm consists of metallic FeCo alloy mixed by Cr oxide,
after exposure to air. From its chemical reactivity (Al-O bond enthalpy 511 kJ/mol)
one might assume that Al is oxidised as well. Nevertheless, XPS measurements revealed
no oxidation of the Al atoms.

Figure 5.17 compares measured and calculated XMCD spectra for Cr, Fe, and Co
in CoyCrggFeg4Al. The experimental spectra shown in (a)-(c) were taken at 300K by
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Figure 5.17: XMCD spectra at the L3> edges of Cr, Fe, and Co in CozCro.¢Feo.4Al
(a) to (c) show the experimental and (d) to (f) the calculated spectra. The XMCD signal
Iniep = p™ — p~ is normalised by the maximum intensity at the Lz edges. For better
comparison, the experimental values are multiplied by a factor 2 and both signals at the
Cr edges are multiplied by an additional factor 2.

switching a constant induction field of By = £0.73 T (for field dependent measurements
see [39, 40]). The angle of photon incidence was 70° with a degree of circular polarisation
of 85%. The spectra (d)-(f) are calculated for parallel and anti-parallel orientation
between magnetisation and photon spin.

The size and shape of the XMCD agree well at the Fe and Co edges comparing
experiment (b,c) and calculation (e,f). It is clearly seen from the spectra at the Co
edges (c,f) that the structural feature does not contribute to the XMCD signal. The
calculated Cr XMCD (d) exhibits a splitting at the L edge that is not resolved in
the experimental spectra. However, the change of sign close to the Ly edge is clearly
visible in experimental as well as theoretical spectra. Both, splitting and change of sign,
are due to the high density of majority states directly at the Fermi energy and the
energetically shifted high density of the minority d-states above the half-metallic gap
(compare Figure 5.13).

Figure 5.18 shows the energy dependence of the spin (s,) and orbital (I,) densities
(polarisation) in CosCrggFeg4Al as derived from the XMCD and absorption spectra
using the sum rules [67]:

L (5) 4 T (L) o B(Bpir, — 28p1,), (5.1)
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My my 7T, ng

Co 0.86 0.042 0.0063 7.62

Cr 1.47  0.005 0.0009 4.68

Fe 2.59 0.082 0.0018 6.51

Al -0.07 0 0 0.4
COQCI’().GFGOAAI 3.56 0.12 - 21

Table 5.3: Magnetic moments and dipole operator in CosCro.¢Feq.4Al
All calculated values are in pp per atom. The last column gives the number of occupied
d-states per atom that are necessary to calculate the magnetic moments from the sum rule
analysis.

d

iE (l.) o< 2(Apr, + Apr,). (5.2)

T, is the z component of the magnetic dipole operator. App,, assigns the difference
of the absorption signal (1) for parallel and anti-parallel alignment of photon spin and
magnetisation at the L and Loy edges.

The calculated values for the magnetic dipole operator are given in Table 5.3 and
compared to the magnetic moments. All values in Table 5.3 were calculated using the
OP scheme. The magnetic dipole term 77, is in all cases small compared to the spin
magnetic moment and thus can safely be neglected in the data analysis.

The experimental polarisation spectra are compared with calculated spectra in Fig-
ure 5.18. The Cr XMCD spectrum is particularly interesting because in the disordered
areas of the sample the Cr moments may be aligned partially anti-parallel to each other
and the magnetic signal cancels out. Therefore, the remaining Cr XMCD contains in-
formation from the ordered regions, only. While the agreement between theory and
experiment is only moderately well for the XMCD (Figure 5.18(a,d)), the spin and or-
bital moment densities (Figure 5.17(a,d)) are described remarkably well. The prominent
maximum in the spin density at about 1eV above the L3 edge is clearly revealed. The
change of sign close to the Fermi edge is indicative for the large exchange splitting of
the Cr 3d states. The orbital densities exhibit a change of sign for all elements lead-
ing finally to the small orbital moment after integration. The experimental spectra are
throughout wider than the calculated ones resulting in higher experimental values for
the orbital moments [123]. However, the width of the spin densities fits that of the
calculated spectra.

Photoemission.

Using photoemission 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
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Figure 5.18: Orbital and spin polarisation in CosCro.¢Feo.4Al
The measured dependencies were scaled to the minima for better comparison with the

calculated data.
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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 electrons),
it is possible to study the density of states, in particular for polycrystalline samples.
Making use of resonant excitation one expects to become more bulk sensitive [133] and
may be able to distinguish the site specific contributions.

Figure 5.19 shows the energy dependence of the valence band photoemission spectra
taken with photon energies close to the Cr L3 and Fe L3 edges. The spectra are
normalised to the photon flux. The given photon energies correspond to the un-calibrated
monochromator readings. Therefore, the onset and maxima of the white lines as found
from the maximum of the energy derivatives of the absorption spectra are marked. The
spectra excited close to the Cr L3 9 edges show a 2 eV wide feature close to the Fermi
energy (see Figure 5.19(a)). No particular enhancement of the intensity is observed if the
photon energy is crossing the Cr L3 white line of the absorption spectrum. The L3VV
Auger electron emission is observed just when the onset of the Cr L3 absorption edge
is reached. It can be clearly identified from its linear energy dependence assigned by a
straight line in Figure 5.19(a). On a kinetic energy scale it stays fixed. The off-resonant
spectra (560 eV, 605 eV) are very similar in the valence band region (-10 eV...0 eV).
No particular features are detectable if crossing the Lo edge.

Figure 5.19(b) shows the valence band spectra taken with photon energies close to the
Fe L3 absorption edge. The intensities at the Fermi energy are enhanced by a factor of
~ 1.6 in the photon energy range of 706 eV to 707 eV compared to excitation before the
edge at 702 eV. As for Cr, the evaluation of the LsVV Auger electron emission is clearly
visible.

The spectra observed here at the Cr and Fe L3 resonance are obviously different from
those reported by Hiifner et al. [134] for elemental metals, even if accounting for the
higher analyser resolution used in that work. (The present overall resolution was about
100 meV.) In particular, the L3VV Auger emission is less pronounced. An Auger signal
with varying kinetic energy was not detectable. The differences in the resonant behaviour
as well as the Auger emission are clearly related to the differences between the materials
that is an alloy here compared to pure metals in [134].

Figure 5.20 shows the photon energy dependence of the valence band photoemission
spectra taken with photon energies close to the Co L3 edge. The spectra exhibited a
strong variation of the intensity with the photon energy. Therefore, they were normalised
to their maxima for better comparison. Above the onset of the L3 white line, the
intensity at ep is enhanced by a factor 5...3.5 with increasing photon energy. Again,
the constant-kinetic-energy L3 VV Auger electron emission is clearly observed if the onset
of the L3 absorption edge is reached. Moreover, at energies before the edge an additional
dispersionless feature (note the larger energy steps for lower photon energies) becomes
visible at 4.5 eV binding energy. Its maximum at 776.6 eV excitation energy is about
35x more intense than the intensity at 774 eV photon energy. Part of this very high
intensity is, however, due to the intense underlying L3VV Auger electron emission. This
type of feature was previously assigned as two-hole satellite [134] with varying two-hole
correlation energy.
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Figure 5.19: Valence band-XPS of CosCro.¢Feo.4Al
Photoemission spectra excited by photon energies close to the Cr Lz (a) and close to
the Fe Ls (b) absorption edges. The lines along the LsVV Auger transitions are drawn to
guide the eye. Photon energies are un-calibrated monochromator readings and the onset
and maxima of the white lines are marked.
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Figure 5.20: Resonant Co-valence band-XPS of CosCro.¢Feo.4Al
Resonant photoemission spectra excited by photon energies close to the Co L3 absorption
edge. The energies corresponding to the onset and the maximum of the white line are
marked. The spectra are normalised to the maximum intensity (see text). The full line
along the L3VV Auger transition is drawn to guide the eye. The dashed line assigns a
dispersionless feature.
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Figure 5.21: Soft X-ray excited XPS of Co2Cr¢.¢Feo 4Al
Shown are the resonant (a) and the off-resonant (b) photoemission spectra in comparison
to calculated site-specific spectra (c) [123]. (Note the slightly different energy scale in
(a), for normalisation of the spectra see text.)

Other than at the Cr and Fe edges, a clear resonance like behaviour is observed in
the valence band spectra when crossing the Co L3 absorption edge, especially at the
Fermi energy. This may be due to the particularly higher order of the Co atoms in
the compound. Already when neglecting any B2 type disorder, Fe and Cr are randomly
distributed on the regular sites of the L2 structure of the Heusler compounds leading to
an alloy like behaviour. The small enhancement of intensity at the Fe edge presumably
reflects a higher order of those atoms compared to Cr.

Figure 5.21 compares measured and calculated photoemission spectra for polycrys-
talline
CoyCrg gFeg 4Al. Shown are the resonantly excited spectra (a), the off-resonant spectra
(b) and the calculated spectra (c). The on-resonance spectra are taken at the maxima
of the L absorption edges of Co, Cr, and Fe. They were normalised to the intensity at
15 eV binding energy for better comparison. The off-resonance spectrum was taken at
560 eV, that is well below the onset of the Cr L3 edge. The spectrum excited by Mg
K, radiation is shown for comparison in Figure 5.21(b). The calculated spectrum in
Figure 5.21(c) shows the total intensity for 550 eV photon energy together with the site
resolved spectra for Co, Cr, Fe, and Al. These spectra were calculated using a 0.1 Ry
Cauchy-Lorentz broadening without accounting for energy dependent hole lifetimes.

The resonantly excited spectra at the absorption edges of the elements in
CoyCrg gFeg.4 Al are governed by the L3VV Auger lines and thus do not allow an element
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specific discrimination of the density of states, unfortunately. This is not a matter of
resolution but explained by the high intrinsic width of the Auger lines. It is clearly seen
that the ratio between the Auger line and the intensity at the Fermi energy depends
strongly on the element. It is highest for Co (> 10) but only very small for Cr (< 1).
Fe lies in between and the intense emission close to the Fermi energy is still visible. The
off-resonance spectrum exhibits a sharp onset at the Fermi energy with a maximum of
intensity at 0.7 eV binding energy. The low lying s-bands contribute only weakly to the
intensity at binding energies between 5 eV and 10 eV. The calculated spectrum exhibits
a high intense peak at 1.9 eV binding energy that can clearly be attributed to emission
from states located at the Co sites. In comparison, a light enhancement of the intensities
at energies between 3.5 eV and 7 eV below ep is observed in the spectrum excited by
Mg K, radiation.

The discrepancy between the intensity maxima observed in the experiment compared
to the calculated one may be explained as follows. The calculated spectrum is a true
bulk spectrum with the surface neglected completely whereas the experimental spectrum
at 550 eV photon energy is still dominated by surface effects as the electron mean
free path is in the order of 10 A and thus less than the height of two cubic L2; cells.
From the calculated spectrum one expects high emission from Cr and Al sites at 0.6 eV
and 1.0 eV binding energy, respectively. Thus the comparison between experiment and
calculation indicates that Cr and Al may have segregated to the surface to some extent,
or equivalently, it points on a loss of Co and Fe in the region close to the surface. In
addition, the measured high intensity close to the Fermi energy is partially due to the
high lifetime of holes at e¢r that is not directly accounted in the calculation.

High energy photoemission was performed using monochromised X-rays of about
3.5 keV energy. The energy scale was calibrated at the Fermi energy of the Au valence
band and 4f spectra (not shown here). The overall resolution (optics plus analyser) was
determined from the Au valence band spectrum to be better than 55 meV at 3.5 keV
under the same conditions used for the spectra discussed in the following.

Figure 5.22 shows the valence band spectrum of CoyCrggFeg4Al excited by hard X-
rays. A broad feature of about 2 eV width appears close to the Fermi energy. In
addition, another broad feature becomes visible between 4 eV and 7 eV below the Fermi
energy that is also revealed in the low resolution spectrum (see inset in Figure 5.22).
Subtracting a Shirley type background (compare Figure 5.23(b)) reveals an overall width
of the valence band of about 10 eV. Other than in the low energy spectra, there is no
pronounced overshooting of the intensity close to the Fermi energy. This results in
better agreement with the DOS showing its maximum at 1.5 eV below er. The low
energy spectra are governed by the high lifetime of the holes close to the Fermi energy.
At high energy excitation (3.5 keV) the electrons are faster by a factor of about 2.2
(compared to 700 eV) thus the interaction of the outgoing electron with the remaining
N — 1 electron state of the solid becomes weaker. This observation gives clear evidence
that one has to work at much higher energies in order to come close to the limit of
sudden approximation.

Figure 5.23 compares the measured photoemission spectra for polycrystalline
CoyCrg gFeg.4Al with the calculated total DOS. For better comparison, a Shirley type
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Figure 5.22: High resolution - high energy VB-XPS of Co2Cro.¢Feg.4Al
The photoemission spectra are excited by hard X-rays of 3.5 keV energy. The inset shows
a spectrum taken with lower resolution plotted versus kinetic energy.

background was subtracted from all photo emission spectra and the spectra were nor-
malised to their maxima. The low energy spectra (a) are shifted additionally in intensity
by an offset of 0.15 with respect to each other. For better comparison, the high energy
spectra (b) taken with a lower but equal resolution are shown and also shifted with
respect to each other. The total density of states (c) was convoluted by a Fermi distrib-
ution for 300 K after averaging over both spin components. The L2; curve is shifted by
2 eV for better comparison.

The DOS for the L2; structure can be distinguished in two regions: first, the low
lying sp-band between 6 eV and 10 eV binding energy and second, the d-bands ranging
from about 5.5 eV up to the Fermi energy. The DOS for the B2 structure is similar,
but the low lying gap between sp and d bands is not longer revealed. The off-resonant,
low energy, spectra are governed in the excitation energy range from 560 eV to 1.2 keV
by a high intensity close to the Fermi energy. The low lying sp-band or the Heusler
gap between sp and d-bands are hardly detectable in those spectra. The measured high
resolution - high energy spectrum exhibits a width of the d-bands of about 7 eV with a
clear minimum at about 3 eV binding energy as well as the low lying sp-band extended
up to 10 eV binding energy. The differences in the d-band emission and the total DOS are
obvious. The maximum of the DOS at about 1.5 eV below €p is less pronounced in the
HE-spectra and absent at low excitation energies. Suppose that electron correlation can
not be neglected even though the d-states are de-localised without doubt. In that case
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Compared are the valence band spectra of Co2Cro.¢Feo.4Al excited by low (a) and high
(b) photon energies to the calculated, spin averaged, total density of states (c). (For
applied data manipulation see text.)
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one will expect a splitting of the d-bands increasing its width that is not reproduced by
pure LSDA calculations. It is worthwhile to note that the off-resonant spectra exhibit
an enhancement at energies of approximately 4 eV to 7 eV below ep for excitation
energies above 750 eV. Both high energy spectra, taken at 3.5 keV and 8 keV, reveal
a high intensity at about (—4... —7) eV binding energy where the LSDA calculations
predict the gap between the low lying sp band and the d bands. Moreover, the high
intensity feature at about 4.5 eV binding energy is not only observed in the high energy
spectra. It corresponds roughly to the dispersionless feature revealed by the resonantly
enhanced low energy spectra (seen at the Co L3 edge). There is, however, no according
high density observed in the DOS, neither in total nor partially for Co. From this point
of view, the high energy spectra give evidence that electron-electron or electron-hole
correlation may play an important role in Heusler compounds, at least for those being
Cog based like the one investigated here. The new feature seen by bulk sensitive photo
emission corresponds to a band-complex between 2.2 eV and 5.5 eV below €p. It cannot
be explained by disorder but may point on some deficiencies of the local spin density
approximation.

Overall, the photo emission experiments show that the material has a high density of
states close to the ep. This has to be seen as an advantage of CosCrg gFeg4Al compared
to other predicted half-metallic ferromagnets like the high moment compounds NiMnSb
or CooMnSi. In the latter compounds with above 1up per atom, the density of majority
states at ep is arising from few strongly dispersing d bands crossing the Fermi energy.
This results in a low majority density of states at ex. Any even small perturbation of the
minority gap in such systems will lead to a strong decrease of the spin polarisation and
thus causes a strong reduction of effects in spin dependent transport properties. The
large majority density at er explains also why the spin polarisation stays rather high in
partially B2 disordered CosCri_,Fe, Al in agreement to Miura et al. [23, 24].

In conclusion, it was shown that full relativistic SPRKKR calculations are very useful
to explain spectroscopic experiments. The KKR method with CPA was successfully used
to explain experimental spectra including random disorder in the investigated samples.
The use of a full relativistic scheme allows the correct determination of transition matrix
elements needed to calculate spectroscopic quantities, in particular if the photon or
electron spin plays a role.

5.4 Summary for Co,Cr;_,Fe, Al

In summary, the structural and chemical properties of the compound CoyCry_,Fe; Al
were investigated. XRD as well as EXFAS and 5"Fe Md&bauer spectroscopy indicate
different structures in bulk and surface for the Heusler compounds CosCry_ Fe, Al. The
bulk is B2 ordered, while the surface shows preferred orientation in combination with
oxidation. This oxidation seems to be selective on Cr and Al. Thus thin film devices to
built magnetic tunnel junctions have to be prepared in Ultra high vacuum to ensure the
designated structure and thus the predicted spin polarisation.

Results from various experiments (XMCD, soft and hard X-ray valence band pho-
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toemission) for the quaternary Heusler alloys CosCri_,Fe, Al wwere analysed in the
light of ab-initio calculations. Special attention was focused on CoyCrggFeg4Al. The
measured overall and site specific magnetic moments are in accordance with the calcu-
lations, if disorder is assumed. In particular, it was shown that Co-Cr disorder leads to
the low magnetic moment observed in CooCrAl. It points on ferrimagnetic order with
an anti-parallel alignment of part of the Cr moments in disordered alloys.

It was found by resonant and high energy photo emission that there is a discrepancy
between the experimentally observed and the theoretically calculated density of states
in CosCrygFeg4Al. This observation suggests the presence of correlation in Heusler
compounds being not accounted for by local spin density approximation in its current
form. Moreover, strong differences in surface and bulk photo emission spectra (excited
at photon energies from 500 eV to 8 keV) reveal the loss of the bulk signature if emission
takes mainly place from the surface layer.



6 The Heusler Compound Co,Crln.

6.1 Introduction.

A comprehensive characterisation of Cr containing Heusler compounds is necessary in
order to understand the mechanism of the reduced magnetic moment of Cr in the
CoyCry_,Fe, Al compounds in contrast to the CooCri_,Fe,Ga compounds. CoyYZ
Heusler compounds with Z = Al, Ga are already known, the next compound with an
element of the series of main group elements is a CooYZ Heusler compound with Z = In.
This compound has not been reported up to now. Therefore, CoyCrIn was synthesised
and characterised in this work.

6.2 Structural Properties.

Figure 6.1 shows the diffractogram of CosCrIn. There are 4 formular units per unit
cell leading to an overall composition of CogCryIng. The background was refined using
9 terms of a Legendre Polynom and the 26-range of 15° - 22° was excluded from the
refinement. Within the fitting procedure, the peak form was assumed to have a Lorentz-
shape with L, = 8.2(5) and L, = 21.5(13). The lattice constant is determined with
this refinement parameter to be 6.0596(2) A. The positional and atomic displacement
factors Ujs, are small with Uz, (Co) = 0.019(2), Ujs, (Cr) = 0.027(2) and Ujs, (In)
= 0.007(2). The cell volume is 222.506(8) A® and the calculated density amounts to
8.495(3) g/cm?. The quality of the fit was denoted in the values of R = 3.59, Ryops =
1.5 and Ryqy = 1.54. In addition, the diffractogramm of CosCrln exhibits additional
reflections due to a small amount of an unidentified phase.

The refinement of CoyCrln revealed no large disorder effects and in particular no B2
like disorder in contrast to CooCrAl. A high degree of disorder arising from the Co and Cr
positions (DO3 disorder) could be excluded from the refinement. Any disorder influences
the intensities of the (111) and (200) reflection. Thus the ratio of the intensities of the
(111) and (200) reflection might be used as an indicator of disorder effects in this class
of compounds. In CoyCrln, the cross sections of Co or Cr and In are of different orders
of magnitude. Thus the ratio of the intensities of of the (111) and (200) reflections of
CoyCrln is more significant in CoyCrIn than in CosCrGa and CoyCrAl and disorder
effects are more apparent.

Figure 6.2 shows the the XAS spectrum taken at the L3 o absorption edges of Cr and
Co. The sample was cleaned in UHV by scratching the surface of the sample with a
diamond file. After removing the surface, the sample reveals no oxidation at the Co edge
and in particular not at the Cr edge.
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Figure 6.1: Diffraction pattern and difference plot of the Rietveld refinement of CooCrln.
Shown are the measured intensity (Ilezp) and the difference compared to the Rietveld
refinement (Igg). Vertical bars indicate the Bragg positions of the expected diffraction
peaks. Reflections of a secondary phase, which could not be identified, are marked with

arrows.



6. The Heusler Compound CoyCrln. 73

5.5 (a) Credge B (b) Co edge

50F 1 F

4.5

4.0

3.5

absorption (total yield)

3.0

25+

560 570 580 590 600 770 780 790 800 810
photon energy hv (eV)

Figure 6.2: XAS spectrum of Co»CrIn taken at the Cr and the Co edge.
The spectrum reveals no oxidation.

6.3 Magnetic Properties.

The magnetic properties were measured by means of SQUID magnetometry. Figure
6.3 shows the hysteresis curves of CosCrln measured at 5 K and 300 K. The magnetic
moment in saturation is 1.18 up at 5 K and 1.1 pup at 300 K. CooCrln turns out to be
soft magnetic with a small remanence and a small coercive field.

Many CosYZ Heusler compounds follow the Slater-Pauling curve [35, 36], as described
by Kiibler [37]. An application of this valence electron rule on CoyCrln leads to a
magnetic moment of 3 pup. This is the expected magnetic moment for all CosCrZ
compound with Z being a third main group element, if the compound is predicted to be
a half-metallic ferromagnet. Thus, the measurement reveals a reduced magnetic moment
and no half-metallic ferromagnet. The structural refinement showed no large amount
of disorder. Thus the reduced magnetic moment is not due to disorder effects and may
arise from an antiferromagnetic coupling of some atoms.

6.4 Summary for Co,Crln.

In summary, this work presents the synthesis and characterisation of the Heusler com-
pound CosCrIn. The compound is L2; ordered and shows no antisite disorder effects.
CoyCrln turns out to be a ferrimagnet with a magnetic moment of 1.18 yp at 5 K. In
addition, the hysterisis curve reveals a soft magnetic behaviour. A measurement of the
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Figure 6.3: Magnetic hysteresis curve of Co2Crln at 5 K and 300 K, respectively.

site specific magnetic moments is highly desirable as it might lead to a deeper under-
standing of the magnetic properties of CooCrIn. Furthermore, the measured magnetic
moment is not an integer number, as expected for a half-metallic ferromagnet. Thus,
CoyCrln can not be a half-metallic ferromagnet, as most of the other CooYZ Heusler
compounds.



7 Half-Metallic Completely
Compensated-Ferrimagnets.

7.1 Introduction.

In 1991, de Groot [53] predicted the Heusler compound MnCrSb to exhibit ferrimagnetic
coupling with compensating magnetic moments and 100 % spin polarisation at €. This
class of material was, unfortunately, called half-metallic antiferromagnets. Two cases of
this rather unusual antiferromagnetism may occur in cubic systems under investigation
in Ref. [53] and here. In C'1; compounds, the moments of two different atoms with the
same site symmetry in the paramagnetic state (T,;) compensate, like the moments of
Mn and Cr in MnCrSb. In DO3 compounds, the moments of the same type of atoms
with different site symmetry in the paramagnetic state (T and Op) compensate, like in
Mn3Ga as reported below. Accordingly, in L2; compounds the kind of atom and local
site symmetry are both different. However, all those materials do principally not fulfil the
symmetry requirements needed to be an antiferromagnet. In usual antiferromagnets, the
compensating magnetic moments originate from the same kind of atom. A distinct sym-
metry element (combined with time inversion operation) relates the magnetic moments
on the different sites with oppositely oriented moments. Such a symmetry is absent for
the materials discussed in this work. In the materials under investigation, the magnetic
moments on crystallographically different lattice sites compensate at a particular band
filling (Note the absence of a symmetry element linking these sets of atomic positions
to one another - even in the paramagnetic state). This is the configuration encountered
for ferrimagnetic materials at the compensation point and is entirely different from an
antiferromagnet. The only common property between this type of ferrimagnets and the
regular antiferromagnets is the vanishing overall magnetic moment in the ground state
and some related physical properties.

In regular compensated ferrimagnets, the compensation is not a ground state prop-
erty but a thermally excited state. Therefore, the class of ferrimagnetic materials with
complete spin polarisation at er and a ground state with compensated magnetic mo-
ments will be called in the following: half-metallic completely compensated-ferrimagnets
(HMCCF).

Unfortunately, the as HMCCF suggested material MnCrSb does not crystallise in the
required Cy;, structure [135]. As presented by van Leuken and de Groot [54], another
possible material is FegMnV;Sb7In, a Heusler type quintinary compound. Quintinary
compounds are difficult to synthesise in their stoichiometric form. This means that
MnCrSb as well as FegMnV;Sb7In are mainly interesting from a theoretical point of view
[136]. Other half-metallic materials with compensated moments have been expected
in the class of double perovskites [136, 137, 138] as well as the class of thiospinels
[139]. However, experiments have shown that, due to disorder, the predicted material
LaAVMoOg (A = Ca, Sr, Ba) is a normal metallic ferrimagnet [140].
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7.2 Presentation of the Rule for Prediciton of HMCCF
Materials.

Many of the Heusler compounds fulfil the Slater-Pauling rule [35, 36], which states
that the magnetic moment is determined by the mean number of valence electrons per
atom [35, 36, 2, 98]. This rule can be specified for ordered compounds [2, 98] such,
that the magnetic moment (m, in ppg) can be calculated by subtracting 18 for the C1,
or 24 for the Heusler compounds from the accumulated number of valence electrons
(Ny) in the unit cell. It follows immediately that C'1, compounds with 18 valence
electrons and Heusler compounds with 24 valence electrons are not ferromagnetic. The
prototypes for non-ferromagnetic compounds are CoTiSb [141] (Ny = 18) and Fep VAl
[142] (Ny = 24). Both compounds are semiconductors [141, 142]. Another prototype
for a non-ferromagnetic Heusler compound with 24 valence electrons may be considered.
Mny VAl is a half-metallic ferromagnet with 22 valence electrons [143]. In this compound,
Mn occupies the X position. Substituting half of the Mn by Co (on the X position!)
also results in a non-ferromagnetic compound ((Mng 5Cog 5)2 VAL) with 24 electrons [144].
This implies that mixed Heusler compounds with 24 valence electrons also follow the
Slater-Pauling rule.

Besides the Slater-Pauling rule, another rule, as described by Kiibler et al. [2], states
that the properties of Mn on the Y position in the Heusler compounds must be included.
This rule states that Mn on the Y position in Heusler compounds tends to have a high,
localised magnetic moment [2, 27, 143]. According to electronic structure calculations,
in the C'1;, compounds, Mn on the Y position has a magnetic moment of approximately
4 pp. Mn may be formally described as Mn3*, with a d* configuration. In accordance
with the itinerant character of the 3d transition metals, one will find a lower magnetic
moment, even if there is a partial localisation of the d electrons.

As an example, the Slater-Pauling rule can be applied to NiMnSb [3], which has 22
valence electrons and a total magnetic moment of 4.0 up. Suga et al. [145] reported a
local magnetic moment of 3.62 pp at the Mn site, while Ni and Sb have small magnetic
moments. Large magnetic moments of Mn on the Y position in the Heusler compounds
XoY Z have also been found [2, 27, 143]. A detailed list of magnetic moments located
at the Mn Y site in Heusler compounds is given in reference [2]. As already mentioned
above, the Heusler compound (Mng 5Cog 5)2 VAL, with 24 valence electrons and Mn on
the X position, is not ferromagnetic, indicating the importance of the role of the atom
on the Y position for half-metallic completely compensated-ferrimagnetic character.

A combination of the Slater-Pauling rule [35, 36] and the Kiibler rule [2] given above
will be introduced in this work, leading to a rule for the prediction of half-metallic
completely compensated-ferrimagnetism in Heusler compounds with 24 valence electrons
and with Mn on the Y position. In this compounds, the two atoms on the X site have
to compensate the magnetic moment of the Mn at the Y site. This rule is in agreement
with the approach of de Groot in reference [53]. In [53], the above mentioned rule was
implicitly applied in the case of MnCrSb, resulting in the prediction of the completely
compensated magnetic moments in MnCrSb. For convenience, the Mn on the Y position
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(4b) with the cubic environment will be referred to as MnI and the atom on the X position
(8¢) with tetrahedral environment will be indicated by the numeral II.

Potential half-metallic completely compensated-ferrimagnets were considered. Mn has
to be the more electropositive transition metal in order to occupy the Y position. Possible
transition metals to occupy the X position are the more electronegative elements Fe,
Co, Ni, Cu, and Zn as well as Mn itself. All those transition metals have seven (Mn)
or more valence electrons. The accumulated number of electrons is limited to 24 to
result in a zero net moment. This condition allows only few possible models, namely the
binary MnsMnZ compounds, with Z being a IIla element. Thus, the binary (Heusler ')
compounds Mn3Z are the simplest possible models (Z = Al or Tl are not yet reported,
Z =1n[146, 147], and Z = Ga [148, 47, 149]). They may be the most practical candidates
for checking the HMCCEF state because they consist of only two different kinds of atoms.

7.3 Application of the Rule for Prediciton of HMCCF
Materials.

To check the validity of the rule for predition of HMCCF materials found semi-empirically,
self-consistent field calculations were performed using the full potential linear augmented
plane wave (FLAPW) method as provided by WIEN2K [69]. For comparison, the lin-
ear muffin tin orbital (LMTO) method [97] and the Korringha-Kohn-Rostocker (KKR)
method [67] were used. In most cases, it was found that the results did not depend upon
a particular method for the electronic structure calculations, however, the methods with
spherical potentials seem to underestimate the gap in the minority states. In some cases
only a pseudo gap was found when using spherical potentials.

Mn3Ga is the only one of the four binary compounds given above that is reported to
order in the same space group (Fm3m) like Heusler compounds [148, 47, 149]. First of all,
a structural optimisation was performed for Mn3Ga by minimising the total energy as a
function of the volume. The optimised lattice parameter is a = 5.8232 A (see Figure 7.1).
For this lattice parameter, the calculation reveals a nearly complete compensation of the
magnetic moments and a HMCCF character. A change of the lattice parameter up
to £3 % only changes the local magnetic moments on the two different Mn sites. As
shown in the lower panel of Figure 7.1, an overall increase of the lattice parameter
slightly increases the magnetic moment of the Mnll position and decreases the magnetic
moment on the Mnl position. The total magnetic moment of zero, as a sum of the site
specific Mn moments, remains unaffected. This result is expected because the magnetic
moment is very stable in the range of the gap and similar behaviour is observed during
the lattice parameter optimisation of the Heusler compound CosFeSi [58, 59, 150].

The optimised lattice parameter was used to calculate the details of the electronic
structure of Mn3Ga (Figure 7.2). The obtained minority DOS clearly shows a gap at
the Fermi energy (er), while the majority DOS exhibits states at e 2. As shown by

!The ternary X3Z compounds resulting from ¥ = X are known as DO3 compounds. They are usually
not included in the class of Heusler compounds.
2In Mn3Ga, there are 12 electrons in both spin channels so it is not possible to define the majority and
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The optimised lattice constant (upper panel) and the magnetic moment (lower panel) are
shown as functions of the lattice parameter.
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Figure 7.2: Band structure (right and left panel) and DOS (middle panel) of Mn3Ga.
The band structure, as well as the DOS, clearly exhibits 100 % spin polarisation at er.

Pickett in [55], the DOS follows the idealised DOS for a half-metallic state. The majority
DOS shows a very narrow peak at -2.6 eV. These highly localised electrons also show
up in the majority channel of the band structure as very flat bands through all high
symmetry points in the Brillouin zone. In addition, the band structure indicates that
the gap in the minority channel is a real gap and not a pseudogap.

Figure 7.3 shows the integrated DOS (number of states, NOS) of Mn3zGa. Both spin
channels contain 12 electrons. Up to -4.5 eV, the NOS is symmetric for both spin
channels. This is the range of the low lying sp bands. At higher energies, the DOS for
both spin channels starts to differ. The most interesting difference occurs near ep. As
a result of the gap, the minority channel exhibits a plateau at approximately 0.75 eV
around ep. In the range of this plateau, the number of electrons is constant.

The calculated magnetic moments of MngGa are m; = 3.03 up for the Mn on the
Y position (Mnl), and m;; = —1.54 up for each Mn on the X position (MnlII). The
remaining part is found at the Ga atoms and in the interstitial.

Figure 7.4 shows the partial DOS of Mn3Ga. The Mn on the X position mainly dom-
inates the minority channel below er and the majority channel near and, in particular,
above ep. For Mnl, there are no states at ep in the majority channel. The main con-
tributions of the Mnl lie in the majority channel below ez and in the minority channel
above ep. As expected, Mnl contributes to the parts of the DOS that are exactly the

minority spin channels by the number of electrons.
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Figure 7.3: Integrated DOS of Mn3zGa (NOS).The minority channel exhibits a plateau at ep.

opposite of the parts to which Mn atoms on the X position contribute. In particular, the
DOS of Mnll is rather widely spread, while the DOS of Mnl has a narrow peak in the e,
orbitals at -2.6 eV. This narrow peak results in a localised magnetic moment. The Mnl
as well as the MnllI show narrow peaks approximately 0.2 eV below er in the to, states
in the majority channel. These states form the Mnl - MnlI bond, which corresponds to
the flat band in the I' — L direction at 0.2 eV below ep.

Figure 7.5 shows the distribution of the magnetic moment as function of energy. The
black line represents the total distribution of the magnetic moment of MnsGa. The
light grey line shows the distribution of the magnetic moment of the Mnl site and the
dark grey line represents the distribution of the magnetic moment at the Mnll site.
Because of compensating magnetic moments, the magnetic moment is zero at the nodes
of the magnetic moment distribution curve. Each of these orbitals carries a number
that indicates the band that contributes to the partial DOS (see also Figure 7.4). The
first contributing orbitals are the to;, majority orbitals of the Mnl 5, at approximately -
3.8 eV. The maximum of this peak is at -3.5 eV. At this energy, MnlI starts to compensate
this magnetic moment with the 5, minority orbitals. These magnetic moments exactly
compensate each other at -2.97 eV. The next magnetic contribution arises from the Mnl
eg majority orbitals. The electrons in this orbital are highly localised and the magnetic
moment in this orbital is approximately 2 pup. At -2.4 eV, the e, minority orbitals of
MnlI start to contribute, cancelling the magnetic moment of the Mnl e, orbitals at -
1.67 eV. The magnetic moment at MnlI arises from ¢, minority electrons and is exactly
compensated at ep by to, majority electrons located at Mnl, leading to a magnetic
moment of zero at ep. The magnetic moment at the Mnl on the Y position sums up
to about 3 pp, while each of the two MnlI at the X position have a magnetic moment
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Figure 7.4: Partial DOS of Mn3Ga.
The DOS of Mn on the X position (MnII) (panels a-c) and the DOS of Mn on the YV
position (Mnl) (panels b-f) are shown. Panels a and d show the Mn 3d DOS. The Mn d
orbitals are split in ey (panels b and e) and in t54 (panels ¢ and f). The low lying sp bands
mainly belong to the Ga atoms (not shown here). The numbers indicate the corresponding
states shown in Figure 7.5.
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Figure 7.5: Magnetic moment as a function of energy, with indicated orbitals.
The light grey curve represents the magnetic contribution of Mnl and the dark grey shows
the Mnll contribution. The black line corresponds to the magnetic distribution, which
originates from the total DOS. The numbers indicate the corresponding states as given in
Figure 7.4.

of -1.5 pup. As mentioned above, the highly localised electrons at -2.6 eV in the Mnl
eq orbital comprehend a local magnetic moment of 2 yp. The remaining 1 pp of Mnl
is delocalised in the Mnl ¢, orbitals, and the magnetic moment on the MnlI site is
considerably delocalised.

In the next section, the rule for the prediction of half-metallic completely compensated-
ferrimagnetism is applied to ternary and quaternary compounds. These have the advan-
tage of being constructed from already known existing Heusler compounds. In addition,
the chances for an experimental realisation of a practicable HMCCF material are im-
proved if the end members of the doped compounds exist like in the cases given below.

The Mnjs_,V,Si system was found to be a potential candidate for half-metallic fer-
rimagnetism with completely compensated magnetic moments. Mn3Si has 25 valence
electrons, which, according to the Slater-Pauling rule, results in an expected magnetic
moment of about 1 pup. MnsSi is reported to be an antiferromagnet [151, 152, 153].
Mny VSi has 23 valence electrons and therefore it has also a predicted magnetic moment
of 1 up, but with a gap in the majority DOS. For further details regarding the calculated
local moments, see Table 7.1.

A mixture of 50 % Mn3Si (25 valence electrons) and 50 % MnsVSi (23 valence elec-
trons) results in Mng(Mng 5V 5)Si. The X site is completely occupied by MnlI, while
Mnl and V share the Y site. The accumulated number of valence electrons is 24. This
compound is also used as a test case whether a partial occupation of the Y position by
Mn already leads to a localised magnetic moment and to a HMCCF state.

A supercell with an overall stoichiometry given by MnsMnVSis in a tetragonal prim-
itive cell was used to model the structure of Mny(Mng5Vg5)Si. The spacegroup is
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Compound Ny My mx my
Mn3Al 24 0.00 -1.42 2.84
Mn3Ga 24 -0.01 -1.54 3.03
Mns VSi 23 0.97 -0.70 0.39
Mnj3Si 25  1.00 -0.88 2.69
Mng(Mn0.5V0.5)Si 24 0.00 MnlI: -0.88 Mnl: 2.84; V: 0.52
Mns VAl 22 2.00 -1.52 0.95
FesMnAl 26 2.00 -0.31 2.62

(MnFe)(Mng5Vos)Al 24  0.00 Mnll: -1.53; Fe:-0.18  Mnl: 2.79 ; V: 0.56

Table 7.1: Magnetic moments in proposed HMCCF compounds.
Total spin magnetic moments my,¢ are given per unit cell. mx and my are the element
specific magnetic moments on X and Y sites, respectively. All magnetic moments are given
in pp. Note that a small part of the magnetic moment may also be localised outside the
muffin-tin spheres and thus cannot be attributed to one of the atoms.

P /4mmm with a lattice parameter ratio of ¢/a = /2. The lattice parameters are
a =4.115 A and ¢ = a, = 5.82 A, where a. is the lattice parameter of the initially
cubic L2; cell. The Mn related to the X position occupies the (% 0 %) position in the
supercell, the Mn dedicated to the Y position is now on (% % %), and V is placed on (0
0 0). In this supercell, the Si atoms occupy two different positions being located at (%
$0)and (00 2).

The result of the electronic structure calculation is a HMCCF (see also Tables 7.1 and
7.2). Figure 7.6 shows the band structure and the DOS of Mns(MnV)g 5Si, which fits
the DOS for a HMCCF, as shown in [55]. The local magnetic moments compensate each
other so that the total magnetic moment of Mny(Mng 5V 5)Si vanishes. The constituent
magnetic moments for the referred compounds are listed in Table 7.1. Apparently, a
partial occupation of the Y position by Mn is sufficient to enforce a localised magnetic
moment and therefore results in a HMCCF. The minority bands exhibit a clear gap
in the vicinity of the Fermi energy. The density of states and band structure of the
supercell are, however, too complicated to be analysed in detail as for the example of
Mn3Ga given above.

In the next step, the quaternary system Mns_,Fe, Mn;_, VAl was analysed to verify
the new rule. MnyVAl is a half-metallic ferromagnet with 22 valence electrons [143].
Assisted by calculations, the rule gives a magnetic moment of 2 pp for Mns VAL This
result is in agreement with the result obtained by Weht and Pickett [143]. Measurements
in [3] and [154] confirm this value. In agreement with the Slater-Pauling rule, FeaMnAl
is also a half-metallic ferromagnet with 26 valence electrons and a calculated magnetic
moment of 2 ug. A 1:1 mixture of both compounds again results in a compound with 24
valence electrons, an expected total magnetic moment of zero, and with anti-parallelly
coupled local magnetic moments (see Tables 7.1 and 7.2).

The (MnFe)(Mng 5V 5)Al structure was modelled using a orthorombic supercell
(P mmm) with @ = b = ¢/v/2 using ¢ = a, = 5.829 A and an overall stoichiometry
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Figure 7.6: Spin resolved density of states and band structure of Mns(Mno.5Vo.5)Si.
The calculations were performed for a tetragonal cell.

of MngFeyVAl,. As can be seen from the calculated electronic structure (shown in
Figure 7.7),

(MnFe)(Mng 5V.5)Al is 100 % spin polarised at ep. The calculated magnetic moments
(see Table 7.1) reveal an anti-parallel coupling of the moments on Y and X positions.
Again, a partial occupation of Mn is sufficient to enforce a localised magnetic moment
on the Y position leading to half-metallic completely compensated-ferrimagnetism.

Table 7.2 summarises the properties of the minority gaps of the investigated materials.
Given are the extremal energies of the bands involving the gap and its resulting size.
Mn3Al shows a relatively large minority gap of 540 meV. The gap is reduced in the
iso-valent compound Mn3Ga to 180 meV and vanishes for MngIn. Such a reduction of
the gap in compounds with the main group elements of the 5. or 6. period is observed
very often in Heusler compounds.

In pure LSDA calculations at the optimised lattice parameter, the top of the Mn3Ga
minority valence band is slightly above ep (see also Figure 7.2). This is probably due to
the van Hove singularity at € in the majority states that may lead to numerical problems
while integrating the total charge. An increase of the volume by 5 % reduces the size of
the gap to AE = 30 meV and it vanishes completely for larger lattice parameters. The
lattice parameters of the Heusler compounds are usually determined by the main group
element. This is finally the reason, why the gap vanishes in MnsIn with a larger lattice
parameter. The gap of MngAl is considerably larger due to the smaller lattice parameter.
It involves clearly the Fermi energy as is also observed for the mixed compounds.
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Figure 7.7: Electronic structure of (MnFe)(Mno.5Vo.5)AL
The calculations were performed for a orthorhombic cell.

Compound a[A]l  EvBma [€V] EcBmin [eV] AE [meV]
Mn3Al 5.804 -0.12 0.42 540
Mn3Ga 5.823 0.14 0.32 180
MDQ(MDO5V05)SI 5.82 -0.01 0.22 230
(MnFe)(Mng5Vo5)Al  5.829 -0.06 0.32 380

Table 7.2: Minority band gaps.
EvBmaz and Ecpmin are the extremal energies of the lower and upper bands defining the
position of the gap with respect to the Fermi energy. AF is the size of the gap in the minority
states. a is the lattice parameter used for the calculations. For the mixed compounds, the
corresponding lattice parameter a. is given.
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As already mentioned above, half-metallic materials with completely compensated
moments are also found among double perovskites as well as thiospinels. Similar rules
for predicting HMCCF compounds may also exist within these classes of materials. For
the double perovskites, a sequence of numbers (12, 14, 16) appears that leads to a total
magnetic moment of zero. In addition, these materials contain two strongly localised
magnetic moments with fixed valences. This apparently results in different conditions
for the occurrence of half-metallic compensated-ferrimagnetism in double perovskites.
The number of valence electrons required to form a non-magnetic ground state is 10 for
the thiospinels.

7.4 Summary.

In summary, a rule for predicting half-metallic completely compensated-ferrimagnetic
behaviour is presented. This new rule is a combination of two well known rules. The
first of these, which is the Slater-Pauling rule, determines the total magnetic moment
from the mean number of valence electrons. According to this rule, the half-metallic
system of interest must have 24 valence electrons. The Kiibler rule, which is the second
of these rules, states that Mn in Heusler compounds always carries a high local magnetic
moment at the Y site. A combination of these rules results in an easy concept for
finding new compounds with half-metallic type behaviour and completely compensated
moments. Furthermore, it was found, that even a partial occupation of the Y position
by Mn is sufficient to enforce a local magnetic moment on this site. The next step will be
the synthesis and characterisation of the above mentioned compounds. The verification
of their HMCCF type character by the performance of appropriate experiments will
follow later.



8 Summary and Outlook.

This work encompasses a wide range of spin polarised Heusler compounds under various
aspects.

In the fourth chapter, it was shown how simple rules may be used to estimate the
properties of magnetic materials, in particular for those Heusler compounds exhibiting
half-metallic ferromagnetism.

As practical application of these simple rules, it was found that the Heusler compound
CogFeSi is a half-metallic ferromagnet exhibiting the highest Curie temperature and
magnetic moment. In particular, a magnetic moment of 6up and a Curie temperature
of 1100K were found in L2, ordered samples with a lattice parameter of 5.64A.

The experimental findings are well supported by electronic structure calculations [57].
The comparison between experiment and calculations gives clear advice that electron-
electron correlation plays an important role in Heusler compounds.

Regarding the high Curie temperatures in Heusler compounds, the present work leaves,
however, some important questions open. There is still no convincing theory that ex-
plains why the dependence of T on the magnetic moment should be linear over such a
wide range. For some alloys a linear dependence is indeed found, but never over such a
wide range like for the CosYZ half-metallic Heusler compounds. An experimental chal-
lenge will be to find compounds with magnetic moments of above 6up to prove whether
it is possible to find even higher Curie temperatures in this class of materials. Co3Si, as
an example, should exhibit 7up, if following the wvalence electron rule as shown in chap-
ter 5. Unfortunately, the compound crystallises in a hexagonal but not in the required
Heusler structure.

The sixth chapter refers to the experimental results (XMCD, soft and hard X-ray
valence band photoemission) for the quaternary Heusler alloys CosCr;_,Fe, Al, analysed
in the light of ab-initio calculations, with a focus on Co9CrggFeg4Al. The measured
overall and site specific magnetic moments are in accordance with the calculations, if
disorder is assumed. In particular, it was shown that Co-Cr disorder leads to the low
magnetic moment observed in CosCrAl. It indicates ferrimagnetic order with an anti-
parallel alignment of part of the Cr moments in disordered alloys.

It was found by resonant and high energy photoemission that there is a discrepancy
between the experimentally observed and the theoretically calculated density of states
in Co9CrggFeg4Al. This observation suggests the presence of electron correlation in
Heusler compounds being not accounted for by local (spin) density approximation in its
current form. Moreover, strong differences in surface and bulk photoemission spectra
(excited at photon energies at 700 eV and 3.6 keV, respectively) reveal the loss of the
bulk and structure signature within the surface layer. The dispersions of the bands
may be studied by spin and angular resolved UPS. This requires however well ordered
surfaces of single crystals.

Nevertheless, the difference in bulk and surface properties of CoyCri_,Fe,Al was
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further investigated. XRD as well as EXFAS and 5"Fe MoBbauer spectroscopy indicate
different structures in bulk and surface for the Heusler compounds CosCry_,Fe, Al. The
bulk is B2 ordered, while the surface shows preferred orientation in combination with
oxidation. This oxidation seems to be selective on Cr and Al. Thus thin film devices to
built magnetic tunnel junctions have to be prepared in ultra high vacuum to ensure the
designated structure and thus the predicted spin polarisation.

The seventh chapter introduces the magnetic Heusler compound CoyCrln. Its geomet-
rical structure is presented in detail. The magnetic measurements reveal, that CooCrln is
a ferrimagnet with a magnetic moment of 1.18 up at 5 K and a soft magnetic behaviour.
Co,Crln is no half-metallic ferromagnet, which can be derived from measurements of the
magnetic moment. The magnetic moment is supposed to be an integer number in case
of a half-metallic ferromagnet. Thus the varying properties of the CosCrZ compounds
still needs further investigation.

In the eighth chapter a rule for predicting half-metallic completely compensated-
ferrimagnetic behaviour is presented. This new rule is a combination of two well known
rules. The first of these, which is the Slater-Pauling rule, determines the total magnetic
moment from the mean number of valence electrons. According to this rule, the half-
metallic system of interest must have 24 valence electrons. The Kiibler rule, which is
the second of these rules, states that Mn in Heusler compounds always carries a high
local magnetic moment at the Y site. A combination of these rules results in an easy
concept for finding new compounds with half-metallic type behaviour and completely
compensated moments. Furthermore, it was found, that even a partial occupation of
the Y position by Mn is sufficient to enforce a local magnetic moment on this site. The
next step will be the synthesis and characterisation of the above mentioned compounds.
The verification of their HMCCF type character by appropriate experiments will follow
later.

In summary, this works presents three main aspects in the search of new materials
for spintronics: The presentation of some new results regarding the properties of some
long known Heusler compounds (CosFeSi and CoyCry_,Fe, Al), the characterisation of
the new discovered Heusler compound CosCrln and the introduction of a rule to predict
half-metallic completely compensated-ferrimagnetic behaviour in Heusler compounds.
Nevertheless, there are still some tasks regarding the search for the optimal spin polarised
compound to be accomplished.
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exposed sample indicate oxidation. In particular the Cr edge shows strong oxidation. 57
5.17 XMCD spectra at the Ls,» edges of Cr, Fe, and Co in CosCro.¢Feo.4Al

(a) to (c) show the experimental and (d) to (f) the calculated spectra. The XMCD

signal Inyop = p™ — p~ is normalised by the maximum intensity at the Lz edges.

For better comparison, the experimental values are multiplied by a factor 2 and both

signals at the Cr edges are multiplied by an additional factor 2. . . . . . . . . . .. 59
5.18 Orbital and spin polarisation in Co2Crg.¢Feg.4Al

The measured dependencies were scaled to the minima for better comparison with the

calculated data. . . . . . . ... L L. e e e e e e e e e e e 61
5.19 Valence band-XPS of Co2Cro.¢Feq.4Al.

Photoemission spectra excited by photon energies close to the Cr L3> (a) and close to

the Fe Lz (b) absorption edges. The lines along the LsVV Auger transitions are drawn

to guide the eye. Photon energies are un-calibrated monochromator readings and the

onset and maxima of the white lines are marked. . . . . . . . . . .. . ... ... 63
5.20 Resonant Co-valence band-XPS of CoCro.¢Feq.4Al.

Resonant photoemission spectra excited by photon energies close to the Co L3 absorp-

tion edge. The energies corresponding to the onset and the maximum of the white line

are marked. The spectra are normalised to the maximum intensity (see text). The

full line along the L3VV Auger transition is drawn to guide the eye. The dashed line

assigns a dispersionless feature. . . . . . . . . . . . . 0. . e e e e e 64
9.21 Soft X-ray excited XPS of Co2Cro.¢Feg.4Al

Shown are the resonant (a) and the off-resonant (b) photoemission spectra in compari-

son to calculated site-specific spectra (c) [123]. (Note the slightly different energy scale

in (a), for normalisation of the spectra see text.) . . . . . . . . . . .. . ... ... 65
5.22 High resolution - high energy VB-XPS of Co2Cro.¢Feo.4Al.

The photoemission spectra are excited by hard X-rays of 3.5 keV energy. The inset

shows a spectrum taken with lower resolution plotted versus kinetic energy. . . . . . 67
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5.23 PE spectra and DOS.

Compared are the valence band spectra of CozCro.¢Feq.4Al excited by low (a) and high

(b) photon energies to the calculated, spin averaged, total density of states (c). (For

applied data manipulation see text.) . . . . . . . . . ... o0 e 68
6.1 Diffraction pattern and difference plot of the Rietveld refinement of Co2Crln.

Shown are the measured intensity (Ie.p) and the difference compared to the Rietveld

refinement (Irr). Vertical bars indicate the Bragg positions of the expected diffraction

peaks. Reflections of a secondary phase, which could not be identified, are marked with
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7.1  Structural optimisation for MnzGa.
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are shown as functions of the lattice parameter. . . . . . . . . . . . . .. ... .. 78
7.2 Band structure (right and left panel) and DOS (middle panel) of Mn3Ga.
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7.3 Integrated DOS of Mn3zGa (NOS).
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7.4  Partial DOS of Mn3Ga.
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d orbitals are split in ey (panels b and e) and in ¢4 (panels ¢ and f). The low lying
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7.5 Magnetic moment as a function of energy, with indicated orbitals.
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7.6 Spin resolved density of states and band structure of Mna(Mno.5Vo.5)Si.
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