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INTRODUCTION

The discovery of the giant magnetoresistance (GMR) effect in 1988 is generally con-
sidered the hour of birth for spintronics [1–3]. This interdisciplinary field is an
extension of traditional electronics: the manipulation and measurement of the elec-
tron spin in addition to its charge is expected to result in devices such as fast non-
volatile memory [4], programmable logic circuits [5] or magnetic field sensors [6].
GMR elements have been integrated in hard disk read heads and caused a rapid in-
crease of storage density. However, for future demands the GMR effect is deemed
too small and therefore no longer feasible. It many cases it has been superseded by
devices based on the tunneling magnetoresistance (TMR) effect.

Both GMR and TMR effects are based on two ferromagnetic layers separated by
a normal metal and an insulator, respectively. The exchange split d bands result in
an imbalance of spin up and spin down states at the Fermi energy. If the magnetiza-
tion directions of the two ferromagnets are parallel, the electric resistance is low. If
the magnetization of one electrode is reversed, the resulting resistance will increase.
Figures 1 and 2 outline the different physical processes responsible for these two
magnetoresistance effects.

The asymmetry of the majority and the minority charge carriers at the Fermi
level is quantified [7] by the spin polarization

P =
n↑(EF)− n↓(EF )

n↑(EF )+ n↓(EF )
.

In order to fabricate smaller circuits, large magnetoresistive effects are indispensable.
A straightforward way to achieve this is the use of electrodes with high spin polariza-
tion. For the optimal case P =±1 one spin direction has metallic character whereas
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Figure 1: Principle of the GMR effect: The scattering rate for electrons with spin
aligned parallel to the magnetization in the ferromagnetic electrodes and at the inter-
faces is low compared with electrons with opposite spin direction. If the two spin cur-
rents are independent, the different processes can be depicted as a circuit of Ohmic
resistors.

the opposite direction has a band gap at the Fermi level. Due to this peculiarity,
these materials have been named half-metals or half-metallic ferromagnets [8].

Half-metallicity has been predicted for several materials: oxide perovskites [9]
and double perovskites [10], Fe3O4 [11] and CrO2 [12]. However, up to now solid
experimental evidence for a nearly complete spin polarization was found only for
La2/3Sr1/3MnO3 at low temperatures [13, 14]. Unfortunately, a Curie temperature
of 345 K results in a dramatically decreased spin polarization at room temperature.

Due to the limited success of the materials mentioned above, the focus of atten-
tion has shifted toward Heusler and half-Heusler compounds. A large number of
these intermetallic compounds has been predicted to be half-metallic [15]. With
Curie temperatures of up to 1100, K a high spin polarization at room temperature
is more likely.

The investigation of some members of this materials class—Co2Cr0.6Fe0.4Al as
well as the alloyed series Co2Mn1−xFexSi—has been the scope of this work. An
overview of the properties of Heusler compounds in general as well as the investi-
gated materials in particular will be given in chapter 1.

In order to analyze their properties thin film samples with a thickness of 100 nm
and below were fabricated. This particular sample geometry allows the application
of very high current densities parallel to the surface. Furthermore the in vacuo
deposition of the films results in very clean surfaces. This is necessary for sur-
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Figure 2: Principle of the TMR effect: Fermi’s Golden Rule allows electrons only to
tunnel from occupied into unoccupied states. Assuming independent spin currents and
a spin conserving tunneling process, for the parallel alignment of the magnetization a
low resistance is caused by the spin down channel.

face sensitive measurement techniques and the fabrication of multilayer structures,
employed for example in GMR and TMR devices. Chapter 2 details the deposi-
tion techniques used to prepare the samples as well as the characterization methods
used to determine film quality. Chapter 3 gives the results for Co2Cr0.6Fe0.4Al and
Co2Mn1−xFexSi films deposited under different conditions.

As mentioned above, a high current density allows precise electronic transport
experiments. Since these properties are governed by electrons at the Fermi surface,
these measurements can be used to gain insight into the electronic structure of the
Heusler materials. Chapter 4 presents the result of magnetoresistance and Hall effect
experiments for optimized Co2Mn1−xFexSi samples. The results are compared with
calculated electronic structures and general transport theories in ferromagnets. It
will be shown that the experimental findings are compatible with the theoretical
predictions.

Thin film samples were also provided to external research groups. Their inves-
tigation techniques and the results relevant for this work are presented in chapter
5. Especially X-ray magnetic circular dichroism data reinforces the picture found by
transport experiments.





CHAPTER 1

HEUSLER COMPOUNDS

In 1903, Friedrich Heusler reported that some alloys consisting of copper, man-
ganese, and a main group metal are ferromagnetic although their constituents are
paramagnetic [16, 17]. In order to resolve this discrepancy and to gain further in-
sight into the magnetism of solids, these and similar materials were closely investi-
gated both experimentally and theoretically.

Today the group of Heusler compounds contains a large number of members,
which exhibit a wealth of diverse properties [18, 19]. For example the “prototypi-
cal” Heusler compound Cu2MnAl shows localized ferromagnetic order [20]. If Cu
is substituted with Ni, incommensurate antiferromagnetic order is observed [21].
Fe2VAl is a semiconductor [22], Ni2NbAl is a superconductor [23]. In systems
like Ni2MnGa a large magnetically induced shape memory effect is observed [24].
However, despite their different properties, Heusler compounds possess physical
and chemical similarities, which will be reviewed in the first part of this chapter.

Thin film samples of Co2Cr0.6Fe0.4Al and Co2Mn1−xFexSi have been prepared
and investigated during the course of this work. They belong to a group of ferro-
magnetic Heusler compounds that are expected to possess a spin polarization of
up to 100 % [8, 25–28]. Additionally, they order magnetically considerably above
room temperature and are closely lattice-matched to standard semiconductor mate-
rials. Because of these properties they are deemed very promising candidates for a
multitude of spintronic applications [29–31]. However, despite numerous experi-
mental efforts, solid evidence of high spin polarization has been scarce until now
[31, 32]. In the second part of this chapter, the specific findings for the investigated
materials are summarized.
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X Y Z

Figure 1.1: The fully ordered L21 “Heusler” structure.

1.1 General Properties

Heusler compounds are a class of intermetallic compounds with the stoichiometry
X2YZ, where X and Y are transition metal elements while Z is a main group ele-
ment. In the fully ordered case they crystallize in the L21 “Heusler” structure (space
group Fm3m), which is shown in figure 1.1. Multiple equivalent descriptions of
this structure exist, but for the needs of this work it is best to be considered as four
interpenetrating fcc lattices, each containing only one element. The sublattices con-
taining X atoms are located at (0, 0, 0) and ( 1

2a, 1
2a, 1

2a), the Y and Z atoms are located
at ( 1

4a, 1
4a, 1

4a) and ( 3
4a, 3

4a, 3
4a), respectively.

It was realized early that the occurrence of ferromagnetism in the Heusler com-
pounds is closely connected with the L21 crystal structure [38]. For X2MnZ com-
pounds with more than 28 valence electrons per unit cell it was shown by neutron
diffraction that localized magnetic moments are situated on the Mn sites [20, 33, 39].
Their magnitude has a value of approximately 4 µB/atom, independent of the X and
Z atoms [40]. It decreases significantly and might even vanish if the Mn atoms are
not located on an fcc sublattice [38].

For Co2MnZ compounds as well as compounds not containing Mn a different
behavior is observed [33, 39]. Although the main fraction of the magnetization is
still localized at the Y sites, additional contributions, which couple ferromagneti-
cally to the Y moments, are found at the X atoms. Furthermore, the total magnetic
moment shows a linear dependence on the number of valence electrons per unit
cell. Again for these compounds the highest magnetization values are reported if
the samples show the L21 structure. These results are summarized in figure 1.2.
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Figure 1.2: Experimental magnetization values of Heusler compounds as a function of
the valence electron count (values taken from references 33–35). Full symbols represent
compounds that have been predicted to be half-metallic [25, 36, 37]. The dashed line
indicates the Slater-Pauling rule, which gives the expected theoretical magnetization
values for the fully spin polarized materials.

The linear behavior of the spontaneous magnetization was shown to be an ex-
tension of the Slater-Pauling rule [41–43]. Its general form states that in ferromag-
nets the sum of the number of spin-up (Z↑) and spin-down (Z↓) electrons per atom
must be equal to the number of valence electrons (Z) per atom. The magnetiza-
tion is determined from their difference. Combining these two equations results in
M = (Z − 2Z↓) µB/atom. For the half-metallic Heusler compounds it was shown
that the four atoms in the unit cell have a constant total number of 12 spin minority
electrons [25, 43, 44]. The magnetization therefore depends linearly on the number
of valence electrons:

M = (Z − 24)µB/f. u. (1.1)

The experimental determination of the sample magnetization therefore serves as a
rather simple method to select potential half-metals. This is also illustrated in figure
1.2. However, the relative position of majority and minority states with respect
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Table 1.1: Relevant types of structural disorder in Heusler compounds. X, Y, and Z
indicate which fraction of each element is located on the respective sublattice.

Structure (0, 0, 0)
�

1
4a, 1

4a, 1
4a
� �

1
2a, 1

2a, 1
2a
� �

3
4a, 3

4a, 3
4a
�

L21 X Y X Z
B2 X Y1/2Z1/2 X Y1/2Z1/2
DO3 X2/3Y1/3 X2/3Y1/3 X2/3Y1/3 Z

X2/3Z1/3 Y X2/3Z1/3 X2/3Z1/3
A2 X1/2Y1/4Z1/4 X1/2Y1/4Z1/4 X1/2Y1/4Z1/4 X1/2Y1/4Z1/4

to the Fermi energy cannot be inferred from the fulfillment of equation 1.1 alone.
It is therefore no proof of a completely spin polarized material. Additionally it
should be noted that the Slater-Pauling rule only accounts for the spin magnetic
moment. However, a significant orbital contribution to the total magnetization has
been observed in Heusler compounds [45–47]. It should therefore be kept in mind
that real systems are not perfectly half-metallic, because spin orbit interaction causes
a mixing of the spin directions. Nevertheless, in Heusler compounds this reduction
is considerably less than 1 % [48].

The theoretical predictions of half-metallicity require L21 ordered Heusler com-
pounds [25]. Depending on the method of crystal growth and the specific Heusler
compound, this might be difficult or impossible to realize experimentally [40, 49,
50]. Instead, to a varying degree one of the following types of disorder is obtained.
In some cases, they will drastically alter the spin polarization and the magnetic prop-
erties of a Heusler compound.

The disordering mechanism most commonly encountered is the intermixing of
Y and Z atoms. The maximum degree of disorder is reached if half of the Y atoms
are randomly distributed on Z sites and vice versa. In this case the B2 (CsCl-type)
structure is present in the Heusler compound. XY- or XZ-disorder will result in the
DO3 (Fe3Al) structure. If random intermixing between all sublattices occurs the
result will be an A2 (bcc) lattice. These relevant cases of disorder are summarized
in table 1.1. In principle, further types of disorder are possible [51] but they are
unfeasible and have not been observed in real samples.

It has been argued that the hybridization of next-nearest neighbor Co atoms is
the principal source of the half-metallic gap in the Co2YZ compounds [25]. Conse-
quently, it is expected that B2 disorder has only a small effect on spin polarization
and magnetization [36]. For DO3 and A2 disorder on the other hand, Co atoms
can be found on nearest neighbor lattice sites. This introduces minority states at
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Figure 1.3: Calculated spin-resolved density of states for Co2Cr0.6Fe0.4Al [59].

the Fermi energy, which lowers both spin polarization and magnetic moments sig-
nificantly [52–54]. Experimental evidence for this interplay between disorder and
magnetism has been published in references 55 and 56. A similar problem is the de-
viation from the X2YZ sample composition [57, 58]. With the same arguments as
before it can be seen that also certain types of off-stoichiometry can be responsible
for a reduction of the spin polarization.

1.2 Co2Cr0.6Fe0.4Al

The system Co2Cr1−xFexAl has been subject to numerous theoretical investigations
[25, 26, 52, 55, 59–61]. For Co2CrAl half-metallicity has been predicted indepen-
dent of the calculational technique [25, 55]. However, a Curie temperature of 335 K
is too low for applications [62]. One possibility to raise the magnetic ordering tem-
perature is the substitution of Cr with Fe. The maximum of 1000 K is reached with
Co2FeAl [63]. The downside of this approach is the closing of the half-metallic
gap. The question whether at high Fe concentrations full spin polarization is re-
tained [26] or not [52] is still an open question. The compound Co2Cr0.6Fe0.4Al
investigated in this work seems to be the best compromise between a high Curie
temperature and a high spin polarization. TC of bulk samples was determined to be
750 K [59]. For x = 0.4 all band structure calculations predict a high spin polar-
ization [26, 52, 59]. The reason as shown in figure 1.3 is a high density of majority
electron states at the Fermi energy caused by a van Hove singularity. This allows the
conservation of a high spin polarization even if due to disorder a small finite density
of minority states is introduced.

A large negative magnetoresistive effect was observed in compressed powder
samples of Co2Cr0.6Fe0.4Al, which was explained with intergranular tunneling [59].
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Bulk samples could be prepared in the L21 structure [56]. For sputtered polycrys-
talline [64] and epitaxial [65–67] thin films the fully ordered Heusler structure was
not observed. Nevertheless tunneling junctions based on these films showed a max-
imum TMR ratio1 of 101 % [68], if an amorphous tunneling barrier was used. The
Jullière model [7] gives a spin polarization of 62 %, which is clearly above any value
reported for conventional ferromagnets. Whether the reduced spin polarization is
intrinsic or caused by imperfect tunneling junctions is not yet answered. L21 or-
dered films grown by molecular beam epitaxy have been claimed [69], but both the
reported magnetization and tunneling spin polarization are exceedingly low. Fully
epitaxial tunneling junctions show a magnetoresistive effect of 240 % [70]. However,
the presence of a crystalline MgO tunneling barrier causes a spin filtering which en-
hances the TMR ratio [71]. Therefore, an intrinsic value of the spin polarization
cannot easily be deduced.

1.3 Co2Mn1−x
Fe

x
Si

Just like Co2Cr0.6Fe0.4Al, Co2MnSi has received a lot of attention due to its pre-
dicted half-metallicity [28, 72, 73]. A Curie temperature of 985 K is well suited for
applications [40]. X-ray diffractograms of bulk samples commonly show growth in
the L21 structure [40, 74], but in some samples a small amount of DO3 disorder be-
tween Co and Mn was detected [75]. Sputtered [31] or laser ablated [46] thin films
grow epitaxially and they show a high degree of atomic order. Tunneling experi-
ments with Co2MnSi electrodes have been demonstrated [31, 32]. These junctions
showed very high magnetoresistive effects at low temperatures. Regrettably, the ob-
served tunneling magnetoresistive ratio dropped rapidly from 570 % at 2 K down to
70 % at room temperature [76], a value which can be obtained with conventional
ferromagnetic electrodes [77].

The band structures mentioned above describe the electronic structure at abso-
lute zero temperature. The reduction of the spin polarization at elevated tempera-
tures has only been analyzed to a small extend so far. One proposed mechanism is
the thermal excitation of magnons [78], which results in a T 3/2-dependence of the
spin polarization, analogous to the decrease in magnetization [79]. However, the
high Curie temperature of Co2MnSi and its weak T -dependence of the magnetiza-
tion in the examined temperature region seem to rule out this mechanism as a ma-
jor source of the problem. A reduced magnetization [80] and a more pronounced
temperature dependence [78] are often encountered at surfaces and interfaces of

1For all TMR ratios presented in this thesis the “optimistic” definition
�

R↑↓−R↑↑
�

/R↑↑ is used.
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ferromagnetic samples. However, XMCD experiments on Co2MnSi samples did
not show a significant effect at the interface either [81]. A further intrinsic pos-
sibility is the thermal excitation of electrons at the Fermi energy [82, 83]. A re-
cent third interpretation considers the impact of electron-electron interactions on
the half-metallic properties [84]. The main consequence in the context here is the
occurrence of superpositions between electron excitations and magnons [85]—so-
called non-quasiparticle states—in the minority gap at finite temperatures. Further
approaches put the blame on problems with the insulating barrier, which are the
source of a spin-independent electron tunneling. As possible extrinsic causes local-
ized states [78] or bosonic excitations in the insulating barrier [86, 87] have been
proposed.

It is important to note that the electronic band structure of Co2MnSi is unfa-
vorable with respect to the problems mentioned above. All calculations show a low
majority density of states at EF (see for example the top of figure 1.4), in contrast to
Co2Cr0.6Fe0.4Al [28, 72, 88]. This means that even small effects will have a signifi-
cant influence on the spin polarization. Furthermore, the Fermi level seems to be
positioned close to the border of the minority spin gap, which increases the impact
of both thermally excited and non-quasiparticle states.

For Co2FeSi ab initio calculations do not show full spin polarization [25, 27].
Interestingly, these models predict magnetic moments of 5.7 µB/f. u. or less. This
disagrees with experimental data of bulk samples, which exhibit values between 5.9
and 6 µB/f. u. [27, 89], in accordance with the Slater-Pauling rule [25]. In addition,
a TC of 1150 K marks the record value for Heusler compounds so far.

This discrepancy prompted for a refinement of the computational techniques
used. Band structures of solids are routinely calculated using the density functional
theory [90]. Exchange and correlation effects in the calculations mentioned before
were treated with the local spin density approximation (LSDA). More recent publi-
cations introduced the LSDA+U formalism [27]. Here coulomb repulsion between
electrons is treated in the same way as in Hubbard models: An energy penalty U is
placed upon doubly occupied orbitals. The magnitude of U was chosen in such a
way that the resulting band structure reproduced the correct experimental magneti-
zation value. It was shown that this choice also opens up a half-metallic gap in the
minority density of states at EF.

This raises the question of the importance of electron-electron interactions in
the investigated materials. The LSDA+U formalism is usually applied to systems
with localized electrons such as transition metal oxides or rare earth elements. How-
ever, even though Heusler compounds are considered localized moment ferromag-
nets, their d electrons are itinerant [91]. To what extend is an on-site correlation
between electrons retained in this case? Moreover, what is the origin of the strik-
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Figure 1.4: Calculated spin-resolved densities of states for Co2Mn1−xFexSi [88].
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Figure 1.5: Experimental and theoretical magnetic moments of Co2Mn1−xFexSi. The
experimental bulk data and the LSDA+U calculations are reported in reference 73, the
LSDA+DMFT results are taken from reference 88.

ing difference between Co2MnSi and Co2FeSi? It was shown by Kandpal et al. that
in both compounds half-metallicity along with the correct experimental magnetiza-
tion value is sustained over a large range of the effective Coulomb exchange interac-
tion Ueff = U−J , where J denotes the exchange energy. Co2MnSi is half-metallic for
Ueff between 0 and 2 eV while for the Fe compound it is found that half-metallicity
occurs for 2® Ueff ® 5 eV [92].

Further theoretical investigations focused therefore on the effect of the Y atom
in the alloy series Co2Mn1−xFexSi [73, 93]. Here a constant Ueff = 2 eV was assumed
since this is the borderline value for half-metallicity in both Co2FeSi and Co2MnSi.
The increase of the Fe content from 0 to 1 results in a shift of the Fermi energy
across the half-metallic gap. The size of the gap as well as the majority density of
states stay nearly constant. From these results the best temperature stability of the
spin polarization is expected for x ≈ 0.5. Experimental data from bulk samples show
that the whole alloy series can be grown with the L21 structure and that the samples
follow the Slater-Pauling rule very well [73] (see figure 1.5). The Heusler structure
in these samples was also confirmed by XMCD [94] and NMR [95]. High-energy
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photoelectron spectroscopy showed indeed a shift of the Fermi energy with respect
to salient features of the occupied states [93]. However, tunneling junctions based
on Co2Mn0.5Fe0.5Si show only a comparatively low TMR ratio [96] although in this
case oxidation of Mn atoms rather than intrinsic properties seem to be responsible
for these poor results [97].

The interpretation of the Hall effect of Co2Mn1−xFexSi in chapter 4.4 is based
on very recent calculations [88], which differ in two ways from the LSDA+U calcu-
lations mentioned above. First, the local correlations are treated in the framework
of the dynamical mean-field theory (DMFT) [98]. The inclusion of dynamical cor-
relations is expected to improve mainly the description of high-energy excitations.
It has a sizable impact for example on photoelectric spectra [88]. The second differ-
ence concerns the calculation of the independent particle band structures shown in
figure 1.4. They have been calculated by fully taking into account relativistic effects.
Compared with earlier results [73] it can be seen that the properties at the half-
metallic energy gap remain mostly unchanged. Again the Fermi level of Co2MnSi is
located at the top of the minority valence band, electron doping causes EF to move
across the gap.

It is important to note that according to these calculations both Co2FeSi and
Co2MnSi are no longer half-metals. Nevertheless, the spin polarization of more
than 95 % predicted here is still compatible with the published tunneling experi-
ments. For intermediate stoichiometries the minority density of states decreases but
does not vanish completely. This is an effect of the relativistic calculations, which
allows for spin-orbit coupling. As discussed on page 8 this has a small effect on the
spin polarization [48, 99]. This can more clearly be seen in a deviation from the
Slater-Pauling rule as shown in figure 1.5.

The findings presented in this chapter show that Heusler compounds bear a
considerable potential for use in spintronic applications. Computed band structures
suggest a very high spin asymmetry at the Fermi energy. It seems, however, that in
these materials the electronic structure is very sensitive to impurities or a finite sam-
ple temperature. Also intrinsic mechanisms like spin orbit interaction or Coulomb
repulsion need to be taken into account.

Among the materials for which half-metallicity at zero temperature was postu-
lated are those investigated in this work—Co2Cr0.6Fe0.4Al and Co2Mn1−xFexSi. Ex-
perimentally, high spin polarizations have indeed been observed, but the values are
strongly temperature dependent. For Co2MnSi and Co2FeSi, the problem seems to
be an unfortunate position of the Fermi energy at the edge of the half-metallic gap.
In order to improve the temperature stability of these compounds electron doping
has been suggested. The Fermi energy is predicted to move across the half-metallic
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gap if Mn is substituted by Fe. The optimal case seems to be Co2Mn0.5Fe0.5Si, for
which the Fermi energy is located in the center of the gap. Experiments on bulk
samples support this hypothesis. The magnetization of Co2Mn1−xFexSi follows the
Slater-Pauling rule for half-metallic Heusler compounds and integral photoelectron
spectra show a doping induced shift of the occupied states. However, despite these
promising first results further investigations are needed to investigate the interplay
between structural and electronic properties.





CHAPTER 2

THIN FILM DEPOSITION AND
CHARACTERIZATION

The term “thin film” generally denotes a solid or liquid coating whose thickness
is much smaller than the dimensions of the underlying material. The border be-
tween “thin” and “thick” is dependent on the specific application and ranges from
one atomic monolayer to several millimeters. The films prepared and analyzed in
this work had a typical thickness between 10 and 100 nm. This geometry offers
several benefits over bulk samples.

Most important with respect to this work are the consequences for transport
experiments. The reduced thickness allows the application of very high current
densities through the sample. Consequently, a higher signal to noise ratio of the
measured voltage signal may be obtained. Photolithographic patterning of the films
can be used to create current leads with a typical width of 50 µm, which allows
for even higher current densities. Furthermore, it enables the precise measurement
of anisotropies in the transport properties. Another advantage is the possibility to
obtain a very flat, clean, and well-ordered surface. This offers the chance to perform
surface sensitive experiments such as photoemission spectroscopy. Alternatively,
well-defined artificial superlattice or multilayer systems may be prepared. Finally, it
should be noted that thin film growth is no thermal equilibrium process. In some
cases, this can be used to grow crystals with a metastable structure or thin film single
crystals with higher quality than their bulk counterparts.

On the other hand, the last point more often than not turns out to be a disadvan-
tage. Usually, bulk samples can be grown with a higher structural quality than thin
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films. Here of specific interest for Heusler compounds is the short-range ordering.
For some materials—including Co2Cr0.6Fe0.4Al (see page 9)—it proved complicated
or even impossible to deposit L21 ordered thin films, although the corresponding
bulk samples showed the Heusler structure [40, 100]. A technological challenge is
the fact that during the deposition process the film material is vaporized prior to
the transport to the substrate. The very high surface to volume ratio imposes high
demands on the ambient conditions in order to minimize oxidation and other con-
taminations. This is also known to be a crucial obstacle for Heusler compounds
because even a small degree of sample oxidation can cause a severe reduction of the
spin polarization [76, 101].

In this chapter, the experimental techniques used during the course of this work
are presented. The first part presents the two preparation methods in use: the well
tested and widely used sputter deposition as well as pulsed laser deposition, which
promises a higher flexibility under improved vacuum conditions. In addition, the
choice of the substrates on which the films were deposited is elucidated.

Following the discussion in chapter 1, the films were primarily optimized with
respect to their crystal structure and their magnetic properties. Importance was
also attached to a smooth sample surface. The second part of this chapter gives a
brief overview of the techniques that were used to analyze these relevant sample
properties. More details on the various subjects can be found in the references.

2.1 Substrates

The properties of the underlying substrate are important factors for the structural
properties of the thin film deposited on top [103, 104]. An amorphous substrate
surface will result in polycrystalline or amorphous samples, because no preferential
direction parallel to the surface is present [32, 49]. If on the other hand the substrate
possesses an ordered surface, the first film atoms impinging on the substrate will ide-
ally arrange in such a way that the bonding energy between them and the substrate
is minimized. It is therefore energetically favorable for the film atoms to duplicate
the substrate crystal structure. Further stacking of film atoms on top will result in
epitaxial growth—a single-crystalline film possessing a fixed orientation with respect
to the substrate below.

On the other hand, the presence of an ordered surface means that the deposited
atoms are not located at their bulk equilibrium positions if film and substrate do
not share the same crystal structure. The relaxation of the stress thus exerted on the
film results in crystal defects, strained, or non-epitaxial growth. It is therefore very
advantageous that film and substrate are closely lattice-matched. Furthermore, it is
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Table 2.1: Structural properties of substrate and buffer layer materials used in this
work [102]. The minimal lattice misfits defined as

�

dsub− dfilm
�

/dsub are given for the
surface orientations in the first column. d denotes the distance between atoms along
the expected growth direction. The data of the investigated compounds [59, 73] are
given for comparison.

Material Structure Misfit with respect to
Co2Cr0.6Fe0.4Al Co2Mn1−xFexSi

MgO (100) fcc a = 4.21 Å 3.5 % 5.2 %
Al2O3 (112̄0) hex a, b = 4.76 Å 1.5 % 3.2 %

c = 12.99 Å 12 % 13 %

Fe (100) bcc a = 2.87 Å < 0.1 % 1.7 %
Cr (100) bcc a = 2.89 Å 0.7 % 2.4 %
Ag (100) fcc a = 4.09 Å 0.7 % 2.4 %

Co2Cr0.6Fe0.4Al fcc a = 5.74 Å
Co2Mn1−xFexSi fcc a = 5.64 Å

necessary to have a clean and smooth substrate surface. Imperfections in the form of
steps or particles at the surface will be the source of microscopic or macroscopic film
defects. Finally, inertness and thermal stability of the interface is needed in order to
prevent chemical reactions or interdiffusion between film and substrate material.

For the deposition of the cubic Heusler structure, two substrates were chosen.
It can be gathered from table 2.1 that the (100)-surface of MgO forms a centered
square lattice with aMgO = 4.21 Å. Since

p
2aMgO ≈ aHeusler it can be expected that

the Heusler films grow (100)-oriented and that the unit cells are rotated by 45 ° with
respect to the substrate. The successful growth of epitaxial thin Heusler films using
MgO was reported in reference 105. MgO is hygroscopic and if exposed to air it will
form Mg(OH)2 and MgCO3 at its surface [106].

In order to limit this surface degradation, the span of time the substrates were
exposed to ambient conditions was minimized. To remove the reactants formed
during substrate handling an in situ annealing step at 700 °C was performed prior
to film deposition. This heat treatment also resulted in a smoother substrate sur-
face [106]. The effect on the MgO surface is presented in figure 2.1. The photo
on top shows a RHEED pattern of a substrate directly after transferring into the
vacuum chamber. An ordered surface is evident from the distinct reflections. After
annealing for one hour at 700 °C the reflections become line shaped, which is an
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Figure 2.1: RHEED patterns of an MgO substrate before (top) and (after) vacuum
annealing
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indication of a smooth surface, the increased intensity suggests an increase in surface
ordering [107]. Additional ex situ preparation procedures suggested in literature
[108, 109] showed no observable improvement in surface quality and were therefore
omitted.

The second substrate in use was (112̄0)-oriented Al2O3 (“a-plane sapphire”). It is
inert under ambient conditions, therefore it sufficed to heat the substrate to moder-
ate temperatures in order to remove adsorbed water or hydrocarbons. At first glance
the rectangular structure of the Al2O3 surface—especially the large misfit along the
c axis—seems to be problematic for the growth of Heusler films. Nevertheless, epi-
taxial growth of (110)-oriented Heusler films has been realized [65, 100].

As shown in table 2.1 the lattice misfit between the chosen substrates and the
Heusler films is not optimal. The epitaxial films reported [65, 100, 105] therefore
relied upon high substrate temperatures during deposition. This yields a higher
kinetic energy of the adsorbed metal atoms and hence a better relaxation of the
stress imposed by the substrate. However, the resulting samples showed very rough
surfaces, which poses a major problem for a number of continuative experiments
[65, 110–112]. In order to overcome this issue, a second approach was pursued.
Before film growth, a buffer layer consisting of an elemental metal was deposited on
the substrate. The structures of the buffer materials in use are better lattice-matched
to the films. This is expected to enable flat, crystalline samples at lower deposition
temperatures. A further reduction of lattice defects and further smoothing of the
film surface might be achieved with a post-deposition annealing process [31, 32].
This method has also been applied successfully to the fabrication of epitaxial Heusler
films [31, 49]. The disadvantage of this sample preparation is that the presence of
a second metallic layer prohibits the conduction of transport experiments with the
current flowing in the film plane.

2.2 Sputter Deposition

The term “sputtering” describes the erosion of a material by ion bombardment
[113]. Its application in thin film deposition is illustrated in the left part of figure 2.2.
The deposition chamber is flooded with gas—for the metallic Heusler compounds,
inert Ar is used. Afterward a voltage is applied between the target material and the
substrate. The gas atoms are first ionized and then accelerated toward the target.
The neutral atoms or clusters sputtered from the surface are finally transported to
the substrate surface. In order to increase the deposition rate, the “magnetron sput-
tering” technique is used. Here two ring magnets are placed concentrically behind
the target. The resulting radial magnetic field in front of the cathode forces the
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Figure 2.2: Left: Sketch of the processes relevant for sputter deposition. Right: Actual
sputter deposition chamber used for the preparation of Co2FeSi and Co2Cr0.6Fe0.4Al.

Figure 2.3: Co2FeSi target mounted on a sputtering cathode.
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charged particles on a circular orbit close to the target surface. This will increase
ionization and sputtering rates.

If the sputter target is an electrical conductor, a DC power supply can be used
to drive the process. Due to charge buildup, this is not possible for dielectric targets.
Instead, an RF power supply needs to be used. In order to create the DC bias voltage
required for sputtering from an alternating voltage, a high pass frequency filter needs
to be introduced between source and cathode. Because of their lower mass, this leads
to an accumulation of electrons at the target.

Sputtering is a non-equilibrium process, therefore it can be used to deposit thin
films from basically any target material. However, it should be noted that the sput-
ter yield (the ratio between sputtered atoms and incident ions) at the target is ele-
ment dependent. Also element dependent are the adsorption and desorption rates
at the film surface as well as interaction of the sputtered atoms with each other and
the background gas. Therefore, the constituents of a compound target should have
similar characteristics with respect to these effects. Compounds of elements with
similar masses and melting temperatures are therefore preferable. Otherwise, the
stoichiometries of target and film might differ significantly. Deposition parameters
like the applied bias voltage or substrate temperature usually have only a minor im-
pact on the film composition.

Sputter deposition can be considered the standard technique for the preparation
of Heusler compound thin films (see for example references 32, 49, 108, and 114).
It was therefore chosen as one growth method in this work. The preparation of
Co2FeSi and Co2Cr0.6Fe0.4Al was carried out with the vacuum system shown in
figure 2.2. A turbomolecular pump was utilized for evacuation to approximately
3×10−7 mbar. Two sputtering cathodes were flange-mounted on the top half of the
chamber. One comprised the Heusler target, the other one was employed for Al
sputtering. The latter was deposited on top of the Heusler films in order to protect
the samples from oxidation. On the lower right hand side, a third cathode was used
to sputter a Ti target. On its opposite a liquid nitrogen cold trap was mounted.
The Ti atoms chemically bind residual gas and were afterward adsorbed by the cold
plate of the trap. The cooled area also served to reduce the partial pressure of water.
In conjunction with a bake out procedure after sample loading, the base pressure
of the system could be reduced to 5× 10−8 mbar. The substrates were glued onto
a heater block. Rotation along the vertical axis allowed the choice of the target
cathode, a linear shutter was placed between Heusler target and sample in order to
create samples with a thickness gradient. The substrates could be heated resistively
to temperatures of up to 750 °C.

In order to create the sputtering targets, polycrystalline ingots were prepared by
arc melting [27, 73]. Afterward the ingots were cut into rectangular plates by spark
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erosion, polished, cleaned, and glued to a copper plate in order to form circular
targets with a diameter of 5 cm. In figure 2.3 the boundaries between each piece
can clearly be seen. This might pose a problem, because erosion of silver glue or
copper from the back plate is possible. Fortunately, such contamination could not
be observed by EDX analysis of the films.

2.3 Pulsed Laser Deposition

In pulsed laser deposition (PLD)—also named laser ablation—short light pulses with
a duration of typically 10 – 50 ns and high energy densities of several J/cm2 are used
to vaporize the bulk target material. A sketch of the principle and the actual realiza-
tion are shown in figure 2.4. The light source used in this work was a KrF excimer
laser, which emits at a wavelength of 248 nm. The use of ultraviolet light in laser
ablation is generally advantageous because many materials show strong absorption
in this frequency region [115]. Due to the short pulse duration, the emitted light is
divergent. It needs therefore first to be parallelized and then focused on an area of a
few mm2 at the target. The photon energy is initially converted into electronic ex-
citations and subsequently into thermal, chemical, or mechanical energy. The exact
nature of these energy transfer mechanisms is complex and dependent on the target
material as well as the laser characteristics [116, 117]. The result is the creation of a
very dense ( p ≈ 100−500 bar) and highly energetic (Ekin ≈ 1 eV) plasma. It expands
rapidly and forms a “plume”, which transports the vaporized target material to the
substrate.

Like sputtering, PLD is a non-equilibrium deposition process. Hence, it is ex-
pected that the target stoichiometry will be carried over to the film [118]. However,
due to the same substrate-vapor interaction issues as in sputter deposition, elements
of a compound should again have similar masses. The main advantage of PLD is the
fact that no process gas is needed during sample deposition. No throttling of the
pumping power is required and ultrahigh vacuum conditions may be maintained at
all times. On the other hand, the deposition rate of laser ablation is lower, which
to a certain degree offsets the previously mentioned advantage. The most severe
disadvantage of PLD is the formation of melt droplets caused by superheating of
subsurface target regions [119]. The dimensions of these droplets can reach up to
several micrometers. If they are transported to the substrate, they can obstruct fur-
ther experiments. Finally, the energy to evaporate the target material is delivered
only to a small target region. This limits the area over which a homogeneous film
stoichiometry and thickness may be obtained. The advantage of this point is that a
small amount of target material suffices for thin film deposition.
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Figure 2.4: Top: Sketch of a vacuum chamber designed for pulsed laser deposition (top
view). Bottom: Realization of the pulsed laser deposition system used in this work.
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Figure 2.5: Photo of the mobile vacuum chamber. A battery powered ion getter pump
allows sample transport at a pressure below 10−9 mbar.

Pulsed laser deposition is commonly employed for thin film preparation of ox-
idic materials, it was especially successful with high-TC superconductors [120]. Its
use in the deposition of metallic films is less common [121], mainly due to an ex-
cessive production of melt droplets. Nevertheless, successful epitaxial growth of
Heusler films has been reported [46, 122].

For the deposition of the metallic Heusler alloys oxidation is highly undesirable.
Therefore the improved ultrahigh vacuum system shown in figure 2.4 needed to be
constructed at the beginning of this work. The main chamber was evacuated with
an ion getter pump in conjunction with a Ti sublimator. After pumping down and
baking out a base pressure between 1 and 2× 10−10 mbar could be reached. The use
of a separate load-lock chamber allowed the quick exchange of samples. Additionally
the mobile vacuum system shown in figure 2.5 could be attached to the deposition
chamber. It enabled the transport to external surface sensitive experiments such as
photoemission spectroscopy or scanning tunneling microscopy without breaking
the vacuum.

Again, targets with a diameter of 2.5 cm were cut from polycrystalline ingots.
Several bulk materials were needed for thin film deposition: a buffer material, the
Heusler compound and aluminum for capping. Therefore, a possibility to move
different targets into the fixed laser focus was required. This was accomplished by
the carousel shown in figure 2.6, which is based on the design by Clark and Weston
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Figure 2.6: Target carousel for the pulsed laser deposition system. The different colors
in the model indicate to which stepper motor the moving parts are coupled. The green
motor drives the planetary gear, the brown one allows the selection of the desired target.

[123]. A planetary gear connected to a stepper motor allowed the rotation of the
individual targets. In order to select the different targets a second stepper motor
was used to rotate the whole disk onto which the “planets” are mounted. The two
movements were decoupled by means of ball bearings. This setup not only allowed
the choice of the required bulk materials. The combination of both rotations also
enabled erosion of the whole target disk.

The movement of the stepper motors as well as the laser emission could be re-
motely controlled by a computer. This allowed the unattended change of different
targets and therefore the fully automated growth of multilayer samples. More im-
portant is the fact that this introduced a high flexibility in film deposition, because
the targets could now be switched as often as required without further need for
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manual attendance. It was therefore possible to deposit alternating sub-monolayers
of Co2FeSi and Co2MnSi in order to create arbitrary Co2Mn1−xFexSi samples.

The laser pulses impact on the target with an angle of 45 ° to the surface. The
rotation axis of the plasma plume is along the surface normal. Therefore, the sub-
strates were positioned opposite the target carousel. The sample stages were trans-
ferred onto a heater block, which again could be heated resistively up to 700 °C. An
electron gun and a fluorescent screen were mounted perpendicular to the substrate-
target axis. This RHEED setup allowed in situ monitoring of the growth process
(see also section 2.6 on page 31).

2.4 X-Ray Diffraction

The wavelength of X-ray light is comparable to the interatomic distances in a solid.
Therefore, the analysis of diffraction patterns at these three-dimensional grids serves
as the standard tool to identify crystal structures. In order to interpret the experi-
mental diffractograms the von Laue formalism [124] was applied. Here the elas-
tic scattering of the incident plane X-ray wave off single atoms is considered. The
diffracted partial beams interfere with each other. The intensity is then found to be
proportional to e id j ·K with the position d of the j th atom in the unit cell and the dif-
ference K between incident and scattered wave vector. Summing over the unit cell
and introducing element specific atomic form factors f j yields a scattered intensity
[124] of
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From the exponential factor it can be concluded that constructive interference
occurs only if the change of the wave vectors K is a vector of the reciprocal lattice.
This condition can be illustrated with the Ewald sphere construction as shown on
the left hand side of figure 2.7. Since elastic scattering is assumed, incident and
diffracted wave vectors both lie in a sphere of radius

�

�k
�

�. Diffraction peaks will only
be observed if K connects two points in reciprocal space lying on the sphere. An
equivalent description in real space is Bragg’s well-known law

2d sinθ= nλ. (2.2)

It establishes a connection between the spacing d of the direct lattice planes perpen-
dicular to K and the X-ray radiation with wavelength λ impacting under the angle
of incidence θ.
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Table 2.2: Scattered intensities of different reflections in the Heusler structure [40] as a
function of the atomic form factors of the four sublattices A – D. Miller indices refer to
the conventional cubic unit cell, the right column denotes the factor given by the right
hand side of equation (2.1)

Reflection Scattered intensity

(111)
�

�( fA− fC )
2+( fB − fD)

2
�

�

(200) | fA− fB + fC − fD |2
(220) | fA+ fB + fC + fD |2

In order to interpret X-ray diffraction patterns of compound systems the form
factors—defined as the Fourier transforms of the electron densities—of the individ-
ual elements have to be taken into account. Evaluation of equation 2.1 for the
Heusler structure results in the expressions given in table 2.2 [40]. The form fac-
tors of the atoms in the Co-based Heusler compounds under investigation here are
approximately fCo ≈ fMn,Fe ≈ 2 fSi,Al [125]. If all Miller indices of a reflection are
even and if h + k + l = 4n it can be seen from table 2.2 that the intensity is cal-
culated from the sum of the individual form factors. These principal reflections are
therefore independent of the short range ordering of the system. In the B2 case,
the intermixing of the atoms on the B and the D sublattices causes a disappearance
of those reflections whose Miller indices are all odd. A2 disorder will additionally
extinct all-even reflections with h + k + l = 4n+ 2. DO3 disorder between Co and
the main group element will weaken but not extinguish the scattered intensities of
all save the principal reflections. Since the form factors of the transition metals are
nearly identical it is not possible to explore DO3 type disorder between Co and Fe
or Mn in these samples by X-ray diffraction. In practice the exact intensity ratios
for varying degrees of disorder have been calculated with POWDERCELL [126, 127]
and compared with experimental results. This program takes into account the exact,
K-dependent atomic form factors in order to simulate the diffractograms.

In order to vary K in this work the rotating crystal (or Bragg or ω–2θ) method
was employed: the incident X-ray beam has a monochrome wavelength and a fixed
direction. The investigated crystal and the detector are rotated to vary the angle of
incidence ω and the detector position 2θ. A sketch of this experimental setup is
presented in figure 2.8. In the reciprocal space picture, the tip of the incident wave
vector and with it the Ewald sphere is rotated as indicated in the right hand side of
figure 2.7. The X-ray sources in use emitted Cu Kα1 radiation with a wavelength of
λ= 1.54056 Å. Additional contributions stemmed from Kα2, Kβ as well as Mo and
W impurities.
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Figure 2.7: Left: The Ewald construction for a planar cut through reciprocal space.
Right: Evolution of the Ewald sphere in a rotating crystal experiment.

In the ω-scan (“rocking curve”) mode of operation 2θ is kept fixed on a lattice
reflection and ω varied. In a perfect crystal a signal is obtained only if ω = θ.
The variation of ω for a polycrystalline sample with a certain mosaic spread of the
individual crystals will result in a Gaussian broadening of the intensity distribution
around the maximum.

Two different machines were used in the characterization process. The fist one
was a two circle diffractometer, which only allows the rotation along ω and 2θ, χ
is kept fixed at 0 °. This method allows the fast access of the crystal planes parallel
to the film surface. It can therefore be used to investigate the layer-by-layer crystal
growth of the film on the substrate. If the obtained diffractograms showed a high
quality, further studies of the crystal structure were carried out with a four-circle
diffractometer. It allows the variation of all angles and therefore the access to arbi-
trary lattice planes.

2.5 X-Ray Reflectometry

In addition to structural analysis, X-rays can also be used to determine film thick-
ness. This is achieved by examining reflection under glancing incidence. Below the
critical angle θC of the topmost layer, total reflection of the incident light is ob-
served. If θC is exceeded, a portion of the radiation may permeate the sample and
will be reflected at the next interfaces. Interference of these partial beams results in
the so-called Laue intensity oscillations. In the simplest approximation, their charac-
teristics can be described with Bragg’s law. In order to obtain a more precise picture,
the different indices of refraction have to be taken into account [128, 129]. They
determine θC, the decrease in intensity for θ > θC, and deviations in the Laue os-
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Figure 2.8: Geometry of a rotating crystal X-ray diffraction experiment. Please note
that conventionally the angle of incidence is denoted with ω and the detection angle
with 2θ (instead of 2ω) because they can be varied independently.

Figure 2.9: Optical path in an X-ray reflectometry experiment. The dashed lines indi-
cate the progress without refraction.

cillations from Bragg’s law. The last point is caused by a change of the optical path
as shown in figure 2.9.1 Finally, the interface roughness, which will cause a peak
broadening, has to be considered. Model calculations accounting for these parame-
ters were performed with PARRATT32 [129, 130] and compared with experimental
data.

2.6 Electron Diffraction

In reflection high-energy electron diffraction (RHEED), electrons instead of electro-
magnetic waves are used to probe the crystal structure[107]. They are accelerated
to energies of typically 10 – 20 keV and impinge the sample nearly parallel to its

1This deviation is also present in diffraction experiments, but it can be neglected for θ≫ θC.
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Figure 2.10: Ewald sphere construction for a RHEED experiment.

surface. This flat angle of incidence results in a very small k component normal to
the surface. Therefore, these electrons probe only a few atomic layers below the sur-
face [131] and the sample can be approximated by a two-dimensional crystal. The
points in reciprocal space degenerate into one-dimensional rods, which is sketched
in figure 2.10. The intersection of the Ewald sphere with these rods causes a nonva-
nishing diffracted contribution, which is detected with a fluorescent screen. It can
be seen from the illustration that one obtains several orders of reflections, which
are arranged as concentric rings on the screen. Since the Ewald sphere is almost flat
(k = 785 nm−1 for 20 keV) compared with the reciprocal lattice (≈ 1 nm−1), the
intersections of the extended reciprocal rods with the Ewald sphere become streaks
instead of points.

Although not evaluated quantitatively in this work, RHEED played an impor-
tant role in sample characterization. The existence of a diffraction pattern indicates
good crystalline quality of the sample, whereas an overall diffuse signal is the result
of a disordered surface. RHEED is an in situ technique, and the alignment of the
beams parallel to the sample surface allows monitoring of the crystal growth dur-
ing deposition. For the deposition of Heusler compounds this is very beneficial,
because it allows examining the surface quality of substrate and buffer layer directly
before film deposition.

A second method of surface sensitive electron diffraction can be attained if a
beam of low energetic (E ® 150 eV) electrons is directed normal to the surface. The
probing depth of this setup is comparable to RHEED, so again diffraction off a two-
dimensional grating has to be considered. In such low energy electron diffraction
(LEED) experiments [132], backscattered electrons are registered on a fluorescent
screen. This setup prohibits real-time monitoring of the growth processes, because
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electron source and detector need to be placed opposite of the sample surface. The
main difference to RHEED stems from the fact that now Ewald sphere and recipro-
cal space have comparable dimensions. Only a few diffracted beams appear and the
reflections are no longer line- but point-like.

2.7 Bulk Magnetometry

For the detection of the magnetic properties two techniques were used which both
exploit the electromagnetic induction caused by a movement of a magnetized sam-
ple. In order to eliminate contributions from external magnetic field the sensing
coils are formed as gradiometers. In a vibrating sample magnetometer (VSM) [133]
the sample is driven with a vibration of constant frequency. This results in an oscil-
lating magnetic flux through the sensing coils. Since the induced voltage alternates
with the same frequency as the driver, the induction voltage can be measured with a
lock-in technique. The magnitude of this signal is proportional to the magnetic mo-
ment of the sample. It is also dependent on the frequency of the vibration. However,
it is not possible to increase arbitrarily, because of parasitic vibrations in the setup.
The low-frequency regime is limited by the sensitivity of the voltage measurement.
For an optimized frequency the root mean square noise floor of the system in use
was 1.5× 10−9 Am2.

The second machine in use was a SQUID magnetometer [134, 135]. In princi-
ple, it can be considered as a low frequency VSM, as the sample is moved linearly
through the pickup coils. The induced current is converted into measurable volt-
age signals by one or more superconducting quantum interference devices, which
exploit the Josephson effect in a superconducting loop [136]. Additional sensitivity
is gained if the linear sample transport is replaced with a low-frequency sinusoidal
movement, which reduces thermal noise. For the latter case, the sensitivity of the
SQUID magnetometer used in this work was one order of magnitude better than
the VSM. The downside of this second method is that it is vastly slower in hysteresis
measurements. Since the sensitivity of the VSM is already well below the expected
signals from the Heusler compounds, it was used as the standard tool.

Both VSM and SQUID experiments were located within variable temperature
insets (VTIs) of liquid helium cryostats. This enabled the controlled variation of
the sample temperature between 2 K and room temperature. The magnetometry se-
tups were primarily used to measure hysteresis loops at constant temperatures. The
films were mounted with the surface parallel to the external field, which allowed
the determination of the saturation and remanent magnetization as well as the co-
ercitive field. Rotation of the sample along the film normal was used to estimate the
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angular dependence of the in-plane magnetocrystalline anisotropy. The last tech-
nique was limited by the lack of a precise method of alignment or rotation. Finally,
the temperature dependence of the magnetization at a fixed external field could be
investigated.

Before interpreting the measured data, it has to be kept in mind that the underly-
ing substrates and buffer layers give additional contributions, which first need to be
subtracted. Furthermore, the shape of the samples is an important factor in quanti-
tative analysis. The machines had been calibrated with spherical bulk samples. Such
references have an isotropic demagnetization field and the stray field has the same
form as an ideal magnetic dipole [137]. The thin film geometries have a vastly dif-
ferent form, which are expected contribute to a systematic error of up to 20 %. The
machines therefore had to be recalibrated with plate-like references.

2.8 Transmission Electron Microscopy

As in RHEED, a transmission electron microscope (TEM) makes use of the wave
character of the electron [138]. The limiting factor for TEM resolution is not the
electron wavelength—the model in use has an accelerating voltage of 300 kV, which
corresponds to λ= 2 pm—but the quality of the electron optics. Nevertheless, infor-
mation on the atomic scale can be obtained. As its name implies, most information
is gathered from electrons passing through a very thin specimen. The interaction of
the incident electron with sample matter causes in the transmitted beam a variation
in intensity as well as angular distribution. The former effect is used for imaging
the spatial distribution of the atoms, the latter allows the recording of diffraction
patterns.

2.9 Nuclear Magnetic Resonance

The concept of nuclear magnetic resonance (NMR) spectroscopy is based on the
magnetic properties of the nuclei [139]. The nuclear magnetic dipole moment is
given by µ = ħhγ I , with the isotope specific gyromagnetic moment γ and the nu-
clear spin quantum number I . If an external magnetic field B0 is present the 2I + 1
fold energy degeneracy will be lifted by Zeeman splitting and the spins will precess
around the field direction. The energy splitting is probed in most cases by applying
a radio frequency field perpendicular to B0.

In solids in thermal equilibrium the ensemble of nuclear moments creates a net
magnetization along the B0 direction. After applying a π/2 pulse this magnetiza-
tion precesses freely in the plane perpendicular to B0, which can be measured with
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an inductive pickup coil. In ferromagnetically ordered samples the local field of a
nucleus is dominated by the hyperfine field Bhf [140]. It describes the interaction of
the nuclear magnetic moment with the spin and orbital magnetic moments of the
surrounding electrons. The main contribution in transition metals is caused by a
hybridization of d electrons from the nearest neighbor atoms with on site s orbitals.
This is the source of a finite spin polarization at the nucleus. Therefore, NMR is
well suited to investigate atomic ordering in ferromagnets: a change of the nearest
neighbor configuration changes the spin polarization and will therefore alter the
investigated hyperfine field.

2.10 Morphology

In scanning electron microscopy (SEM) electrons are accelerated to energies of sev-
eral hundred eV and focused on a spot of down to 1 nm. Being detected are low-
energy secondary electrons generated by inelastic processes. The emission charac-
teristic is symmetric around the surface normal, so intensity variations can be used
to create a plastic image of the surface. The parallel incident beam and the nature of
the secondary electrons allow for images with a very high depth of field. The SEM
electron source could also be used for energy dispersive (EDX) spectroscopy. Here
the electrons are accelerated to 20 keV and used to ionize the material. The resulting
characteristic radiation can be used to determine the film stoichiometry.

Atomic Force Microscopy (AFM) maps the sample morphology by investigating
the forces between a probing tip and the surface atoms. In noncontact operation, a
cantilever is driven into oscillations. If the tip approaches the surface, the amplitude
will change. In contact mode, the bending of the cantilever is directly observed. This
allows in principle for atomic resolution, put in reality it is limited by mechanical
distortions.





CHAPTER 3

HEUSLER THIN FILMS

In the first two chapters it has been exposed what is considered a “high quality”
Heusler compound and how one can expect to create thin films possessing the de-
sired properties. As a consequence from these discussions, the main focus of film
growth was a reproducible, well-defined growth of epitaxial thin films with a high
degree of L21 order and a magnetic moment compatible with the Slater-Pauling
rule. Furthermore, the effects of the substrate on the film needed to be minimized.
Strained growth or impurities had to be avoided. This chapter now details the exe-
cution of the sample preparation process. It will be shown how the different deposi-
tion techniques and a systematic variation of the other growth parameters affect the
film properties of interest.

3.1 Sputter Deposition of Co2Cr0.6Fe0.4Al

With the sputter deposition system described in section 2.2 it had been possible to
grow epitaxial thin films of Co2Cr0.6Fe0.4Al on heated (1120)-cut Al2O3 substrates
prior to this work [65]. However, although the long-range crystallographic quality
of such films was excellent, the {111} and {311} superstructure reflections could
not be found. Additionally, the magnetization value of 2.5 µB/f. u. was drastically
reduced compared with 3.8 µB/f. u. expected from the Slater-Pauling rule [61] and
with bulk samples, for which a value of 3.5 µB/f. u. was reported [55]. This hints
toward a significant amount of A2 disorder in these samples [52]. Similar results had
been published for Co2Cr0.6Fe0.4Al films deposited on MgO (100) substrates [105].
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Figure 3.1: ω–2θ scan of a Co2Cr0.6Fe0.4Al film deposited on Al2O3 at room temper-
ature. The (220) film reflection is expected to be located at 44.6 °. The frame indicates
the region shown in figure 3.2

As a first attempt to improve film quality the liquid nitrogen cold trap and ti-
tanium getter system as described in section 2.2 were fitted to the recipient. The
resulting pressure decrease at both low and high temperatures of roughly one order
of magnitude yielded a more reliable deposition process. Prior to this installation,
the Co2Cr0.6Fe0.4Al films showed signs of surface oxidation [111]. For samples de-
posited during this work, XMCD experiments did not detect oxygen [141]. How-
ever, neither diffraction nor magnetometry showed improved sample quality. It
seems therefore that oxidation is confined only to a small fraction of the films.

In order to overcome these problems, an approach first reported for Heusler
thin films by Kämmerer et al. was employed [32]. The films were deposited at room
temperature, structural and magnetic properties were improved by a post-annealing
step. For the needs of Co2Cr0.6Fe0.4Al thin film deposition, the Al2O3 and MgO
substrates were first vacuum-annealed, as explained in section 2.1. After cooling
down to ambient temperature, first the Heusler material and afterward an Al cap
layer were deposited. As a final preparation step, the films were heated in vacuum
for one hour at a fixed temperature.
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Figure 3.2: Area of interest from figure 3.1 of the Co2Cr0.6Fe0.4Al film after deposition
at room temperature (bottom) and after annealing for 1 h at 400 °C (top).

Figure 3.1 shows an example of a Bragg scan of a Co2Cr0.6Fe0.4Al / Al2O3 film
after deposition at room temperature; the results for Co2Cr0.6Fe0.4Al / MgO sam-
ples are similar. It can be seen that at the expected position of the (220) reflection
at 2θ = 44.6 ° hardly any scattered intensity is recorded. All other peaks visible in
this diffractogram are substrate reflections. This is consistent with earlier findings
[65]. To examine the effect of the annealing process, a magnified view of figure 3.1
is shown at the bottom half of figure 3.2. A scan of the same sample after one hour
of annealing at 400 °C is shown at the top. It is obvious that this procedure does not
improve the long-range crystal quality. In contrast, the thermal treatment seriously
alters sample magnetization (see figure 3.3). The maximum values were obtained
after annealing at temperatures of 300 to 400 °C. Here the magnetization clearly
exceeds the values obtained for epitaxial films grown at high substrate temperature.
It can also be seen that the temperature dependence of the magnetization is much
less pronounced for these optimized annealing conditions.

This discrepancy between magnetic and structural properties can be resolved
by transmission electron microscopy. The diffraction pattern of a film deposited
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Figure 3.3: Dependence of the saturation magnetization (measured at room tempera-
ture and at 5 K) on annealing temperature. This plot shows the data for a single film,
which was deposited at room temperature on Al2O3 and then annealed at subsequently
higher temperatures for one hour each.

at room temperature is shown in figure 3.4. The occurrence of diffraction rings
shows that this film is not completely amorphous but consists of randomly oriented
crystallites. Their size is too small to be resolved by X-ray diffraction. It is therefore
possible that the annealing process causes an increase of the short-range ordering
within these nanocrystallites. On the other hand, it does not induce coalescence of
the crystallites and the long-range order remains low. The drop of the magnetization
at higher temperatures probably originates from interdiffusion between Al cap and
Heusler film as well as the formation of paramagnetic CoAl clusters [143].

As noted in section 2.1, the non-epitaxial growth at room temperature is likely
a result of the differences in crystal structure of substrate and film. Therefore it was
attempted to deposit a metallic buffer layer before film growth. However, neither
on Al2O3 nor on MgO it was possible to grow epitaxial Fe or Cr layers, even though
successful sputter deposition on MgO has been reported [76]. The most plausible
reason for this failure is the high base pressure of the deposition system. From
classical kinetic gas theory [144] it can be estimated that at 5× 10−8 mbar it takes
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Figure 3.4: Transmission electron diffraction pattern of a Co2Cr0.6Fe0.4Al / Al2O3
film deposited at room temperature [142].

30 seconds until the substrate surface is covered with a monolayer of residual gas
atoms. The heater in use needed approximately 2 hours to cool down from the
initial cleaning process. Therefore, it is to be assumed that at the beginning of the
deposition process at room temperature no longer a well-ordered surface is present.

3.2 Sputter Deposition of Co2FeSi

Co2FeSi thin film deposition by DC magnetron sputtering turned out to be more
problematic than for Co2Cr0.6Fe0.4Al. Instead of a clearly defined plasma ring, only
a diffuse cloud was visible. The cause of this problem seems to be the higher satura-
tion magnetization of Co2FeSi, which prevents the magnetron field from penetrat-
ing the target. The results were a low deposition rate and a poor structural quality
compared with Co2Cr0.6Fe0.4Al films grown under similar conditions. To overcome
this issue, sputter deposition was carried out with an RF power supply. The first at-
tempts in film growth were again carried out with heated Al2O3 (1120) and MgO
(100) substrates.

Co2FeSi films RF sputter deposited on the former substrate show (110) oriented
growth, as evidenced in the Bragg scan shown in figure 3.5. The (220) and (440) film
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Figure 3.5: ω-2θ scan of an uncoated Al2O3 substrate (gray) and of a sputter deposited
Co2FeSi / Al2O3 sample (black). The two curves are shifted vertically for better visibil-
ity. The inset shows an ω scan of the (220) film reflection. Film thickness is 100 nm,
deposition was carried out at a substrate temperature of 700 °C.

reflections have a very high intensity and a small width. The double peak structure
of the (440) signal is a consequence of the Cu Kα hyperfine splitting. Two small
peaks in addition to the distinct film reflections can be observed. The first contribu-
tion at 40.9 ° is caused by a small Cu Kβ impurity of the incident X-ray beam. The
second reflection is located at 66.5 ° and corresponds to the (400) plane of Co2FeSi.
Comparing the integrated intensities of the (220) and the (400) signal with the calcu-
lated values reveals that less than 0.5 % of the film show this deviant orientation.

Theω scan of the (220) peak shown in the inset of figure 3.5 can be represented
as the sum of a Lorentzian and a Gaussian contribution. The former line is caused
by resonant diffraction from ordered areas of the samples. It has a FWHM of 0.05 °,
which is comparable to the instrumental resolution. The Gaussian contribution
originates from a random tilting of other parts of the sample. It has a FWHM
of 0.2 °, which is a significantly better value compared with reports for similar
Heusler films [65, 105, 145]. All these characteristics observed so far signify an
extremely well ordered layer-by-layer growth on Al2O3. Further information from
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Figure 3.6: Bragg scan of the (220) reflection of a Co2FeSi film. For the model curve
a film thickness of 24 nm, a resolution in 2θ of 0.05 °, and an RMS roughness of 1 nm
was assumed.

these diffractograms can be acquired if the shape of the film reflections is analyzed
in more detail.

The intensity distribution in the vicinity of a Bragg reflection can be modeled
analogous to the interference of light at an optical grating [144, 146]. The intensity
I scattered from a film with finite thickness, consisting of N lattice planes spaced at
intervals of d can then be described as

I ∝
�

sinN∆ϕ/2

sin∆ϕ/2

�2

, ∆ϕ = 2
�

�k
�

�d cosθBragg sin∆θ. (3.1)

The width of the central maximum can be approximated with the Scherrer formula

t ≈
0.9λ

∆(2θ)cosθ
, (3.2)

which establishes a correlation between the size t of an arbitrarily shaped particle
and the FWHM∆(2θ) of a Bragg reflection located at angle θ [146, 147].



44 Heusler Thin Films

1 2 3 4 5
1E-6

1E-5

1E-4

1E-3

0.01

0.1

1

 experiment
 model

 

 

in
te

ns
ity

 (a
rb

. u
ni

ts
)

2  (deg)

Figure 3.7: X-ray reflectivity of the Co2FeSi / Al2O3 sample presented in figure 3.6.
The model calculation was performed with the same parameters as before.

For a quantitative analysis with equation (3.2), the diffractometer resolution was
estimated from the peak broadening of the substrate signals. Here it was assumed
that the substrate is a perfect single crystal and hence that the peak width is only
caused by the finite instrumental resolution. This contribution was then subtracted
from the experimental width of the signal. For the film presented in figure 3.5 X-ray
reflectometry yields a thickness of 100 nm. Equation (3.2) estimates a crystallite size
of 92 nm perpendicular to the surface. This signifies that the film consists of a single
crystallographic domain over the complete film thickness.

For films with a thickness of less than 40 nm additional satellites appear in the
vicinity of the film reflections, as shown in figure 3.6. This behavior can be repro-
duced very well with the exact finite size formulation of equation (3.1). For this
example the best agreement between experimental data and model was found for a
film thickness of 24 nm. This value can be confirmed with X-ray reflectometry—the
corresponding data for the same sample is shown in figure 3.7. Furthermore, the
Scherrer equation gives an approximate value of 30 nm. In thick films, these finite
size oscillations could not be observed. Their intensity drops more rapidly and their
peak distance falls below the resolution limit of the diffractometer. Their presence
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Figure 3.8: Scan of a plane in reciprocal space perpendicular to the specular (220) reflec-
tion of a Co2FeSi / Al2O3 film. For better visibility, a constant background has been
subtracted. The color scale indicates the square root of the measured intensity, the red
circle shows the evolution of the ϕ-scan in figure 3.9.

again indicates a high quality out of plane growth. Additionally, it signifies a flat sur-
face morphology, because otherwise the broadening of the side maxima will disable
their observation.

Compared with the stacking of individual layers, in-plane growth is considerably
less well ordered. This is illustrated in figure 3.8. The specular (220) reflection in the
center is well defined and has a high peak intensity, as expected from the previous
investigations. For the in-plane reflections, it can be seen that the scattered intensity
is not confined to points in reciprocal space. Instead, the reflections tend to form
concentric circles. The radial intensity distribution is reasonably well defined also
in this case. This circular intensity distribution can readily translated into real space.
It occurs if ϕ is varied and the other angles are fixed. Figure 3.9 shows a ϕ scan of
the same sample along the circle in reciprocal indicated in figure 3.8. It can be seen
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Figure 3.9: ϕ-scans of a sapphire substrate and the Co2FeSi film deposited on top. The
most intense film reflections have been labeled (400) and (400). A – D mark equivalent
secondary peaks.

that the scattered intensity is distributed over several domains. The reflections with
the highest intensities have been assigned (400) and (040).

A comparative scan of the underlying substrate (shown in the lower part of fig-
ure 3.9) reveals that the (110) planes of the film are parallel to the (0001) planes of
the substrate. At first glance, this is somewhat surprising. As shown in the upper
left part of figure 3.10 the lattice constants at the interface differ by a large amount
in both directions. One would rather expect that the film grows rotated by 90 °.
As illustrated in figure 3.10, the crystal structure at least along the [110] film direc-
tion fits very well to the substrate surface. But contrary to this simple picture, only
a small fraction of the film grows in that orientation, which causes the additional
reflections marked with A in figure 3.9.

In order to understand this discrepancy, a more detailed comparison of the po-
sition of film and substrate atoms is required. In this case it can be noticed that
film atoms tend to be located on top of oxygen substrate atoms for the favored ori-
entation (110)film||(0001)substrate. Such behavior is much less pronounced for the A
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(400) : (110)film||(0001)substrate A: film rotated by 90 °

C: film rotated by 55 ° D: film rotated by 35 °

Figure 3.10: Projection of Co2FeSi (110) on Al2O3 (1120). Black discs represent Al,
gray discs O atoms. Co atoms are colored blue, Fe and Si are red and green, respec-
tively. Black lines show the contours of the unit cells. The lettering below the images
corresponds to the labels in figure 3.9.
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Figure 3.11: Top: AFM image of the surface of a Co2FeSi / Al2O3 (100 nm) sample.
Bottom: Depth profiles along the lines indicated above.

alignment. It seems therefore that the energy gain due to these metal-oxygen bonds
outweighs the increased stress imposed on the film due to the larger lattice mismatch.
The appearance of further reflection families marked with B – D is also connected
to similar atom matching. The integrated contribution of the secondary reflections
accounts for typically 10 – 15 % of the total intensity, depending on the deposition
parameters. Despite the non-perfect growth, it is therefore possible to measure ori-
entation dependent properties.

Summing up the crystallographic properties so far, an extreme case of island film
growth seems to be present. Layer-by-layer growth of Co2FeSi on Al2O3 is nearly
perfect. On the other hand, the very large differences in the crystal structure of
film and substrates stimulate several epitaxial in-plane domains. This assumption is
supported by the surface morphology of these samples. It can bee seen in the AFM
images shown in figure 3.11 that the overall flat film surface (line B) is pervaded
by deep trenches (line A). It may be possible in this scenario that large crystallites
of different orientation can coexist without forming a common interface. It should
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Figure 3.12: Bragg scan of an MgO substrate before and after film deposition. Film
thickness is 70 nm Co2FeSi, deposition temperature was 700 °C. The two curves are
shifted along the ordinate for better visibility.

further be noted that the AFM findings do not contradict the more indirect evidence
from X-ray diffraction and reflection, because a large portion of these films is indeed
flat. In this case, the roughness cannot be described with a normal distribution. This
is assumed in the models presented earlier, however.

High temperature deposition on MgO (100) substrates yields a different growth
orientation, as shown in figure 3.12. Here the (200) and (400) diffraction signals can
be detected. No additional signals and therefore no impurity phases are observed.
The crystal size estimated with the Scherrer formula is approximately half of the
film thickness, the ω scan of the (400) reflection has a FWHM of 0.35 °. Thus,
the crystal size is smaller and the angular spread of the crystallites larger than in
Co2FeSi / Al2O3 films. Nevertheless, reported values for Co2FeSi and comparable
Heusler films are considerably larger [67, 105, 108, 145].

Furthermore, the in plane growth has a very high quality. The ϕ scan presented
in figure 3.13 shows that only the expected fourfold symmetry of the {220}Heusler
reflections is observed. Therefore, it can be concluded that truly epitaxial growth
is realized for Co2FeSi / MgO. The additional ϕ scan of the substrate shows that
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Figure 3.13: ϕ-scans of the {220} reflections of an MgO substrate and the Co2FeSi film
deposited on top.

Figure 3.14: HRTEM image of an MgO-Co2FeSi interface.
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Figure 3.15: ω scans of the specular (220) (black) and the off-specular (202) (gray) reflec-
tion of a Co2FeSi / Al2O3 sample. Icons mark experimental intensities, lines Gaussian
fits. Despite the different line widths, the integrated intensities differ by less than 1 %.

the unit cells of both systems are rotated by 45 ° around the [100] axis. Despite a
relatively large misfit of 5.6 % the interface between film and substrate is very well
ordered as shown in the transmission electron micrograph of figure 3.14.

In order to estimate the atomic ordering in these samples, their peak intensities
were analyzed as described in chapter 2.4. For this purpose ω scans of all accessible
reflections were performed and their integrated intensities were compared. Sum-
ming over the total scattered intensities allowed the comparison of reflections with
different line shapes, which occurred in Co2FeSi / Al2O3 samples (see figure 3.15).
Figure 3.16 compares the calculated values for different degrees of Co-Si disorder
with the experimental intensities obtained for a sputtered Co2FeSi / MgO film. It
is noticeable that the experimental intensity of the (400) reflection is reduced by a
factor of two compared with the expected value.

It should be recalled that the relative intensity of the principle (400) signal is
independent of the details of the stoichiometry. This highlights the fact that the
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Figure 3.16: Relative X-ray intensities of a Co2FeSi / MgO film. Open squares show
the measured data. Filled squares show the calculated values for random Co-Si disorder.

simulated data obtained for powdered samples cannot readily be compared with thin
film samples. As discussed above, the films show a pronounced columnar growth.
Therefore, film thickness may be large compared with the lateral size of a crystallite,
leading to a pronounced finite size broadening. In addition, the diffracted intensity
of a thin film depends on the illuminated area, which is only approximately known.
Despite these shortcomings and the obvious discrepancy of the (400) reflection it
can be seen that the intensities of the other reflections are quite consistent. Their
relative intensities can best be described with a disorder of 10 – 20 % Si atoms on
Co sites and vice versa. It is noteworthy that this type of disorder is expected to be
energetically unfavorable [53]. On the other hand, the kinetic energy of sputtered
atoms is high enough to overcome this barrier. A second reasonable interpretation
of the measured intensity ratios is the existence of an off-stoichiometry in the films.
Figure 3.17 shows the intensities in case of an iron excess at the expense of silicon.
In this case best agreement is obtained for a Si deficiency of 10 – 20 %.

In order to narrow down the possibilities, further structural investigations on
these samples were performed by 59Co spin echo NMR spectroscopy [58]. The
recorded spectra show a distinct multiplet structure. This can be attributed to dif-
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Figure 3.17: Relative X-ray intensities for the sample as in figure 3.16. Filled squares
now represent Fe excess on Si sites.

ferent nearest neighbor configurations. All satellite peaks lie on the high frequency
side of the main peak. Applying a simple statistical model and comparison with
bulk samples shows that the composition of these samples is Co2Fe(Si0.9Fe0.1). Other
forms of disorder could not be detected. From these results, it can be seen that the
analysis of scattered X-ray intensities may deliver a reasonable approximation of the
short range ordering in the Heusler samples.

This deviation from the ideal L21 structure manifests itself in the magnetome-
try data presented in figure 3.18. From the hysteresis loops it can be seen that the
saturation magnetization at 5 K does not exceed 5 µB/f. u.. Interestingly, despite
this reduced value the temperature stability is better in the investigated temperature
region than for bulk samples. The film magnetization scales with T 3/2, whereas the
bulk curve may be described with a T 1.8 law. However, this might rather be the
consequence of sample geometry than sample quality. Decrease in magnetization
is commonly ascribed to spin-wave excitations. For T ≪ TC only low-energetic
magnons contribute to this change. In thin films, the formation of excitations with
large wavelengths normal to the surface is not possible [148]. Further magnetic
properties, especially the magnetic anisotropy, will be discussed in chapter 5.1.
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Figure 3.18: Temperature dependence of a Co2FeSi / Al2O3 thin film (points) and a
bulk sample (line) magnetization. The two curves are normalized to their low tempera-
ture values. The inset shows thin film hysteresis loops at different temperatures.

The sputter deposition at high temperatures reported so far yields the best qual-
ity Co2FeSi films. It can be seen in figure 3.19 that for T ¦ 650 °C long-range crys-
tal growth and magnetic moments are independent of deposition temperature. For
lower substrate temperatures, these properties clearly deteriorate. Below 300 °C no
long-range ordering can be observed. The evolution of the short-range order could
not be quantified. Due to the peak broadening the low-intensity superstructure re-
flections are difficult to evaluate. However, the coinciding decrease of the saturation
magnetization gives evidence that these low-temperature films veer further away
from the optimal Heusler structure [52].

Thin film deposition at room temperature combined with a post-annealing step
as described on page 38 for Co2Cr0.6Fe0.4Al yields similar results for Co2FeSi. Again,
no long range ordered growth could be induced by the heat treatment, but the mag-
netization values could be improved. Again the maximum value was obtained at
400 °C. In contrast to Co2Cr0.6Fe0.4Al, it was not possible to improve the magnetic
quality compared with the high-temperature samples. The best annealed samples
also show a magnetization value of 5 µB/f. u..
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Figure 3.19: Dependence of structure and magnetization on deposition temperature.
For T < 300 K no diffraction was observed. The magnetic moments were measured at
20 K. The inset shows the correspondingω–2θ scans for Co2FeSi /MgO films.

3.3 Pulsed Laser Deposition of Co2Mn1−x
Fe

x
Si

The data presented so far suggest that it is not possible to optimize sputter deposition
of Co2Cr0.6Fe0.4Al and Co2FeSi with respect to all properties desired of a Heusler
thin film. Either epitaxial growth can be induced with high deposition tempera-
tures, at the cost of a rough surface. Alternatively, a smooth, yet nanocrystalline
film is obtained if sample preparation is carried out at room temperature. All films
show noticeably reduced magnetic moments. It was pointed out in section 2.1 that
these issues are likely to be resolved if a buffer layer is deposited between substrate
and film. However, the results obtained hitherto as well as the data gathered from
further publications [68, 149] demonstrate the need for better vacuum conditions.

This was the main reason for the development of a pulsed laser deposition pro-
cess. As outlined in chapter 2.3, this technique allows dispensing with mechanical
pumps as well as background gas during deposition. The base pressure of the UHV
deposition chamber set up for this purpose could therefore be lowered to values
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Figure 3.20: SEM images of Co2FeSi film surfaces grown with PLD. The left sample
was deposited with a pulse energy of 700 mJ, the other one with 300 mJ. Both films
have a thickness of 40 nm and were deposited at room temperature.

of typically 1 – 2× 10−10 mbar, during heating phases it was possible to keep the
pressure below 1× 10−8 mbar.

As a first proof of concept, Co2FeSi films were deposited with parameters compa-
rable to their sputtered counterparts: again Al2O3 (1120) and MgO (100) substrates
were heated to 700 °C and the films grown directly on the crystals. The deposi-
tion rate could be adjusted by changing either the laser pulse frequency or the pulse
energy. The former parameter could be set between 1 and 10 Hz, the latter one be-
tween 300 and 900 mJ. The resulting film growth rate was between 0.2 Å/min and
20 Å/min.

The main challenge with this deposition method is the aforementioned forma-
tion of melt droplets from the target material. The left SEM image in figure 3.20
shows indeed a large number of droplets at high pulse energies. This poses a major
problem for volume integrating experiments. Assuming hemispherical particles, it
can be estimated from the micrograph that the volumes of the droplets and of the
film are of the same order of magnitude. Even though EDX spectra show that the
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composition of the droplet material approximates the Heusler stoichiometry, the
nature of the microstructure remains in the dark [119]. Finally, the morphology at
hand prohibits the fabrication of magnetic tunneling junctions.

On the other hand, in surface integrating experiments this contribution consti-
tutes only a minor source of error. Even in the worst cases the surface coverage
is less than 5 %. Since this value is well below the percolation threshold of the
particles, transport experiments with the current flowing in the film plane are also
unproblematic.

Deposition at low pulse energies just above ablation threshold proved the best
method to suppress the formation of these droplets, as evidenced in the right hand
part of figure 3.20. The downside of this method is the very low deposition rate
of 0.2 Å/min. Further methods of droplet reduction have been presented in liter-
ature [119, 150]. However, they were not suitable in the situation at hand. Me-
chanical filters are based on the different velocities of plasma and particulates. This
approach is not practicable, because the required quickly moving mechanical parts
are impossible to realize under UHV conditions. Other methods exploit the dif-
ferent masses of the species. A high background pressure will cause the plasma to
move diffusively while the heavy particulates continue to move in a straight line.
This approach is not possible in a UHV setup either. Finally, the angular spread is
higher for the plasma than for the droplets. So in order to improve film quality the
substrate should be placed off center. This led indeed to a reduction of particulates,
but the cost in deposition rate was even higher compared with the energy reduction
technique.

Structural properties of these films are similar to the respective sputtered sam-
ples: (110)-oriented growth with several in-plane domains on Al2O3, (100)-oriented,
fully epitaxial films on MgO. A change in deposition rate and therefore in droplet
density has no observable influence on the diffractograms. For both growth orien-
tations, the crystal quality of the samples yet increased. An improved long-range
order is evident from better-defined reflections. In addition, the atomic ordering
increased, since the relative intensity of the superstructure reflections is enhanced
compared with the sputtered samples. For the laser deposited samples the approx-
imate values of both Co-Si disorder and Fe excess respectively reduces to 5 – 15 %.
These enhancements should result in an increased magnetization. Due to the melt
droplets, meaningful values could only be acquired for Co2FeSi deposited at low
pulse energies. With a value of 5.9± 0.1 µB/f. u., these films are compatible with
the Slater-Pauling rule. Disregarding droplets, the surface morphology for samples
deposited on heated substrates is comparable for sputtered and laser ablated films.
The loss of long-range order accompanied with a surface smoothing is also observed
here.
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These results demonstrate the potential of the newly installed pulsed laser de-
position system for the deposition of Heusler films. In conjunction with improved
vacuum conditions, this method allows the fabrication of Co2FeSi films, whose qual-
ity is superior to the sputter deposited samples. However, not all issues could be
resolved with this technique yet. Foremost, epitaxial growth with a smooth surface
is still not achievable. Hence, the deposition of multilayered samples was attempted
in order to induce crystallographic order at room temperature.

As a first step the elemental buffer layer was deposited at room temperature and
annealed at 700 °C for both structural and morphological improvement. On Al2O3
substrates no epitaxial growth could be realized—most likely due to the differences
in structure. The use of MgO substrates resulted in the desired formation of epitax-
ial, (100)-oriented buffer films with a smooth, crystalline surface. On these layers,
Co2FeSi was grown by laser ablation, yet again at room temperature.

Even without further treatment, these films showed ordered growth, which can
be seen from the RHEED image on top of figure 3.21. The line shaped reflections
indicate a smooth surface. An annealing treatment at 400 – 500 °C results in higher
RHEED intensities of the first order reflections, also second order reflections are
weakly visible. This shows an increase of the structural quality in these samples.
Further treatment at even higher temperatures leads again to a loss in intensity (see
figure 3.22). Similar to the nanocrystalline Heusler films this reduction is correlated
with a diffusion of the buffer layer material into the film [151].

The bulk structural properties of films annealed in the optimal temperature
range are exemplified in figure 3.23. Film growth is (100) oriented, impurity phases
are not present. The FWHM of theω scans is with values between 0.8 and 1.0 ° con-
siderably higher than for the high-temperature samples. For Heusler films sputter
deposited under similar conditions comparable values have been published [49, 108].
In-plane ϕ scans show epitaxial growth, the {111} reflections are present. The large
width combined with the small intensities of the L21 superstructure reflections re-
sults in a low signal to noise ratio which prohibits a quantitative analysis of the
relative peak intensities.

These results demonstrate that the pulsed laser deposition system in use is well
suited not only for the high temperature fabrication of epitaxial thin films. Also
low temperature growth of Co2FeSi on buffer layers yields highly ordered samples
with the desired flat surface. Therefore, in a next step the pulsed laser deposition
technique was extended to the quaternary alloy series Co2Mn1−xFexSi.

In order to obtain a higher flexibility, deposition was not carried out with differ-
ent targets for different Fe concentrations. Instead, one semi-disc of each Co2FeSi
and Co2MnSi were mounted onto a single target holder. The stepper motor control-
ling the target rotation and the laser pulse trigger were synchronized in such a way
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Figure 3.21: RHEED patterns a Co2FeSi / Cr / MgO film after deposition at room
temperature (top) and after annealing at 450 °C (bottom). In order to highlight the
presence or absence of darker features in the images, discolored versions of the photos
have been placed on the right hand side.
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Figure 3.22: RHEED pattern of the same sample as in figure 3.21 after annealing at
700 °C. The left hand part shows the original photo, the right hand one a discolored
version.
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Figure 3.23: Bragg scan of a Co2FeSi (30 nm) / Cr (40 nm) / MgO film annealed at
400 °C.
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Figure 3.24: Magnetometry data of Co2Mn1−xFexSi for varying x. For compar-
ison, the values from LSDA+U (which coincide with the Slater-Pauling rule) and
LSDA+DMFT calculations are included.

that the film stoichiometry could be adjusted by varying the number of pulses on
the respective ternary bulk targets.

Again, first samples were deposited on heated MgO substrates. Structural prop-
erties over the whole concentration range were comparable to both the respective
bulk samples and the Co2FeSi thin films. Epitaxial (100) oriented growth in the or-
dered L21 structure was seen for all values of x. The bulk magnetization increased
linearly with increasing Fe content and was within errors compatible with the Slater-
Pauling rule as well as LSDA+DMFT calculations, which predict a deviation from
the Slater-Pauling line due to spin-orbit coupling. Finally, also the deposition of
Co2Mn1−xFexSi films on a buffer layer was attempted. This technique proved also
succesful. The fabricated samples show a similar behavior to the corresponding
Co2FeSi samples presented previously. Again, L21 order was observed for all concen-
trations of x. The magnetization seems to follow the predicted values, even though
the presence of a buffer layer is an additional source of error, because it impedes the
precise determination of the film thickness.
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Since Co2Mn1−xFexSi has a practically unchanging structure and since a linear
dependence of the magnetization on the iron concentration is to be expected, it is
difficult to rule out the formation of Co2FeSi and Co2MnSi clusters instead of com-
plete interdiffusion. However, it has been shown that a high deposition or annealing
temperature is the source of interdiffusion and alloying [143]. Additional XMCD
experiments on a series of Co2Mn1−xFexSi samples rule out larger contributions
from ternary clusters as well [152]. EDX spectra, which sample over an area of
several µm2 and the whole film thickness, did not show any large-scale variations.

The succesful epitaxial growth of Co2Mn1−xFexSi shows that pulsed laser deposi-
tion is a flexible method for the deposition of high quality Heusler alloy thin films:
The detection of the L21 crystal structure as well as the adherence of the Slater-
Pauling rule for Heusler alloys are consistent with half-metallicity. The successful
growth of the whole quaternary series directly on dielectric Al2O3 or MgO sub-
strates opens the possibility to perform systematic investigations of their transport
properties. Additionally, the use of metallic buffer layers led to epitaxial samples
with a very smooth surface. This allows the performance of further experiments
such als Brioullin Light Scattering or spin-polarized tunneling.



CHAPTER 4

ELECTRONIC TRANSPORT

In the preceding chapter, the successful growth of Co2Mn1−xFexSi directly on insu-
lating substrates has been presented. This class of samples allows the application of
an electrical current in the film plane. Such samples can therefore be used to probe
the isothermal magnetoresistance and the Hall effect. It is well known that the elec-
tronic transport phenomena in solids are almost entirely determined by electrons
near the Fermi energy. A systematic study of the transport behavior can therefore
be used to gain insight into the properties of the Fermi surface. In this work, the
interpretation of the experimental data is in most cases based upon the framework
of the Boltzmann equation [153]. This formalism allows neither the direct quan-
tification of the spin polarization nor a mapping of the electronic density of states.
But in contrast to tunneling or photoemission experiments, only a comparatively
simple experimental setup is required and the results are quite robust with respect
to surface degradation.

Despite this ostensible simplicity, some experimental details relevant in the con-
text of this work have to be clarified first. They are discussed in the first part of
this chapter. Afterward, the acquired experimental data are presented and the rele-
vant theoretical interpretations are introduced. The results are then discussed with
respect to the predicted electronic properties of Co2Mn1−xFexSi.

4.1 Experimental Considerations

In isotropic systems, Ohm’s law states that that the electrical current is proportional
to the drop of the electrostatic potential along its path. In order to eliminate the ge-
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ometry of the samples it is conventionally formulated as a relation between current
density and field: E= ρj. The scalar nature of the resistivity ρ signifies that that the
two vectorial quantities are parallel.

Anisotropy can be induced in isotropic solids with the application of an external
magnetic field or the presence of a nonzero sample magnetization. In this situation
j and E are no longer necessarily parallel. Therefore, Ohm’s law assumes the gener-
alized form Ei =

∑

k ρi k(B,M) jk , with the resistivity ρi k now a second-rank tensor.
From symmetry considerations [154] it can be shown that for a system magnetized
in z direction the tensor has the form

�

ρi k

�

=









ρx x,⊥ (B,M) −ρxy (B,M) 0
ρxy (B,M) ρx x,⊥ (B,M) 0

0 0 ρx x,‖ (B,M)









. (4.1)

The diagonal elements ρx x,‖ and ρx x,⊥ describe the Ohmic resistivities for the cur-
rent components parallel and perpendicular to the magnetic field. In situations
where the direction relative to the magnetic field is not relevant, the indices ‖ and ⊥
are omitted. The off-diagonal quantity is the Hall resistivity. The electronic trans-
port in samples with cubic crystal symmetry behaves like in an isotropic system.
Therefore, the resistivity tensor also assumes the form of equation (4.1) [155, 156].
Consequently, for the transport experiments in this work the current direction rel-
ative to the crystal orientation is not relevant. The symmetry considerations so
far only explain the existence of the different galvanomagnetic effects. Their depen-
dence on external parameters and their microscopic origin will be discussed later.

Experimentally the different tensor elements are all probed by four-contact mea-
surements. A DC current source is used to deliver a defined current density through
the sample. The voltage drops caused by the different effects can be determined by
appropriately placing the sensing contacts with respect to the primary current and
the external field. These geometries are sketched in figure 4.1, along with a defini-
tion of the relevant physical quantities. The longitudinal and transversal resistances
Rx x,‖ and Rx x,⊥ are calculated with Ohm’s law. The Hall resistance Rxy is defined as
Uxy/I .

Even though it is possible to approximate both Ohmic and Hall resistivities of
arbitrarily shaped samples with the van der Pauw method [157], measurements on
samples with well-defined current leads allow a better reproducibility and more ho-
mogeneous field conditions. This was realized by a standard photolithographic pro-
cess in combination with ion beam etching. The method is briefly illustrated in
appendix A.



4.1. Experimental Considerations 65

Figure 4.1: Sketch and denotation for the magnetoresistance (left) and Hall (right)
experiments.

Figure 4.2: Film patterns for transport measurements. The left structure was used for
magnetoresistance, the right one for Hall effect experiments.
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Figure 4.3: Temperature dependent resistivity of sputtered Co2FeSi thin films with
(gray) and without (black) Al protection layer. All other parameters remained un-
changed.

For the measurement of the anisotropic magnetoresistive properties the struc-
ture shown on the left hand side of figure 4.2 was employed. The DC current was
applied along the central lead, the directed voltage drops were measured along the
piecewise straight parts. Depending on the film resistivity, a current density be-
tween 1000 and 2000 A/m2 was applied through these samples.

For the Hall experiments the structure shown in the right hand part of figure
4.2 was used. The Hall voltage depends on the sample thickness t and the current I
as

Uxy ∝
I

t
. (4.2)

It is independent on sample width, therefore a broad central bar has been used [158]
in order to maximize the transmitted current. For this reason, the applied current
densities were reduced by approximately one order of magnitude compared with the
magnetoresistance experiments.

In all transport experiments, voltage contributions caused by temperature gradi-
ents needed to be eliminated. This was realized by performing two measurements
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with antiparallel current direction and subsequent averaging of the two results. A
non-perfect alignment of the contacts is a source of error in the Hall experiments.
The resulting additional Ohmic contributions to the measured voltage was elimi-
nated by antisymmetrizing the branches for opposite magnetic field directions.

Samples were placed inside a variable temperature inset of a 4He cryostat. With
this setup sample temperature could be varied between 2 and 300 K. Magnetoresis-
tance and Hall effect were measured by sweeping the magnetic field generated by
superconducting coils at fixed temperature. The sample normal could be positioned
either parallel or perpendicular to the external field.

As mentioned in the previous chapters, the thin film samples were routinely
protected with a thin aluminium capping layer. For transport measurements, this
presents a potential source of error. Since aluminium forms a passivation layer, it
is possible that not all of the material is oxidized. The remaining metallic film can
distort the measurements of the Heusler samples. An uncoated film on the other
hand will be impaired due to oxidation. In order to estimate the influence of these
two effects, transport experiments for both sample types were compared. Figure 4.3
shows the temperature dependent resistivity of two samples whose only difference
is the presence or absence of the aluminium cap layer. It can be seen that the two
resistivity curves are shifted by 2 %. Otherwise, no discrepancies were observed. Ad-
ditionally, the properties of an uncoated sample immediately after deposition and
after exposure to ambient conditions over a period of 6 months were compared. A
measurable change of crystal structure or magnetic properties could not be detected.
It can therefore be concluded that the Heusler compounds also form a passivation
layer at the surface, which protects the bulk of the samples from further degrada-
tion.

Another issue related with sample preparation is the surface morphology. It
was shown in figure 3.11 on page 48 that epitaxial film growth is accompanied by
a rough surface. This raises the question of the influence on the transport experi-
ments. It can be seen from the AFM image that despite this pronounced roughness
connected paths over the sample exist. Therefore, electrical conductivity could usu-
ally be observed also in the epitaxial samples. The films were only insulating under
two circumstances. The first class of samples was very thin. In this case, the individ-
ual islands had not yet coalesced into a cohesive film. Electrical insulators were also
produced if the substrate temperature during sputter deposition clearly exceeded
700 °C. This effect is independent of the film thickness. However, as presented in
figure 3.19 on page 55, these films showed no structural or magnetic differences to
the samples deposited between 600 and 700 °C. It is therefore possible that in this
case the high temperature causes oxidation especially at the crystallite grain bound-
aries.



68 Electronic Transport

Finally, before the experimental data are presented, it should be recalled from
section 3.3 that the presence of melt droplets on laser ablated films poses no obstacle
for transport experiments either. Less than 5 % of the surface was found to be
covered with particulates, which is far from the percolation limit. Additionally,
their stoichiometry is comparable to the film composition, which should lead—to a
first approximation—to the same transport behavior.

4.2 Zero-Field Resistivity

A metal with a perfectly periodic lattice has a vanishing electrical resistance. In real
materials, several contributions cause a deviation from this ideal case and therefore
a finite resistivity value. These mechanisms can approximately be regarded as in-
dependent of each other. The total value can then be calculated as the sum of the
individual processes [153]. In non-magnetic materials, the scattering of electrons
from impurities and phonons has to be taken into account. The former case is tem-
perature independent. In the temperature range investigated in this work the latter
contribution is the source of the Bloch-Grüneisen T 5 behavior.

For conventional ferromagnets, the dominant mechanism is the coherent one
magnon scattering [159]. In this scenario the spins of the conduction electrons are
exchange coupled with the localized moments, which themselves are ferromagneti-
cally aligned at T = 0. At finite temperatures, the directions of the localized spins
fluctuate and form spin waves. This thermally induced “spin disorder” causes the
conduction electrons to scatter from the now imperfect exchange potential. The in-
teraction between one conduction electron and one magnon causes the spin of the
electron to flip. This scattering process gives rise to a T 2 dependence of the resistiv-
ity. Incoherent one magnon scattering is expected to contribute as T 3/2 [160, 161]
to the resistivity.

For half-metallic ferromagnets, the one magnon mechanism |k↑↓〉 → |k′↓↑〉 is not
possible due to the complete absence of one spin direction at the Fermi edge. In
this case, the spin conserving two-magnon scattering is the process which yields the
most dominant contribution. This results in a higher exponent of the temperature
dependence. In a rigid band model it was predicted that ρx x ∝ T 9/2 [162]. The influ-
ence of spin fluctuations at finite temperatures is claimed to reduce this temperature
dependence in half-metals to T 3 [163].

It can be seen from figure 4.3 that the sputtered Co2FeSi films exhibit the ex-
pected metallic behavior over the investigated temperature range. At low temper-
atures a resistivity of ρx x (5 K) = 35 µΩcm is observed. It signifies a noticeable
number of impurity scattering centers, in line with disorder found by X-ray analy-
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Figure 4.4: Double logarithmic plot of the T -dependent resistivity of the uncapped
sample in figure 4.3. The insets show replots for an assumed αT 2+βT 5 (upper left) or
αT 1.8+βT 3.5 (lower right) behavior.

sis. Consequently, the residual resistivity ratio ρx x (300 K)/ρx x (5 K) has a low value
of 1.5. It shows that even at room temperature the contribution from impurity scat-
tering plays a more dominant role than thermally induced processes. Nevertheless,
these values are better compared with transport experiments on other Heusler films
[100, 164, 165]. This again proves that despite the known shortcomings the crys-
tal structure of Co2FeSi has a higher quality than previously reported thin Heusler
films.

All scattering processes presented above cause the resistivity to vary as T α, with
the value of α dependent on the actual mechanism. In order to identify the mi-
croscopic origin of the temperature dependence, the data shown in figure 4.3 is
replotted on a double logarithmic scale in figure 4.4. This curve does not show a
linear behavior over the investigated temperature interval. The resistivity can there-
fore not be described by a single power law. Instead, it was found that the data is
best modeled by distinguishing between a high- and a low-temperature regime. For
100 K ® T ≤ 300 K the resistivity scales with a constant α of 1.8. If the temper-
ature is lowered below 100 K, the exponent of ρx x(T ) gradually increases until it
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reaches again a stable behavior of T 3.5 below 50 K. Qualitatively similar crossovers
between high-temperature and low-temperature exponents have been reported for
other Heusler compounds as well [165, 166]. In these publications, the resistivity
also shows a strong temperature dependence at low temperatures that weakens if the
sample is heated up.

An alternative possibility to describe the evolution of the resistivity is to con-
sider the combined effect of multiple scattering processes over the whole tempera-
ture interval. For this purpose it has to be checked whether the resistivity can be de-
scribed as the sum these contributions. However, it is exemplified in figure 4.4 that
this approach does not describe the measured data satisfactorily. The inset in the up-
per left part assumes that the resistivity is caused by phonon- and magnon-scattering.
In this case the resistivity should follow ρ0+ αT 2+βT 5, a plot of

�

ρx x −ρ0

�

/T 2

against T 3 must therefore show a linear behavior. Similarly the lower right inset
tests for the relation ρx x = ρ0 + αT 1.8 +βT 3.5. Both graphs—and all other plots
generated in an analogous fashion—show a clearly nonlinear behavior.

From these observations, it can be concluded that the relative contributions
from different mechanisms are not fixed. Instead, with increasing sample temper-
ature an additional scattering channel is opening up. This results in a weaker tem-
perature dependence of the resistivity. It is, however, difficult to identify the rele-
vant processes involved. Not only are available theoretical models unable to repro-
duce the exact experimental exponents. In addition, the accuracy of the calculations
mentioned above is debatable. They are all based on simplified assumptions of the
Fermi surface and on a single exchange-split band. Additionally, yet unknown or
poorly understood processes may contribute to the zero-field resistivity. Here a pos-
sible candidate is the formation of non-quasiparticle states (see also page 11). Conse-
quently, even though the evolution of the zero-field resistivity does not contradict
half-metallicity in the investigated samples, it is no proof. Therefore, additional
experiments have to be performed in order to decide on this question.

The ρx x(T ) behavior of a nanocrystalline Co2FeSi film is illustrated in figure
4.5 for several annealing temperatures. A high degree of disorder in the untreated
sample is the cause of a high residual resistivity and a weak temperature dependence.
Additionally, the behavior is no longer metallic at low temperatures. At T ≈ 60 K
the curve assumes a minimum and with further cooling the slope dρx x/dT becomes
negative. Similar resistance minima occur frequently in alloys and disordered com-
pounds. They originate from incoherent impurity scattering, which causes a spatial
localization of the previously extended Bloch electrons [167]. After annealing at
400 °C, these localization effects disappear and the residual resistivity drops to a
value comparable to epitaxial samples. A further heat treatment at even higher tem-
peratures causes this value to increase again.
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Figure 4.5: Temperature dependent resistivities of a nanocrystalline Co2FeSi film an-
nealed at various temperatures.

This behavior is in line with the findings from magnetometry. The high degree
of disorder in nanocrystalline Co2FeSi films not only decreases the sample magneti-
zation but also derogates the transport properties. The increase of the short-range
crystal order results in a magnetization value comparable to the single crystalline
films, signifying an increase of L21 order. The same change of the atomic order is
now responsible for the improvement of the low-temperature transport properties.
The much higher fraction of grain boundaries compared with the epitaxial films
seems to play only a negligible role. Similarly, the rise of the low-temperature re-
sistivity coincides with the renewed reduction of the magnetization due to alloying
between film and capping layer.

4.3 Magnetoresistance

Figure 4.6 shows the magnetic field dependence of the resistivity in a sputter de-
posited Co2FeSi sample at a fixed temperature of 4 K. Two effects are visible in this
image. The first one is a small resistance difference depending on the orientation
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Figure 4.6: Magnetoresistance of a sputtered Co2FeSi film measured at 4 K. The black
line represents j⊥H, the gray line j ‖H.

of the current relative to the external field. This is the anisotropic magnetoresis-
tive (AMR) effect, which is expressed by the different diagonal components ρx x,‖
and ρx x,⊥ of the resistivity tensor (4.1). In this work, the relative magnitude of this
spontaneous resistivity anisotropy is defined as

AMR=
ρ‖−ρ⊥

1/3ρ‖+ 2/3ρ⊥
. (4.3)

The values ρ‖ and ρ⊥ are obtained by extrapolating the high-field behavior of ρx x,‖
and ρx x,⊥ to H = 0. The different weights for the two current directions in the
denominator are chosen because of their unequal representation in the magnetore-
sistivity tensor [168].

The AMR ratio for the sample at hand is −0.3 %, the absolute difference of the
two branches is 0.08 µΩcm. The latter quantity is nearly independent of sample
temperature. Since ρ‖ ≈ ρ⊥≫ |ρ‖−ρ⊥|, the temperature dependence of the relative
anisotropy is dominated by the increase of the zero-field resistivity. Consequently,
the AMR ratio reduces to −0.2 % at room temperature.
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Figure 4.7: Temperature dependence of the high-field magnetoresistance in Co2FeSi.
The curves shown here represent the case j⊥H.

The occurrence of the AMR effect is commonly attributed to the scattering of
itinerant s band electrons into localized d orbitals [169, 170]. The presence of spin
orbit interaction lifts the degeneracy of the d orbitals, causing different scattering
rates for electrons flowing parallel or perpendicular to the sample magnetization.
For the films investigated here, this interpretation has two consequences. First, it
reveals the presence of spin orbit interaction in the samples. Second, it shows the
presence of unsplit s -bands at the Fermi edge. The latter point signifies that the
spin polarization of these samples is less than 100 %. It is, however, not possible
to quantify the reduction of the spin polarization solely from the data obtained
here. Nevertheless, it should be noted that the effect is weak compared with conven-
tional binary transition metal alloys. These materials can exhibit low temperature
anisotropy ratios of more than 20 % [169].

The second feature of interest in figure 4.6 is the magnetoresistance above tech-
nical saturation. It can be seen that the resistance decreases linearly with higher
applied fields. With increasing sample temperature, the slope increases, as shown
in figure 4.7. The “normal” magnetoresistive behavior, present at low temperatures
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Table 4.1: Magnetoresistive properties of pulsed laser deposited Co2Mn1−xFexSi. Sam-
ple temperature in all cases was 4 K.

Material resistance anisotropy high-field slope
(%) (µΩcm/T)

Co2MnSi −0.25 −0.0055
Co2Mn0.5Fe0.5Si −0.2 −0.0045

Co2Mn0.25Fe0.75Si −0.2 −0.0050
Co2FeSi −0.3 −0.0060

in high purity metals, is a positive quadratic dependence on the applied field. This
effect—caused by the Lorentz force acting on the charge carriers—is suppressed in
the Heusler samples at hand due to a short electron mean free path [169]. The
“anomalous” linear decrease is observed in magnetically ordered samples. In the case
of conventional ferromagnets, the behavior is explained with a suppression of spin
disorder scattering. As discussed in the previous section, this is the main source of
electrical resistance in these materials. The application of an external magnetic field
forces the spins back into a parallel configuration and thus enlarges the mean free
path between electron-magnon scattering events. Since the amount of spin disor-
der increases with higher temperatures, the resistivity decrease becomes more pro-
nounced.

Again, this interpretation of the high-field behavior as a consequence of spin
disorder reduction signifies a spin polarization of less than 100 %. Comparison
with experimental data for elemental ferromagnets [171] shows an effect of similar
magnitude, in contrast to the resistivity anisotropy. Unfortunately, as for the zero-
field resistivity, theoretical descriptions of this phenomenon are only fragmentary.
It was already discussed that the spin disorder picture relies on a simplified model
of the electronic structure. A more detailed model is presented in reference 171,
but it depends on a large number of parameters, for example the effective masses
of s and d electrons. Most of these quantities are known neither theoretically nor
experimentally for the Heusler compounds. It is therefore not possible to quantify
the electronic properties in this case. Additionally, no comparative studies on the
general magnetoresistive behavior of half-metals exist.

For laser deposited Co2Mn1−xFexSi films, a similar picture emerges. Both the
low-field anisotropy and the linear high-field decrease of the Ohmic resistivity are
also present in these samples. Thus, the same conclusions drawn for the sputtered
samples apply here as well. It can, however, be seen from table 4.1 that the mag-
nitude of the effects varies with stoichiometry. The values tend to be somewhat
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Figure 4.8: Schematic behavior of the Hall resistivity in a ferromagnet.

smaller for the intermediate compounds. This might indicate a higher spin asymme-
try in these cases, as expected from band structure calculations.

4.4 Hall Effect

In a nonmagnetic metal the Hall resistivity ρxy shows the well-known linear depen-
dence on the magnitude of an applied magnetic field. This “normal” Hall effect is
caused by the Lorentz deflection of the conduction electrons. In ferromagnets there
appears a second “anomalous” Hall effect, as illustrated in figure 4.8. This ferro-
magnetic contribution causes a steep linear increase of the resistivity until magnetic
saturation is reached. The total dependence on the external field is then empirically
described as the sum of these contributions:

ρxy (B , M ) = R0B +µ0RSM ≡ R0B +ρS. (4.4)

Here the slope of the high field evolution is given by the accustomed normal Hall
coefficient R0. The anomalous Hall coefficient RS is obtained by extrapolating the
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normal branch to H = 0, M denotes the magnetization perpendicular to the film
surface.

The traditional interpretation of the normal Hall coefficient is based upon the
Drude model of metals. This assumption of a classical electron gas results in the rela-
tion R0 = 1/ne . Upon closer inspection, this dependence of the normal Hall effect
exclusively on the average charge carrier density holds only in special cases. One
possibility occurs in the case of an uncompensated metal, if the conditionωCτ≫ 1,
with the cyclotron frequency ωC and the collision time τ, is fulfilled [172]. This
classical high-field limit—i. e. additionally the condition ħhωC < kBT is met—can
be reached with clean samples at low temperatures and high fields. Under these
circumstances, impurity scattering is a negligible perturbation compared with the
influence of the magnetic field.

For the films investigated in this work, a different situation is present. Here the
samples satisfy the condition ωCτ ≪ 1. In this low-field limit, the time between
collisions is small compared with the time needed to complete a cyclotron orbit.
In this case the traditional interpretation of R0 is problematic [172]. For a more
precise description of the low-field Hall effect, the Boltzmann transport theory is
employed [153]. In its original formulation, it treated Boltzmann-distributed gases
of classical particles. This method can be extended to weakly coupled, weakly dis-
ordered quantum mechanical systems, where excitations can still be treated as wave
packets. For a high degree of disorder—when the mean free path is smaller than the
extent of a wave packet—localization effects will occur, which cannot be described
within this formalism. An example for this deviation is the electronic transport in
the nanocrystalline Heusler films presented in the preceding section.

The Boltzmann equation is a differential equation which balances different ex-
ternal influences on the electron distribution f . External fields drive the electrons
away from their equilibrium distribution f 0. This is counteracted by scattering pro-
cesses. Neglecting other contributions, the Boltzmann equation can be written as

−eE · v
∂ f 0

k

∂ ǫk

=
�

− ḟk

�

scatt
+

e

ħh
(v×B) ·

∂ fk

∂ k
.

Solving this equation [153] yields the seemingly familiar relation

Ey =−ρxy jx =−R0Bz jx ,

if B⊥ j. However, in contrast to the kinematic Drude theory the Hall coefficient is
no longer simply proportional to 1/ne . Instead, it is given by [172]

R0 =
e3

4π3ħh

∫

n

τ2 �k
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h
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x
M−1
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− vx vy M−1

xy

io d SF
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·ρ2

x x
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Figure 4.9: Illustration of the main contributions to the anomalous Hall effect.

This equation shows that the traditional interpretation of the Hall coefficient is in
many cases an oversimplification. Instead, the Hall voltage is governed by the aniso-
tropic scattering time τ as well as the area and the curvature of the Fermi surface,
contained in the effective mass tensor Mxy . The classical interpretation is regained
if effective mass and scattering time are isotropic [172].

Equation (4.5) poses a serious challenge for the interpretation of the normal Hall
effect. It is difficult to obtain the necessary values either experimentally or theoreti-
cally. Nevertheless, it could be shown in some cases that parameters obtained from
ab initio calculations [173] or angular resolved photoemission spectroscopy [174]
yield the same normal Hall coefficients as the corresponding transport experiments.

The anomalous contribution to the Hall effect in ferromagnets is only indirectly
connected to the external field. The increase of the magnetic field causes a growth
of the sample magnetization until saturation is reached. As indicated in figure 4.8,
the anomalous contribution is clearly dominant over the normal Hall effect. It is
therefore obvious that the change in B due to the alignment of the magnetic domains
cannot be the main source of the low-field increase of the Hall voltage. Additionally,
the magnitude of the anomalous resistivity shows a strong temperature dependence,
which is absent in the normal Hall effect.

Experimentally the proportionality between the anomalous Hall effect and the
sample magnetization was recognized early. On the other hand, the microscopic ori-
gin of the proportionality factor RS has been the source of major controversies [175]
and is still not fully understood today. Historically three distinct contributions have
been postulated that sum up to the total anomalous Hall effect: an intrinsic effect,
and the extrinsic “skew scattering” and “side-jump” mechanisms. All three sources
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originate from the presence of spin orbit interaction. The differences lie in the de-
tails of the coupling mechanisms and their theoretical treatment. The processes are
sketched in figure 4.9.

The intrinsic contribution was proposed by Karplus and Luttinger in the earliest
attempt to explain the origin of the anomalous Hall effect [176]. As its name im-
plies, the effect is determined entirely by the interaction of the conduction electrons
with a perfect crystal. The spin orbit coupling between the periodic crystal poten-
tial and the exchange-split conduction electrons was identified as the source of the
effect. Treating the applied electric field as a perturbation of the Hamilton operator
yields a nonvanishing asymmetrical “anomalous electron velocity” perpendicular to
both B and E. This model predicts a quadratic dependence of the anomalous Hall
coefficient on the Ohmic resistivity. A finite resistivity in a periodic crystal can
exist here because of the presence of a magnetic vector potential, which lifts the
periodicity of the Hamiltonian [177].

The main criticism with the intrinsic theory has been the negligence of impu-
rity scattering. An external mechanism has been first proposed by Smit [178, 179].
Here the conduction electrons are assumed to form simple Bloch bands without in-
trinsic spin orbit coupling. The source of the anomalous Hall effect is a localized,
asymmetric spin orbit interaction with the lattice defects. Since impurity scattering
is the source of the anomalous voltage, the extraordinary Hall coefficient should
be linearly dependent on the Ohmic resistivity. In contrast to the quantum me-
chanical treatment by Karplus and Luttinger, the calculations here were performed
within the Boltzmann formalism.

A second external mechanism was identified by Berger [180]. Here the spin
orbit coupling between impurity atoms and conduction electrons is the source of
a lateral displacement of the electron wave package—the so-called side-jump. Al-
though the origin of this process is again an interaction with impurities and although
the transport properties are again calculated within the Boltzmann formalism, the
anomalous voltage is independent of the defect concentration, resulting in RS ∝ ρ2

x x
.

The experimental situation has been equally unsatisfying. To begin with, it is
not possible to distinguish the intrinsic from the side-jump effect in DC Hall exper-
iments due to their identical dependence on ρx x . Actual measurements of magneti-
cally ordered systems did show a power law behavior. The reported exponents had
values between 1 and 2 [172, 178, 181].

In order to clarify the situation, in recent years an attempt toward a unified
theory of the anomalous Hall effect has emerged. At the heart of this idea is a topo-
logical interpretation of the intrinsic mechanism, analogous to the quantum Hall
effect [182]. It was shown that a quantum mechanical wave function can acquire
a geometrical phase—today known as Berry’s phase—if it evolves adiabatically on a
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Figure 4.10: Scaling behavior of the anomalous Hall conductivity [186] in the presence
of an attractive impurity potential. The solid lines represent numerical, the dashed lines
analytical results.

closed path in the parameter space of a Hamilton operator [183]. Within this for-
malism, it was demonstrated that the Hall conductivity of a 2-dimensional electron
gas can be expressed in terms of the “Berry curvature” in momentum space.

Starting from these results, the topological concept was extended to magnetically
ordered solids. It could be shown for these systems that a Berry phase is accumu-
lated from the quasiparticle movement on an exchange-split Fermi surface [184]. At
this point, the question arises in what way the appearance of this geometrical phase
can be the source of the measurable anomalous Hall effect. The physically most
transparent picture is an extension of the semiclassical theory of transport [185]. In
this case, the Berry curvature in momentum space appears as an additional veloc-
ity term in the equations of motion. In ferromagnets this term is identical to the
“anomalous velocity” contribution found by Karplus and Luttinger. However, at
this point the intrinsic contribution still needs to be viewed as a separate source of
the anomalous voltage.

More systematic but less intuitive results could be obtained with rigorous ap-
proaches based on Green’s function techniques [187, 188]. These formalisms were
applied to several simplified models, most notably the ferromagnetic Rashba Hamil-
tonian [189]. Despite its simplicity, it contains all relevant properties of a real fer-
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Figure 4.11: Hall resistivity of a sputtered Co2FeSi sample.

romagnet. The main result is a transition between different scaling regions, depend-
ing only on the diagonal resistivities of the respective materials, as illustrated in
figure 4.10. The linear skew scattering behavior should be observed in ultraclean
materials1. In an intermediate region the anomalous Hall effect is dominated by
the intrinsic mechanism, the side-jump is claimed to be suppressed by two orders
of magnitude. A third, hitherto disregarded scaling behavior is proposed for dirty
materials. A lifetime broadening of the quasiparticle energies results in ρxy ∝ ρ1.6

x x
.

Figure 4.10 was obtained for a two-dimensional Rashba system. However, it is be-
lieved that these results also apply for real three-dimensional ferromagnets, if instead
of the conductivity the conductivity per lattice constant is considered. A compar-
ison of this predicted generalized behavior with several experimental publications
for different materials [190] seems to back up this hypothesis (see also figure 4.17 on
page 88).

1Please note that in this figure as well as in figures 4.17 and 4.18 σxy has been defined by the
authors as the zero-field extrapolation of the normal Hall conductivity, and not as the experimen-
tal Hall conductivity. In this work σS will be used for the extrapolated values—analogous to the
definition of the anomalous Hall resistivity in equation (4.4).
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The experimental findings for sputtered Co2FeSi samples are presented in figure
4.11. The normal Hall coefficient has a value of R0 = −8.4 · 10−4µΩcm/T and is
independent of sample temperature. Assuming an isotropic one-band system, this
corresponds to a charge carrier density of 33 electrons/f.u. Since this value is larger
than the valence electron count per formula unit, it can be concluded that this pic-
ture is too simple. As a next step, an isotropic two-band model can be applied to this
problem. If the charge carriers of these subsystems have opposite signs, the two Hall
contributions will cancel out each other. The Hall coefficient is then given by [172]

R0 =
1

n∗e
=
µ2
+

n+−µ2
−n−

�

µ+n++ n−µ−
�2

1

e
. (4.6)

Equation 4.6 shows that even in this rather simple case the effective charge carrier
density n∗ is no longer dependent solely on the individual charge carrier concen-
trations n± but also on their mobilities µ±. A more quantitative analysis of this
situation will be presented below for the laser ablated samples. For now, it suffices
to notice that the shallow slope of the normal Hall effect hints toward a complicated
multiband system with contributions from both electron- and hole-like charge car-
riers.

The anomalous Hall effect shows an unusual behavior: In most cases, the anoma-
lous coefficient RS approaches a minimum absolute value for sample temperatures
close to zero, since the electron-phonon scattering rate and with it the diagonal re-
sistivity diminishes. Here on the other hand, the anomalous resistivity changes its
sign at approximately 50 K and increases again in magnitude if the sample is cooled
further down. Similar characteristics have been seen only in a few cases [191–193].

The most straightforward explanation of this behavior is the presence of two
separate scattering mechanisms. The first one causes a small, temperature indepen-
dent and positive contribution. The second one is the source of a negative AHE.
It is strongly temperature dependent and vanishes at low temperatures. The nature
of this second contribution can be deduced from figure 4.12. Here the anomalous
Hall coefficient RS is plotted as a function of the Ohmic resistivity. The linear de-
pendence suggests that the temperature dependent contribution is caused by an ex-
trinsic skew scattering mechanism. The origin of the positive effect is at this point
difficult to determine. As with the normal Hall effect, its nature will be discussed
in the following presentation of the laser ablated Co2Mn1−xFexSi series.

The field dependence of the Hall effect in pulsed laser deposited Co2FeSi sam-
ples is illustrated in figure 4.13, the behavior of the whole alloy series is presented
in figure 4.14. The normal Hall coefficient of Co2FeSi effect stays qualitatively un-
changed. A somewhat steeper slope corresponds to an effective charge carrier con-
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Figure 4.12: Dependence of the anomalous Hall effect on the sample resistivity. In or-
der to compensate for the changing sample magnetization, the plot shows the evolution
of the anomalous Hall constant instead of the Hall resistivity. The values were obtained
by extrapolation of the high-field data of figure 4.11. The gray line represents a linear
fit of the data points.

centration of 25 electrons/f.u. In addition, the small positive anomalous signal at
low temperatures seems to be consistent with the sputtered samples. The tempera-
ture dependence of the anomalous Hall effect shows a clearly differing behavior. It
increases with higher temperatures, the anomalous voltage therefore remains posi-
tive over the complete investigated temperature region. Taken together, the anoma-
lous effect now apparently behaves as in most other ferromagnets. A closer inspec-
tion, however, shows that this similarity might be a coincidence. Figure 4.15 shows
a plot of RS

�

ρx x

�

analogous to figure 4.12. From the Co2FeSi data it can be seen that
for ρx x → 0 the anomalous effect can be extrapolated to a large negative value. So
mathematically there exists a nonvanishing RS at zero resistivity in both sputtered
and laser ablated Co2FeSi films. For most other ferromagnets reported in literature,
this extrapolated value is close to zero. But although it seems possible that this tran-
sition could be observed in cleaner laser ablated samples, it must be stressed here
that no such transition was observed experimentally.
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Figure 4.13: Temperature dependent Hall resistivities for a laser ablated Co2FeSi film.

In order to explain this discrepancy between the observations in sputtered and
laser ablated samples, the presence of two temperature independent scattering mech-
anisms is proposed. These two unequal channels are caused by different types of
impurity or intrinsic scattering, which result in anomalous voltages with opposing
sign. Their relative contributions are different in the two types of Co2FeSi films.
Therefore, the low-temperature AHE can be positive or negative, resulting in the
observation or absence of a sign change.

As mentioned earlier, the small and negative slope of the normal Hall effect in-
dicates a partial compensation of hole-like and electron-like sheets of the Fermi sur-
face, with a preponderance of the electron contribution. In figure 4.14 it can be seen
that with increasing Mn content the absolute value of the normal Hall coefficient
decreases even further and assumes the opposite sign for the Mn rich compounds.
The positive slope of the Co2MnSi data yields n∗ ≈ 5 holes/f.u. At first glance, this
is a somewhat surprising behavior. The system Co2MnSi has 29 valence electrons,
which constitute nearly filled bands. The valence electron count of Co2FeSi is 30,
being even closer to a completely filled shell. From this argument, a more hole-like
behavior in Co2FeSi is to be expected.
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Figure 4.14: Temperature dependent Hall resistivities for laser ablated Co2Mn1−xFexSi
films. Full (open) symbols represent data at 5 K (300 K).

For a more substantiated understanding of the normal Hall effect, the data is
compared with calculations of the electronic structure as shown in figure 4.16. They
have been generated with the LSDA+DMFT technique presented in section 1.3.
The same parameters that have already been used to calculate the integrated density
of states (figure 1.4) and the magnetic properties (figure 1.5) of Co2Mn1−xFexSi were
employed. The left hand part shows the band dispersions near the Fermi energy
from the center of the Brillouin zone (the Γ point) along the [110] direction to the
M point at the edge of the Brillouin zone. The right hand side of the image shows
planar cuts through the Fermi surfaces, perpendicular to the [100] direction.

For the case of Co2MnSi—shown in the top part of figure 4.16—it can be seen
that at the center of the Brillouin zone both majority and minority bands are lo-
cated above the Fermi energy . They cross EF with increasing

�

�k
�

�, which means that
the states enclosed by the Fermi surface are unoccupied. Therefore, the sheets of
the Fermi surface have hole-like character [194]. For Co2Mn0.5Fe0.5Si, the minority
states are shifted completely below the Fermi energy—it is a true half metal. Again,
the majority states are occupied outside of the Fermi surface, indicating predom-
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Figure 4.15: Anomalous Hall coefficients of Co2Mn1−xFexSi plotted against resistivity.
Straight lines indicate linear fits.

inantly hole like charge transport. In the final case Co2FeSi, the minority bands
cross the Fermi level near the M point. Again, the states with higher

�

�k
�

� values are
occupied. However, in this situation the curvature of the minority Fermi surface
and therefore the orientation of motion is opposed to the previous cases. These
states therefore have electron like behavior. If additionally the local properties of
the Fermi surfaces are considered, it can be seen that the asymmetry of the majority
surface increases with higher Fe content, resulting also in an increase of the electron
like contribution.

The calculated cases therefore show qualitative agreement between theory and
experiment. This is most obvious for the minority states, which evolve from holes
in Co2MnSi to electrons in Co2FeSi. With the calculations available at present, it
is difficult to gain a more detailed interpretation. As shown in equation (4.5), the
effective mass tensor has to be known, i. e. the second derivatives ∂ 2ǫ

�

k
��

∂ ki∂ k j

have to be calculated. This task has yet to be performed.
According to the respective theories, all anomalous scattering mechanisms are

dependent on the sign of the charge carriers. The change from hole like to elec-
tron like transport should therefore also be reflected in a corresponding change of
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Figure 4.16: Dispersion relations (left) and Fermi surfaces (right) of Co2MnSi (top),
Co2Mn0.5Fe0.5Si (middle), and Co2FeSi (bottom). Black lines correspond to majority
states, blue lines to minority states.
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RS in Co2Mn1−xFexSi. It can indeed be seen in figures 4.14 and 4.15 that both the
temperature dependent contribution and the extrapolated anomalous coefficient re-
verse their behavior accordingly. It is also eye-catching that in the intermediate
compounds a sign change of the anomalous Hall effect is observed—analogous to
the sputtered Co2FeSi films. This reversal is absent in the ternary compounds. This
supports the hypothesis of two temperature independent contributions. Not only
they seem to be affected by disorder in one compound, as demonstrated with the
sputtered and laser ablated Co2FeSi samples. The results obtained for the quater-
nary series suggest that the same effect can also be manipulated by doping.

It is now discussed how the observed scaling behavior performs in comparison
with the topological theory of the anomalous Hall effect. Figure 4.17 shows a plot
of the anomalous Hall conductivity as a function of σx x for a number of materials
[190], which seem to follow the predicted behavior reasonably well. In contrast, the
inversion of the experimental resistivities gathered in this work result in a strongly
deviating behavior. Instead of showing a constant anomalous conductivity as ex-
pected for the observed Ohmic resistivity, σS decreases by approximately two orders
of magnitude with increasing conductivity.

Mathematically, this difference is caused by a large value of RS0 = RS

�

ρx x→ 0
�

.
It is shown in appendix B that in the absence of this contribution RS and ρS can be
described with αρβ

x x
. Then it follows that σS ∝ σx x for β = 1 and σS = const. for

β = 2. These relations are indeed observed in materials with small values of RS0.
This behavior changes drastically if RS0 is large. It is also shown in appendix B that
in this case the skew scattering mechanism results in an anomalous conductivity
with a positive linear and a negative quadratic term.

These calculated functions are plotted in figure 4.17 as thin black lines. The
Hall data gathered in this work lies on the negative quadratic branch, extrapolation
to higher impurity concentrations seems to be more in line with the general Hall
behavior. In this context it is also noteworthy that in figure 4.17 a similar downturn
of the Hall conductivity might be present in La1−x (Sr,Ca)xMnO3 and Co. Since
figure 4.17 is a plot of the absolute value of the anomalous conductivity, all Heusler
samples investigated in this work show a qualitatively similar behavior. It does not
matter whether the anomalous conductivity is positive or negative or whether a sign
change is actually observed.

The most plausible explanation for the observed behavior was given in a very
recent paper, which looks in more detail into the effects of impurities on the anoma-
lous Hall effect [186]. The authors use in principle the same calculational tech-
niques as in older works. With the same parameters they obtain similar results—for
example figure 4.10 was taken from the article under discussion. These results were
obtained with the assumption of an attractive impurity potential. However, there
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Figure 4.17: Empirical scaling behavior of the anomalous Hall conductivity and com-
parison with theoretical predictions. In addition to the findings reported in reference
190 this plot also contains the experimental data obtained in this work. The data points
of the laser ablated samples are the same as in figure 4.15, the data of the sputtered sam-
ple are the same as in figure 4.11. The black solid lines are inversions of the linear fits
in the respective figures. The functions were calculated according to equation (B.7) on
page 114. Please note that the vertical lines separating the different scaling regions are
not identical to figures 4.10 and 4.18.
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are no reasons why the potential needs to be necessarily negative. Therefore, in
figure 4.18 the calculated results for repulsive impurity potentials are presented.

A comparison with the experimental data shows good agreement. Hence, in
the Heusler compounds under investigation it seems that the intrinsic mechanism
and the skew scattering have opposing effects on the anomalous Hall voltage. The
increase of the latter effect leads in some cases even to an observable change of sign.
In the double logarithmic plots of figures 4.17 and 4.18 they appear as cusps in the
graphs. These findings confirm the conclusions drawn already in the discussion of
figure 4.12. At that point, the nature of the temperature independent contribution
was left open. It can now be seen that it is of intrinsic origin, caused by the Berry
curvature of the Fermi surface. The scaling behavior of other samples that show a
sign reversal of the anomalous Hall coefficient [191, 192, 195] seems also to be in
line with the predictions of reference 186.

Even though it seems that the experimental data can be adequately described
by the presence of a repulsive impurity potential, the limitations of the theoretical
model as well as the experimental techniques have to be envisioned. First, it has to
be discussed whether or not the Rashba model is expandable to three-dimensional
ferromagnets. The published calculations require a spin orbit interaction energy
that is at least of the same magnitude as the exchange energy. This is in contradiction
to the situation in both conventional ferromagnets and Heusler compounds [196,
197]. In the Rashba model, this would lead to a strong suppression of the intrinsic
effect. On the other hand, calculations for bcc iron suggest that the absence of a
strong spin orbit coupling might still result in a large contribution from the Berry
curvature [198].

Furthermore, the theoretical models—historical and contemporary alike—con-
sider the effect of changing impurity concentrations on the Hall effect at low tem-
peratures. The influence of electron-magnon or electron-phonon scattering at high
temperatures has not been investigated thoroughly. So far it seems that these in-
elastic interactions lead to a T 2 behavior of the anomalous Hall effect [199, 200].
However, it is unclear if this applies for the Co2Mn1−xFexSi system, because investi-
gations were carried out well below Curie and Debye temperature. It is also obvious
from the rather small resistivity change of a factor of approximately 1.5 between liq-
uid helium and room temperature that at 300 K impurity scattering still dominates
over the inelastic processes.

On the other hand, also the investigation of the scaling behavior by doping with
impurities is problematic. Figures 4.17 and 4.18 investigate the anomalous Hall con-
ductivity. As for the anomalous resistivity, this value is also dependent on the sam-
ple magnetization. This implies that even though by doping the Ohmic resistivity
is increased by several orders of magnitude, the band structure and the magnetiza-
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Figure 4.18: Scaling behavior of the anomalous Hall conductivity in the presence of a
repulsive impurity potential. The gray lines represent numerical results from reference
186 for different impurity potential strengths V0 > 0. The experimental data (symbols)
and the corresponding fits (colored lines) are the same as in figure 4.17.
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tion of the samples need to remain constant. From all that is known about Heusler
compounds, this approach is not possible.

Finally, it should be kept in mind that the topological models assume one in-
trinsic and one skew scattering channel. In the Heusler samples at hand, however,
there might exist more than one temperature independent mechanism. Whether
they are both of intrinsic nature and caused by different sheets of the Fermi surface
cannot be answered at this point. Furthermore, it is unclear what consequences this
additional effect has on the total anomalous Hall voltage. The experimental data
therefore seem to parallel the model of reference 186, but more research has to be
performed in order to draw an unambiguous picture.

Systematic transport experiments performed on Co2Mn1−xFexSi and compari-
son with high accuracy band structure calculations allowed the investigation of their
electronic properties. The band structure calculations were performed in order to
find the position of the Fermi energy with respect to the half-metallic energy gap in
the spin minority channel. A systematic shift of the Fermi edge with respect to the
minority spin conduction band was found from the calculations. This systematic
shift also corresponds to changes of the Fermi surface topology. Calculated cross-
sections of the Fermi surfaces show an evolution from a hole-dominated electronic
transport for Co2MnSi to electron-like charge carriers for Co2FeSi. A change of the
sign of the apparent charge carriers in Hall effect measurements is consistent with
these band structure calculations. Additionally, the anomalous Hall effect showed
the respective changes as well. The total anomalous effect was found to be a su-
perposition of an extrinsic skew scattering contribution and one or more intrinsic
contributions. These mechanisms have opposing effects on the anomalous Hall ef-
fect and lead in some cases to a sign reversal of the voltage.





CHAPTER 5

FURTHER CHARACTERIZATION

In the previous chapters, the deposition of Co2Mn1−xFexSi films has been presented.
Their structural, magnetic, and transport properties have been discussed. However,
the picture drawn from these data is incomplete. Several results could be assessed
only qualitatively or have ambiguous interpretations. Therefore, further investiga-
tions of these Heusler films have been carried out in collaboration with external
research groups. This chapter gives a short account of those experiments relevant to
the investigations presented earlier in this work. The results will be discussed with
respect to these open questions.

5.1 Kerr Magnetometry

A first glimpse into the anisotropic magnetic properties of Co2FeSi could be caught
with the same magnetometry setup used already in chapter 3. Figure 5.1 shows VSM
hysteresis loops of a (110)-oriented Co2FeSi thin film for different alignments with
respect to the external magnetic field. As expected, the angular dependence of the
coercitive field in this case shows a uniaxial anisotropy in the film plane. The mag-
netization data show an easy axis [001] and a hard axis [11̄0]. On the other hand,
the same experiment with (100) oriented films failed to detect magnetic anisotropy
at all, as shown in the upper part of figure 5.2. This peculiar angular dependence
was one of the reasons to extend the investigations to Kerr magnetometry. These ex-
periments were performed by the “AG Magnetismus” at Kaiserslautern University.

If light interacts with a metal, the periodic perturbation of the electrons in the
material is the source of the reflected beam [201]. In the presence of a finite magnetic
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Figure 5.1: VSM hysteresis loops of a Co2FeSi (110) /Al2O3 sample, measured at room
temperature.

flux, these electrons experience a Lorentz force perpendicular to their direction of
motion. This additional velocity component causes a rotation of the polarization
plane. On a microscopic level, this requires the presence of spin-orbit coupled elec-
trons in order to allow interaction between the electrical field of the light and the
electron spins. The magneto-optical Kerr effect (MOKE) does not yield absolute
magnetization values. Its advantage is the possibility to record hysteresis loops with
a high angular resolution. The probing depth in metals is several tens of nanome-
ters. Therefore, like vibrating sample and SQUID magnetometry MOKE probes
the bulk properties of the films.

Macroscopically the Kerr effect can be described by magnetization dependent
off-diagonal components of the dielectric tensor ǫi j . Assuming that the influence of
M on ǫi j is small, the tensor can be expanded [202] as

ǫi j (M) = ǫi j (M= 0)+





∂ ǫi j

∂ Mk





M=0

Mk +
1

2





∂ 2ǫi j

∂ Mk∂ M l





M=0

Mk M l + . . .

≡ ǫi j (M= 0)+Ki j k Mk +Gi j k l Mk M l + . . .

(5.1)
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Figure 5.2: Top: Magnetic ansitropy of a Co2FeSi (100) / MgO sample, measured
analogous to figure 5.1. Bottom: Polar plot of the coercitive field, obtained with Kerr
magnetometry on the same sample. The polar component denotes the angle α between
the [001] film direction and the plane of light incidence (see also figure 5.3.)
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Figure 5.3: Illustration of the longitudinal MOKE geometry.

The data presented here were acquired in the longitudinal MOKE (LMOKE)
geometry, as illustrated in figure 5.3: the external magnetic field was applied parallel
to the plane of light incidence, the angle between the incident k-vector and the film
normal was ϕ = 45 °. The samples were rotated around the out of plane [100]
axis, the value of α denotes the angle between the [001] direction and the plane of
incidence. In this geometry, the Kerr rotation is determined by the linear term of
equation (5.1), which is proportional to the in plane magnetization component ML.

Microscopically, the LMOKE is caused by the first order spin-orbit interaction
energy ESO = L · S, causing an energy splitting of the electronic structure [203]. In
this case, the LMOKE originates from the part of the electronic structure, where the
electron wave vector component k is parallel to M. It should also be noted that the
spin-orbit coupling is also responsible for the magnetocrystalline anisotropy [194],
so both effects are closely related.

The lower part of figure 5.2 shows the angular dependence of the coercitive field
of the Co2FeSi / MgO sample. As expected from the VSM data, the plot shows a
very weak anisotropy of the coercitive field. The difference between maximum and
minimum value is approximately 1 %. What is more surprising is the presence of
a weak twofold symmetry instead of the fourfold symmetry expected for a (100)-
oriented Heusler crystal.

The data shown in figure 5.2 were obtained from a film with a thickness of 98 nm.
Two hysteresis loops corresponding to the same sample are presented on the left
hand side of figure 5.4. They reveal another unexpected feature. Although recorded
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Figure 5.4: Left: MOKE hysteresis loops of Co2FeSi /MgO films with varying thick-
ness. Right: Kerr effect of the 21 nm thick film. The top loop shows the same raw
data as on the left hand side. The next graph shows the LMOKE contribution for
α=−22.5 °, as determined by antisymmetrization of the experimental loop, and a VSM
measurement (scaled to the Kerr data). The third plot shows the QMOKE loop deter-
mined by loop symmetrization and the bottom loop the directly measured QMOKE.

along equivalent directions α = ±22.5 °, it can be seen that these two curves are
unequal. Each curve viewed separately is also asymmetrical with respect to field
reversal. Additionally, it can be seen in figure 5.4 that this effect is more pronounced
in samples with a reduced thickness. As a further complication these asymmetries
are not always present, they vanish for example at α=±45 °.

Some of these discrepancies between crystal symmetry and magneto-optical pro-
perties can be resolved if the second-order term of equation (5.1) is taken into ac-
count [204]. As opposed to LMOKE, this quadratic Kerr effect (QMOKE) is caused
on a microscopic level from that part of the electronic structure which satisfies
k ⊥M. In this situation L · S = 0, and spin-orbit contributions of order ξ 2 are the
dominant source of the Kerr rotation. In contrast to the linear effect, it is an even
function of the magnetization. For the latter reason the linear and the quadratic
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effect can easily be separated by adding or subtracting the respective experimental
hysteresis branches.

The decomposition of the Kerr data into even and odd contribution is shown
on the right hand side of figure 5.4. The antisymmetrized graph in the second row
shows no longer irregularities. Additionally, a comparison with a VSM hysteresis
loop of the same sample is presented. It can be seen that these two curves match
quite well. It is therefore manifest that the odd contribution is dominated by the
linear Kerr effect. In order to check whether or not the even component is actually
the QMOKE rotation, the angle of incidence ϕ was set to nearly zero, as in this
experimental configuration LMOKE cancels. The result of such a measurement is
presented again in figure 5.4. It is in agreement with the QMOKE contribution
obtained from symmetrizing the raw data. The additional linear component visible
in the experimental data is an experimental artifact. It results from a Faraday effect
induced in the optical elements by stray magnetic fields [205].

These results demonstrate that the observed asymmetries of the magnetization
loops are indeed the caused by a combination of linear and quadratic Kerr effect.
Further investigations of the angular dependence of the quadratic effect show [205]
that the quadratic contribution is minimal for example at α = ±45 °, resulting in
symmetric Kerr hysteresis loops as mentioned above. The peculiar anisotropy of
the coercitive field, however, cannot be resolved. Subtraction of the QMOKE sig-
nal does not result in a significant change of the angular dependence of the coercitive
field. The 98 nm sample still exhibits a very weak uniaxial anisotropy. Interestingly
the thinner films show an equally weak, but fourfold anisotropy. It can therefore be
ruled out that this anomalous anisotropy is induced in the films by terraces on the
substrates, as proposed for ultrathin Fe films [206]. Another explanation would be
the presence of epitaxial strain [207]. But again this would favor anisotropy anoma-
lies in the thinner samples. Additionally, no lattice distortions could be detected.
The source of this behavior therefore remains hidden for now.

The presence of the quadratic Kerr effect has been observed not only in the
Co2FeSi samples prepared in this work, but also in other Heusler samples [208, 209],
especially in Co2MnSi thin films [210]. It therefore needs to be assessed how this
occurrence relates to the electronic properties of these samples. As mentioned ear-
lier, the QMOKE is connected to terms of second order in the spin orbit interaction
energy. This contribution is usually much weaker than the LMOKE.

In Co2FeSi, the QMOKE is exceptionally pronounced. A maximum amplitude
of 30 mdeg was observed in the 21 nm thick sample. At present, this value is the
largest quadratic Kerr rotation observed in any material [211]. To put this into
perspective: the other Heusler compounds exhibit values between 0.5 and 4 mdeg
[208–210], for elemental iron a QMOKE rotation of 5.7 mdeg was reported [204].
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However, this isolated value should be taken with a grain of salt, because the Kerr
effect is geometry and wavelength dependent. But even if these uncertainties are
factored in, a large quadratic effect in Co2FeSi will likely be retained also under
different experimental conditions [212].

One factor in this high absolute value is the presence of a rather large LMOKE
rotation. As mentioned above the linear effect is a result of the first order spin-
orbit interaction. Therefore, the occurrence of a pronounced LMOKE is generally
attributed to a large interaction energy. Van Ek et al. compared experimental and
calculated Kerr spectra for a number of Heusler compounds [213]. Their work
confirms this interpretation in the investigated materials. For systems with a half-
metallic band structure and correspondingly small orbital moments the linear Kerr
rotation is much less distinct than for compounds with reduced spin polarization
[25, 213]. The characteristics of the linear Kerr effect in Co2FeSi therefore are in
line with the conclusions drawn previously in this work. A coupling between the
spin and the orbital degrees of freedom is present, and its influence at room tem-
perature is sizeable. However, in order to draw more quantitative conclusions both
experimental and calculated Kerr spectra of Co2Mn1−xFexSi are required.

Apart from the pronounced LMOKE contribution, the large relative magnitude
of the quadratic effect is responsible for the absolute QMOKE rotation. The value
of the QMOKE amplitude in Co2FeSi is comparable to the linear effect, whereas in
Fe it is 1/10 [214]. Unfortunately, at this time the knowledge of the quadratic Kerr
effect is only rudimentary. Calculated Kerr spectra—irrespective of the materials
under investigation—only take into account linear spin orbit contributions. Hence,
the intrinsic origins of the large effect in Co2FeSi and the distinctly lower value in
Co2MnSi are unknown. Equally unanswered is the question whether the presence of
a quadratic Kerr contribution has any additional effects on the electronic properties.

5.2 Photoemission Spectroscopy

Photoemission spectroscopy has been developed as a powerful tool for electronic
band structure determination in solids [215]. It is based on Einstein’s interpretation
of the photoelectric effect. The famous formula Ekin = ħhω − EB − Φ allows the
determination of the binding energy of a photoelectron by measuring its kinetic
energy, if the photon energy ħhω and the work function Φ are known. Taking into
account also momentum and spin conservation, the spin-resolved band structure of
a solid may be determined.

The spin resolved photoelectron spectra shown in this work were generated with
UV laser light. The photon energy of 5.9 eV results in a very short inelastic scatter-
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Figure 5.5: LEED pattern of a Co2FeSi /MgO film after removal of the capping layer
and subsequent annealing.

ing length. The resulting information depth is 1 – 2 nm [216, 217]. This allows a
very surface sensitive analysis of the Heusler valence bands. On the other hand, it
creates severe challenges with respect to sample preparation and handling. A small
amount of adsorbents or surface oxidation will seriously degrade the photoelectron
spectra.

The spin-resolved photoemission spectra of sputtered Co2FeSi films presented
here have been measured by the members of “AG Aeschlimann” at Kaiserslautern
University. After ex situ transportation, the samples were transferred into a UHV
system. Due to the extreme surface sensitivity, it was necessary to remove the Al
protection layer prior to measurement. This was accomplished by Ar ion bombard-
ment. The process was monitored by Auger electron spectroscopy. Subsequently,
the samples were annealed at 300 °C in order to reconstruct the surface crystal struc-
ture.

LEED images taken after this preparation procedure show indeed an ordered
fourfold surface for the films deposited on MgO. An example is presented in figure
5.5. The (110)-oriented Co2FeSi / Al2O3 films do not show a crystalline surface.
Spin-resolved spectra taken at room temperature are presented in figure 5.6. Over
the accessible energy range, no structure is observed. For the majority states, this
is to be expected from the band structure calculations. However, the clearly visible
minority states contradict the theoretical predictions. In these measurements, the
maximum spin polarization of Co2FeSi / MgO is 12 %. This maximum is located
1.5 eV below the Fermi energy. At EF, only 4 % spin polarization could be observed.
For Co2FeSi / Al2O3 no spin polarization could be detected at EF.
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Figure 5.6: Left: Spin resolved photoemission spectra (top) and corresponding spin
polarization (bottom) for a Co2FeSi / Al2O3 film. Right: Analogous data for a
Co2FeSi /MgO film.

Most probably, these values are not intrinsic. Bulk magnetometry shows that
these Heusler samples are clearly ferromagnetic. A reduction of surface magnetism
can also be observed in XMCD spectra (see next section), but it is highly unlikely
that the spin polarization drops to zero. These low values might rather be caused
by the sputtering process. Different sputtering rates for the different elements in
the film can induce additional surface degradation. From the LEED images, it is not
possible to tell whether the surface consists of a Heusler layer or for example of fcc
iron.

5.3 X-Ray Magnetic Circular Dichroism

X-ray magnetic circular dichroism (XMCD) spectroscopy is a rather new analytical
technique [219]. Its main advantage is the possibility to perform element specific
analysis of orbital and spin magnetic moments in a solid. Furthermore, it is possible
in thin films and multilayers to assess bulk, surface, and interface magnetic proper-
ties [80, 220]. On a microscopic level, XMCD spectroscopy of transition metal
atoms is realized by resonant X-ray absorption of highly localized, spin-orbit split
L shell core electrons, as illustrated on the left hand side of figure 5.7 [221]. The
experiments were performed in collaboration with the “AG Magnetismus” of the
University of Mainz.
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left right

L3
L2

Figure 5.7: Left: Principle of an XMCD experiment: Circularly polarized photons
excite the electrons of the spin-orbit split core shells into the exchange-split final states
above the Fermi edge. Right: The spin polarization of the photoelectrons originates
from the dipole transition rules [218]. The width of the arrows is proportional to the
transition probability. Black (gray) arrows represent transitions for right (left) circular
polarization. The spin-orbit splitting of the 3d states is small and has been neglected for
better readability.

In a simple one-electron model of this process, the core level electrons are ex-
cited into empty states above the Fermi level. The channels 2 p1/2 → 4s1/2 and
2 p3/2 → 4s1/2 are strongly suppressed because of their small transition matrix ele-
ments. The remaining 2 p → 3d processes can be utilized to probe the exchange-
split d bands at the Fermi surface. It can be seen from the transition probabilities
depicted in figure 5.7 that the angular momentum of circularly polarized light is
transferred to the photoelectrons [218]. Summing over the final states with different
spin orientation, one finds that the excitation processes from the L2 edge produces
a net spin polarization of the photoelectrons for right circularly polarized light of
+25 % and an orbital polarization of 75 %. For the opposite photon polarization
one gets an electron spin polarization of −50 %, the orbital polarization again has
a value of 75 %. The exchange split states at the Fermi energy then act as a spin
detector for the excited electrons.

The resulting intensity difference for left and right circularly polarized radiation
can then be used to determine spin and orbital contributions to the magnetic mo-
ment. A quantitative analysis can be performed with the following sum rules. For
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magnetic 3d elements the relations between absorption and magnetic moments are
given by
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with the absorption coefficients µ± for left and right circularly polarized light, the
photon energy E and the number of d electrons n3d .

Two main problems complicate a quantitative sum rule analysis analysis: First,
the sum rules depend on the number of d -electrons, which is in most cases—and
especially for the Heusler alloys—only known theoretically. And second, it is often
problematic to separate the signals from the L2 and L3 edges of light elements since
spin-orbit splitting is small.

For a rigorous description the transition from a 2 p63d M initial configuration
into a 2 p53d M+1 final configuration has to be considered. This model takes cor-
relation effects into account and reproduces the multiplet structures observed in
XMCD spectra of oxides. However, for metallic 3d system the one electron model
presented before is sufficient.

All X-ray absorption spectra presented here were taken at the UE56/1-SGM
beamline of the BESSY II synchrotron light source. Instead of switching the polar-
ization of the incident light, the magnetization was aligned parallel or antiparallel to
the wave vector of the beam. For surface sensitive measurements the electric current
created by Auger and secondary electron cascades was recorded (total electron yield,
TEY). The escape depth of these electrons is in the order of a few nanometer. The
transmitted (TM) intensity and therefore bulk properties could be analyzed because
the X-ray light causes luminescence in the Al2O3 and MgO substrates. This light
could be detected with a standard photodiode.

Figure 5.8 shows typical TEY and transmission spectra for a sputter deposited
Co2FeSi thin film. The two data sets for each orientation of the polarization were
measured simultaneously. One can see a jump in intensity at the Co L3 and L2
energies. Additional peaks can be seen 4 eV above the maxima, the broadening above
the L2 edge is due to a shorter lifetime of the excited states. This feature is caused
by a hybridization of Co d -band states with s p states from the main group element
[55]. It can only be seen in L21 ordered thin films. In B2 ordered Co2Cr0.6Fe0.4Al
films this additional feature is very weak [141], in oxidized bulk samples it vanishes
completely [45]. Figure 5.9 shows the total X-ray absorption spectra for TM and
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Figure 5.8: Total electron yield (TEY) and transmitted (TM) intensity for a sputtered
Co2FeSi film at the Co L2,3 edges. Spectra for parallel and antiparallel alignment of
magnetization and polarization vector are shown. A background caused by 2 p → 4s
transitions and the reference luminescence of a naked substrate have been subtracted.

TEY modes. It can be seen here that this additional feature is more pronounced in
the bulk, indicating a larger disorder at the surface.

This difference can also be observed in the XMCD spectra, as shown in figure
5.10. The bulk data has a greater asymmetry between the L2 and L3 transmission
processes. From the sum rules follows that the spin magnetic moment at the surface
is reduced by a factor of 1.1. Assuming an information depth of 30 Å for the TEY
and that this reduction is due to magnetically dead layers, it is found that the top-
most 1.5 Å of the film is nonmagnetic. A larger discrepancy and therefore a larger
dead layer of 5.5 Å was found in Co2Cr0.6Fe0.4Al thin films [94]. This might explain
the low spin polarization of junctions comprising of (110)-oriented Co2Cr0.6Fe0.4Al
electrodes [149].

Furthermore, the transmission signals for Co2FeSi films with varying thickness
were investigated [80]. For a constant bulk magnetization, the product of magne-
tization and thickness should be linear in film thickness. This was confirmed ex-
perimentally. However, the linear fit does not intersect with the origin of the plot,
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Figure 5.9: X-ray absorption spectra obtained by summing over the contributions
shown in figure 5.8. µ denotes the absorption coefficient in transmission. Data were
normalized to the absorption maxima at the L3 edge and graphs were shifted vertically
for better visibility.

which is due to magnetically dead portions. It was found that the dead layer has a
thickness of 8 Å. From the discrepancy to the TEY result one can conclude, that
the substrate-film interface is also magnetically degraded. Here the dead layer has a
thickness of 6.5 Å.

Comparison of the magnetic properties of sputtered and laser ablated Co2FeSi
films could also be performed. Since XMCD is a surface averaging method, the
covering of the film surface with melt droplets is a much smaller source of error
than for bulk magnetometry. Comparison of the XMCD signal of two samples
shows a much higher asymmetry for the laser ablated film. Employing the sum
rules for the Co and Fe signals one finds that the total magnetization increases by
10 % [222], assuming the same stoichiometry and band structure for both sputtered
and laser ablated films.

Finally, XMCD sprectroscopy allowed the mapping of the spin-polarized unoc-
cupied densities of state of a Co2Mn1−xFexSi series [152]. On the assumption that
the angular transition matrix elements can be averaged at every energy value it is
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Figure 5.10: XMCD spectra for a Co2FeSi sample. Spectra were obtained by subtract-
ing the spin-resolved spectra in figure 5.8. Data were normalized to the L3 minimum.

possible to invert the sum rules:

D↑(↓)(1− f )∝
µ++µ−

2
− s +(−)

µ+−µ−

2P j

, (5.2)

where f denotes the Fermi distribution, s the step-like background function and P j

the spin polarization of the photoelectrons given on page 102.
The result of this inversion is shown in figure 5.11. For Co2FeSi the minor-

ity states have a large maximum approximately 0.6 eV above the Fermi energy, at
E = 1 eV a clear shoulder is observed. These features can be correlated to the the-
oretical band structure shown in figure 1.4 on page 12. Furthermore, the broad
shoulder at 5 eV is caused by the hybridization of Co and Si also predicted from
the theoretical model. For Co2Mn0.5Fe0.5Si and Co2MnSi, the peak in the minority
density of states shifts away from the Fermi energy as predicted in the same band
structure calculations. However, the difference between Co2FeSi and Co2MnSi is
only 0.4 eV, the predicted effect is larger by a factor of 4. In addition, despite a clear
double-peak structure in the band structures, only weak modulations are present in
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Figure 5.11: Reconstruction of the partial density of states of Co2Mn1−xFexSi from
Co XAS spectra. Majority states are shown on the positive scale. Symbols represent
data reconstucted from measured data, according to equation (5.2). Full lines indicate
deconvoluted data; an instrumental resolution of 0.4 eV was assumed.
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the experimental data. If this is due to shortcomings of the calculations or surface
degradation remains to be seen.

The question whether these materials are half-metals depends crucially on the
position of the Fermi energy. Its value had to be obtained by comparison with
theoretical data, and therefore an unambiguous answer is not possible. However, it
could be shown that general features predicted by theory could be reproduced and
the shift of the Fermi energy across a minimum in the minority density of states
corroborates the findings from the Hall effect data.

The cooperation with external groups allowed the application of further experi-
mental techniques. They allowed a more sophisticated view on the properties of
Co2Mn1−xFexSi. Due to the nature of the sample preparation prior to photoemis-
sion spectroscopy, it was not possible to obtain meaningful results. However, this
highlights the delicate nature of the Heusler compounds with respect to contamina-
tion and disorder. In order to improve this situation, uncoated Heusler films were
transferred to the photoemission setup in the portable vacuum chamber presented
on page 26. Preliminary results show more structured spectra as well as clearly
higher spin asymmetries at the Fermi edge.

MOKE magnetometry allowed a view into the magnetic properties of the Heus-
ler films. A very large quadratic contribution was found in Co2FeSi, much larger
than in Co2MnSi. The origin of this large effect is unknown at present. Equally
unknown is the origin of the large difference to the Co2MnSi samples. This sit-
uation opens plenty of opportunities to improve the understanding the nature of
both the quadratic MOKE and the microscopic nature of the magnetism in Heusler
compounds.

XMCD served at first as an independent source of magnetometry data. The re-
sults confirm the bulk properties obtained from vibrating sample or SQUID magne-
tometry. More important, it allowed investigating independently bulk and surface
magnetism of the samples. Finally, an inversion procedure supports the calculated
band structure and the results obtained from Hall experiments in this work: The
Fermi energy of Co2Mn1−xFexSi moves closer to the minority conduction band if
the Fe fraction is increased.



SUMMARY

During this work, thin films of Co-based Heusler compounds were deposited un-
der optimized conditions, and their structural, magnetic, and transport properties
were investigated. The growth of the thin film samples was accomplished by two
different methods. At first Co2Cr0.6Fe0.4Al and Co2FeSi were deposited by sputter
deposition from stoichiometric targets. This is considered the standard technique
for the preparation of thin Heusler films. Also for the compounds investigated here
it resulted in samples with a high degree of L21 ordering. An excess of Fe atoms on
Si sites was discovered by a detailed X-ray analysis in conjunction with NMR spec-
troscopy. The choice of different substrates allowed the adjustment of the growth
direction. On the other hand, bulk magnetometry revealed that these sputter de-
posited films exhibit only a reduced magnetic moment, which is an indication of a
reduced spin asymmetry at the Fermi level. One source of this problem seems to be
a high residual gas pressure, which leads to an increased sample contamination.

To improve this situation, a pulsed laser deposition system was constructed and
put into operation. The resulting film growth under ultra-high vacuum conditions
led to a further improvement of the short-range crystallographic ordering and a
clear enhancement of the magnetic properties. The additional use of a metallic
buffer layer resulted in samples with a smooth surface. This opens the door for
a number of further analytical experiments, such as tunneling spectroscopy or Bril-
louin light scattering. After this successful demonstration of this growth technique,
an additional method for the flexible variation of the film stoichimetry was imple-
mented. In this work, this method was successfully applied in the deposition of
Co2Mn1−xFexSi films. All samples in this series show a high degree of atomic or-
dering. Their magnetization values are compatible with the Slater-Pauling rule for
half-metallic Heusler compounds.
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The availableness of these high quality quaternary alloy films allowed the system-
atic investigation of their electronic properties. Band structure calculations predict
that the substitution of Mn by Fe leads to a shift of the Fermi energy over the mi-
nority energy gap, whereas the density of states remains nearly unchanged. The
corresponding changes in the topology of the Fermi surface could be tested by elec-
tronic transport measurements. This is particularly obvious in the normal Hall ef-
fect. Here a transition from a hole-like charge transport in Co2MnSi to an electron-
like transport in Co2FeSi could be demonstrated. This is in accordance with the
corresponding band structure calculations. Additionally, with these samples com-
parative XMCD experiments were performed. The densities of states reconstructed
from these spectra show the expected shift of the Fermi energy as well.

Furthermore, the behavior of the anomalous Hall effect was studied. Here it
could be seen that the effect is influenced by two mechanisms: On the one hand
an intrinsic contribution, caused by the topology of the Fermi surface and on the
other hand by temperature dependent impurity scattering. These two effects have
an opposing influence on the anomalous Hall effect. This can lead to an observ-
able sign reversal of the anomalous contribution. This behavior has been predicted
just recently and was in this work systematically investigated for the first time for
Heusler compounds.



APPENDIX A

SAMPLE PATTERNING

The following list illustrates the film patterning process and serves as a protocol of
the procedure.

0 Untreated thin film.

1
Spin coating with positive photoresist and subse-
quent hardening.
Spin AZ 7812 photoresist at 4000 rpm for 30 s
Bake for 2 minutes at 110 °C

2
Shadow mask is brought into contact with resist
and illuminated with UV light.
60 seconds exposure to Hg-vapor light.

3
Illuminated areas are removed with developer.
30 s immersion in AZ MIF 300.
Rinse with distilled water.

4
Ion beam etching of the exposed film regions.
Optical control of film removal. (Typical exposure
time: 10 min)
Remaining resist is dissolved in acetone.





APPENDIX B

HALL RESISTIVITY AND HALL
CONDUCTIVITY

Different formulations of the anomalous Hall effect describe either ρxy as a function
of ρx x or σxy as a function of σx x . It is shown here how these two quantities are con-
verted into each other. Especially, it is shown how the presence of a nonvanishing
anomalous Hall resistivity affects the evolution of the transverse conductivity.

Experimentally, the electrical field produced by a given current is measured. For
this reason, the resistivity tensor is chosen as a starting point:

�

ρi k

�

=









ρx x,⊥ (B,M) −ρxy (B,M) 0
ρxy (B,M) ρx x,⊥ (B,M) 0

0 0 ρx x,‖ (B,M)









. (4.1)

Inversion of ρi k results in the conductivity tensor

�

σi k

�

=
1

ρ2
x x,⊥+ρ

2
xy











ρx x,⊥ ρxy 0
−ρxy ρx x,⊥ 0

0 0
ρ2

x x,⊥+ρ
2
xy

ρx x,‖











. (B.1)

Since the thin films investigated here as well as the samples reported in literature
show that ρ2

x x,⊥ ≈ ρ
2
x x,‖ ≫ ρ

2
xy

, the relations between resistivity and conductivity
can be simplified to

σx x =
1

ρx x

and σxy =−
ρxy

ρ2
x x

. (B.2)
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Now a power law behavior between the anomalous Hall resistivity ρS ≡ µ0RSM
and the diagonal resistivity ρx x is assumed:

ρS = αρ
β
x x

. (B.3)

The established theories predict β = 1 or β = 2, in which case the anomalous
conductivity σS assumes

σS =−ασx x or σS = const., (B.4)

respectively. Linear fits of the experimental data in this works show a sizable anoma-
lous contribution independent of ρx x . Equation (B.3) is therefore expanded to

ρS = αρ
β
x x
+ρS,0 (B.5)

This relation results in the following evolution of the anomalous Hall conductivity:

σS =−ασ2−β
x x
−ρS,0σ

2
x x

(B.6)

For the special cases β= 1 or 2, σS behaves as

σS =−ασx x −ρS,0σ
2
x x

or (B.7)

σS =−α−ρS,0σ
2
x x

, (B.8)

respectively. For β= 1 an extremum is located at

σx x =−
α

2ρS,0

. (B.9)
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