Chapter 2
New Heusler Compounds and Their Properties

Benjamin Balke, Gerhard H. Fecher, and Claudia Felser

Abstract Spintronics is a multidisciplinary field and a new research area. New ma-
terials must be found for satisfying the different types of requirement. The search
for stable half-metallic ferromagnets and ferromagnetic semiconductors with Curie
temperatures higher than room temperature is still a challenge for solid state scien-
tists. A general understanding of how structures are related to properties is a nec-
essary prerequisite for material design. Computational simulations are an important
tool for a rational design of new materials. The new developments in this new field
are reported from the point of view of material scientists.

2.1 Introduction

A great scientific interest is attracted by materials with a complete spin polarization
at the Fermi energy [1]. Such materials, being a metal for spin up and a semicon-
ductor (or insulator) for spin down electrons, are called half-metallic ferromagnets
(HMF) [2, 3]. Already in 1983 Heusler compounds have been considered poten-
tial candidates to show this property. Theoretical calculations predicted an energy
gap for minority electrons for the half-Heusler compound NiMnSb [2, 4] which,
however, has been controversially discussed later [5-7]. At the same time, Kiibler
et al. [8] recognized that the minority spin densities at the Fermi energy (¢r) nearly
vanish for CooMnAl and CopMnSn. The authors concluded that this should lead to
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peculiar transport properties in these Heusler compounds because only the majority
density contributes to the states at ef.

Generally, Heusler compounds belong to a group of ternary intermetallics with
the stoichiometric composition XY Z ordered in an L2-type structure. Many of
them are ferromagnetic [9]. X and Y are transition metals and Z is usually a main
group element. Y may also be replaced by a rare earth element. The L2; structure
consists of a primitive fcc lattice with a basis of four atoms. Remarkably, the proto-
type CupMnAl is a ferromagnet even though none of its constituents is one [10].

The quite new research area of so-called spintronics is a multidisciplinary field.
New materials must be found for satisfying the different types of requirement. The
search for stable half-metallic ferromagnets and ferromagnetic semiconductors with
Curie temperatures higher than room temperature is still a challenge for solid state
scientists. A general understanding of how structures are related to properties is a
necessary prerequisite for material design. Computational simulations are an impor-
tant tool for a rational design of new materials. The new developments in this new
field are reported from the point of view of material scientists. The development
of magnetic Heusler compounds specifically designed as material for spintronics
applications made tremendous progress in the very recent past.

The boom about Heusler compounds for spintronics applications and with it the
huge number of both, theoretical and experimental investigations (over 700 publi-
cations concerning X»Y Z Heusler compounds in the last eight-nine years) began in
2002/2003 with the observation of—at that time—Ilarge negative magnetoresistance
in powder compacts of CoyCrggFeg4Al [11]. A magnetoresistive effect of 30 %
in a small magnetic field of 0.1 T at room temperature was found. This demon-
strated for the first time the feasibility of a cheap and simple magnetic sensor based
on polycrystalline, intermetallic materials. This value was later optimized by using
powder compacts of CoyCrg ¢Fep 4 Al, mixed with insulating Al, O3, to a maximum
magnetoresistance ratio of 88 % in an induction field of 0.125 T at 295 K [12].

Based on band structure calculations and guided by striking features in the elec-
tronic structure of several magnetic Heusler compounds, Co,Crg ¢Feg 4Al was cho-
sen to obtain a half-metallic ferromagnet with a van Hove singularity in the vicinity
of the Fermi energy in the majority spin channel and a gap in the minority spin
channel [11]. Following this investigation, Inomata et al. [13] prepared a spin valve
type tunneling junction with a Co,Crg ¢Fe 4 Al Heusler compound film that showed
a tunneling magnetoresistance ratio of 16 % at room temperature. Afterwards, thin
films of the compound Co,Crg ¢Feg4Al were successfully grown by many other
groups [14—17]. A magnetoresistance ratio of 26.5 % [13] (at 5 K) and 19 % [18]
(at room temperature) was found for a tunneling magnetoresistance (TMR) element
of the same compound. Very recently, Marukame et al. [19] reported a TMR ratio of
74 % at 55 K for a Co,Crg ¢Fep4Al-MgO-CoFe magnetic tunnel junction. A spin
polarization of only less than 49 % was found for polycrystalline samples by means
of Andreev reflections [20]. The observation of an incomplete spin polarization may
not only be caused by the model used to interpret the data [20, 21] but also by the
properties of the sample. Clifford et al. [22] reported a spin polarization of 81 % in
point contacts of Co,Crg gFeg4Al.
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However, the TMR ratios found in tunneling experiments indicate a spin polar-
ization that is still too low, and not only at room temperature. This work reports on
the investigation of the reasons of this contradiction between theory and experiment
and with this knowledge it was tried to overcome the problems by designing new
materials suitable for spintronics applications.

2.2 Experimental Details

Polycrystalline ingots of the compounds were prepared by arc melting of stoichio-
metric amounts of high purity elements in an argon atmosphere to avoid oxygen
contamination at a pressure of 10™* mbar. Additionally, a Ti sponge was used to
bind remaining oxygen. The samples were melted three times. They were turned
over after each melting process to yield a homogeneous sample. The weight loss af-
ter the whole melting procedure was less than 1 %. The polycrystalline ingots were
annealed in evacuated quartz tubes at 1073 K for two weeks. The crystallographic
structure was investigated by X-ray powder diffraction (XRD) using excitation by
Mo-K,, radiation (A = 0.7093165 nm; Bruker, AXS D8) in reflection geometry. The
experimental diffraction patterns were refined using the FULLPROF program [23].
Additional synchrotron-based anomalous XRD investigations were carried out for
various samples, due to the restrictions of powder XRD using laboratory source. The
anomalous XRD experiments and the temperature dependent XRD measurements
were performed at the X-ray powder diffraction beamline at the bending magnet
D10 at the Brazilian Synchrotron Light Laboratory (LNLS). For details about the
characteristics of the beamline see [24]. A scanning electron microscope (SEM, Jeol
JSM-6400) equipped with an energy dispersive X-ray spectroscopy (EDX) detection
system (EUMEX EDX) was used to check the homogeneity and stoichiometry of
the samples. The measurements were carried out at a pressure of 3 x 107 mbar.
An acceleration voltage of 20 kV was applied and an inspection angle of 35° was
set up. For the correction of the quantitative data the ZAF method was applied
which relies on atomic number (Z), absorption (A) and fluorescence (F) effects.
The images were acquired via the Digital Image Processing System (DIPS) and
the quantitative chemical analysis was performed with the program WINEDS 4.0.
Magneto-structural investigations were carried out by MoBbauer spectroscopy in
transmission geometry using a constant acceleration spectrometer. For excitation,
a >7Co(Rh) source with a line width of 0.105 mm/s and a Ca''SnOj3 source with a
line width of 0.3 mm/s was used in the case of Fe and Sn, respectively. The spectra
of powder samples were measured at 290 K. The magnetic properties were investi-
gated by a superconducting quantum interference device (SQUID, Quantum Design
MPMS-XL-5) using nearly punctual pieces of approximately 5 mg to 10 mg of
the sample. The measurements of the Seebeck coefficient were carried out with a
Physical Property Measurement System (Model 6000 Quantum Design) on bars of
about (2 x 2 x 8) mm? which were cut from the pellets and polished before the
measurement. In the temperature range above 350 K the Seebeck coefficient was
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measured by a steady-state method using the RZ2001i measurement system from
Ozawa science, Japan. For more details about the preparation, structural and mag-
netic properties see [25-28].

2.3 Crystal Structures of Heusler Compounds

In general, Heusler compounds crystallize in the CupMnAl-type structure but in
many cases certain types of disorder are observed. For a detailed description of the
crystal structure as well as different types of atomic disorder see the contribution
“Crystal Structure of Heusler compounds” by Tanja Graf and Claudia Felser. The
relationship of the chemical ordering and the spin polarization is discussed there
and useful experimental methods for the structural analysis of Heusler compounds
are presented there.

2.4 Optimization of Co,Y Z Heusler Compounds

2.4.1 Investigation on Co,Crg ¢Feo.4Al

To understand why the spin polarization is too low, the structural and physical prop-
erties of the series CoyCry_,Fe, Al, with varying iron concentration x, were inves-
tigated in detail. The results from X-ray diffraction (XRD) as well as an extended
X-ray absorption fine structure (EXAFS) analysis and >’ Fe MoBbauer spectroscopy
indicated structures in the bulk of the compound Co,Cri_, Fe, Al that were different
from those at the surface of the compound [29-31].

Figure 2.1 displays the EXAFS results for Co,Crg ¢Feg.4Al and compares pow-
der (higher amount of surface contribution) with bulk samples. The differences are
clearly visible. The results corroborate those found from variable incidence XRD
measurements, and indicate that the surface shows no ordered structure (A2-type)
while the bulk is B2-like disordered. Indeed, the spectra provide no indication of
the L2, structure, and this explains the reduced spin polarization.

MoBbauer spectroscopy was used to further explore the magneto-structural prop-
erties of CoyCrg ¢Feg 4Al. The results of both transmission and conversion electron
MoBbauer spectroscopy (CEMS) were analyzed to obtain insight into both the dis-
order effects as well as the differences between the bulk and surface properties. It
was found that rough mechanical treatment of the surfaces of bulk samples induces
strong dynamic or relaxation effects. From the CEMS analysis, it was found that one
of the best procedures for cleaning the surface of Co,Crg ¢Feg4Al was achieved by
using grazing incidence Ar" ion bombardment (this was also checked for other
compounds that are not shown here). Figure 2.2 shows the CEMS spectrum of 3/ Fe
enriched Co,Cry ¢Feq.4Al bulk material after polishing followed by 60 min of Ar™
ion bombardment in an UHV chamber. Even without any post-annealing for healing
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the surface, the spectra reveal the bulk magnetic properties as found in comparison
to transmission MoBbauer experiments (please, note that, as reported in the chapter
about photoemission experiments), the information depth of CEMS is comparable
to that of high energy photoemission.

The studies of Co,Crg ¢Feg 4Al were followed by a comprehensive characteriza-
tion of other Cr-containing Heusler compounds. This is necessary for understanding
the mechanism that causes a magnetic moment of Cr in that compound that is less
than that found in the isoelectronic Co,Cr_,Fe,Ga compounds. Co,CrZ Heusler
compounds (Z = Al, Ga) are already known; the next compound with an element
from the series of main group elements is the Co,CrZ Heusler compound with



20 B. Balke et al.

Z = In. This compound had not been reported before, so CopCrln was synthesized
and characterized [32]. In summary, this compound is L2 ordered and exhibits no
antisite disorder. CopCrIn was found to be a ferrimagnet with a magnetic moment
of 1.18 up at 5 K. In addition, the hysteresis indicates a soft magnetic behavior. The
value of the measured magnetic moment is not an integer, as would be expected for
a half-metallic ferromagnet with four atoms in the primitive cell. Thus, unlike most
of the other Co,Y Z Heusler compounds, Co,Crln cannot be a half-metallic ferro-
magnet. Finally, it should be noted that it was not possible up to now to stabilize
other CoyCrZ compounds in a pure L2 structure.

2.4.2 Tuning the Fermi Energy in the Middle of the Gap:
From CoxFeSi to CooMni_,Fe,Si and CoyFeAl;_, Si,

Due to insuperable problems such as disorder and the low magnetic moment of
compounds containing Cr (and Al), we moved on to investigate new materials that
clearly exhibit both the ordered L2 structure and a high Curie temperature. By in-
specting the magnetic data of the known Heusler compounds in more detail, a very
interesting aspect is found [33, 34]. A linear dependence is apparently obtained
for Co,-based Heusler compounds when the magnetic moments for the known, 3d
metal-based Heusler compounds are plotted against their Curie temperatures (7¢)
(see Fig. 2.3). According to this plot, 7¢ is highest for those half-metallic com-
pounds that exhibit a large magnetic moment. By extrapolating from the linear de-
pendence shown in Fig. 2.3, T¢ is estimated to be above 1,000 K for compounds
with 6 up.

From the chemical point of view, it is clear that the exchange of Al by Si should
lead to stronger covalent bonding. Indeed, Co,FeAl does not exhibit a clean L2
structure but usually has a very high degree of B2-like and also A2-like disor-
der. Therefore, CoyFeSi was revisited and its properties were analyzed in more
detail. Indeed, it was found that Co,FeSi exhibits the correct Heusler L21-type
structure that is necessary for the occurrence of half-metallicity [34]. Using a Ri-
etveld refinement, the lattice constant was determined by XRD to be 5.64 A with
an Rprage value < 5.5. A disorder between Co and Fe atoms (DO3-type disorder)
could be excluded from the XRD Rietveld refinement as well as from the EXAFS
and neutron scattering data. During further structural and magnetic investigations,
MoBbauer spectroscopy, EXAFS measurements, and both low and high tempera-
ture magnetometry were performed and all data analysis verified the high degree
of order in CoyFeSi, even on a short range scale, and excluded A2—or a B2-type
disorder.

Low temperature magnetometry was performed to verify the estimated satura-
tion moment. The measured magnetic moment in saturation was 5.97 up at 5 K.
An extrapolation to 6 up per unit cell at 0 K perfectly fits the moment estimated
from the Slater—Pauling rule. The experimental magnetic moment is supported by
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band structure calculations that indicate an HMF character with a magnetic moment
of 6 wp. The high temperature magnetization of CoyFeSi was measured using a
vibrating sample magnetometer equipped with a high temperature stage. The fer-
romagnetic Curie temperature is found to be 7¢ ~ 1100 K. This value very well
fits the linear behavior of T¢ as a function of the magnetic moment for Co;-based
Heusler compounds (see Fig. 2.3). T¢ is well below the melting point, which is de-
termined using differential scanning calorimetry to be 7;, = 1,520 K. In summary,
the analysis shows that L2-ordered Co,FeSi is a half-metallic ferromagnet that ex-
hibits the highest values of Curie temperature and magnetic moment that have been
reported for Heusler compounds.

On the other hand, next to Co,FeSi, the Heusler alloy CooMnSi has attracted
particular interest because it is predicted to have a large minority spin band gap of
0.4 eV and, at 985 K, has one of the highest Curie temperature, among the known
Heusler compounds [35, 36]. Structural and magnetic properties of Co,MnSi have
been reported for films and single crystals [37—42]. In accordance with theoretical
predictions, bulk CooMnSi has been stabilized in the L2 structure with a magne-
tization of 5 pup per formula unit. From tunneling magneto resistance (TMR) data
with one electrode consisting of a CooMnSi film Schmalhorst et al. [43, 44] in-
ferred a spin polarization of 61 % at the barrier interface. Although the desired spin
polarization of 100 % was not reached, the experimental value of the spin polar-
ization is larger than the maximum 55 % effective spin polarization of a variety of
3d-transition metal alloys in combination with Al,O3 barriers [45]. However, the
spin polarization of photoelectrons emerging from single crystalline Co,MnSi films
grown on GaAs by pulsed laser deposition indicate a quite low spin polarization
at the Fermi level of only 12 % at the free surface [42]. Wang et al. [41, 42] as-
sumed that partial chemical disorder was responsible for this discrepancy with the
theoretical predictions.

Investigations [25, 30, 33, 46] of the electronic structure of Heusler compounds
indicate that on-site correlation plays an important role in these compounds and
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may serve to destroy the half-metallic properties of CooMnSi. In addition, if on-
site correlation is considered in electronic structure calculations Co,FeSi becomes
a half-metallic ferromagnet with a magnetic moment of 6 .

A possible explanation is the position of the Fermi energy with respect to the
minority band gap. A position close to the minority band edges (top of the minor-
ity valence band or bottom of the minority conduction band) might easily destroy
the gap already at low temperatures without affecting the magnetic moment. One
result from the electronic structure calculations on Co;FeSi and Co,MnSi is the in-
dication of a shift of the Fermi energy from the top of the minority valence band
(Y = Mn) to the bottom of the minority conduction band (Y = Fe) [47]. These
particular positions of the minority gap with respect to the Fermi energy make both
systems rather unstable with respect to their electronic and magnetic properties. Any
small change in physically relevant quantities (e.g., lattice parameters) may easily
serve to destroy the half-metallic character by shifting the Fermi energy outside
of the minority gap. Therefore, the substitutional series of the quaternary Heusler
compound CopMn;_,Fe,Si was synthesized and investigated both experimentally
and theoretically. All samples of the substitutional series exhibit an L2 order that
is independent of the Fe concentration x. The observed structural order-disorder
phase transition from L2; <> B2 is nearly independent of x and occurs at about
1030 K. MoBbauer measurements show only a negligible paramagnetic contribu-
tion confirming the high degree of order over the whole substitutional series (see
Fig. 2.4).

In agreement with the expectation from the Slater—Pauling curve, the magnetic
moment increases linearly with x from 5 up to 6 pp. True bulk sensitive, high en-
ergy photo emission bearded out the inclusion of electron—electron correlation in
the calculation of the electronic structure and gave an indirect advise on the gap
in the minority states. Both valence band spectra and hyperfine fields indicate an
increase of the effective Coulomb exchange parameters with increasing Fe concen-
tration. The calculated band structures suggest that the most stable compound in
a half-metallic state will occur at an intermediate Fe concentration. From both the
experimental and computational results it is concluded that a compound with an in-
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termediate Fe concentration of about 50 % should be most stable and best suited for
spintronics applications.

The end members of this series, CorFeSi and Co,MnSi, have been used for fab-
rication of magnetic tunnel junctions [48-50]. The tunnel magnetoresistance ratios
of 159 % in the Mn compound at low temperature and 41 % in the Fe compound at
room temperature suggest that still an improvement with respect to the temperature
stability of the TMR is necessary.

In CopMnj_,Fe,Si the transition metal carrying the localized moment is ex-
changed. This might lead to unexpected effects on the magnetic properties if the
samples are not completely homogeneous. The situation is different in the isoelec-
tronic series CopFeAl;_,Si, where the main group element is substituted. Tezuka
etal. [51, 52] reported about TMR junctions build from CosFeAlg 5Sig 5. The junc-
tions exhibited TMR ratios of 76 % at 300 K and 106 % at 5 K for the B2 structure
while the junctions with L2; structure showed 51 % and 78 % at 300 K and 5 K,
respectively. The TMR ratio is 175 % at 300 K for optimized junctions with L2
structure [52] and thus larger than the ones found for pure Co,FeAl or CoyFeSi
electrodes.

Recent ab-initio calculations [53] indicated that the compound with 50 % of the
Al substituted by Si will lead to a situation where ¢ is located close to the middle
of the minority gap and thus should lead to an improved temperature stability of the
spin polarization, in particular if quasi particle excitations are appearing close to the
band edges. The following study is devoted to the bulk properties of CopFeAl;_, Si,
in order to find the most stable compound of the series with respect to the structural
and magnetic properties and thus the most promising candidate for thin film devices
using them in GMR and TMR applications.

Differential scanning calorimetry (DSC) was used to find the high temperature
phase transitions in the substitutional series. Figure 2.5 displays the dependence of
the order-disorder transition temperature as a function of the Si concentration x. The
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insets display the change of the DSC signal as a function of the temperature using
nominal heating rates of 15 Kmin~!. Depending on the temperature rates and the
actual amount of material, a shift of the maxima is observed between heating and
cooling curves (see also [47]) that is mainly due to an intrinsic hysteresis effect of
the method. The length of the vertical bars in Fig. 2.5 corresponds to the range of that
hysteresis. The signal at the phase transition is rather high for x > 0.4 (Fig. 2.5(a)),
that is, for compounds exhibiting clearly the L2 structure. In that case the signal
can be clearly attributed to an L2; <> B2 order-disorder phase transition as also
observed in other quaternary Heusler compounds [47, 54]. For x < 0.4 the signal is
much weaker.

Here, XRD indicates mainly a B2 structure with a very low portion of L2 and in
some cases a high portion of an A2 structure. Therefore, the signal at low x may be
attributed either to an L2 <> B2 or to a B2 <> A2 phase transition. Overall, Fig. 2.5
demonstrates that the structural transition temperature of the L2; to the B2 phase
T,BZQL21 decreases almost linearly with increasing Si content at least for x > 0.4.
The results from both, XRD and DSC, demonstrate the better structural stability of
the compounds with high Si content. This is expected from the stronger hybridiza-
tion between Co and Si in these compounds [53]. An important detail is that for
x > 0.5 the as-cast samples exhibit the L2 structure which make the production of
thin films much easier because it may avoid extensive heat treatment to reach the
correct structure of the samples.

In summary, the series CoyFeAl;_, Si, crystallizes for x > 0.4 in the L2 struc-
ture. This structure is essentially required for a high spin polarization resulting in
high magnetoresistive effects. Both, structural and magnetic investigations suggest
that the Si rich systems x > 0.5 are more stable with respect to the L2 structure,
due to the stronger hybridization between Co and Si compared to Al. For x ~ 0.5,
calculations predict that the Fermi energy is located in the middle of the gap of
the minority states [53] while in Co,FeSi ef is located at the bottom of the con-
duction band which can easily destroy the half-metallicity. This behavior will make
CoyFeAlj 5Sig 5 stable against temperature variations. From the combination of ex-
perimental (better order for high Si content) and theoretical findings (robust gap
at x ~ 0.5 £ 0.25) it is concluded that a compound with an intermediate Si con-
centration close to x = 0.5...0.7 would be best suited for spintronics applications,
especially for GMR and TMR applications.

Very recently, the half-metallicity of CooFeAly 5Sig5s at room temperature was
demonstrated experimentally by Shan et al. [55]. Furubayashi et al. [56] reported on
the structure and transport properties of current-perpendicular-to-plane spin valves
(CPP-SV) with CosFeAlp 5Sip.s or CooMnSi Heusler alloy magnetic layers and an
Ag spacer layer. The CPP GMR values of 12.4 % at RT and 31 % at 12 K were mea-
sured from an optimally annealed SV with CoyFeAlg 5Sig 5/Ag/CosFeAlg 5Sig 5 tri-
layer. On the other hand, both the upper and lower Co,MnSi layers were L2 or-
dered in the SVs using CoaMnSi/Ag/Co,MnSi. MR ratios of 11.9 % at RT and
20 % at 10 K were obtained. This two results emphasize the high suitability of well
designed Coj,-based Heusler compounds for spintronics applications.
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2.4.3 Solving the Problem of Structure Determination in 3d
Transition Metal-Based Heusler Compounds by Means
of Anomalous X-Ray Diffraction

This section reports on the investigation of the structural properties of the 3d tran-
sition metal-based Heusler compounds Co,FeZ with Z = Ga, Ge, and Gag 5Geo 5.
The high Curie temperatures and magnetic moments make them suitable candidates
for spintronics applications [57, 58]. For the predicted high spin polarization and
half-metallic character of those compounds it is necessary that the samples crys-
tallize in the L2 structure. Due to the very similar scattering factors of the con-
stituents it is not possible to distinguish the correct structure with commonly used
X-ray sources, even if the compounds crystallize in the correct L2 structure.

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

Various Heusler compounds appear not only in an ordered structure but also ex-
hibit pronounced alloying. Besides the L2 structure of ordered X,Y Z compounds,
the most commonly occurring types of disordered alloy have the B2 (CsCl-type
with complete mixing of Y and Z atoms resulting in X (Yp.5Z¢.5) or the A2 (W-type
with complete mixing of all types of atom resulting in (X¢.5Y0.25Z0.25)) structure.
In particular, when all elements are taken from the fourth row of the periodic table
one needs a unambiguous method to prove the L2 structure.

Ravel et al. [59] used the method of anomalous XRD to determine antisite dis-
order with a high precision, in particular for thin films of the Heusler compound
CorMnGe. This technique has also been successfully used to determine the crys-
tallographic polarity of ZnO epilayers [60], to observe an increase of the structural
order parameter in Fe—Co-V soft magnetic alloy after thermal ageing [61], and to
distinguish between alloying and segregation in CoCrPt films [62]. In the present
work, the method of anomalous XRD is used to determine the structure in 3d tran-
sition metal-based Heusler compounds where the constituents have almost the same
scattering factors and therefore the structure determination with commonly used
X-ray sources in the laboratory failed.

The structure factors for an ordered L2 compound and disordered B2 and A2 al-
loys and the results for the (111) and (200) reflections are summarized in Table 2.1.
(Note that the indexing of the fcc lattice was used here for all three cases, indepen-
dent of the present symmetry that is for A2 and B2 different from L2;.) The (111)
reflex appears here only in the L2 but not in the disordered A2 or B2 structures.
Therefore, the present work is concentrated on the (111) reflection. The factor for
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Table 2.1 Structure factors for the ordered L2; compound and the disordered B2 and A2 alloys.

Note that one has in Heusler alloys A = X/2Y1/4Z1/4 for the A2, or B =Y ,2Zy; for the B2

structure. The positions a, b, ¢, and d correspond to (0, 0, 0), (%, % %), (%, %, }T), and (%, %, %),

respectively

a b c d i f200
L2, VA Y X X fr—fz fr+fz—-2fx
B2 B B X X 0 2(fB — fx)
A2 A A A A 0 0

the (220) reflection is in all three cases fao0 = 2 fx + fr + fz. It is seen that the
factor f111 of the L2 structure becomes very small if the ¥ and Z atoms behave
similarly, as is the case if both atoms are from the fourth row and have nearby N,
like Fe and Ga. In that case the ordered structure is almost indistinguishable from
the disordered ones.

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

In=fo(N,0,E)+ (f'(N,E)+if"(N,E)), 2.1)

where f/(N, E) and f”(N, E) are the real and imaginary part of the anomalous
scattering factor. These factors do not depend on the scattering geometry but only
on the photon energy (E) and the material (V).

Figure 2.6(a) displays the calculated anomalous scattering factors of Co, Fe, and
Ga. For better comparison, the real part of the anomalous scattering factor f; =
N + f' is shown in the Hanke-form with the limiting value of the regular scattering
factor (Ilim fo(N, 0, E) = N) added.

Figure 2.6(b) displays the calculated anomalous scattering intensities for
CoyFeGa using f; and f, from Fig. 2.6(a), that is, the dependence on the scat-
tering angle is not respected. The enhancement of the (111) reflection (Fig. 2.6(c))
indicating the L2 structure is clearly visible at energies close to the Fe K-edge.

Figures 2.6(d), (e), and (f) show the XRD data (for better comparison here only
the (111) reflexes) taken at hv = 7050 eV and at the Fe K-edge (hv =7111.96 eV)
for CoyFeGag 5Geg s, CorFeGe, and CorFeGa, respectively. The enhancement of
the (111) reflections when using excitation energies close to the Fe K-edge is clearly
visible and fits the theory. This is clear proof of the ordered L2 for these compounds
which was not possible with a standard XRD lab sources.

Before measuring the anomalous XRD data, EXAFS measurements of the sam-
ples were performed. From this experimental data the anomalous scattering factors
S’ were directly derived using the DIFFKK program developed by Cross et al. [63]
and the excitation energies used then for the anomalous XRD were taken. Fig-
ures 2.7(a), (b), and (c) show the EXAFS data at the Fe, Co, and Ga K-edges,
respectively, from Co,FeGa and Figs. 2.7(c), (d), and (e) show the derived f’s,
respectively.
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In summary, it has been shown that synchrotron radiation techniques can solve
the problem of crystallographic structure determination, even in the case where the
scattering factors of elements in a compound are very similar in response to exci-
tation by traditional lab sources. Knowing the anomalous scattering factors for the
compounds, one can use anomalous XRD to determine the correct crystallographic
structure of the sample. It was shown by other groups that this technique works
quite well as well for thin film samples [59—62] so it is expected that the combina-
tion of EXAFS and anomalous XRD may also lead to a better understanding of the
structure of multilayer thin films in order to improve the quality of TMR-junctions.

A large amount of other new Heusler compounds were synthesized and investi-
gated using various different techniques to analyze their suitability as new materials
for spintronics applications [64]. The prepared compounds contain ternary Cr-, Rh-,
Ru-, Ni-, Pd-, and Pt-based Heusler systems as well as quaternary Co,-based com-
pounds and compounds of the general formula XX'Y Z.

2.5 Highly Ordered, Half-Metallic Co,FeSi Single Crystals

As already mentioned above, several MTJs of Co,FeSi have successfully been fab-
ricated, yielding a large TMR. However, in many cases the TMR is strongly tem-
perature dependent, e.g. in CozFeSi and CopMnSi based MTJs [65-68]. According
to Chioncel et al., the strong temperature dependence arises from nonquasiparticle
states and their crucial contribution to the finite-temperature spin polarization [69].
In order to separate such extrinsic effects from possible intrinsic contributions to
the temperature dependence of the TMR, the investigation of high quality single
crystals is indispensable. Therefore, the next section reports about highly ordered,
half-metallic Co,FeSi single crystals.

Two different single crystals were prepared. One was grown by the Czochral-
ski method using a Centor Vacuum Industries Series Crystal Puller. Metallographic
investigations of polished pieces of the Czochralski grown single crystal revealed
single crystalline areas of 2-3 mm width and 5-7 mm length.

The other single crystal was grown by the optical floating zone technique. Zone
melting was carried out in a GERO SPO optical floating zone furnace with two
1000 W halogen lamps with the radiation focused by ellipsoidal, gold coated mir-
rors. To avoid oxidation the furnace was flushed with 5.0 purity argon for several
hours, and during growth a gas flow rate of 300 ml/min of argon with 2 % hydro-
gen was maintained. The seed and feed rods were counter rotated at 45 and 15 rpm,
respectively, the growth speed was set at 20 mm/h. Metallographic investigations
revealed the single crystal to be about 1-3 cm long and to have nearly the width of
the whole rod, except a thin layer at the surface of the freshly grown crystal, which
contains some small additional grains.

Laue diffraction with a spot size of 2 mm x 2 mm was performed on the floating
zone crystal with 25 kV incident copper radiation at 20 mA in reflection geometry.
The resulting diffraction patterns (see Fig. 2.8) were compared with simulations
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Fig. 2.8 Laue diffraction
pattern of the zone molten
single crystal. In addition, the
simulated diffraction pattern
assuming Fm3m symmetry
and a lattice constant of
5.66 A is represented by
bright dots on the right side
of Fig. 2.8. The perfect
matching between the
measured diffraction pattern
and the simulation
demonstrates single
crystalline nature and a high
degree of order of the zone
melted single crystal

(bright dots on right side of Fig. 2.8). The good match verifies the single crystalline
nature of the sample. High quality L2; ordering in space group Fm3m with a fitted
unit cell parameter of 5.66 A is confirmed, which is in good agreement with previous
results [30]. The simulation also confirms the crystal growth along the (110) axis
without twinning.

All crystals show metallic behavior in the resistivity measurements, see
Fig. 2.9(a). As expected, the resistivity decreases with decreasing temperature in
the temperature range between 300-50 K. Remarkably, the resistivity below 50 K
is temperature independent, in agreement with the results of Ambrose et al. [70].
The residual resistivity at 2 K is 0.0155 uS2 m for the floating zone single crystal,
0.0344 u2 m for the polycrystal and 0.134 u2 m for the Czochralski grown single
crystal, respectively. Note that all measurements of the electrical resistivity shown
here are well below the Curie-temperature reported to be 1100 K for Co,FeSi [30].

The residual resistivity ratio (RRR, here p3gok/p02k) is @ measure of the quality
of a crystal [37]. Good ordering is inferred in both the zone melted and the polycrys-
tal by the RRR of 5.2 and 5.9, respectively. The RRR values reported here are on
the same order of magnitude as found in a Co,MnSi single crystal (6.5), which the
highest RRR reported for a Heusler compound [37, 71]. The RRR of the Czochral-
ski grown crystal is lower by a factor of 2 and relatively poor performance compared
to the zone melted and polycrystal, indicating a lower degree of order, in line with
our NMR results. However, all RRR presented here indicate excellent crystallinity
and homogeneity compared to previously reported RRR for Heusler compounds or
alloys in general (see e.g. [38, 70, 72, 73]). The observation of a higher resistivity
in the polycrystal compared to the floating zone single crystal might arise from mi-
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Fig. 2.9 (a) Resistivity as a function of temperature on a logarithmic scale to show the plateau at
temperatures below 50 K. (b) Resistivity as a function of temperature for the Czochralski grown
single crystal (triangles), the polycrystal (squares) and the zone melted single crystal. The inset
shows the resistivity as a function of T2 to demonstrate the linear dependence and, thus, the T2
power law dependence of the resistivity as a function of temperature

croscopic cracks at the grain boundaries present in the polycrystal, leading to longer
transport paths.

Figure 2.9(a) shows the resistivity as a function of temperature on a logarithmic
scale to demonstrate the temperature independence of the resistivity below 50 K.
Above 50 K, the resistivity curves of all crystals follow a TV power law (fit not
shown here), where N = 1.9 for the zone molten single crystal, N = 2.1 for the
polycrystal and N = 1.6 for the Czochralski grown single crystal, respectively. The
resistivity for all three crystals is reasonably well described by an appropriate 72
behavior in the high temperature regime, a transition regime and the temperature
independent regime below 50 K, while the range of the transition regime is slightly
different for the different crystals. The resistivity curves of the zone molten single
crystal and the polycrystal approximately scale with each other by a factor of 2.55.
The validity of the 72 behavior in the high temperature regime is further confirmed
by a plot of the resistivity as a function of T2, demonstrating a linear dependence
(see inset of Fig. 2.9). A T? behavior is expected for a conventional ferromagnet
due to coherent one-magnon scattering processes [74]. Assuming one-magnon scat-
tering of conduction electrons, there must be the possibility for spinflips, and thus,
both the spin-up and the spin-down electrons are present at the Fermi-level [74].
Consequently, one expects the absence of one-magnon scattering in half-metallic
ferromagnets, where only one spin channel contributes to the electrical transport.
The absence of any T2 contributions at temperatures below 50 K might suggest
the absence of a one-magnon channel and thus half-metallic ferromagnetism in
CojFeSi at temperatures below 50 K. The cross-over to more conventional ferro-
magnetic transport behavior above 50 K indicates the onset of spin scattering which
needs to be taken into account (besides interface and impurity scattering) for under-
standing the temperature dependence of the tunneling magnetoresistance in Co,FeSi
devices [48, 50, 65, 68, 75, 76].

In summary, excellent crystals of the L2; ordered half-metallic Heusler com-
pound Co,FeSi confirmed by Laue diffraction, NMR (not shown here, see [77] for
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details) and the residual resistivity were obtained. The ratio between the residual
resistivity at 300 K and 2 K is on the same order of magnitude as the best resid-
ual resistivity ratio previously reported for a Heusler compound. The resistivity as
a function of temperature roughly follows a 7% behavior in the high temperature
regime, as expected for ferromagnets. Remarkably, the resistivity is temperature in-
dependent at low 7', which might indicate half-metallic ferromagnetism of Co,FeSi
in the low temperature regime. The synthesis of such high quality Heusler single
crystals opens a promising route to exploit the rich physical properties that are real-
ized in various Heusler compounds.

2.6 Heusler Compounds with 4d Valence Electrons

Most of the work being reported above was concentrated on the Coy-based Heusler
compounds, whereas compounds based on 4d transition metals are rarely investi-
gated. There are only a few results published on the two series Ru,_ ,Fe, CrSi [78],
and Ruy_,Fe,CrGe [79]. These compounds exhibit the L2; structure but the re-
ported saturation magnetization is lower than that predicted by theory. A reason for
this could be that these compounds contain Cr, and the magnetic moment of Cr is
reduced, as in the Co,Crj_,Fe, Al series, because of complete, or at least partial,
ferrimagnetic order (antiparallel orientation of the moments of different Cr atoms, or
between X and Cr atoms). Therefore, several Heusler compounds based on 44 tran-
sition metals that contain other 3d transition metals instead of Cr on the Y position
were synthesized.

2.6.1 Investigation of RhyMnGe

Two very well investigated Heusler alloys are CooMnZ (Z = Si and Ge) with a
calculated band gap of 0.4 eV [35] to 0.8 eV [80] and a high Curie temperature
above 900 K [36]. A strong hybridization of the Mn and Co 3d states in this sys-
tem causes the Mn 3d states being itinerant to a certain degree [81]. In this section
we report about investigation on the isoelectronic alloy RhoMnGe with 29 valence
electrons per formula unit as in the case of Co,MnGe. The main difference between
RhyMnGe and Co,MnGe is given by the smaller width of the Rh 44 states relative
to the Co 3d states and the larger lattice constant of the Rh-based system. The Mn
atom is effectively oversized because of the strongly widened lattice due to the large
Rh atoms. The hybridization between the Rh and Mn atoms is smaller than between
the Co and Mn atoms and the majority/minority spin splitting for Mn is strongly
favored. Therefore, RhoMnZ compounds are discussed as systems with fully lo-
calized magnetic moments, in contrast to the CooMnZ-type compounds where the
Co magnetic moment can obviously not be neglected. The gap in the minority-spin
states of CooMnZ is also predicted for Rh,MnZ but this gap apparently becomes
broader and the Fermi level is no longer found in the gap [82] and the total magnetic
moment is not expected to be an integer number.
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Fig. 2.10 X-ray powder " T T T T T
diffraction pattern in Rh,MnGe
Bragg—Brentano geometry for B . 7
Lo o E t
Rhy;MnGe, indicating an L2 =~ Fiperlmen
. & N
structure. The simulated > o .
. = —— Differenz
pattern and the difference Z8 o i
between measured and &:’
simulated pattern are given o
for comparison -% L i
| &2 2 ~ —~
|l = X 8 N
o~ I
o . A"A
1 1 1 1 1
15° 20° 25° 30° 35°

Scattering angle 20

Structural characterization has been performed with XRD of powders. Due to the
larger differences of the scattering factors between Rh, Mn and Ge, XRD provides a
slightly better structural information compared to e.g. CooMnGe. The strong sharp
(220)-peak confirms the presence of a single cubic phase. The comparatively small
(10 % of the (220)-peak) (111) and (200) superstructure peaks (see Fig. 2.10) are
decisive for the L2; Heusler structure. The simulated powder diffraction pattern of
Rh,MnGe shows the expected peaks for the defect-free structure. These superlattice
peaks both vanish for the case of randomly occupied lattice sites (A2 structure). In
the case of randomly occupied Mn sites with Mn and Ge (B2) only the (200) super-
lattice peak would be seen, while the (111) peak vanishes. A quantitative evaluation
of the spectra limits the disorder to less than 10 % contribution of the B2 structure
with a lattice parameter of 6.04 A.

Additionally, XAS and XMCD spectra at the Rh M3 > edges and at the Mn L3 »
edges have been measured of the ferromagnetic Heusler alloy Rho,MnGe. The Rh
spectrum shows no multiplet features and can be reproduced by LDA calculations.
From this observation we conclude that the Mn moment is strongly localized. The
Rh moment is an order of magnitude smaller than the Mn moment. The temperature
dependence of the Mn and Rh moments is almost equal to each other. The contribu-
tion of the orbital magnetic moment is very small for both elements with orbital to
spin moment ratios of 0.01 £ 0.02 for Mn and 0.20 £ 0.15 for Rh. For more details
about the XAS and XMCD investigation of Rho MnGe see the chapter about XMCD
and [83].

2.6.2 Investigation of RuyY Z

Half-metallic system with 24 valence electrons are of great interest because of their
predicted semiconducting nature. In a similar vein, two new half-metallic Heusler
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Fig. 2.11 XRD spectrum for Ru,TiSi. The spectrum was excited by Cu-K, radiation (right).
Temperature dependency of the cubic cell volume V for Ru, TiSi (/eft). The fit of the data to a(T?)
dependence is shown as a full line

compounds namely Ru,TiSi and Ru; VAl with 24 valence electrons were synthe-
sized.

The crystalline structure was determined by XRD using Cu-K, radiation.
Ru; TiSi exhibits the L2 structure. The (111) superstructure reflection is not very
strong and is very hard to see. Typical powder diffraction patterns are shown
in Fig. 2.11(right). The lattice parameter found from the Rietveld-refinement is
a=596A.

Additionally, the structural parameter of Ru;TiSi has been investigated in de-
pendence of the temperature between 20 K and 300 K. Figure 2.11(left) shows the
temperature dependency of the cell volume V = a? of the cubic cell. The volume
decreases by about 0.5 % if the temperature is lowered from room temperature to
20 K. The change of the cell volume with temperature is clearly non-linear and
evidence is given that the volume increases with an approximate 7 law.

The Ru, VAl compound exhibits a B2 structure, only the (200) superlattice peak
of the B2 structure type was observed, while the (111) peak was vanished. This type
of disorder shows up as a (200) superlattice peak with higher intensity than the (111)
peak. The lattice parameter found from the Rietveld-refinement is a = 5.99 A.

Both compounds are—as expected from the Slater—Pauling rule—diamagnetic,
which was confirmed by various SQUID measurements.

2.7 Quaternary Heusler Compounds

In the following section, the properties of the CoFe, Ti;_y Al and CoMn 4, V_, Al
solid solutions are investigated. It is expected that the partial replacement of Ti by
additional Fe or V by additional Mn will keep the F43m and one has a transition
from the Y to the X structure rather than to the L2 structure. The pure compounds
x = 0 carry 24 valence electrons in the primitive cell and are expected to exhibit
no net magnetic moment. Therefore, the onset of the magnetic phenomena with in-
creasing valence electron concentration can be studied by the degree of substitution.
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An advantage is that the particular way of quaternary substitution as used here does
not change the crystal symmetry either global or local.

2.7.1 Structural Properties of CoMn14,V1-xAl
and CoFeq4,Ti1—,Si

For the pure compounds CoFeTiAl and CoMnVAI (XRD not shown here) the fcc
typical (111) and (200) reflections appear in the XRD pattern of both compounds.
No impurities are detected by XRD. A refinement of the data reveals the lattice pa-
rameter apeti = 5.8509 A for CoFeTiAl and apnv = 5.8045 A for CoMnVAL, both
at 300 K. The best R-values were obtained for the Y structure (CoFeTiAl: R, = 6.6;
Ryp =8.7and CoMnVALl: R, =7.2; Ry, =9.9). The difference between measured
and refined data shows some deviation at the (200) reflection that might be caused
by a small amount of disorder. However, a fit for the X structure with intermixing
of Fe and Ti or Mn and V has worth results with R, (Ry,) being larger by 0.3 (1.0)
for both compounds. Other types of disorder—that are swapping of Co-Ti, Co-V,
or any intermixing of Al with one of the transition metals—were leading to much
higher R values and can be excluded as possible types of disorder. Only Co—Fe or
Co—Mn interchange or a slight deficiency of Al results in R-values similar or slightly
lower compared to the pure Y structure. However, it is not possible to distinguish
either these two types of disorder or the correct amount of disorder from measure-
ments at one single photon energy. The reason is that the number of parameters for
the fit becomes larger than the number of distinguishable reflections.

Figure 2.12 compares the XRD data of the two series CoFej4,Tij—xAl and
CoMni4, Vi_xAl. The fec typical (111) and (200) reflections are small as already
observed for the pure compounds. However, they are clearly resolved in most of the
samples. The (111) reflection is absent in CoFe; 5Tig 5sAl what is explained by anti-
site disorder. As for the pure compounds, the particular type of disorder cannot be
determined from measurements at one single photon energy. The lattice parameter
stay unchanged within the error of the measurement. This points out that the lattice
parameter is dominated by the Co—Fe and Co—Mn sub-lattice interaction rather than
by the interaction between transition metal and main group element.

2.7.2 Magnetic Properties of CoMny4,V1—,Al
and CoFeq4,Ti1—xSi

The magnetic moment m of Heusler compounds, especially Co-based half-metallic
ferromagnets, follows the Slater—Pauling rule where one has for localized moment
systems an average magnetic moment (in multiples of the Bohr magneton . p) per
atom of:

Mgy =Ngy — 6 — 2ngp. 2.2)
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Fig. 2.12 XRD data of CoMn;;,V|_,Al (a) and CoFe|4,Tij_xAl (b). The data are taken with
Mo K, radiation and normalized to the intensity of the (220) reflection. Data for x > 0.1 are plotted
with an offset for better comparison

ngy is the mean number of valence electrons per atom in an alloy or compound
and ng), arises from the average number of unbalanced minority sp electrons. The
number six arises from the fact that the d electrons are constrained such that the
Fermi energy falls into a minimum (or gap) between occupied and unoccupied d
states and therefore minimizes the total energy. In half-metallic ferromagnets with a
gap in one of the spin densities or in quasi closed shell compounds all sp electrons
are occupied and the ny, term vanishes. In 2:1:1 or 1:1:1:1 Heusler compounds one
has four atoms in the primitive cell and thus an overall magnetic moment of

m=(Ny —24)115. (2.3)

N, is the accumulated number of valence electrons in the primitive cell (for details
see [57, 81, 84, 85]). Here one has 2 + n(d) for each transition metal and 2 + n(p)
for the main group element, where two arises in both cases from the s electrons and
n(d) and n(p) are the numbers of available d and p valence electrons, respectively.
At N, = 24 the materials are not ferromagnetic according to the Slater—Pauling rule.
The reason is that a quasiclosed shell character is reached at N, = 24. It is caused by
successive filling of the al, 71, (two s, six p electrons) e, t2 (ten d electrons) bands,
followed by subsequent complete filling of an additional ¢2 band (six d electrons).
Deviations from (2.3) will appear when the compound is not in a half-metallic state
and unbalanced sp or d electrons are present. For some of the L2 ordered com-
pounds, 24 valence electrons lead to the phenomenon of half-metallic completely
compensated ferrimagnetism [86], where the moments are ordered in a way that the
total magnetic moment vanishes even though individual magnetic moments have-
contrary to antiferromagnets—different magnitudes [87].
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Fig. 2.13 Magnetization data
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The magnetic data of the two series CoFe4,Tij—x Al and CoMnj4, Vi_,Al are
compared in Fig. 2.13.

The inset (c) in Fig. 2.13(a) shows the hysteresis of CoMnj g5V 95Al measured
at 300 K. This demonstrates that the Curie temperature is above room temperature
already at the lowest Mn substitution of 5 %. Similar to this composition, all sam-
ples of both series exhibited for x > 0.05 a ferromagnetic type hysteresis at 300 K.
The shape of the hysteresis was in all cases soft-magnetic as for the shown sample.
From the Slater—Pauling rule one expects that the saturation magnetization m in-
creases with the concentration x and the given difference in the number of valence
electrons by

m(x)=(ANy xx)up. 2.4)

The differences AN, are 4 e~ for the Fe-Ti and 2 e~ in the Mn—V compounds.
This results in magnetic moments of 2 up or 1 up at x = 0.5. The linear increase
with increasing number of valence electrons is clearly seen in Fig. 2.13 for both
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series of compounds. The observed deviations—here the higher values in the Ti—Fe
compounds at large x—are caused by antisite disorder in the samples. Such disorder
is very often observed in Al containing Heusler compounds. The low hybridization
strength between Al and the surrounding transition metal atoms allows easily for a
swapping between Al and transition metal atoms. The formation of an increase of
nearest neighbor transition metals leads in particular for compounds containing Co
and Fe to an enhancement of the magnetic moment. From the better agreement of
the magnetization of CoMn14, V|_, Al with the Slater—Pauling values, it is expected
that this series is a good candidate for half-metallic ferromagnetism.

In summary, the quaternary Heusler compounds without inversion symmetry
CoFej4,Tij—, Al and CoMn;4,V1_Al were synthesized and analyzed by means
of X-ray diffraction and magnetometry. The pure compounds (x = 0) crystallize in
the Y structure with F43m symmetry, due to the 24 valence electrons in the prim-
itive cell they do not carry magnetic moments either in the primitive cell or at the
individual sites. This is remarkable—for CoFeTiAl—because CoFe is the transition
metal alloy that carries the largest magnetic moment and exhibits the highest known
Curie temperature—for CoMnVAl—because Mn carries a localized magnetic mo-
ment in all other Heusler compounds. Electronic structure calculations revealed also
that the pure compounds do not show magnetic order, in agreement with the exper-
iments. With increasing substitution of Ti by Fe or V by Mn a linear increase of
the magnetic moment with the number of valence electrons is observed that agrees
with the Slater—Pauling rule, in both experiment and calculations. This demonstrates
that the Slater—Pauling behavior of Heusler compounds is not restricted to the L2
structure with Fm3m symmetry but is valid as well in F43m symmetry.

2.8 Transport Properties of Co,Y Z Heusler Compounds

As already mentioned above, the Heusler alloys have attracted a lot of interest
as suitable materials for spintronics applications [88] in the recent years. A huge
amount of studies investigating the half-metallic properties theoretically and experi-
mentally and enhancing the performance of the compounds and devices for different
type of applications were done (see above). The recent observation of the spin See-
beck effect allows to pass a pure spin current over a long distance [89] and is directly
applicable to the production of spin voltage generators which are crucial for driving
spintronics devices [90-92].

For an effective generation of a spin current the spin Seebeck coefficient and the
spin voltage namely the difference in the chemical potential of the spin up w4 and
spin down p | should be large [93]. This section reports on the investigation of Co,-
based Heusler compounds and their potential as spin voltage generators. The high
application potential of the compounds is demonstrated. For a further optimization
the electronic and magnetic properties of the compounds can be designed easily.

SQUID measurements were carried out to distinguish the saturation magnetiza-
tion and temperature dependent measurements were done to distinguish the Curie
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Table 2.2 Magnetic moments, Curie temperatures, and Seebeck coefficients of the investigated
Co2YZ compounds. The compounds are grouped by their number of valence electrons

Compound T. [K] My (5 K) [125] S(300 K) [uV K]
Co,TiAl 128 0.75 -55
Co,TiSi 380 1.96 —27
Co,TiGe 380 1.94 "))
Co,TiSn 355 1.97 —34
Co,MnAl 693 3.96 —4
Co,MnSi 985 4.97 -7
Co,MnGe 905 4.98 -15
Co,MnSn 829 5.03 -33
Co,FeSi 1100 5.97 -12

Fig. 2.14 Measured Seebeck
coefficients (S) for selected
Heusler compounds from 2 K
to 300 K
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temperatures, the values are summarized in Table 2.2. With the increase of the num-
ber of valence electrons and therefore as well the increase of the magnetic mo-
ment the Curie temperature increases. One can nicely see the increase of the Curie
temperature for the samples with higher numbers of valence electrons. These be-
havior is well known for Heusler compounds and was reported already some years
ago [84, 94]. This measurements show the easy tunability of the magnetic properties
of the Heusler compounds. By controlling the number of valence electrons one can
design the properties of the materials.

In Fig. 2.14 the measured Seebeck coefficients (S) are displayed for temperatures
from 2 K to 300 K. The absolute values increase with increasing temperature. The
values at 300 K of all the measurements are summarized in Table 2.2. For an in-
crease of the valence electron count the absolute value of the Seebeck coefficient
is decreased. This is explained by the increase of the electron concentration in the
bands. By increasing the number of valence electrons additional electrons are added
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to the d-band at the Fermi energy [95]. This leads to an increase of the carrier
concentration. The increase of the carrier concentration leads to a decrease of the
Seebeck coefficient [96]. The interrelationship between carrier concentration and
Seebeck coefficient can be seen from relatively simple models of electron transport.
For simple metals or degenerate semiconductors with parabolic bands and energy-
independent scattering the Seebeck coefficient S is given by

82k (7w \?
S = m* T =) (2.5)
3eh? 3n

where n is the carrier concentration and m* is the effective mass of the carrier. It
can be clearly seen that S depends on the carrier concentration and on the effective
mass m*. The latter depend on the shape of the bands. Although the Seebeck co-
efficient is decreasing with increasing carrier concentration it is remarkable that Sn
containing compounds yield large absolute values for the Seebeck coefficient. This
effect is related to changes in the band structure and consequential changes in the ef-
fective mass m™. The Seebeck coefficient of the investigated compounds is negative
over the entire temperature range. The found absolute values are quite large com-
pared to elemental metals (Sco = —30.8, Svn = —9.8, STi = +9.1, Sa1 = —1.66,
Ssn = —1, values at 7 = 300 K and in uyV K h. Especially the Sn containing com-
pounds show high absolute Seebeck coefficients with high Curie temperatures. This
makes them attractive candidates for materials used in spin voltage generators.

2.9 Summary

In summary, we reported about the design of materials for spintronics applications.
It has been shown that the combination of synthesis and electronic structure calcula-
tions is a powerful tool to pick out suitable materials. Starting with CopCrg ¢Feg.4Al
and then Co,FeSi we developed an understanding of the design of new materials
and investigated the series CooMnj_,Fe,Si and CopFeAl;_, Siy. From the com-
bination of experimental and theoretical findings (robust gap at x ~ 0.5 £ 0.25)
it is concluded that a compound with an intermediate Si concentration close to
x =0.5...0.7 would be best suited for spintronics applications, especially for GMR
and TMR applications. This findings were recently verified by Shan et al. [55] who
demonstrated experimentally the half-metallicity of Co,FeAlg 5Sips at room tem-
perature in thin film devices.

In order to separate intrinsic and extrinsic properties, high quality single crys-
tals were grown, especially CoFeSi. All CosFeSi crystals show excellent order-
ing, resulting in outstanding electrical behavior with low residual-resistivity and
high residual-resistivity-ratio. All CoFeSi crystals show constant resistivity below
50 K, which might point to half-metallic ferromagnetism. The cross-over from this
unusual to more conventional transport (72 dependence) around 50 K indicates the
onset of spin flip scattering and thus is indispensable for understanding the strong
temperature dependence of Co,FeSi tunneling magnetoresistance-devices.
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Furthermore, it has been shown that synchrotron radiation techniques can solve
the problem of crystallographic structure determination, even in the case where the
scattering factors of elements in a compound are very similar in response to exci-
tation by traditional lab sources. It is expected that the combination of EXAFS and
anomalous XRD may lead to a better understanding of the structure of multilayer
thin films in order to improve the quality of TMR-junctions.

As examples of quaternary Heusler compounds without inversion symmetry
CoFe 14 Tij—xAl and CoMn|4,Vi_,Al were synthesized and analyzed by means
of X-ray diffraction and magnetometry. The pure compounds (x = 0) crystallize in
the Y structure with F43m symmetry, due to the 24 valence electrons in the prim-
itive cell they do not carry magnetic moments either in the primitive cell or at the
individual sites. This is remarkable—for CoFeTiAl—because CoFe is the transition
metal alloy that carries the largest magnetic moment and exhibits the highest known
Curie temperature—for CoMnVAl—because Mn carries a localized magnetic mo-
ment in all other Heusler compounds. Electronic structure calculations revealed also
that the pure compounds do not show magnetic order, in agreement with the exper-
iments. With increasing substitution of Ti by Fe or V by Mn a linear increase of
the magnetic moment with the number of valence electrons is observed that agrees
with the Slater—Pauling rule, in both experiment and calculations. This demonstrates
that the Slater—Pauling behavior of Heusler compounds is not restricted to the L2
structure with Fm3m symmetry but is valid as well in F43m symmetry.

In the last section, Coz-based Heusler compounds have been investigated on their
potential use as spin voltage generators. The observed Seebeck coefficients were all
negative in the whole temperature range. The absolute values are quite large com-
pared to simple metals. Especially the Sn containing compounds show high Seebeck
coefficients with high Curie temperatures. This makes them attractive candidates for
materials used in spin voltage generators.
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