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Tailoring the electronic structure of half-metallic Heusler alloys
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We investigated element-specific magnetic moments and the spin-resolved unoccupied density of states
(DOS) of polycrystalline Co,TiZ (Z=Si, Ge, Sn, Sb), Co,Mn,Ti;_,Si and Co,MnGa,_,Ge, Heusler alloys
using circular dichroism in x-ray absorption spectroscopy (XMCD). We find a small (<0.03upz) Ti moment
oriented antiparallel and a large (>3 ) Mn moment oriented parallel to the Co moment of approximately 1up
per atom in the investigated compounds. Orbital magnetic moments are increased for quaternary compounds
compared to the corresponding ternary compounds with x=0 or x=1. The unoccupied spin-resolved partial
DOS at the Co atom was extracted from the XMCD data. In the case of Co,TiSi, Co,TiGe, and Co,TiSn, the
Co minority DOS reveals a maximum at 0.5 eV above Er and very low values at Er in agreement with the
expectation for half-metallic ferromagnetism. In contrast, Co,TiSb shows a large minority DOS at the Fermi
energy like a normal metal. A substitution of Ti by Mn in Co,TiSi shifts the minority DOS maximum from 0.5
to 0.9 eV with respect to the Fermi energy. For the series Co,MnGa,_,Ge, we observe a gradual shift of the
minority DOS maximum from 0.7 eV for x=1 to 1.0 eV for x=0, indicating half-metallic ferromagnetism for
the whole series. Our results, revealing the distribution of magnetic moments and the relative position of the
Fermi energy as a function of the number of valence electrons, confirm the predicted possibility of tailoring the
minority band gap using substitutional quaternary Heusler compounds. The results maybe of general impor-

tance for the understanding of the electronic structures in complex intermetallic compounds.
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I. INTRODUCTION

Half-metallic ferromagnetism (HMF) (Refs. 1 and 2) has
become a vivid research topic. Half-metallic ferromagnets
have only one spin channel for conduction at the Fermi level,
where the other channel has a band gap across the Fermi
level.! This property turns HMF materials into very attractive
materials for the fabrication of spintronic devices.>” Co-
based Heusler alloys Co,YZ (transition metal ¥ and main
group element Z) are particularly interesting because ab ini-
tio theory has predicted HMF and a high Curie temperature
for many of these compounds.!$-10

Recent experimental progress in the fabrication of tunnel-
ing magnetoresistance (TMR) devices provides indirect evi-
dence for HMF in Heusler alloys. The first TMR devices
with Co,(Cr ¢Fep4)Al as electrode material showed moder-
ate TMR values of 16% at room temperature.’ Recently, con-
siderably larger TMR values have been reported for TMR
devices using Co,MnSi (Refs. 4, 5, and 7) and
Co,Fe(Al)sSiys) (Ref. 11) electrodes. The strong tempera-
ture dependence of the TMR effect was attributed to the
location of the Fermi energy close to one of the minority
band edges.'> In order to shift the Fermi energy into the
center of the band gap, a band-structure tailoring through
substitution of the transition metal on the Y site or the main
group element on the Z site in quaternary compounds has
been proposed.®!%12-14 An example is Co,Fe(Al, sSijs) (Ref.
6) for which ab initio calculations predict the Fermi energy
Er to be in the center of the minority gap in contrast to
Co,FeAl and Co,FeSi, where Ef is close to the upper or
lower edge of the gap.'>'® Shan ef al.'” recently presented a
tunneling spectroscopy study that supports the position of Ef
in the gap center for Co,Fe(AlysSiys). A similar shift has
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been proposed for Co,(Fe,Mn,_,)Si (Ref. 18) and tested by
photoemission spectroscopy without spin resolution.'?2%

A direct study of the band gap is of particular importance
to confirm the theoretical concept of a gradual band-structure
tailoring. We apply x-ray magnetic circular dichroism
(XMCD) in photoabsorption spectroscopy (XAS) to study
the element-specific electronic structure, both at surfaces and
at buried interfaces.?!

In principle, the L edge absorption spectra for left and
right circular polarized x-ray lights reflect the spin-resolved
partial density of states (PDOS) at 3d transition-metal
atoms.??23 However, for strongly localized states, e.g., in an
oxide, the strong interaction of the core hole with the con-
duction band in the final state leads to an additional splitting
of the spectra, often denoted as multiplet effects.>* These
multiplet effects may effectively mask the band structure,
and in this case it is impossible to disentangle PDOS and
multiplet contributions. Telling et al.?® pointed out the exis-
tence of strongly localized moments at the Y site in Heusler
compounds. These localized moments give rise to a pro-
nounced multiplet structure in the absorption spectra. In con-
trast, previous results of the Co and Ni L edge in intermetal-
lic compounds clearly revealed PDOS related features in the
absorption spectra of Heusler alloys.?%?’

Electronic states related to the Co atoms are of particular
importance for the HMF properties in Heusler compounds.
Theoretical results relate the origin of the minority band gap
in Heusler compounds®?%2?° to the hybridization of Co and
Y 3d orbitals, whereas the width of the gap is determined by
the Co-Co hybridized states. The latter states exhibit a
crystal-field splitting of the Co 3d states into antibonding
occupied t,, (t1,) and unoccupied e, (e,) states that are clos-
est to the Fermi energy.”® Recently, we have shown that the
Co PDOS can be recovered from XAS/XMCD data®® by a

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.144405

KLAER et al.

proper consideration of the final-state effects. For epitaxial
Coy(Fe,Mn,_,)Si and Co,Fe(Al,_,Si,) films grown on
MgO(100), a variation in the position of Ey within the mi-
nority band gap with the substitution could be confirmed.

In this paper, we focus on polycrystalline samples of the
substitutional variations of Co,TiZ (Z=Si, Ge, Sn, Sb),
Co,Mn,Ti;_Si, and Co,MnGa;_,Ge, Heusler alloys. All
compounds with x=0 or x=1 (except Co,TiSb) have been
predicted to be half-metallic ferromagnets.3' Experiments re-
vealed magnetization values following the generalized
Slater-Pauling rule.3>*3 This rule relates the magnetization to
the number of valence electrons N, per formula unit accord-
ing to u/pup=N,—-24. Co,TiZ (Z=Si, Ge, Sn) are interest-
ing Heusler alloys because the half-metallic properties of
Co,TiZ are less sensitive to local atomic disorder in contrast
to many other Heusler alloys.’> As a counterexample, we
investigate Co,TiSb. The exchange of the fourth main group
element by the fifth group element results in normal-metallic
ferromagnetic properties.>! Substitution of Ti by Mn in
Co,TiSi implies the prospect of combining the robust half-
metallic properties of Co,MnSi with the disorder-resistant
properties of Co,TiSi. The idea of substituting the main
group element in order to shift the Fermi energy relative to
the band gap as proposed for Co,Fe(Al;_,Si,) (Refs. 15 and
34) is studied by the Co,MnGa,_,Ge, series.

We determine changes of the element-specific spin and
orbital moments of the Co and Y elements with composition
and compare the results with theoretical predictions. We are,
in particular, interested in the contributions of the orbital
magnetic moment as those reveal contributions from spin-
orbit coupling.? Fine structures of the Co L, 3 edge spectra
are tested against an interpretation as multiplet effects by
comparison with multiplet calculations including charge
transfer and Slater integral reduction. We then extract the Co
PDOS for all samples following the method described in
Ref. 30. For the compounds with x=0 and x=1, the Co
PDOS is in good agreement with theoretical predictions. The
anticipated shift of the Fermi energy with respect to the mi-
nority band gap in half-metallic compounds is confirmed for
the case of Co,MnGa,_,Ge,.

II. EXPERIMENTAL

The polycrystalline samples were prepared by arc melting
of stoichiometric quantities of the constituents in an argon
atmosphere (10~ mbar). Care was taken to avoid oxygen
contamination. This was established by evaporation of Ti
inside of the vacuum chamber before melting the compound
as well as additional purification of the process gas. The
melting procedure was repeated three times to get a homo-
geneous material. After melting, the polycrystalline ingots
were annealed in an evacuated quartz tube at 1073 K for 8
days. For powder investigations, a part of the sample was
crushed by hand using a mortar. The structure was investi-
gated by x-ray diffraction (XRD) using excitation by Mo K,
(Bruker, D8) radiation of powder samples. The magnetic
properties were investigated by a superconducting quantum
interference device [(SQUID) Quantum Design MPMS-
XL-5)] using nearly punctual pieces of approximately 10-20
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mg of the sample. Rods with dimensions 1 X 1X 10 mm?3
were cut from the ingots for spectroscopic investigations of
the bulk samples.

The XAS experiments were performed at the
UE56/1-SGM beamline at the German synchrotron light
source BESSY II. The samples were fractured in sifu in UHV
(p=1x10"% Torr) directly before the measurement. An Au
mesh monitored the incident photon flux. The total electron
yield (TEY) served as a measure for the x-ray absorption
signal. The sample was shielded by a conducting tube in
order to collect all electrons. An external magnetic field of
1.22 T was applied along the direction of the incident x-ray
beam, i.e., approximately perpendicular to the sample sur-
face, and switched after each data point to determine the
XMCD signal while the polarization was kept constant (see
details in Ref. 36). The energy resolution of the x-ray mono-
chromator was set to approximately 0.4 eV at 800 eV. An
increase in the resolution to 0.1 eV at 800 eV for selected
samples revealed only marginal changes of the observed
spectra. This confirmed that the spectral shape is dominated
by the intrinsic lifetime broadening of x-ray absorption.

After the measurements, we verified the composition and
the homogeneity of the fractured surfaces of all samples us-
ing energy dispersive x-ray (EDX) fluorescence in a scan-
ning electron microscope. One should note that the accuracy
of the determination of the relative atomic concentration
with EDX is on the order of £2 at. %, only.

III. MAGNETIC PROPERTIES OF Co,TiZ

The EDX analysis of the fractured surfaces revealed a
homogeneous composition for all samples with small devia-
tions from the stoichiometric composition. We obtained rela-
tive atomic compositions for the elements Co, Ti, and Z of
(49%, 23%, 28%) for Z=Si, (50%, 23%, 27%) for Z=Ge,
(53%, 25%, 22%) for Z=Sn, and (49%, 26%, 25%) for Z
=Sb. X-ray diffraction revealed a diffraction pattern that is
compatible with a high degree of L2, order (see Ref. 37 for
details). The Curie temperature 7 is 380 K for Z=Si and
355 K for Z=Ge, Sn. For Z=Sb, the magnetization showed
only a small magnetization decrease in the temperature range
below 400 K, indicating a much higher value of T.. The
low-temperature (5 K) magnetization is 1.96uz, 1.94up,
1.97ug, and 1.67up for Z=Si, Ge, Sn, and Sb, respectively.
This is in good agreement with the Slater-Pauling rule for
Z=Si, Ge, and Sn.??

Figure 1 shows XAS/XMCD spectra at the Co and Ti L, ;
absorption edges measured at room temperature. After sub-
tracting a constant background from the raw data, the XAS
spectra were normalized at the postedge value. The spectra
for Z=Si, Ge, and Sn show similar features. The Co XAS
signal reveals a characteristic double peak feature at the L;
edge and a shoulder at the L, edge. An additional peak is
visible at the L; maximum of the XMCD signal. For the case
of Z=Sb, the double peak feature is completely absent. The
extra peak at approximately 4 eV above the Co XAS maxi-
mum, that is, regularly observed for the Co,YZ Heusler
compounds,®® appears only as a weak shoulder for Heusler
compounds with ¥Y=Ti.
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FIG. 1. (Color online) (a) X-ray absorption spectra of Co,TiZ
(Z= Si, Ge, and Sn) measured at 300 K at the Ti L, 3 edge aver-
aged from parallel (antiparallel) magnetization direction I}f{; (b)
Corresponding XMCD spectra I7,y— 17, shown on the same scale
(note the scaling factor of 10). (c) and (d) Similar data measured at
the Co L, 3 edge.

The Ti XAS signal shows a larger maximum at the L,
edge compared to the L; edge, thus, reversing the branching
ratio expected from an atomic model. This is in agreement
with previously measured XAS spectra of metallic Ti.>* The
Ti shape of the XAS signal is similar to the pure element
spectrum. In contrast, Ti oxide is known to reveal additional
multiplet peaks. Their absence confirms the presence of a
clean surface. After several hours at p:lO‘9 mbar, we ob-
served the onset of oxide derived XAS peaks. The Ti XMCD
signal reveals a complex behavior of alternating positive and
negative values for Z=Si, Ge, and Sn. This feature is similar
to a reference XMCD spectrum measured for an ultrathin Ti
film that was polarized between two ferromagnetic films.>
From a comparison with this reference spectrum, we con-
clude that the Ti magnetic moment is antiparallel to the Co
moment. Therefore, Co,TiZ (Z=Si, Ge, and Sn) are ferri-
magnetic compounds. For Z=Sb, the Ti XMCD signal van-
ishes within error limits (see Fig. 2).

Spin and orbital moments that were calculated using the
sum rules are summarized in Table I. We have assumed
N, (Co)=2.5 and N,,(Ti)=8 for the number of 3d holes. We
neglected the dipole term for the calculation of the spin mo-
ment. This contribution cancels for the polycrystalline
samples investigated here.*® We also dispensed with the self-
absorption correction*! because this correction is smaller
than the statistical error for the compounds investigated here.
For Co,TiGe and Co,TiSn, the sum-rule analysis led to very
large values and opposite sign of the orbital moments. In
these two cases, we determined the magnetic moment of Ti
by a comparison of XMCD peak heights with data from Z
=Si. The sum of the atomic moments wuyycp agrees well
with the magnetization determined by SQUID magnetometry
except for the case of Z=Si. In this case, XMCD leads to a
slightly smaller value, which might be explained by a non-
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FIG. 2. (Color online) (a) X-ray absorption spectra of Co,TiSb
measured at 300 K at the Ti L, 5 edge averaged from TEY intensi-
ties for magnetization direction parallel (antiparallel) to the x-ray
polarization It). (b) Corresponding XMCD spectra Iipy—I7zy
shown on the same scale (note the scaling factor of 10). (c) and (d)
Similar data measured at the Co L, ; edge.

saturated magnetization due to the limitation of the external
field for the XMCD measurement. For all Co,TiZ com-
pounds, the magnetization is clearly dominated by the Co
spin moment and a relatively large contribution of the Co
orbital moment (see Table I).

The Co XAS spectrum of Co,TiSn measured by Yamasaki
et al. (Ref. 42) differs from the spectra observed here. It
revealed three peaks with a separation of 0.5 eV at the L4
edge instead of two peaks. This feature was then interpreted
as a multiplet effect. However, as shown in Sec. VI, the

TABLE 1. Comparison of element-specific magnetic moments
derived from sum-rule analysis and SQUID magnetometry for
Co,TiZ (Z=Si, Ge, Sn, and Sb for 7=300 K. The sum moment
Mxmcp results from a weighted sum of the atomic moments. Values
are given in up per atom for element-specific moments and up per
formula unit for the magnetization. For the number of unoccupied
3d states, we assumed the values N,(Co)=2.5 and N,(Ti)=8. The
error bar for the XMCD derived values does not include systematic
errors due to background subtraction, saturation correction, and the
error of N,

M Co Ti Mol Moty
Z=Si spin 036+0.02  —0.02+0.02 -36
Morb 0.02+0.02  0.00*0.02
uxmep  0.75%+0.12
usqup  1.21%0.10
Z=Ge Hspin 0.49+0.02  —0.03+0.02 -33
Horb 0.07+0.02  0.00*0.02
wxmep  1.09+0.12
usoup  1.22%0.10
Z=Sn Wspin 0.56+0.02  —0.03+0.02 -37
Horb 0.05+0.02  0.00=0.02
wxmep  1.19%0.12
usoup  1.28%0.10
Z=Sb Wspin 0.67+0.02  0.00+0.02
Korb 0.05+0.02  0.00+0.02
wxmep  1.44%0.12
usoup  1.62%0.10
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TABLE II. Relative concentration given as percentages of the
samples from the Co,(Mn,Ti;_,)Si series according to an EDX
analysis. The error is approximately 2%.

X Co Mn Ti Si

0.0 49.0 0.0 23.0 28.0
0.4 51.6 10.0 143 24.1
0.6 48.9 14.9 8.7 27.5
0.8 43.9 18.5 9.5 28.1
1.0 47.9 25.3 0.0 26.8

multiplet calculation neither reproduces the experimentally
observed XAS and XMCD spectra of Ref. 42 nor the spectra
observed here. XAS/XMCD spectra calculated by Bekenov
et al. (Ref. 43), using an ab initio local-density approxima-
tion (LDA) approach, revealed a sharp maximum at the L,
edge followed by a distinct shoulder at the trailing edge 1 eV
above the maximum. This is in fair agreement with the spec-
tra observed in this work. According to the band-structure
calculations, the double peak at the L; edge observed for Z
=Si, Ge, and Sn originates from a twin peak of the minority
PDOS 0.5 eV above E with the peak at higher energy at-
tributed to a localized Co-Ti hybridization state. Co,TiSb has
a different band structure. Due to the increased number of
valence electrons, the minority band gap is shifted below Ef
and a PDOS minority maximum coincides with E F.31 Thus,
the pronounced differences between Z=Si, Ge, Sn, and Z
=Sb can be traced back to the PDOS.

IV. MAGNETIC PROPERTIES OF Co,(Mn,Ti,_,)Si

The EDX analysis resulted in some deviations from the
intended composition as shown in Table II. In addition, the
samples showed traces of a decomposition into a Ti-rich and
a Ti-poor Heusler compound with the Co and Si concentra-
tion being constant across the fractured surface. The XRD
analysis revealed a single L2, Heusler phase with a linearly
varying lattice constant from 5.74 A for x=0 to 5.65 A for
x=1.

As T¢ increases from 380 K for Co,TiSi to 985 K for
Co,MnSi, the XAS measurements were performed at 150 K,
i.e., at a temperature where the thermal decrease in the mag-
netization is comparatively small for all compounds. Figure
3 shows XAS/XMCD spectra at the Co and Mn L, 5 absorp-
tion edges. After subtracting a constant background from the
raw data, the XAS spectra were normalized at the postedge
value. The characteristic double peak features of the Co XAS
and XMCD signal gradually vanish with decreasing Ti con-
centration. For Co,MnSi, a very pronounced peak at 4 eV
above the XAS maximum is observed in agreement with
previously published spectra.?>** We also confirmed the fine
structure of the L; XMCD maximum discussed in Ref. 25.

The Ti XAS/XMCD spectra (not shown here) appear
similar to the spectra shown in the previous section. In par-
ticular, the sign of the Ti XMCD spectra does not change
indicating the antiparallel orientation of its magnetic mo-
ment.
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FIG. 3. (Color online) (a) X-ray absorption spectra of
Co,(Mn,Ti,_,)Si at the Mn L, 5 edge averaged from TEY intensities
measured at 150 K for magnetization direction parallel (antiparallel)
to the x-ray polarization I‘}E} (b) Corresponding XMCD spectra
I’}EY— 7£y Shown on the same scale (note the scaling factor of 0.5).
(c) and (d) Similar data measured at the Co L, 5 edge.

The Mn XMCD signal for x=1 reveals a weak doublet
structure at the Mn 2p,,, edge. A similar splitting of the
Mn L, XAS peak is observed for Mn oxide, however, with a
larger width of the splitting and also accompanied by addi-
tional peaks at the L, edge.*> Moreover, for Mn oxide, the
double peak would not show up in the XMCD spectra since
the Mn oxide has no magnetic moment. Other proposed ex-
planations for the Mn multiplet features referring to interface
effects*® are not applicable in our case since we investigate
an uncoated surface. Instead, the Mn L, double peak can be
explained by a multiplet effect*’ invoked by the localized
character of the Mn states.*8

For the Co,(Mn,Ti,_,)Si series, the number of valence
electrons N, increases from 26 to 29. Hence, the magnetiza-
tion is expected to increase linearly from 2ug/fu. (f.u.
=formula unit) to 5up/f.u. with increasing Mn concentra-
tion. This expectation is roughly confirmed by the experi-
ment (see Table III). The Co moment is approximately 1ug.
The Mn moment is also fairly constant independent on x.
Therefore, the magnetization increase with increasing x is
mainly caused by the replacement of Ti with nearly zero
moment by Mn with a large moment. The total magnetiza-
tion for the mixed compounds is slightly larger than pre-
dicted by the Slater-Pauling rule. This was also observed in
the case of a Co,Mn,_,Fe Al series.*” The Co orbital to spin
moment ratio is larger for the mixed compounds than for x
=0 and x=1. We tentatively attribute the increased orbital
moment to the internal stress and local deviation of indi-
vidual unit cells from their averaged cubic symmetry. The
random replacement of Ti by the smaller Mn atom therefore
acts as a point defect. This model is in agreement with the
single phase observed in XRD because diffraction is exclu-
sively sensitive to the translational symmetry on a much
larger scale. However, a local decomposition into a few num-
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TABLE III. Element-specific magnetic moments derived from
sum rule for 7=150 K analysis and SQUID magnetometry for
Co,(Mn,Ti;_,)Si as in Table I. The sum moment wyycp results
from a weighted sum of the atomic moments. Values are given in
Mg per atom for element-specific moments and wp per formula unit
for the magnetization. For the number of unoccupied 3d state, we
assumed the values N, (Co)=2.5, N;,(Mn)=4.5, and a correction fac-
tor ¢;;=1.4 for Mn to account for jj mixing reduction. The Ti mo-
ment was neglected for the calculation of the sum moment as it is
less than 0.02 up.

M Co Mn Hco! MMn
x=1 Mspin 0.72+0.02  3.34%0.10 0.22
Horb 0.05+0.01  0.11%+0.05
txmep  4.99+0.20
x=0.8 Mspin 0.97+0.02  3.39%0.10 0.29
Horb 0.09+0.02  0.21*0.10
txmep  3.00£0.20
x=0.6 Mspin 0.90+0.02  3.08%0.10 0.30
Horb 0.05+0.02  0.12%0.05
dxmcep  3.82+0.20
x=04 Mspin 0.88+0.02  3.37%0.10 0.27
Horb 0.07+0.02  0.11%=0.05
dxmcep  3.29+0.20

ber of complete Co,MnSi and Co,TiSi unit cells cannot be
fully excluded because the internal stress would in this case
also destroy the local cubic symmetry and increase the or-
bital moment.

V. MAGNETIC PROPERTIES OF Co,Mn(Ga,_,Ge,)

The EDX analysis of this series revealed a homogeneous
composition for all samples except for the sample with x
=0.2, where a small variation in the Ge/Ga ratio across the
sample was observed. We obtained relative atomic composi-
tions according to Table IV.

X-ray diffraction revealed a L2, compatible pattern for
this series of samples. The almost equal scattering cross sec-
tion of the constituting elements hinders an unambiguous
structural determination from XRD. NMR measurements at
the Mn resonance revealed a L2, structure with a small de-

TABLE IV. Relative concentration given as percentages of the
samples from the Co,Mn(Ga,_,Ge,) series according to an EDX
analysis.

X Co Mn Ga Ge
1.0 47.9 25.3 0.0 26.8
0.8 45.7 26.1 5.7 22.5
0.6 48.0 24.8 10.9 16.3
0.4 48.5 23.9 16.9 10.7
0.2 48.6 24.3 21.8 5.3
0.0 47.7 24.7 27.6 0.0
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FIG. 4. (Color online) (a) X-ray absorption spectra of
Co,Mn(Ga,;_,Ge,) at the Mn L, ; edge averaged from TEY intensi-
ties measured at 300 K for magnetization direction parallel (anti-
parallel) to the x-ray polarization 1“};5_} (b) Corresponding XMCD
spectra Iy, —I7zy shown on the same scale (note the scaling factor
of 0.5). (c) and (d) Similar data measured at the Co L, ; edge.

gree of disorder.”® Because the Curie temperature T at ap-
proximately 900 K for the whole series is very high, the
XAS/XMCD measurements were performed at room tem-
perature. The magnetization measured by SQUID magne-
tometry revealed a reduction of 5% at room temperature
from its low-temperature value at 5 K. The magnetization
increases linearly from 4up/f.u. to Sup/f.u. with increasing
Ge concentration in close agreement with the Slater-Pauling
rule.

Figure 4 shows XAS/XMCD spectra at the Co and
Mn L, 5 absorption edges measured at room temperature.
Similar to the case of Co,(Mn,Ti;_,)Si, the Mn XMCD sig-
nal reveals a doublet feature at the Mn L, edge for Co,MnGe
in agreement with an earlier observation.*® The double peak
feature becomes less prominent with decreasing Ge concen-
tration, indicating a decrease in the localization similar to the
case of Co,MnAl/Co,MnSi discussed in Ref. 25.

The Co XAS spectra of Co,MnGe reveal the Heusler peak
at 3 eV above the L; maximum in accordance with the spec-
tra reported in Ref. 48. This extra peak shifts continuously to
4 eV above the maximum with decreasing Ge concentration.
One would not expect this continuous shift, if the local struc-
ture was decomposed in Ge and Ga rich areas. Therefore, the
Co XAS spectra of this series unambiguously prove the for-
mation of a Heusler structure with the Z sites randomly oc-
cupied by Ge and Ga.

The XMCD maximum at the Co L; edge shows a shoul-
der at around 1.5 eV above the maximum. A similar feature
was observed in Ref. 48 and also in the case of the isoelec-
tronic compound Co,MnSi (Ref. 45). The shoulder has been
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FIG. 5. (Color online) (a) Total magnetic moments (circles) and
element-specific spin moments for Co,Mn(Ga,_,Ge,) measured at
300 K as a function of the Ge concentration. The solid line indicates
the Slater-Pauling rule. (b) Ratio of the orbital magnetic moment
over the spin magnetic moment.

ascribed to the separated minority states with e, and 1,
symmetries.*

The Co and Mn magnetic spin moments calculated by the
sum-rule analysis increase with increasing Ge concentration
as shown in Fig. 5(a). The weighted sum of Co and Mn spin
and orbital moments obeys the Slater-Pauling rule. The
sample with x=0.2 shows an exceptional low value, which
might be traced back to the poorer homogeneity observed by
the EDX analysis for this particular sample.

The orbital to spin moment ratio [Fig. 5(b)] shows a pro-
nounced maximum between x=0.6 and x=0.8. As for the
case of Co,(Mn,Ti,_,)Si, we attribute the orbital moment
increase to the internal stress and local deviation of indi-
vidual unit cells from their averaged cubic symmetry. Be-
cause a local decomposition can be excluded for the
Co,Mn(Ga,_,Ge,) series, the Ga atoms act as point defects in
the Co,MnGe structure. The particularly low values of the
orbital moments in the case of x=1 (0.02uz) and x=0
(0.03up) are in very good agreement with theoretical predic-
tions [0.02up for x=1 (Ref. 9) and 0.01-0.02u; for x=0
(Ref. 51)].

VI. ELECTRON CORRELATION IN X-RAY ABSORPTION

In the proper description of x-ray absorption, the atom is
excited from an initial-state configuration to a final-state con-
figuration, e.g., 2p®3d’ to 2p°3d®. When open shells with
more than one state need to be considered, correlation effects
between the electrons lead to multiplet effects.?*

Previous results on x-ray absorption spectroscopy have
shown that the existence of local moments gives rise to pro-
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FIG. 6. (Color online) (a) Series of XAS charge-transfer multi-
plet calculations for the Co 2p%3d’ plus 2p®3d® ground state for
steps of 1 eV for the charge-transfer energy. The top spectrum cor-
responds to N,=2.19 and the top bottom spectrum to N;,=2.94. The
spectrum corresponding to the value of N,=2.5 calculated by band-
structure calculations is highlighted. (b) XMCD spectra calculated
for the same parameters.

nounced multiplet structures resulting from the interaction of
the core hole with the excited electron, thus, representing a
final-state effect.>>#7°233 The consideration of final-state ef-
fects exceeds state-of-the-art band-structure calculation
schemes. Nevertheless, multiplet features might be accu-
rately described by an atomic model in the case of localized
electronic states as they are discussed for Heusler alloys. We
focus here on the discussion of Co states with 3d character as
these states are closest to the Fermi energy. We present mul-
tiplet calculation based on the program described in Refs. 24,
54, and 55 in Fig. 6. The charge-transfer multiplet calcula-
tion considers electric dipole allowed transitions between a
mixed Co 2p®3d’ and 2p®3d® ground state and the corre-
sponding final states 2p°3d® and 2p3d°. The crystal field
was set to zero. The calculated results were convoluted by a
Lorentzian of I'=0.1 (0.3) eV for the L; (L,) edge to account
for intrinsic lifetime broadening and a Gaussian of o
=0.2 eV for the instrumental broadening according to previ-
ously published calculations.?* Note that the realistic lifetime
broadening is larger. The charge-transfer energy parameter
was varied from +9 eV to -5 eV corresponding to an al-
most linear variation in the ground state from 2p®3d’ to
2p%3d®. The multiplet features show up as multiple peaks
that are more pronounced at the L; edge. For AE=-1 eV,
one obtains a mixed ground state of equal weight of the
2p®3d’ and 2p®3d® state, according to the number of unoc-
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FIG. 7. (Color online) (a) Series of XAS charge-transfer multi-
plet calculations with varying reduction factor r; of the Slater inte-
grals for the Co 2p%3d’ plus 2p%3d® ground state at a charge-
transfer energy of —1 eV (N,=2.5). (b) Corresponding XMCD
spectra.

cupied 3d holes of N,(Co)=2.5 assumed for the sum-rule
analysis.

Note that no resemblance with experimental Co XAS/
XMCD spectra appears for any charge-transfer values. The
extra peak at 1 eV above the L; XMCD maximum appearing
for AE>-2 eV and also visible in experiment is accompa-
nied by a similar peak in the L; XAS spectra, which is not
observed experimentally.

A reduction in the Slater integrals to 80% of the Hartree-
Fock calculated values has been shown to be close to the
optimized value to simulate the multiplet spectra of atoms.?*
For itinerant electron states of atoms in a metallic surround-
ing, one might expect an even larger reduction. Figure 7
shows the change in the spectra from the atomic multiplet
features to the single peak at each L edge with decreasing
core hole interaction. Thus, one may keep the one-electron
model in cases where itinerant states sufficiently suppress
this multiplet splitting of transition energies as, e.g., in inter-
metallic alloys and compounds.

Neglecting any multiplet effects, the simplest model of
resonant x-ray absorption describes the photon absorption as
an excitation of a core electron into unoccupied states?' [see
Fig. 8(b)]. The x-ray absorption of circularly polarized light
may then be explained by a two-step process considering the
dipole matrix elements. In the first step, the photoelectron is
excited from a spin-orbit split 2p3, or 2py, level (L, 5 edge)
and has taken up the angular momentum of the photon in
part to its spin due to spin-orbit coupling.?! Therefore, the
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FIG. 8. (Color online) (Left) Calculated band structure for
Co,TiGe. (Right) Schematic description of the absorption process
emphasizing the different reference energies for the localized and
the delocalized 3d final-state configurations separated by AE,.

excited photoelectrons might be considered spin polarized
depending on the polarization direction of the incident light.
Since the L3 and L, edges have opposite spin-orbit coupling,
the spin polarization is opposite at both edges. In a second
step, the unoccupied valence-band states serve as a detector
for the spin and orbital polarization. As the orbital magnetic
moments in Heusler alloys are typically less then 10% of the
spin moment, the orbital polarization of the photoelectrons
can be neglected for the following discussion. For 2p to 3d
transitions, the spin polarization is 25% at the L; edge and
—50% at the L, edge. Transitions from 2p to 4s states are
largely suppressed due to the small transition matrix element.
Effects from anisotropic charge and spin densities may be
neglected for the discussion of polycrystalline samples.
Since the radial matrix elements show in general only a
small energy dependence, the absorption spectra may be in-
terpreted as a direct image of the spin-resolved PDOS above
the Fermi energy. This simple interpretation of course re-
quires that the angular matrix elements can be averaged at
every energy value, i.e., 3d states of different magnetic quan-
tum number equally contribute to the spectral density inde-
pendent on energy. As has been shown for Co,(Fe Mn,_,)Si
and Co,Fe(AlsSigs), this assumption holds to some extent
in the case of the Co L-edge spectra.’®

Within the constraints discussed above, the spin-resolved
unoccupied PDOS D'W(1—-f5) (Fermi function fr) follows
from the XAS spectra u* and ™ according to

1w =
D“U(l—fF)ocu,-m—H(—);%, (1)

J

where w;,, denotes the isotropic absorption coefficient (u*
+u7)/2, s is the step function and P; is the spin polarization
of the excited photoelectrons, i.e., P;3=0.25 and P;,=-0.5.

However, the Co states in Heusler alloys take an interme-
diate position between localized and delocalized states.
Therefore, one has to consider core hole interaction at least
to the lowest order. That means that the core hole in the final
state attracts the excited electron, thus, lowering the energy
needed for excitation when compared to the corresponding
ground-state values. In principal, this energy rescaling occurs
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for all x-ray absorption spectra. It is usually neglected, as it
shifts the energy of the absorption energy by a constant value
for all states. For Heusler alloys, however, the electronic
states close to the Fermi energy are dominated by two dif-
ferent types of electronic states that can be classified as lo-
calized 3d—e, and itinerant 3d—t,, states. In the case of
Co,FeSi, the itinerant band dominates the unoccupied major-
ity states near Ep,'° while the minority states close to Ej are
dominated by localized states. This is the case for most of the
Co-based Heusler alloys. The core hole in the final state
attracts the electron in the localized 3d states to a larger
extent, thus, lowering the photon energy needed for the tran-
sition. For an itinerant state, the energy decrease is smaller
since the electrons from neighboring atoms screen the core
hole to some extent.’®57 For a free-electron state, this final-
state effect would completely vanish and the excitations en-
ergy equals the value following from the one-electron model.
The different core hole screening thus produces an energy
shift AE, between itinerant and localized states [see also Fig.
8(b)]°%%7 A similar effect has been observed in V K-edge
absorption spectra for VO, (Ref. 57).

The exact value of AE, is very critical for the determina-
tion of half-metallic properties from the XMCD data. AE, is
related to the bandwidth or, in other words, to the degree of
localization of the contributing states. To the first order, it
does not depend on the magnetic moment as given by the
difference of unoccupied majority and minority states. For
many Co-based Heusler compounds, calculations reveal a
rather similar band structure close to Ey independent of the
occupancy of the Y and Z sites except for a relative shift of
each contributing band. Thus, one expects to first order a
constant value of AE,. In the case of Co,TiSi (N,—24=2),
the majority electron states are composed of both itinerant
and localized states at E. In this case, one expects a splitting
of the onset of unoccupied majority states at Er. The splitting
allows for a direct experimental determination of AE,
=0.5 eV as shown below. In the case of Co,FeSi (N,—24
=6), a close comparison with ab initio calculation using a
parameter-free LDA +DMFT ansatz® led to the same value.
Moreover, the same calculation predicted a shift of E, with
respect to the conduction-band edge of minority electrons for
the series Co,(Fe,Mn,_,)Si (N,—24=5-6), which could be
confirmed using a constant value of AE,=0.5 eV.3® There-
fore, we assume in the following this constant value for the
determination of the position of E.

An analysis of Fe, Mn, Cr, and Ti spectra with respect to
an evaluation of the PDOS is increasingly difficult because
of the increasing localization and increasing contribution of
multiplet effects as discussed in Ref. 24. For example, the
Mn L, 5 spectra in Co,MnSi are convincingly explained by
multiplet calculations based on atomic states (see Ref. 25). A
combination of band-structure calculations and multiplet cal-
culations will possibly enable a recovering of the Fe, Mn, Cr,
or Ti PDOS from experimental data, but they are not avail-
able at present. However, an encouraging ab initio
configuration-interaction method has recently been presented
for the case of molecular orbitals.>
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FIG. 9. (Color online) Spin-resolved PDOS calculated from the
XAS/XMCD data measured at the L3 edge. Majority PDOS (green
circles) and minority PDOS (red bullets) are shown on a positive
scale and negative scale, respectively. Full lines with shadings in-
dicate the function used for approximation of the itinerant band as
measured (blue) and shifted by AE. (gray). Theoretical data from
Ref. 31 are shown for comparison.

VII. SPIN-RESOLVED UNOCCUPIED DENSITY OF
STATES

According to Eq. (1), we calculated the spin-resolved un-
occupied PDOS function D'V for Co,TiSi from data at the
L; edge (see Fig. 9). For consideration of the thermal mag-
netization decrease at 300 K, we multiplied the XMCD sig-
nal by a factor M(0)/M(T)=1.66 for the cases of Co,TiZ
(Z= Si, Ge, and Sn). The majority PDOS shows a charac-
teristic double step increase at Ep, which can be directly
related to the onset of the localized majority states at Er and
the onset of the itinerant majority state shifted by AFE,
=0.5 eV to higher energy. The experimental data fit well to
the PDOS calculated in Refs. 29 and 31. The minority PDOS
shows a sharp onset above Ep with an inclination point at
Er+0.3 eV, as expected for a half-metal. The broadening of
the spectra caused by the finite lifetime of the excited state
and by the limited energy resolution, however, hinders a di-
rect determination of the spin polarization at Er from this
data. The same result can be calculated from the L, edge as
discussed in Ref. 30. But D'V derived from the L, edges
shows an even larger broadening because of the Coster-
Kronig decay.?*

In order to account for the lifetime broadening of the
XAS/XMCD spectra, we have measured XAS data for
Co,MnSi with high resolution (AE=0.1 eV) as shown in
Fig. 10. We determined the Co PDOS according to Eq. (1)
and deconvoluted the spectra with a Lorentzian function of
various widths I". The results compared in Fig. 10 reveal an
increasing steepness of the initial onset with increasing value
of I'. However, values larger than I'=0.4 eV lead to an in-
creasing contribution of oscillations, in particular, for E
< Er indicating an overestimation of the lifetime broadening.
The observation of a zero line for E<Ej for '=0.4 eV is a
consequence of a near coincidence of the Lorentzian function
and the experimental data. Note that for I'=0.4 eV, the Co
minority PDOS is close to zero in a finite-energy interval
around Ep. Thus, the experimental data support the theoreti-
cal prediction of Co,MnSi being a half-metal even if AE.
slightly differs from the assumed value. Attempts of using a
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FIG. 10. (Color online) Spin-resolved PDOS calculated from the
XAS/XMCD data measured at the L3 edge of a Co,MnSi film with
similar spectra as the bulk data. Majority PDOS (green circles) and
minority PDOS (red bullets) are shown on a positive scale and
negative scale, respectively. Data after deconvolution with a Lorent-
zian function (full lines) of width I" as indicated in the figure.

deconvolution function of a convoluted Lorentzian and
Gaussian function in order to consider the finite-energy res-
olution led to an increased contribution of oscillations and
were therefore abandoned. In the following, we have applied
a Lorentzian function with a constant value of I'=0.4 eV for
deconvolution of the experimental data.

Figure 11 shows the Co PDOS for the sample series
Co,TiZ (Z= Si, Ge, Sn, and Sb) recovered from the L; edge
data including a scaling factor M(0)/M(T) for the case of
Z= Si, Ge, and Sn. The Co PDOS for Z= Si, Ge, and Sn
look similar to each other which can be expected because the
compounds are isoelectronic to each other.?! For all samples,
the majority PDOS shows a characteristic double step in-
crease at E although the steps are less pronounced for the
cases of Z= Ge, Sn, and Sb compared to Z= Si. The double
step indicates the simultaneous presence of itinerant and lo-
calized majority states at Er. We assume in the following
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FIG. 11. (Color online) Spin-resolved PDOS calculated from the
XAS/XMCD data measured at the L3 edge for samples as indicated
in the figure. Full lines indicate deconvoluted data. Full lines with
shadings indicate the function used for approximation of the itiner-
ant band as measured (blue) and shifted by AE (gray). Theoretical
data from Ref. 31 are shown for comparison.

that the contribution of the itinerant band is constant for all
Co-based Heusler compounds. This assumption is supported
by the fact that calculations reveal a similar width of the
itinerant band (approximately 4 eV) for all these compounds.
The contribution from the itinerant band is approximated by
a steplike function with slowly decreasing intensity for in-
creasing energy. We have used the same function for all
samples. We shifted the function along the energy axis in
order to fit the onset of the itinerant contribution to the ma-
jority bands. Then we subtracted from the 50% point of the
step function the correlation energy AE-=0.5 eV in order to
determine Ep corresponding to the localized majority and
minority contributions to the PDOS.

The minority PDOS shows a pronounced maximum at
E, nax—Er=0.5 V. The maximum is related to the unoccu-
pied Co e, state.’' The binding energy of this state is in
accordance with most calculations.?*>! In contrast, Ref. 60
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FIG. 12. (Color online) Spin-resolved PDOS calculated from the
XAS/XMCD data measured at the L3 edge for samples as indicated
in the figure. Same notation as in Fig. 11.

predicts much larger values (E,,,—Ep=1-2 eV) for
Co,TiSn depending on the calculation scheme. From com-
parison with theory, we can identify the second maximum of
the minority PDOS at E-Er=2 eV as a localized Co-Ti
hybridization state of #,, character. It is this pronounced 7,,
hybridization peak that causes the double peak feature in the
Co XAS spectrum (Fig. 1). Upon approaching Ep, the minor-
ity PDOS rapidly decreases but does not vanish at E. There-
fore, Co,TiZ with Z= Si, Ge, and Sn are at the boundary of
being half-metallic with Ep positioned at the minority
conduction-band edge.

For Co,TiSb, the minority PDOS does not decrease close
to Ep but instead reveals a shoulder directly at Eg. This re-
flects the metallic behavior of this particular compound in
agreement with a calculation by Lee et al.’!

For the Co,(Mn,Ti,_,)Si series shown in Fig. 12, the
minority feature caused by the Co-Tit,, state gradually
decreases with decreasing Ti concentration. For Co,MnSi,
the corresponding Co-Mn 1,, state produces a much weaker
feature at a slightly larger energy in accordance with
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calculations.”® We do not observe a gradual shift of the mi-
nority maximum with the change in composition. Instead,
E, nax remains at 0.5 eV above Ep with increasing Mn con-
centration for x=0.8 and increases to 0.9 eV for x=1.

The Co PDOS of Co,MnGe [Fig. 13(a)] appears similar
to the corresponding spectra for Co,MnSi as expected from
theory.?® Close inspection reveals a little more pronounced
Co-Mn 1,, feature at E-E;=2.3 eV in accordance with Ref.
28. The most prominent difference, however, is the reduced
energy of the minority maximum at E,,,—E=0.7 eV
compared to E, .~ Ep=0.9 eV for Co,MnSi. Calculations
using the same approximations for Co,MnSi and Co,MnGe
predicted the same energy of 0.7 eV for both compounds.”®
For Co,MnGa, the minority maximum is located at a larger
energy E, ,,.,—Er=1.0 eV in excellent agreement with Ref.
28. The Co-Mn 1,, feature is weaker and the Co-Ga hybrid-
ization state appears at 5.5 eV instead of 4.5 eV for
Co,MnGe. For the Co,Mn(Ga,_,Ge,) series, we observe a
gradual shift of the minority maximum from 0.7 to 1.0 eV
with increasing Ga concentration. The rapid decrease in the
minority maximum close to E is compatible with the pre-
dicted half-metallic properties for the whole series. The
gradual shift demonstrates the proposed concept of varying
the position of E relative to the minority band gap.

Figure 14 summarizes results for the separation of the
minority PDOS maximum and the Fermi energy E, ,,,.— EF.
For the Co,(Mn,Ti,_,)Si series, the spin-resolved Co PDOS
reveals a minority maximum at a constant value E, ,,,—Ep
=0.5 eV for x<1 and a rapid increase to 0.9 eV for x=1.
This behavior is in contrast to the gradual shift expected
from the rigid-band model. Instead, we observe a linear shift
of E, ,,ux—EF for the series Co,Mn(Ga,_,Ge,) with increas-
ing x. Ab initio calculations have predicted this trend for the
analogous main group substitution series Co,Fe(Al,_,Si,)
(Ref. 15).

VIII. CONCLUSIONS

Magnetic properties and electronic structures of Co,TiZ
(Z= Si, Ge, Sn, and Sb) and the substitutional series
Co,(Mn,Ti,_,)Si and Co,Mn(Ga,_,Ge,) were investigated
by XAS and XMCD. Applying the sum-rule analysis, we
determined element-specific magnetic moments for Co, Mn,
and Ti. The Ti moment is in all samples rather small
(<0.03up) and oriented antiparallel to the mean magnetiza-
tion direction, indicating that Ti containing Heusler com-
pounds are ferrimagnets. The Mn moments are compara-
tively large (>3 up), consisting mainly of a spin moment as
the orbital to spin ratio is less than 0.03. The Co moment
shows values of 0.8—1.0up, extrapolated to 0 K in the case
of Co,TiZ. Co,TiSb is an exception with a vanishing Ti mo-
ment and a smaller Co moment.

For the parent compounds with x=0 and x=1, the total
magnetization and the element-specific moments are in
agreement with previously reported theoretical and experi-
mental results. The substitutional series of quaternary Heu-
sler compounds proposed for a tuning of the band structure
are expected to show a linearly increasing magnetization
with increasing number of valence electrons, i.e., propor-
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FIG. 13. (Color online) Spin-resolved PDOS calculated from the
XAS/XMCD data measured at the L3 edge for samples as indicated
in the figure. Same notation as in Fig. 11.

tional to N,—24, thus, obeying the generalized Slater-Pauling
rule. For the Co,(Mn,Ti,_,)Si series, we observed a magne-
tization slightly exceeding values according to the Slater-
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FIG. 14. (Color online) Separation of the minority PDOS maxi-
mum and the Fermi energy E, ,,,—EF for the indicated Heusler
alloys (full symbols). N, indicates the number of valence electrons
per formula unit.

Pauling rule. Similar observations were reported in the case
of the substitutional series Co,Mn,_,Fe, Al (Ref. 49) and at-
tributed to partial disorder. For the Co,Mn(Ga,_,Ge,) series,
we measured magnetization values in agreement with the
Slater-Pauling rule.

Two complementary series are investigated with
transition-metal substitution on the Y site and main group
element substitution on the Z site. We find that the distribu-
tion of the magnetization on the X and Y sublattices varies
with N, in a similar way for the two complementary series.
For Co,(Mn,Ti,_,)Si, the element-specific moments remain
almost constant and the increase in the magnetization with
increasing x is directly related to the increasing Mn content.
Thus, the Y sublattice covers the total magnetization in-
crease. For Co,Mn(Ga,_,Ge,), we find an almost constant Co
moment and an increasing Mn moment on the Y sublattice.
The almost constant Co moment reflects the fact that the
distribution of the Co d electrons in the majority and minor-
ity states does not change with N,.2° In order to maximize
the number of unpaired electrons, the minority d states
should be filled by eight electrons to have a gap and the
rest of the electrons fill the majority states.®! As the Co mi-
nority d states are occupied by roughly 3.5 electrons at each
atom, only one minority d electron stems from the Y atom.
This explains the increasing moment on the Y site going
from Ti to Mn. The increase in the Mn moment for
Co,Mn(Ga,_,Ge,) cannot be explained by this general be-
havior of d electrons. In this case, the hybridization of elec-
trons at the Z site causes a redistribution of majority and
minority electrons when the Ga is replaced by Ge. Because
Ge has a higher electronegativity compared to Ga, the bond-
ing interaction between Co and Ge is stronger than for Co
and Ga. This causes an electron transfer to delocalized states
in the interstitial. In particular, the #,, minority states at the ¥
site are emptied. At the same time, the majority ,, states are
filled resulting in a larger moment.

Although the orbital moment contributes less than 10% to
the total moment, its variation with composition is an impor-
tant indication for local deviations from cubic symmetry.
Large orbital moments may also be a hint to an increased
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magnetic crystal anisotropy and to an increased Gilbert
damping.®>% We find orbital magnetic moments to be low
for the parent Heusler compounds and increased values in
the case of mixed compounds, i.e., 0<x<1. For
Co,(Mn,Ti;_,)Si, the maximum orbital moment appears at
x=0.8 and for Co,Mn(Ga,_,Ge,) at x=0.6. We attribute this
observation to a local distortion from the cubic symmetry
caused by a random occupation of the Y and Z sites, respec-
tively.

Considering final-state electron correlation, the spin-
resolved PDOS at the Co atom can be extracted from the
XMCD data. As the minority Co states are closest to the
Fermi edge, the partial density of Co states is decisive for the
half-metallic properties of the Co-based Heusler compounds.
The experimental results confirm theoretical predictions for
the PDOS in the case of Co,TiSi, Co,TiGe, and Co,TiSn.
The Fermi energy Ej is located at the minority conduction-
band edge. This means that these compounds are at the bor-
derline of being half-metallic. In contrast, Co,TiSb shows a
large minority PDOS at the Fermi energy like a normal
metal.

The idea of tailoring the electronic structure in substitu-
tional quaternary Heusler compounds originates from the
rigid-band model. Accordingly, an increasing number of va-
lence electrons fill previously unoccupied states, thus, lifting
the Fermi energy with respect to the rigid-band structure.
Consequently, one expects that E, ,,,.— Er decreases with in-
creasing N,. This is indeed observed for Co,Mn(Ga,_,Ge,)
and also for Co,Mn,_[FeSi3® For the series
Co,MnGa,_,Ge,, we observe a gradual shift of the minority
PDOS maximum from 0.7 eV for x=1 to 1.0 eV for x=0 and
also a gradual increase in the onset of the minority PDOS
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with decreasing x. Thus, the Co minority PDOS corroborates
half-metallic ferromagnetism for the whole series.

In contrast, E, ,,,—Ep increases with increasing N, for
Co,(Mn,Ti,_,)Si, indicating a reversed electron transfer out
of the Co d majority states. Note that due to the small density
of Co states at the Fermi edge, a small charge transfer that is
negligible for the magnetic moment causes a sizable shift. A
second deviation from the rigid-band model is revealed by
the comparison of Co,MnSi and Co,MnGe. Although N, is
not changed, we observe different values for E, ,,.—EF.

Ab initio calculations, explaining qualitatively the trends
in the case of Co,(Mn,Ti,_,)Si and Co,Mn(Ga,_,Ge,), show
quantitative deviations from our results and with each other
depending on the model assumptions. In addition, an ex-
change of the main group element with an element from the
same group should have a negligible influence on the band
structure according to theory. The deviation from that rule
observed here for Co,(Mn,Ti;_,)Si and Co,Mn(Ga,_,Ge,)
may be a hint to previously neglected electron correlation
effects.

In summary, our results confirm the predicted possibility
of tailoring the minority band gap using substitutional qua-
ternary Heusler compounds. A detailed analysis reveals in
some cases deviations from general assumptions related to a
rigid-band model and also from standard ab initio calcula-
tions using local-density approximation, which are attributed
to electron correlation effects.
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