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Using circular dichroism in x-ray-absorption spectroscopy (XAS/XMCD), we determined element-specific
magnetic moments and spin-resolved unoccupied densities of states (DOS) for Co, Fe, and Mn in the quaternary
Heusler compounds CoFeMnZ (Z = Al, Ga; Si, Ge). These compounds belong to a class of highly spin-polarized
materials with cubic LiMgPdSn-type structure. Different structure models for the sublattice occupation leading
to similar average magnetization values can be distinguished by comparison of element-specific moments with
theory. We find that the compounds form similar structures, where Co, Fe, Mn, and Z occupy the X, X', Y,
and Z sublattice of the related X,Y Z L2,-Heusler structure, for which half-metallic behavior was predicted.
The unoccupied partial DOS as derived from the XAS/XMCD spectra for Co, Fe, and Mn are compared to
theoretical results. A good agreement is found for Co and Fe, while Mn spectra reveal additional final-state

effects (multiplets).
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I. INTRODUCTION

Materials with high spin polarization have been inten-
sively studied because of their potential use in spintronic
applications.!> Heusler alloys have been of particular interest
because of their high Curie temperature and tunable electronic
properties.>™ Recent years have seen an impressive increase
of the tunneling magnetoresistance effect for devices using
Heusler electrodes.*%'° The tailoring of the band structure by
partly replacing elements on the Y and Z site in the X,Y Z
Heusler structure has been demonstrated both experimentally
and theoretically.'!~!°

Quaternary compounds of the type X X'Y Z are a new class
of materials with high potential in spintronic applications. The
structure is derived from the Heusler structure by occupying
the four interpenetrating fcc sublattices of the L2, structure
with a different element. A prominent example is the qua-
ternary compound CoFeMnSi, with a predicted half-metallic
band structure.'” However, three different structure types with
different degrees of spin polarization may form that cannot be
distinguished by standard x-ray diffraction because of similar
scattering factors or by magnetometry because of the similar
predicted magnetization values.'”

We have used circular dichroism in x-ray-absorption spec-
troscopy (XAS/XMCD) for the determination of element-
specific magnetic moments. As the element-specific mo-
ments considerably differ for different structure models, we
unambiguously identify the LiMgPdSn-type I (space group
F 43m) as the correct structure type in the case of CoFeMnSi
(see Fig. 1). For this particular structure, half-metallicity is
predicted.'” In this paper, experimental and theoretical results
are compared for the four compounds CoFeMnZ (Z = Al, Ga;
Si, Ge). From the XAS/XMCD data, we derived the element-
specific partial density-of-states function (PDOS) for Co, Fe,
and Mn using a previously described data evaluation.'>'® The
good agreement between theoretical and experimental results
considering final-state effects confirms that the quaternary
LiMgPdSn-type ferromagnets provide a class of promising
materials for spintronic devices with high spin polarization.
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II. EXPERIMENT

The polycrystalline samples were prepared by arc melting
of stoichiometric quantities of the constituents in an argon
atmosphere. 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 homogeneous material. After
melting, the polycrystalline ingots were annealed in an
evacuated quartz tube at 1073 K for two weeks. For powder
investigations, a part of the sample was crushed by hand using
a mortar.

The crystal structures of the samples were determined by
x-ray diffraction (XRD) using Mo K, radiation (Bruker D8
Advance). Details about the structure analysis of CoFeMnZ
(Z = Al, Ga; Si, Ge) can be found in Ref. 19. CoFeMnSi shows
aclear (110) and (200) reflection indicating a dominating type I
structure. For CoFeMnAl, only the (200) reflection is observed,
which is compatible with the dominating type I structure
combined with a B2-type disorder. It is known for several years
that Al-containing Heusler compounds are very susceptible to
disorder effects.'? The (200) fcc-superstructure reflections are
absent or very small for CoFeMnGa and CoFeMnGe due to
nearly equal scattering amplitudes of the constituting elements,
which prevents a detailed structure analysis. Eventually, a
distinction between the three proposed crystal structures is
impossible because of the 3d constituents.

The magnetic properties were investigated by a super-
conducting quantum interference device (SQUID, Quantum
Design MPMS-XL-5) using nearly punctual sample pieces
of approximately 20 to 30 mg. Rods with dimensions 1 x
1 x 10 mm? were cut from the ingots for spectroscopic
investigations of the bulk samples.

X-ray-absorption spectroscopy (XAS) experiments were
performed at the UE56/1-SGM beamline at the German
synchrotron light source BESSY II. The samples were cleaved
in situ in UHV (p = 1 x 107° Torr) directly before the mea-
surement. An Au mesh monitored the incident photon flux. The
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FIG. 1. (Color online) Cubic LiMgPdSn-type structure of the
related X,YZ L2,-Heusler structure. Type I: Co, Fe, Mn, and Si
atoms occupy the X, X', Y, and Z sublattice. Type II: Co, Mn, Fe,
and Si occupy the X, X', Y, and Z sublattice. Type III: Fe, Mn, Co,
and Si occupy the X, X', Y, and Z sublattice.

total electron yield 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 surface, and
switched after each data point to determine the x-ray circular
dichroism (XMCD) signal, while the polarization was kept
constant. The energy resolution of the x-ray monochromator
was set to 0.4 eV at 800 eV photon energy. An increase
in the resolution to 0.1 eV at 800 eV for selected samples
revealed only marginal changes in the observed spectra. This
confirmed that the spectral shape is dominated by the intrinsic
lifetime broadening of x-ray absorption. The XAS/XMCD
measurements were performed at room temperature.

After these measurements a scanning electron microscope
(SEM, Jeol JSM-6400) equipped with an energy dispersive
x-ray spectroscopy (EDX) detection system was used to check
the homogeneity and stoichiometry of the samples at the sur-
face used for XAS/XMCD. An acceleration voltage of 20 kV
and an inspection angle of 35° was set up. The quantitative
data was corrected by the ZAF method, which relies on atomic
number (Z), absorption (A), and fluorescence (F) effects. One
should note that the accuracy of the determination of the
relative atomic concentration is on the order of £2 at. %.
Within error limits, the relative atomic concentration in Table [

TABLE 1. Relative atom concentrations given as atomic percent-
ages of the samples for CoFeMnZ (Z = Al, Ga; Si, Ge) determined
by an EDX analysis.

Z = Co Fe Mn Z

Al 24.4 253 25.0 253
Ga 24.3 26.4 24.6 24.7
Si 24.5 25.6 24.7 25.2
Ge 24.4 24.6 24.7 26.3
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confirms the intended composition for the CoFeMnZ (Z = Al,
Ga; Si, Ge) series. Element-specific EDX line scans confirm
a homogeneous composition. In CoFeMnZ (Z = Ga, Si, Ge),
we found small Mn and Fe clusters with an area fraction of
one percent only.

III. COMPUTATIONAL DETAILS

The basic electronic-structure calculation and the optimiza-
tion of the lattice parameter were carried out using the scalar-
relativistic full potential linearized augmented plane-wave
method as provided by WIEN2K.?’ The exchange-correlation
functional was taken within the generalized gradient approx-
imation (GGA) in the parametrization of Perdew, Burke, and
Ernzerhof (PBE).?! 816 k points in the irreducible wedge of
the Brillouin zone of the primitive F 43m cell were used for
integration. The number of plane waves was restricted by Ry -
kmax = 9. Both total energy (10> Ry) and charge (1072 ¢7)
were used simultaneously as criteria for convergence. More
description and electronic band-structure calculations can be
found in Ref. 19.

For the disordered structures, further electronic-structure
calculations have been carried out using the full relativistic
spin-polarized Korringa-Kohn-Rostocker method (SPRKKR)
provided by Ebert et al>*?* This program provides the
coherent potential approximation (CPA) for calculating the
properties of alloy systems with random distribution of the
atoms. The SPRKKR calculations have been performed using
the PBE generalized gradient approximation.’! The CPA
tolerance was set to 10~* and the energy convergence criterion
to 107>, f states were included in the basis of all atoms. 832
irreducible k points based on a 22 x 22 x 22 mesh have been
used for integration. The density of states is calculated for the
double number of k points from the Green’s function by adding
a small imaginary part of 0.005 Ry to the energy. For smaller
values, the band gaps may become better visible; however, at
the same time, the DOS becomes much more noisy.

IV. X-RAY-ABSORPTION SPECTROSCOPY AND
MAGNETIC MOMENTS

XAS/XMCD results are shown in Fig. 2 for the CoFeMnZ
(Z = Al, Ga; Si, Ge) compounds measured at the Mn, Fe,
and Co Ljedge. The XAS spectra were normalized at the
postedge value, after subtracting a constant background from
the raw data. The shape of the spectra appear pairwise similar
for CoFeMnZ (Z = Al, Ga) and for CoFeMnZ (Z = Si, Ge).
This is not surprising because the crystal structures are similar
and the compounds with Al (Ga) and Si (Ge) are isoelectronic.
Similar changes occur at the L3 edge and L, edge.

The Co XAS spectra in Fig. 2(e) show for all samples
a satellite peak A (~ 4 eV above L3 maximum), which is
indicative for a sd-band hybridization state similar to the
related Co-based highly ordered Heusler compounds with a
L2, crystal structure.>>?® For Z = Ge, an additional satellite
peak A’ appears which was observed for the Co,MnGe Heusler
alloy, too.!>?” A related satellite peak A is also visible for the
Fe spectra for Z = Si, Ge [Fig. 2(c)]. We attribute the Fe peak
A to a sd-band hybridization of Fe and the main group element
Z = Si, Ge. As a consequence of the weaker hybridization
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FIG. 2. (Color online) (a),(c),(e) X-ray absorption spectra for CoFeMnZ (Z = Al, Ga; Si, Ge) measured at the Mn, Fe, and Co L;, edge
averaged from total electron yield intensities /* and 7~ for magnetization direction parallel and antiparallel to the x-ray polarization. (b),(d),(f)

Corresponding XMCD spectra I+ — ™.

between Co/Fe and the main group element Z = Al, Ga the
satellite peak A is broader for Co and absent in the Fe XAS
spectra. B2 disorder (random occupation of the Mn and Z
sublattice with these two elements) may lead to the loss of the
hybridization peak.

CoFeMnZ (Z = Al, Ga) comprise two peaks indicated by
A and B in the Mn spectra [Fig. 2(a)] and a peak B in the
Fe spectra [Fig. 2(c)]. An explanation for peak A and peak
B could be multiplet effects stemming from oxidation of Mn
and Fe. However, an oxidation is unlikely as the sample was
kept in UHV conditions after cleavage. No bulk contrast of
oxygen was found in the EDX measurement. Instead, we
attribute the Mn satellite peaks to a strong localization of
Mn states and a corresponding by large contribution from
multiplet effects caused by the configurational interaction of
the core hole and the excited electron in the final state.?®
A similar effect has been observed in the case of Co,MnZ
(Z = Si, A1)

The largest change with composition in the XMCD spectra
occurs for Mn in Fig. 2(b). CoFeMnZ has for Z = Si, Ge
larger asymmetries than that for Z = Al, Ga at the L3, edge
and a considerably more pronounced positive shoulder at
715 eV. The Fe and Co XMCD spectra in Figs. 2(d) and 2(f)
show no significant changes with replacing the main group
element Z. Only the maxima at the L3, edge appear sharper
for Z = Si, Ge.

From the element-specific XMCD spectra, we derived
the magnetic spin moments ipin and the magnetic orbital
moments (o shown in Table II using the sum-rule analysis
and assuming numbers of d holes N, (Fe) = 3.4, N,(Mn) =
4.5, and N;(Co) = 2.5. For Mn, a j j-mixing correction factor
cjj = 1.5 was applied as described in Refs. 30 and 31.

TABLE II. Element-specific magnetic spin moments figi, and
orbital moments (o per atom for CoFeMnZ (Z = Al, Ga; Si, Ge)
alloys as calculated from the sum rules and from first-principle GGA
calculations are given in Bohr magnetons (145).

Z= I Co Fe Mn

Al Ispin 0.77 £0.02 0.91£0.02 0.96 £0.02
Horb 0.07 £0.01 0.07 £0.01 0.06 £0.01
uf’pﬁf 0.81 —0.13 2.44

Ga Ispin 0.85+£0.02 0.72 £0.02 1.05+0.02
Morb 0.03£0.01 0.02 +£0.01 0.09 £0.01
;Lf;?nA 0.77 —0.15 2.60

Si Mspin 0.88 £0.02 0.72 £0.02 2.22+£0.02
Morb 0.06 £0.01 0.03£0.01 0.09 £0.01
ugﬁf‘ 0.88 0.52 2.70

Ge Ispin 0.82+£0.02 0.82+£0.02 1.95+0.02
Horb 0.06 £0.01 0.02 +£0.01 0.04 +£0.01
ugﬁf‘ 0.86 0.50 2.71
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FIG. 3. (Color online) Total magnetic moments (. for
CoFeMnZ (Z = Al, Ga; Si, Ge) measured at RT with SQUID and
XMCD. Theoretical magnetic moments are given for comparison.

The variation of Z in CoFeMnZ has no large impact on
the Co and Fe magnetic moments (see Table II). In contrast,
the increase in the valence electron number leads to a strong
increase of the Mn magnetic moment. The replacing of the
main group element Z = Al, Ga by the main group element
Z = Si, Ge leads to a large increase in the Mn magnetic
moment and the total magnetic moment by 1 up per f.u. (see
Fig. 3). The total magnetic moments resulting from XMCD
are in good agreement with the measured SQUID results and
the theoretical values.

In the case of Z = Si, Ge predictions from first principle
GGA calculations assuming a perfect type I structure are
in agreement with the experimentally determined element-
specific magnetic moments. In contrast, these calculations
predict an antiferromagnetically aligned Fe moment in the case
of Z = Al, Ga which is not observed in the experiment. This
indicates significant contributions from other structure types.
Only in the case of Z = Si the structure analysis using XRD
gives a closer hint on a prevailing type I structure with some
contribution from type II. In order to quantify the disorder
contribution, we present a detailed analysis of element-specific
moments for the case of CoFeMnSi.

Table III compares the element-specific moments for
CoFeMnSi with theoretical values from Ref. 17 for three
different structure models. The structure models reflect a dif-
ferent occupation of the four sublattices in the LiMgPdSn-type
structure with the four elements of the quaternary compound
(see Fig. 1). For the type I structure, the Fermi level lies in an
energy gap of 0.75 eV in the spin-down states (shown in Fig. 5).
The electronic structure of the type II structure is similar to that
of type I, but the Fermi level lies in a pseudogap. Therefore,
the CoFeMnSi compound with type I or type II structure is a
half-metallic or nearly half-metallic ferromagnet. The type 11
compound is a metallic ferromagnet with a large DOS value
at Er in the spin-down channel.

The sublattice occupation has a large effect on the size of
the magnetic moments, in particular on the ratio of the Mn
and Fe moment. The best agreement of the experimental and
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TABLE III. Theoretical magnetic spin moments given in g
per atom (as labeled) for CoFeMnSi in the three nonequivalent
superstructures from Ref. 17. Experimental magnetic spin moments
Ispin are given for comparison.

Mco MFe MMn Msi Mot
Type I 0.878 0.576 2.649 —0.067 4.006
Type I 0.931 2.517 0.591 —0.010 3.959
Type 111 1.786 1.804 1.898 —0.055 5.332
Expt. 0.88 0.72 2.22 3.82

theoretical results can be found for the type I structure in
Table III. Structure type III can be excluded by comparing
the theoretical and experimental Co magnetic moment and
the total magnetic moment. The most indicative number for
distinguishing between the type I and II structure models,
which result in similar average magnetization values, is the
ratio of Mn and Fe moments with predicted values of 4.60
(0.23) for model I (I). The experimental value of 3.08 is close
to the value of model I. In the following, we assume that
disorder involves exclusively structure type I and II with the
Mn and Fe moments as given in Table III. With the volume
fraction r for structure type I, one obtains average Mn (Fe)
moments,

pi=r-pw+0=r)-u', i=MnFe (1)
The ratio of the averaged Mn and Fe magnetic moments,

P _ 7 pagg + (L= 1) - pigy @
fre  ropk A+ (1 —r)pdl
must equal the experimental value of 3.08. From the equation,
we obtain a volume fraction r = 0.89, indicating a disorder on
the order of 11%.

An alternative approach is a direct comparison of theoretical
calculated moments for various types of disorder with the
experimental data. The disorder cannot be varied continuously
but a large unit cell can be used.*” The result is shown in
Fig. 4. The total magnetization is nearly independent on the
contribution of the type II structure (x). The Fe moment
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FIG. 4. (Color online) Theoretical calculated magnetic moments
for CoFeMnSi depending on the contribution of the type II structure
(x) compared with the XMCD results.
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increases and the Mn moment decreases with increasing x. A
comparison with the experimental data indicates a contribution
of x = 0.1, in good agreement with the analytical discussion
above.

V. ELEMENT-SPECIFIC AND SPIN-RESOLVED
UNOCCUPIED DENSITY OF STATES

The self-consistent electronic-structure calculation of the
partial density of states (PDOS) for the type I CoFeMnSi
structure (Fig. 5) shows that the lower boundary of the minority
band gap near Er is given by the Co and Fe states. Therefore,
an experimental determination of the element-specific Co, Fe,
and Mn density of states is essential. CoFeMnZ (Z = Al, Ga;
Si, Ge) compounds exhibit a calculated electronic structure,
which is typical for a fully spin-polarized half-metallic
ferromagnetic Heusler compound (see also Fig. 6).

Experimental data for the spin-resolved unoccupied Co, Fe,
and Mn PDOS is shown in Fig. 6 as derived from the corre-
sponding Li3-edge XAS/XMCD data. For the calculation, we
used the spin-resolved unoccupied PDOS function following
from the XAS spectra I™ and I,

+ _ —
DY = fp) o Lo — 5 + (—)%’ ! 3)

5
J
where fr denotes the Fermi function, /i, denotes the isotropic
absorption coefficient (It + 17)/2, s is the step function,
and P; is the spin polarization of the excited photoelectrons,
ie., Pr3 =0.25 and Py, = —0.5. This procedure has been
applied before to the case of Co in Co,Y Z Heusler alloys
(Refs. 13, 16, and 18). In this case, an electron correlation
effect causes a shift of the majority PDOS of AE, = 0.5 eV
with respect to the minority states for the Co data. The position
of the Fermi level was derived from the initial increase in the
majority states considering the energy shift of AE.. Recently,
a direct comparison of XAS/XMCD spectra with calculations
confirmed the existence of this electron correlation effect for
Co,TiSn.*}

For Mn and Fe, the value for AE, is set to zero. The Mn
and Fe majority PDOS comprises localized states at Er both

_$ majority

o N B~ OO

-2

DOS (arb. units)

-4

-6

-8

Energy (eV)

FIG. 5. (Color online) Spin-resolved PDOS for CoFeMnSi using
ab initio calculations according to Ref. 17.
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for majority and minority states in contrast to the Co PDOS.
Because of the lifetime broadening of the XAS spectra, we
have deconvoluted the experimental spectra with a Lorentzian
function with a width of I' = 0.35 eV.

For all three elements in CoFeMnZ (Z = Si, Ge), the
comparison of theoretical and experimental results for the
minority PDOS reveals a fair agreement considering lifetime
broadening (Fig. 6). In particular, the PDOS minority maxima
agree well. This observation confirms the assumption of
AE. =0.5 eV in the case of Co and AE. =0 eV in the
case of Fe and Mn. The same values of AE,. were assumed
in the case of Z = Al, Ga. The agreement is similarly good
for CoFeMnGe. In the case of Z = Al, Ga, the experimental
minority PDOS for Fe and Co are shifted to somewhat
larger energies compared to theoretical values. This might be
attributed to a residual B2 disorder in these compounds, as
also observed by x-ray diffraction.

As expected from the XAS spectra, the unoccupied PDOS
shown in Fig. 6 of the isoelectronic compounds Z = Al, Ga
and Z = Si, Ge behave pairwise similarly. The increase in the
Co minority PDOS shows a steeper slope than the Fe and Mn
minority PDOS. The smaller slope in the Mn PDOS fits well
with theoretical GGA calculations showing a much broader
feature of 1.5 eV width for Mn compared to 0.2 eV in the case
of Co.

The experimental majority Co PDOS shows a flat line,
except for a small peak near 1 eV above Ep, expected from
theoretical calculations. In contrast, the Fe and even more
the Mn majority PDOS reveal a rich structure that has no
correspondence in the theoretical majority PDOS. A prominent
difference between the Co PDOS and the Mn, and Fe PDOS
is the stronger localization of electronic states in the latter
case (see below), according to calculations. These localized
states lead to multiplet effects splitting a single transition into
a number of absorption peaks. For the case of Mn in Co,MnSi
and Rh,MnSi, this has been explicitly shown by comparison to
an atomic model.?®3* Therefore, we attribute the rich structure
of the majority Fe and Mn PDOS to the occurrence of these
multiplet effects. The ground-state GGA calculations do not
consider these final-state effects, and hence it is no surprise that
theory and experiment do not agree in this case. Although not
obvious, these multiplet effects might also alter the minority
PDOS and an interpretation of the Mn and Fe PDOS has to be
done with care.

The difference between the energy position of the minority
maximum and the Fermi energy AExy = EY . — Er (X =
Mn, Fe, and Co) depends on Z as summarized in Fig. 7.
Assuming a rigid-band model, the replacing of Z = Al, Ga by
Z = Si, Ge shifts the Fermi energy from the minority band gap
in the Co, Fe, and Mn PDOS spectra toward the conduction
band edge. The additional valence electron fills majority states
at the Fermi energy. According to the rigid-band model, one
would expect that the shift of the Fermi energy increases with
decreasing majority PDOS at Er. The Co PDOS shows the
smallest value at E, and the observed change of AEyx from
main group element III (Z = Al, Ga) to group IV (Z = Si,
Ge) is largest for Co. Therefore, our experimental observation
is in agreement with the rigid-band model. In contrast, the
theoretical calculations show no significant changes of AEy
with changing Z. The GGA calculations show a large increase
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FIG. 6. (Color online) Spin-resolved PDOS calculated from the XAS/XMCD data (dots) measured at the L3 edge for CoFeMnZ (Z = Al,
Ga; Si, Ge) samples as indicated in the figure. Full lines show the deconvoluted data. Data from theoretical ab initio calculations are indicated
by a yellow patterned area. The dashed lines show the smoothened theoretical data of the minority PDOS. Full filled areas indicate the function
used for approximation of the Co itinerant band as measured [blue (dark)] and shifted by A E. [light blue (gray)].

in minority states at 1 eV above Ep for all elements. In the
case of Co, the minority maximum increases with respect to the
second maximum at 1.7 eV for replacing Al by Si. Considering
lifetime broadening, this feature leads to a shift. We have
smoothened the theoretical PDOS for considering dynamic
correlation effects (see Fig. 6). The minority maxima resulting
from this procedure fit considerably better to the experimental
values as indicated in Fig. 7.

Pronounced discrepancies still remain for the case of Z =
Al, Ga with a systematically larger experimental value of AEx
compared to theory. A possible reason is the occurrence of B2
disorder in this case, while theory considers a perfectly ordered
atomic structure. However, a previous study on epitaxial films
revealed a decrease of AEc, instead of an increase with an
increase in disorder for Co,Fe(Al;_,Siy).'8

VI. SUMMARY

We present element-specific magnetic moments and
the element-specific spin-resolved DOS of the quaternary
CoFeMnZ (Z = Al, Ga; Si, Ge) alloy using XMCD. A
comparison of calculated moments with the evaluated Co, Fe,
and Mn magnetic moments clearly allows one to distinguish
between various structure models confirming the proposed

LiMgPdSn-type structure in the case of Z = Si with predicted
half-metallicity from Refs. 17 and 19. Exchange of the main
group element from group III (Z = Al, Ga) by those from

2.0 . . . .
A A
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FIG. 7. (Color online) Element-specific values for AEy (X =
Mn, Fe, and Co) as defined in Fig. 6 for CoFeMnZ (Z = Al, Ga;
Si, Ge). Theoretical values are denoted for comparison with open
symbols.
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group IV (Z = Si, Ge) causes an increase in the Mn magnetic
moment of 1 up per formula unit. From XAS/XMCD, we
derived the element-specific spin-resolved unoccupied density
of states for Co, Fe, and Mn, which can be directly compared
to ab initio GGA calculations. We find a shift of the spectral
weight with replacing the Z = Al, Ga main group element
by Z = Si, Ge explained by the rigid-band model similar
to the case of Co,Mn(Ga;.,Ge,)."> The largest shift of the
Fermi energy with respect to the half-metallic band gap is
observed for the Co PDOS due to the small density of states
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in the majority band. Therefore, with an improved sample
preparation, a design of a half-metallic ferromagnet with
CoFeMnZ (Z = Si and, especially, Z = Ge) seems to be
possible.
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