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The Heusler compound Co2FeAl0.5Si0.5 is an interesting material for spintronic applications due to its
predicted half-metal ferromagnetic character with a large band gap in the minority states. In this work, we
present the optical and magneto-optical properties of a Co2FeAl0.5Si0.5 bulk sample at room temperature.
The spectral permittivity is found to be dominated by an absorption peak at 1.4 eV, originating mostly from
absorptions by minority electrons. The best agreement between the experimentally obtained spectral permittivity
tensor and the ab initio calculated one is for the local density approximation potential, closely followed by the
generalized gradient approximation potential. However, the half-metallic ferromagnet character with 100% spin
polarization is preserved only in calculations employing the Coulomb interaction correction (+U). This suggests
that Co2FeAl0.5Si0.5 is probably not a half metal as a single minority d-band dips below the Fermi level.
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I. INTRODUCTION

Progress in the field of spintronics in recent decades has
brought considerable attention to the half-metallic ferromag-
nets (HMFs), first described in 1983 by de Groot et al.
[1]. Their exceptional property of 100% spin polarization
at Fermi energy makes them interesting for applications in
spintronic devices where efficient spin injection and detection
at room temperature is necessary. HMFs such as Fe3O4, CrO2,
La1−xSrxMnO3, etc. have been intensively studied, leading to
the tunneling magnetoresistance (TMR) ratio of a few percent
at room temperature [2–4].

Another HMF class of materials is Co2-based Heusler
compounds, which are predicted to be half metallic with a
wide band gap in the minority states [5–9]. These materials
show high Curie temperatures up to 1100 K, as reported
for Co2FeSi [10], and tunability of their structural, electric,
and magnetic properties [7] with stoichiometry. Fermi-level
tuning of Co2FeAlxSi1−x [11] indicated particular temperature
robustness of Co2FeAl0.5Si0.5 (CFAS) due to the Fermi level
located in the middle of the electronic band gap [12]. This has
led to high TMR of 386% at 300 K (and 832% at 9 K) for
a magnetic tunnel junction with CFAS electrodes [13], which
markedly exceeded the observed TMR for conventional 3d
transition-metal ferromagnetic electrodes [14]. This has made
CFAS a material of particular interest and has led to intensive
research in the fields of structural and magnetic properties
[15–17], magneto-optics [18], spin dynamics [19], spin-orbit
torques [20], and spin pumping [21]. There have been several
attempts to investigate the band gap of CFAS and Heuslers
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with similar composition experimentally [22–24], but the re-
sults differ from theoretically predicted values [12,25].

Here we investigate the spectral dependence of the per-
mittivity tensor of CFAS, i.e., its optical and magneto-optical
behavior in an extended visible photon range. The presented
results of spectrally dependent optical and magneto-optical
properties are obtained by spectroscopic ellipsometry and
magneto-optical Kerr effect (MOKE) spectroscopy. The ob-
tained permittivity spectra were compared to ab initio
calculations with several implemented exchange-correlation
potentials, with or without the Hubbard U Coulomb interac-
tion correction [26].

The text organization is as follows. Section II introduces
the sample preparation and its structural and magnetic prop-
erties. Section III presents the results of optical and linear
magneto-optical measurements of the sample permittivity ten-
sor, including the optical oscillator model. Section IV follows
with ab initio calculations of the spectral permittivity tensor
for various exchange-correlation potentials. In Sec. V, all
models are compared to each other and to the experiments.
In Sec. VI, the dependence of the results on the U value is
discussed. In Sec. VII, the results are discussed in relation to
other investigations. The Supplemental Material [27] contains
a detailed description of the oscillator functions equations
for diagonal permittivity and their fitted values. It also con-
tains additional ab initio band structures of the local density
approximation (LDA) and LDA+U and structural details by
x-ray diffraction (XRD) Rietveld refinement.

II. SAMPLE PREPARATION AND NONOPTICAL
CHARACTERIZATION

The polycrystalline bulk samples of CFAS were prepared
by arc melting of stoichiometric quantities of at least 4N
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FIG. 1. The SQUID magnetization hysteresis curve of CFAS at
room temperature.

pure constituents in argon atmosphere. Before melting, the
working chamber was evacuated to 10−5 mbar pressure and
refilled with argon. This process was repeated multiple times
to minimize oxygen contamination. Additionally, a titanium
getter was melted three times to ensure minimal oxygen con-
tent in the chamber before the actual sample melting process.
The sample pellets were flipped and remelted three times
to achieve better homogenization. Subsequent annealing was
carried out in sealed evacuated quartz tubes, which were evac-
uated to 10−5 mbar and refilled with argon three times before
the sealing to ensure minimal oxidation during the annealing
process. The samples were annealed for seven days at 1000 ◦C
and then furnace cooled to room temperature.

Both the as-cast and annealed polycrystalline samples
were cut, polished, and analyzed using the Nova-NanoSEM
(FEI/Thermo Fisher Scientific) high-resolution scanning
electron microscope with an energy-dispersive x-ray (EDX)
analyzer. Structural characterization was done by the XRD
on powder samples using the STOE STADI diffractometer in
transmission geometry with Mo Kα1 radiation, a germanium
monochromator, and a DECTRIS MYTHEN 1 K detector. For
the XRD investigation of powdered samples, the arc-melted
pellets were crushed using a stainless-steel mortar by hand.
For the Rietveld refinement of the XRD data, the FULLPROF

software package was used [28]. The magnetic properties
were investigated by a superconducting quantum interference
device (SQUID, Quantum Design MPMS-XL-5).

EDX analysis showed that the stoichiometry of the sample
is sufficiently close to the nominal one (Co 48.4 ± 0.6 at.%;
Fe 24.5 ± 0.2 at.%; Al 13.0 ± 0.3 at.%; Si 14.1 ± 0.3 at.%).
SQUID magnetometry at 5 K shows that the total satura-
tion magnetic moment is 5.62 μB/f.u., which fits well to
the previously calculated saturation moment results [12,29].
The saturation magnetic moment at room temperature was
determined to be 5.57 μB/f.u. The SQUID magnetization
hysteresis curve is shown in Fig. 1.

XRD shows that although the as-cast sample is highly B2
ordered (see the Supplemental Material [27]), the annealed
sample shows a high and narrow (111) peak, suggesting
predominantly L21-type ordering. Rietveld refinement was
performed to evaluate the exact structural parameters and the
ordering fraction using the Fm3m space group (see details
in the Supplemental Material [27]). The lattice constant was
fitted to 0.5687(2) nm with a residual B2 order fraction of
28%. This fits well with the predicted most thermodynami-
cally stable ordering profile [30]. The calculations show that
even up to 50% B2 disorder, the half metallicity is preserved
and the saturation magnetization is unaffected [30].

III. SPECTRA OF THE PERMITTIVITY TENSOR
ELEMENTS

The optical and magneto-optical response of a mate-
rial is described by the permittivity tensor εi j . The sample
magnetization is accompanied by the time-reversal symme-
try breaking, leading to anisotropy in εi j . To describe the
permittivity tensor, we use the linear magneto-optical approx-
imation. Thus, only the constant and the linear terms of the
Taylor series expansion in magnetization M are considered:

εi j = ε
(0)
i j + Ki jkMk = ε

(0)
i j + ε

(1)
i j , (1)

where ε
(0)
i j is the permittivity tensor independent of magnetiza-

tion direction, Ki jk is the magneto-optical permittivity tensor
linear in magnetization, and Mk are components of normalized
M. In the case of a cubic material, ε

(0)
i j , Ki jk simplifies to

[31,32]

ε
(0)
i j = ε(0)δi j, Ki jk = Kεi jk, (2)

where ε(0), K , δi j , and εi jk are the diagonal permittivity, the
magneto-optical permittivity (describing magneto-optic spec-
tra linear in M), the Kronecker delta, and the Levi-Civita
tensor, respectively.

A. Diagonal permittivity probed by ellipsometry

Spectroscopic ellipsometry was performed on one of the
annealed polycrystalline bulk samples shortly after repolish-
ing to avoid an excessive oxidation layer on its surface. The
measurements were performed in the spectral range from 0.73
to 6.42 eV for a set of different angles of incidence from
45◦ to 75◦, with a 5◦ step on a Woollam RC2-DI Mueller
matrix ellipsometer. The spectra of ellipsometric parameters
� and � for the angle of incidence 60◦ are shown in insets (d)
and (e) of Fig. 2, respectively. In the following, we express
the experimental ellipsometry spectra by the pseudodielectric
function ε

(0)
pseudo, being isomorphically related to � and �

[33]. The real and imaginary parts of ε
(0)
pseudo for the angle of

incidence 60◦ are shown in Figs. 2(a) and 2(b), respectively.
To obtain the diagonal permittivity ε(0) of bulk CFAS,

the appropriate optical model of the sample has to be used.
This model separates the individual sample feature contri-
butions (surface roughness, possible oxidation layers on the
substrate, etc.) from the overall ellipsometric response (�
and � or, equivalently, ε

(0)
pseudo) and allows the extraction of

optical properties of the investigated material. In our case, we
model surface roughness on top of bulk CFAS by the effective
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FIG. 2. Ellipsometric spectra of CFAS in the form of the pseudodielectric function ε
(0)
pseudo. Solid (a) red and (b) green lines represent

experimental Re(ε(0)
pseudo) and Im(ε(0)

pseudo), respectively. Solid and dashed black lines represent B-spline and oscillator model fits, respectively.
In inset (c), the magnified part of the spectra around 2 eV is shown, where the deviation of the oscillator model was largest. Insets (d) and
(e) show the corresponding ellipsometry spectra expressed by ellipsometric parameters � and � with the respective fits. Only spectra for the
angle of incidence 60◦ are presented.

medium approximation (EMA). The surface roughness was
measured by atomic force microscopy (AFM) as Ra = 3.74
nm (roughness average) with the root mean square RRMS =
4.80 nm, measured as a mean value on areas of 25 × 25 μm2.

Two different models are employed to acquire the diagonal
permittivity ε(0) of CFAS, i.e., the B-spline model and the os-
cillator model. First, the B-spline [34] (basis spline) is a purely
mathematical determination of the diagonal permittivity spec-
tral function found by fitting the experimental spectra (� and
�, or ε

(0)
pseudo) and satisfying the Kramers-Kronig relations.

This model gives the most precise fit, but provides limited
physical background. The AFM values of surface roughness
were used as an input to the fit. The permittivity ε(0) obtained
by the B-spline fit is shown in Fig. 3 by a solid orange line.
Agreement of the fit with the experimental spectra represented
by ε

(0)
pseudo is shown in Fig. 2 as solid black lines.

Second, the oscillator model consists of the sum of con-
tributing spectral functions reflecting features in the electronic
structure of the material. The oscillator model used here in-
cludes five contributions: Drude term, Tauc-Lorentz oscillator,
Gauss oscillator, and two Lorentz oscillators. The mathe-
matical form of the individual oscillators [35–41] with the
obtained model parameters are given in the Supplemental
Material [27]. We used the surface roughness as a fitted
(free) parameter and obtained 5.2 nm, which is close to the
AFM roughness value. The permittivity ε(0) obtained by the
oscillator model is shown in Fig. 3 by a dash-dotted black
line. The agreement of the fit with the experimental spectra
ε

(0)
pseudo is shown in Fig. 2 by dashed black lines. The oscillator

model allows extrapolation of the permittivity to the infrared
and ultraviolet spectral range, as it is based on the analytic

relation between permittivity and photon energy. The validity
of this extrapolation to the infrared range is confirmed by
the Fourier-transform infrared spectroscopy (FTIR) reflection
measurement (Fig. 4).

The contributions of individual oscillators are shown in
Fig. 3. The Drude term describes the contribution of free
carriers to the permittivity and it dominates in the infrared
region. In the case of HMF, these free charges correspond
to the majority spin electrons on the Fermi surface. The
Lorentz oscillator model was developed to describe light ab-
sorption between two distinct electronic levels. However, in
a solid state, the Lorentz oscillators are used to account for
numerous electric dipole transitions (for both majority and
minority electrons) present in the electronic structure. The
Tauc-Lorentz function was developed to fit optical parameters
of amorphous semiconductors and insulators and is there-
fore suitable for fitting band-gap-related phenomena. As the
minority electrons’ band gap is expected, we use the Tauc-
Lorentz oscillator to describe the optical properties near this
band gap. From the fit, a band gap of 742 meV was obtained.
An additional oscillator was required to fit the experimental
spectra, and hence the Gaussian oscillator was used. The
small Gaussian peak further enhances the asymmetric shape
of Tauc-Lorentz to describe minority electron transitions in
the vicinity of the band gap. In Fig. 3, the sum of Tauc-Lorentz
and Gaussian is also shown as together they model the optical
response of the band gap. The key values are summarized in
Table I.

The oscillator model lies in between the rigorous math-
ematical nature of the B-spline and the physically precise
calculations from first principles, which, however, lack a
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FIG. 3. (a) Real [Re(ε(0) )] and (b) imaginary [Im(ε(0) )] part of the diagonal permittivity of CFAS. The solid orange line corresponds to

the B-spline model and the black dash-dotted line corresponds to the oscillator model. Dashed lines correspond to the individual contributions
of the oscillator model. The sum of the Gaussian and Tauc-Lorentz (T-L) oscillator describing the contribution of the minority spin electrons’
interband transitions around the energy gap is also shown.

simple inside view. It turns out that five oscillators were the
least amount needed to obtain almost perfect agreement with
the ellipsometric measurement, with the highest relative devi-
ation around 2 eV, as shown in Fig. 2(c).

The oxide cap layer was omitted in the used optical model,
as its presence was found to have a negligible effect on the
key values. For example, if a 2 nm oxidation layer is assumed
on top of CFAS with optical constants of CoO [42], then the
position of the main peak increases by 0.046 eV, i.e., by 3%.
Also note that we have remeasured the ellipsometry spectra
four years after the polishing with the sample not stored in
vacuum. Those spectra suggest an increase of the thickness
of the oxide cap layer by 2 nm during this period. Thus, we
assume the thickness of the oxide cap layer to be below 2 nm
when the ellipsometry spectra were measured right after the
polishing.

B. Magneto-optical permittivity probed by MOKE spectroscopy

We performed MOKE spectroscopy in the polar configu-
ration (i.e., with out-of-plane sample magnetization) using a

general MOKE ellipsometer with rotating analyzer and exter-
nal magnetic field of 1.2 T. The spectra were acquired at room
temperature and with a near-to-normal angle of incidence (3◦).
Spectra of Kerr angles are shown in Fig. 5. The Kerr rotation
θK reaches a maximum of 0.5◦ at 1.6 eV, while the Kerr
ellipticity εK has a minimum of −0.4 ◦ at 1.4 eV. The spectra
are compared to the obtained calculations via

θK + iεK = K√
ε(0)(1 − ε(0) )

, (3)

for various exchange-correlation potentials (introduced be-
low). The Drude term was added and its exact form can be
found in the Supplemental Material [27].

From the measurements, spectra of the magneto-optical
permittivity K = ε12 = −ε21 [Figs. 6(a) and 6(b)] were de-
termined by fitting to the standard Yeh’s 4 × 4 matrix
formalism, with diagonal permittivity taken from the B-spline
model.

TABLE I. Experimental and calculated values of magnetic moments, band-gap energies, and main peak positions.

Total magnetic moment Electronic Optical Absorption surge Im(ε(0) ) main
Method (spin+orbital) (μB/f.u.) band gap (eV) band gap (eV) (eV) peak position (eV)

Experiment 5.620 0.742 1.40
LDA 5.294 = 5.195+0.099 0.11 0.73 1.66
LDA+U 5.619 = 5.496+0.123 0.415 0.585 1.15 1.90
GGA 5.457 = 5.367+0.090 0.20 0.83 1.74
GGA+U 5.607 = 5.497+0.110 0.758 0.939 1.32 1.93
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FIG. 4. Black line: Measured reflectivity of Co2FeAl0.5Si0.5 by
FTIR (Fourier-transform infrared spectroscopy). Green line: Reflec-
tivity calculated from the oscillator model extrapolated to the IR
region.

FIG. 5. (a) Spectral Kerr rotation and (b) Kerr ellipticity obtained
by polar MOKE measurement at 1.2 T and 3 ◦ incident angle. The
spectra are compared to ab initio calculated Kerr angles.

FIG. 6. (a) Real and (b) imaginary parts of the magneto-optical
permittivity K determined from the fit to the experimental MOKE
spectra (green) and from ab initio calculations (orange and purple).

IV. AB INITIO CALCULATIONS

The electronic structure of CFAS is calculated by the
linearized augmented plane-wave method using the WIEN2K

code [43]. We employed two exchange-correlation potentials,
namely, local density approximation (LDA) and generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) parametrization, and also Hubbard U correction vari-
ants for strongly correlated systems, which resulted in four
distinct models denoted henceforth as GGA, GGA+U, LDA,
and LDA+U. The values for the Hubbard U correction were
taken from [12,44] as Ueff = 1.9 (1.8) eV for Co (Fe). The
spin-orbit coupling was included using the second variation
approach [43]. In the calculations, we assumed L21 ordering
of the crystal structure, represented by the space group Fm3̄m
and the mixture of Al and Si on the 4b sublattice was treated
by the virtual crystal approximation with virtual element
atomic number of 13.5. The lattice parameter 5.678 Å was
taken from the Rietveld refinement of the XRD data. The elec-
tronic structure was calculated with a mesh of 27 000 k points
in the full Brillouin zone. Calculations were performed at 0 K
with no elevated temperature approximation considered. The
important numerical results for different exchange-correlation
potentials are summarized in Table I.

The diagonal and magneto-optical permittivity spectra are
calculated within the electric dipole approximation using the
Kubo formula [45,46] on a finer mesh of 64 000 k points in
the full Brillouin zone to increase the integration precision.
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FIG. 7. Ab initio calculated (a) real and (b) imaginary diagonal permittivity ε(0) for different exchange-correlation potentials compared to

the experimentally obtained permittivity (orange line and dashed black line) and permittivity with omitted Drude term (green line).

Using the Lorentz broadening value γ = 0.1 eV for optical
and magneto-optical spectra (to account for finite lifetimes of
the excited states) and applying the Kramers-Kronig relations,
the full permittivity tensor is obtained. This approach provides
solely direct interband contributions to the permittivity tensor.
The conduction electrons’ contributions (also called Drude
term or intraband transitions) and indirect optical transitions
are not included. The standard approach of incorporating the
intraband contributions relies on the determination of a single
plasma frequency and the addition of the phenomenological
Drude contribution to the interband spectra [47]. However,
this approach is not ab initio and is burdened by additional
assumptions. Correct incorporation of the Drude term in-
volves more elaborate models [47–49]. In our calculations,
the inclusion of the Drude term would contribute to better
agreement with the experiment, especially for low energies,
but would not be of any significance towards the discussion of
the performance of individual models and the half metallicity
of CFAS. Therefore, we omit the Drude term in the following
discussion.

Figure 7 shows the comparison between the measured and
calculated diagonal permittivity ε(0) spectra. The position of
the main absorption peak around 1.4 eV in the Im(ε(0) ) part
is not well reproduced by any of the used potentials. This
can be attributed to the employed exchange-correlation po-
tentials as the major approximations present in the density
functional theory (DFT) that do not accurately describe the
actual exchange-correlation energy of the true many-electron
system [50,51]. The closest peak positions are provided by the
LDA potential at 1.66 eV, closely followed by GGA at 1.74 eV
(see Table I, last column). The Hubbard U correction for both
potentials shifts the peak position towards higher energies by
approximately an additional 0.2 eV. Apart from the shift, there
is a solid agreement between the experimental and theoretical
spectra.

In Fig. 6, the comparison between the measured and cal-
culated magneto-optical permittivity K is shown. For a cubic
crystal with magnetization assumed in the z direction, the
K directly correspond to the off-diagonal element of the
permittivity tensor εxy. Note that Re(K ) is the fundamental
(absorption) part of K , whereas Im(K ) is the dispersion part
determined by the Kramers-Kronig relations. The position of
the first peak at around 1.3 eV in Re(K ) is well described
by LDA (GGA), being shifted only by 0.1 eV (0.3 eV).
Both LDA and GGA also well describe the existence of the
additional two peaks at 1.7 and 2.1 eV (even though these
are much better pronounced in the calculation), as well as
the overall strength of the Re(K ). LDA+U and GGA+U
provide the main peak shift of about 0.5 eV for both, similar
to the case of ε(0). Also, the overall shape of the spectra and
strength of the peaks are not well reproduced by the LDA+U
or GGA+U potentials. It is therefore apparent that for the
description of the magneto-optical spectra, both potentials
without the U correction give better results, similar to the case
of the optical spectra, with the best agreement provided by
LDA.

A. Saturation magnetization

It is widely known that Hubbard U corrections tend to fail
for systems with more delocalized electrons, such as metals
[52]. However, their main success for HMF is the correct
prediction of the magnetic moment. The experimental value
of the total magnetic moment was measured to 5.62 μB/f.u.
As calculated by Gercsi and Fecher [12,25], the Slater-Pauling
rule [53,54] (without spin-orbit coupling) predicts saturation
magnetization of 5.5 μB/f.u., a value close to the experimental
one.

The calculated total magnetic moments per formula unit
for all ab initio models are shown in the second column of
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FIG. 8. Calculated band structure of Co2FeAl0.5Si0.5 for (a) majority and (b) minority spin electrons by GGA. The color code denotes
projection to electron d-states.

Table I, along with their spin and orbital parts. The spin-orbit
coupling increases the total magnetic moment by an orbital
part of about 0.1 μB/f.u. [55]. LDA and GGA provide values
of 5.294 and 5.457 μB/f.u., which are smaller by 5.8% and
2.9%, respectively, when compared to the experimental value
of 5.620 μB/f.u. GGA+U and LDA+U both provide the spin
part of the magnetic moment of about 5.5 μB/f.u., as predicted
by the Slater-Pauling rule. The orbital part adds an additional
0.110 and 0.123 μB/f.u., which in total provides saturation
magnetization of 5.607 and 5.619 μB/f.u., respectively, which
agrees perfectly with the experimental value measured at 5 K.

Thus, both +U potentials perform excellently in the pre-
diction of the magnetic moment, but fail significantly in the
optical and magneto-optical spectra. In the following discus-
sion, we compare GGA and GGA+U potentials, while the
results for LDA and LDA+U are shown in the Supplemen-
tal Material [27]. The GGA potential performs best overall,
providing solid spectral agreement simultaneously with an
acceptable magnetic moment. Finally, only the Hubbard U
corrected potentials exhibit half-metallic character, as shown
by Fecher et al. [12].

B. Band structure and density of states

The spin-resolved band structure for the GGA potential is
presented in Fig. 8. No band gap, and hence no half metal,
is predicted. The colors correspond to the d-character of the
bands, i.e. projection to orbital angular momentum l = 2. In
Fig. 9, the spin-resolved band structure for GGA+U is shown,
providing an indirect band gap of 0.758 eV and hence half-
metallic behavior. We also present the angular momentum
selective density of states (DOS) in Figs. 10(a) and 10(b). The
discussion of these in the context of the optical and magneto-
optical spectra, experimental results, and optical models is the
subject of the next section.

V. BAND-GAP ANALYSIS

We start the discussion with definitions of electronic and
optical band gaps that play a major role in the interpretation
of the results. The absorption surge defined here is crucial in
the following analysis of our optical experiments.

(i) Electronic band gap: or, simply, band gap is an energy
range in a solid where no electronic states can exist, i.e., the
energy difference between the top of the valence band and
the bottom of the conduction band. If the momentum of the
lowest-energy state in the conduction band and the highest-
energy state of the valence band are the same, the material
has a direct band gap [Fig. 11(a)] and the band gap equals the
optical band gap. If they are not the same, then the material
has an indirect band gap [Fig. 11(b)] and its value is smaller
than the optical band gap.

(ii) Optical band gap: the energy of the lowest direct in-
terband transition from the state below the Fermi level to the
state above the Fermi level. It corresponds to the energy where
the interband permittivity becomes nonzero. The optical band
gap also exists in materials with no electronic band gap, as
demonstrated in Figs. 11(c) and 11(d). In this case, however,
there are possible intraband (Drude) transitions that contribute
to the optical response (permittivity), and the presence of such
optical gap exhibits as an increase in the optical absorption.

(iii) Absorption surge: the energy where the intensity of
interband optical transitions suddenly increases and becomes
detectable by the applied optical method. In the case of a half
metal, the optical absorption due to the conduction majority
electrons (Drude) is disrupted by minority electron transitions
to such extent that it can be clearly differentiated from the
Drude term as a separate optical contribution using techniques
such as ellipsometry or reflectometry.

The optical response originating in the vicinity of the
Fermi level for minority electrons is described by the
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FIG. 9. Calculated band structure of Co2FeAl0.5Si0.5 for (a) majority and (b) minority spin electrons by GGA+U. The color code denotes
projection to electron d-states.

Tauc-Lorentz and Gaussian oscillators in the oscillator model
(Fig. 3). These oscillators are superimposed on the Drude
term and the Lorentz oscillator, both describing majority
electron transitions. It is, therefore, difficult to separate by
spin-indistinguishable methods, such as ellipsometry. The os-
cillator model gives the value of 0.74 eV as the initial point
of the Tauc-Lorentz oscillator, but this value shall not be
associated with the electronic band gap. Furthermore, the
steep increase in absorption indicates that this value actually
corresponds to the absorption surge.

FIG. 10. Angular momentum-selective DOS obtained by
(a) GGA and (b) GGA+U calculations, respectively. The p-states
are also shown, multiplied by a factor of 5 for clarity. The majority
spin DOS is represented by positive numbers and the minority spin
DOS is represented by negative numbers.

Ab initio calculations allow for separation of majority and
minority absorptions. Hence, we show the minority transitions
as ε

(0)
minority for both GGA and GGA+U in Fig. 12. The permit-

tivity is presented without broadening and also as a square
root for a clearer distinction of the optical band gap and ab-
sorption surge. In the case of the GGA potential, no electronic
band gap is present at the Fermi level, and the value of the
optical gap is 0.20 eV, which corresponds to the absorption
of type (d) from Fig. 11 situated between points X and W in
the band structure in Fig. 8(b). The value of the absorption
surge is determined to be 0.83 eV, where the absorptions
increase abruptly. This is very close to 0.74 eV obtained by
the oscillator model. The main absorption peak in the optical
spectra at 1.74 eV comes from the energetic difference of the
occupied and excited minority d-states in the band structure,
which is better demonstrated in the DOS [Fig. 10(a)]. It still
overestimates the experimental ellipsometric value of 1.40 eV.
Note that the selection rules forbid dipole transitions among
d-states; however, electrons below −1 eV lose their almost
pure d-character as shown in the band structure [Fig. 8(b); the
yellow color turns greenish].

The addition of the Hubbard U increases the energetic
difference of the occupied and excited d-states even more,
creating an indirect band gap of 0.758 eV [Fig. 9(b)]. The
optical band gap was determined to be 0.939 eV at point X and
the absorption surge to 1.32 eV [see Fig. 12(b)]. The main ab-
sorption peak is at 1.93 eV, corresponding to the separation in
the DOS [Fig. 10(b)]. All values, including the ones for LDA
and LDA+U potentials (see Supplemental Material [27]), are
compared in Table I.

These results show that GGA is superior to GGA+U in
the description of the optical and magneto-optical spectra.
Even GGA overestimates the separation of the occupied and
excited d-states, which experimentally corresponds to the
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FIG. 11. Schematics of different gaps with solid vertical arrows indicating optical band gaps. (a) The direct gap in the electronic band
structure equals the optical band gap. (b) Indirect band gap in the band structure. The optical gap is larger in energy, and in this schematic
appears at point k. (c) No electronic band gap at the Fermi level and the optical band gap is from the valence band to the conduction band at
the Fermi level. (d) No electronic band gap at the Fermi level and the optical band gap is from the conduction band at the Fermi level to the
higher conduction band.

main absorption peak at 1.40 eV. This indicates that these
states should be clumped together even more closely, by about
0.34 eV, suggesting minority electronic states at the Fermi
level. Therefore, CFAS is most likely not a HMF, with a
pocket of minority electrons around point X.

VI. DEPENDENCE ON HUBBARD U

So far, we have been using only the single value of Hubbard
Ueff = 1.9 (1.8) eV for Co (Fe) from [12,44]. In order to
analyze the dependence of the investigated parameters on U,
calculations for several U values were performed. Ueff for Co
is varied linearly from 0 to 2.66 eV, and Ueff for Fe from 0 to
2.52 eV, keeping their ratio constant. The results are shown in
Fig. 13 and also in the Supplemental Material [27] in Table I
in tabular form.

The value of the spin magnetic moment saturates as the
electronic band gap opens up at Ueff = 1.14 eV, while the
orbital part of the magnetic moment increases with increasing
U value (Table I in the Supplemental Material [27]). Their

FIG. 12. Spectra of ab initio calculated unbroadened permittivity
and its square root for minority spin electrons obtained by (a) GGA
and (b) GGA+U potentials. The electronic band gap, optical band
gap, and absorption surge are highlighted by vertical dashed lines.

sum is shown in Fig. 13(a) and it eventually reaches the
experimental value. On the other hand, the position of the
main peak increases with increasing U and reaches maximum
at 1.9 eV. Nonetheless, the position of this peak is way off
the experimental value. The main peak position corresponds
to the separation of the d-states. This implies that the calcu-
lations overestimate the energy distance between d-states by
about 0.34 eV for Ueff = 0 and 0.53 eV for Ueff = 1.9 eV for
Co.

The increase of the band energy distance with increasing
U is also demonstrated in Fig. 13(b), showing linear increase
of the optical and electronic band gap with U. The electronic
band gap appears for U � 1.14 eV, as below this value the
system is not a half metal, with part of the conduction band
below the Fermi level.

Although tuning of U can well describe the saturation value
of the magnetization, it does not correctly describe the main
peak position due to overestimation of the energy distance
between 3d bands. It demonstrates that a model of exchange-
correlation potential other than GGA and GGA+U is needed

FIG. 13. Dependence of magnetic moments, band-gap energies,
and main peak positions for various values of Ueff for Co. The ratio
of the U values of Co and Fe is kept constant.
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to better describe the electronic structure of CFAS (and 3d
metals in general).

VII. DISCUSSION

The half metallicity of CFAS is claimed to be demonstrated
by other experiments. In this section, we take a look at those
experiments and discuss whether they contradict our observa-
tions.

The complicated nature of half metals makes direct ob-
servation of minority spin band gap difficult, thus indirect
methods have to be employed and together with calculations
provide enough evidence. The quantum nature of the phe-
nomenon, together with the omnipresent spin-orbit coupling,
present a difficult task.

Optical measurement of the electronic band gap was per-
formed by Alhuwaymel et al. [23] using the reflection of
circularly polarized infrared light. They determined the value
of the band gap to be 0.11 eV at room temperature. However,
their assumption of excitation of only minority spin electrons
for left circularly polarized light seems incorrect, and thus this
value is, in our opinion, not related to the band gap.

Several experiments have been conducted on magnetic tun-
nel junctions of L21 ordered CFAS/MgO/CFAS [22] and of
CFAS/(MgAl2)Ox/CoFe [11] exhibiting high TMR and high
spin polarization of CFAS, suggesting its half-metallic char-
acter. However, their model does not include the spin-filtering
effect of MgO [56], which may play a part in the high values
of TMR. Nakatani et al. [30] measured the spin polarization
of Co2FeAlxSi1−x by the point contact Andreev reflection in
liquid helium, which resulted in maximum spin polarization
of 0.60 for x = 0.5. These values are not high enough to
conclude half metallicity. In our GGA calculations, only a
single d-band crosses the Fermi level in the minority states.
Furthermore, d-electrons are known for their localized nature
and poor conductivity [57]. Despite the single d-band crossing
the Fermi level, the Fermi level is approximately in the middle
between the valence and conduction bands [Fig. 8(b)]. It may
explain the observed temperature stability of CFAS, originally
attributed to the Fermi level being in the middle of the band
gap [11,12].

Fecher et al. [12] performed ab initio calculations of CFAS
using the WIEN2K code [43] with the GGA+U potential re-
sulting in the electronic band gap of 0.760 eV (with the Fermi
level in the middle of the gap). As they have used the same

code and parametrization, their results are identical to ours.
Similar results were obtained by Gercsi et al. [25] using the
OPENMX free software package with a band gap around 1 eV
for GGA+U [Ueff = 2.1 (2.0) eV for Co (Fe)] and no band
gap for GGA.

VIII. CONCLUSIONS

Spectral optical and magneto-optical properties of bulk
Co2FeAl0.5Si0.5 (CFAS) have been determined using el-
lipsometry and magneto-optical Kerr effect spectroscopy
providing spectra of a full permittivity tensor. The spectra
were theoretically described by the oscillator model and by
ab initio calculations with various exchange-correlation po-
tentials. We present an analysis that contradicts the general
belief of half metallicity of CFAS, but seems not to contradict
any of the already reported experiments. Namely, we show
that CFAS probably has a pocket of minority d-electrons near
point X.

The optical spectra reveal a dominant absorption peak
at 1.40 eV originating from optical transitions of minority
electrons, and its position corresponds to the separation of
the occupied and excited minority d-states. The ab initio
calculations systematically overestimate the position of this
peak with the Hubbard U corrections shifting it even more.
This indicates that the separation of the minority d-states is
smaller than what the ab initio calculations predict. It also
suggests that the Hubbard U correction does not improve
the exchange-correlation potential to sufficiently describe the
electronic structure of CFAS.

This leads to the conclusion that there probably are minor-
ity states at the Fermi level as a single d-band dips below it.
Therefore, CFAS is likely not a HMF and could be classified
as a type-III HMF [5] (which is technically not a half metal)
with localized minority electrons at the Fermi level.
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