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Element-specific density of states of Co,MnGe revealed by resonant photoelectron spectroscopy
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Resonant photoelectron spectroscopy at the Co and Mn 2p core absorption edges of half-metallic Co,MnGe
has been performed to determine the element-specific density of states (DOS). A significant contribution of the
Mn 3d partial DOS near the Fermi level (Eg) was clarified by measurement at the Mn 2p absorption edge.
Further analysis by first-principles calculation revealed that it has #,, symmetry, which must be responsible
for the electrical conductivity along the line perpendicular to the film plane. The dominant normal Auger
contribution observed at the Co 2p absorption edge indicates delocalization of photoexcited Co 3d electrons.
The difference in the degrees of localization of the Mn 3d and Co 3d electrons in Co,MnGe is explained by the
first-principles calculation. Our findings of the element-/orbital-specific electronic states near Er will pave the
way for future interface design of magnetic tunneling junctions to overcome the temperature-induced reduction

of the magnetoresistance.
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I. INTRODUCTION

After the first prediction in one of the Heusler alloys,
NiMnSb [1], a half-metallic electronic structure, in which
the majority spin (minority spin) part of the density of states
(DOS) is metallic (semiconducting), resulting in 100% spin
polarization at the Fermi level (Ef), is considered to be
the key factor in realizing extremely high magnetoresistance
(MR) [2]. First-principles calculations predict that some of
the ferromagnetic full-Heusler alloys including Co,MnGe and
Co,MnSi possess a half-metallic electronic structure [3-5].
These half-metallic full-Heusler alloys, which are more struc-
turally stable than the half-Heusler alloys, are promising for
practical application in very elevated MR to tunneling MR
(TMR) and current-perpendicular-to-plane giant magnetore-
sistance (CPP-GMR) devices.

Previous studies of the magnetic tunneling junctions
(MTJs) with half-metallic Heusler alloys, such as Co,MnSi
and CoMnGe, have shown large TMR ratios reflecting their
high spin polarization at low temperature [6—10]. The highest
MR ratios of about 1995% and 2610% at 4.2 K have been re-
ported in MTJs using Co,MnSi and Co,(Fe,Mn)Si electrodes
with a MgO barrier, respectively, which are about twice as
large as that of a CoFeB/MgO/CoFeB MTJ with non-half-
metallic CoFeB layers [11]. However, the high TMR ratio
in half-metallic Heusler-based MTJs sharply decreases with
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increasing temperature. It is considered that the interfacial
problems between the Heusler electrode and the tunneling
barrier, such as formation of an interfacial in-gap state [12,13]
and reduction of the interfacial exchange stiffness [14-18],
are important factors in determining the TMR ratio at room
temperature. High MR ratios arising from high spin polar-
ization of Co,MnSi and Co,MnGe have also been reported
for CPP-GMR devices [19,20]. In both MTJs and CPP-GMR
using half-metallic Heusler electrodes, interfacial electronic
band matching with the tunneling barrier or metallic spacer
is a crucial factor that determines the magnitude of the
MR ratio [21-23]. Therefore, it is necessary to control the
interfacial electronic and magnetic states that contribute to
spin-dependent transport through the interface. As a first
step, the bulk electronic structure of the half-metallic Heusler
layer that governs the MR ratio must be investigated in
detail.

Photoelectron spectroscopy (PES) is one of the most pow-
erful tools for directly observing the electronic band structures
of solids. Numerous studies have probed the valence band
DOS of Co,Mn-based Heusler alloys with vacuum ultraviolet
radiation [24,25] and hard x rays [14,24,26-28]. However,
previous studies showed that PES was generated from the
element-unresolved DOS under Ep, although the element-
resolved information of the band is important to understand
coherent transport through the crystalline tunneling barrier,
such as MgO [21]. Resonant PES (RPES) in core excitation
regions enables the DOS to be resolved in an element-specific
way [29]. RPES in the Mn and Co 3p-3d core absorption
regions of Co,MnSn has been performed [30]. However,
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FIG. 1. (a) Composition of the film. The electrons of the sample
layer pass through the Al cap layer and are emitted into the vacuum.
(b) Crystal structure of Co,MnGe.

complicated interference effects including the Fano effect,
and the greatly enhanced surface sensitivity of the RPES
in the vacuum ultraviolet region prevented the measurement
from obtaining the correct electronic structure of the buried
bulk and interface DOS. RPES with a deeper escape depth
of photoelectrons using soft x-ray synchrotron radiation in
the transition metal 2p core absorption region has not been
performed, even for prototypical full-Heusler alloys such as
Co,MnSi and Co,MnGe. Among the various half-metallic
Co-based Heusler alloys, Co,MnGe is one of the most promis-
ing materials for practical applications because high atomic
ordering can be obtained in Co,MnGe at low annealing
temperature [20]. In this study, we determined the element-/
orbital-resolved electronic structures of Co,MnGe by soft
x-ray PES in the Mn and Co 2p-3d core excitation regions
with sufficient bulk sensitivity. The obtained valence band
spectra were compared with the theoretical PDOS obtained
by a first-principles calculation.

II. EXPERIMENTAL

The RPES experiments were performed at the BL25SU
soft x-ray beamline of SPring-8. The energy resolution was
estimated to be full width at half maximum (FWHM) of
80 meV by the Fermi cutoff of deposited gold films. The
x-ray absorption spectroscopy (XAS) experiments were per-
formed at BL23SU of SPring-8 using the total electron yield
method [31]. All of the measurements were performed about
40 K.

A thin film sample of Co,MnGe was prepared by the
magnetron sputtering method at the National Institute for
Materials Science. A 30-nm-thick Co,MnGe film was grown
by Ar™ ion sputtering of the polycrystalline target onto a
MgO substrate with buffer layers of Cr (10 nm) and Ag
(100 nm) to suppress the surface roughness [Fig. 1(a)]. Fi-
nally, the sample was capped with Al (1 nm) to prevent the
surface from further oxidation. X-ray diffraction and x-ray
fluorescence measurements confirmed the L2 ordered phase
of the film.

We also performed first-principles density-functional cal-
culations with the WIEN2K program [32]. We used the spin-
polarized generalized gradient approximation [33]. Coulomb
interaction U is not considered here because previous studies
show that U does not affect its electronic structure [34,35].

The muffin-tin approximation was used for the potential, and
the muffin-tin radius Ryt of each atom was taken to be R&"T =
RME = 2.30 Bohr and RS = 2.23 Bohr. The wave functions
were expanded by spherical harmonics with £ to £;,,x = 10 in
the muffin-tin spheres and by plane waves in the interstitial
region with a cutoff value of RS{’T - Kpax = 7. The Fourier
charge density was expanded up to Gpax = 12Bohr~!. The
k space was divided into a uniform 21 x 21 x 21 mesh.
These RKmax, €maxs Gmax, and k points were sufficient to
stabilize the shape of DOS. We assumed that the lattice
constants were a = b =c = 5.700A and « = B =y = 90°
(theoretical value [36]) in this calculation. The space group
of Cop,MnGe was Fm3m. We set the atomic positions as Co
(0.25,0.25,0.25), Mn (0,0,0), and Ge (0.5,0.5,0.5) [Fig. 1(b)].

III. RESULTS AND DISCUSSION

We performed RPES in the Mn 2p-3d core absorption
region (hy = 634-642 eV). The Mn 2p-3d XAS spectrum
is shown in Fig. 2(a). The absorption maximum is at hv =
639.5 eV with some fine structures. Note that these multiplet
structures are slightly sharper than in a previously reported
spectrum of bulk Co,MnGe [37,38]. This is probably because
of the presence of partially oxidized Mn at the interface with
the Al capping layer. The excitation energies used for the
RPES spectra are labeled on the Mn 2p-3d XAS spectrum
[Fig. 2(a)]. The valence band spectra were normalized by the
sum of the Ge 3ds,, and 3d3,, photoelectron intensities (not
shown), which does not contribute to the resonance process.
The valence band spectra in Fig. 2(b) show that there is no
significant change with the incident photon energy Av below
the absorption edge (see spectra 1-3). Here, spectrum 1 is
regarded as a nonresonant (normal) PES spectrum. A large
increase in the intensity is observed at the Mn 2p absorption
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FIG. 2. (a) Mn L,3 XAS spectrum. (b) Valence band PES spectra
in Mn 2p-3d core absorption region. Labels 1-11 denote excitation
energies that correspond to those in (a).
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edge (spectra 6-9). Enhancement of the Mn 3d component
is expected by the resonant photoelectron process described
by Mn2p®3d" — 2p°3d"+! — 2p®3d"~! 4 ¢~. It should be
noted that intensity enhancement can also occur by the nor-
mal Auger process described by Mn 2p®3d" — 2p°3d™! —
2p°3d"2 + ¢~. The normal Auger peak linearly shifts to
higher binding energy (Ep) with increasing hv, while the
resonance peak stays at the same Ep independent of hv.
Marked enhancement can be observed in spectra 6-9 because
Eg of the normal Auger peaks shifts away from Eg [thick
arrows in Fig. 2(b)]. However, closer inspection of spectra
4-9 shows that the intensity around Eg = 1 eV is enhanced
without any shift of Eg [red arrows in Fig. 2(b)], indicating
the resonant origin of this feature. In addition, spectra 5-9 are
accompanied by small peaks that linearly shift to lower Eg
with increasing Av (thin arrows). This is ascribed to the Ge
2p core level photoelectron signal caused by the second-order
light from the monochromator.

First, we compare the nonresonant PES spectrum [spec-
trum 1, Fig. 3(a)] with the theoretical PES spectrum
constructed from the calculated PDOS multiplied by the
Fermi-Dirac distribution function and convoluted with a
Gaussian function considering the energy resolution of
FWHM ~ 80 meV [Fig. 3(b)]. The PDOSs in Fig. 3(b) are
weighted by the photoionization cross section [39]. In the ex-
perimental nonresonant spectrum in Fig. 3(a), the prominent
peak N2 is located at Eg ~ 1 eV and the shoulder structure
N1 is close to the Er. In the calculated spectrum [Fig. 3(b)],
the B peak at Eg ~ 1 eV and shoulder structure « appear.
When the calculated DOS shifts to higher Eg by 135 meV, the
energy positions of these structures match the experimental
results. Other structures at higher Ep than structure 8 are
not very visible in the theoretical DOS. These structures
might be hindered by secondary electrons and could also be
obscured because of energy-dependent lifetime broadening.
In the RPES spectrum [spectrum 7, Fig. 3(a)], structures
R1 and R2 that are similar to structures N1 and N2 in the
nonresonant spectrum are observed. Furthermore, a broad
feature is observed at about Eg = 5 eV. These are ascribed
to the Mn 3d component because they are enhanced by the
Mn 2p-3d resonance process.

The difference spectrum was produced by subtracting the
nonresonant spectrum taken before the absorption edge from
the resonant spectrum [Fig. 3(c)]. The calculated Mn 3d
PDOS with an energy offset of 135 meV toward higher Eg
is shown in Fig. 3(d). The calculated PDOS was multiplied
by the Fermi-Dirac distribution function, as for the simu-
lated DOS in Fig. 3(b), and convoluted with the Gaussian
function considering the energy resolution of the difference
spectrum (FWHM ~ 80 meV). The Mn 3d PDOS was further
decomposed into e, and f,; components [Fig. 3(d)]. It can
again be safely stated that shoulder structure D1 and peak
D2 correspond to « and B of the calculated Mn 3d PDOS,
respectively. The observed peak D3 coincides with the the-
oretical peak y with Mn 3d 1, character. The height of the
peak D3 in the experimental result is very large relative to
the calculated result, partly because of the contribution from
the normal Auger component that cannot be subtracted and
also a possible contribution from oxidized Mn at the interface
with the Al capping layer. However, it should be emphasized
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FIG. 3. (a) Nonresonance spectrum [spectrum 1 in Fig. 2(b)] and
resonance spectrum [spectrum 7 in Fig. 2(b)]. (b) Theoretical total
Co 3d and Mn 3d PDOS obtained by first-principles calculation
considering photoionization cross section and resolution with an
energy offset of 135 meV toward higher Ej. (c) Difference spectrum
obtained by subtracting spectrum 1 from spectrum 7. (d) Calculated
Mn PDOS with its e, and #,, components.

that these do not affect the DOS near Er, which is the main
scope of the present study. In fact, bulk band dispersion of
GaAs buried under the As capping layer is observed in the
excitation energy range from 500 to 1000 eV [40]. From
Fig. 3, it can be concluded that the Mn 3d t,, orbital derived
state crosses Eg, while peak D2 in Fig. 3(c) is ascribed to
the exchange-split Mn 3d e, state that forms a minority

spin gap.
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FIG. 4. (a) Co Ly; XAS spectrum. (b) Valence band PES spectra
in Co 2p-3d core absorption region. Labels 1-11 denote excitation
energies that correspond to those in (a).

Next, we consider the Co 3d PDOS. To extract the Co 3d
PDOS, we performed RPES in the Co 2p-3d core absorption
region (hv = 634-642 eV). The excitation energies required
for RPES were obtained from the Co 2p-3d XAS spectra
[Fig. 4(a)]. The valence band spectra shown in Fig. 4(b)
were normalized in the same way as those for Mn 2p-3d
RPES. A large increase in the intensity is observed in spectra
5-11. The intensity maximum of such prominent features
linearly shifts to higher Ep with increasing Av [thick arrows
in Fig. 4(b)], indicating that normal Auger emission mainly
occurs. In addition, the increase in the intensity with no shift
of Ep is negligible. We thus conclude that the resonance
feature is hardly observed, but the normal Auger process is
dominant in the Co 2p-3d absorption region in sharp contrast
to the case at the Mn 2p edge. It should be noted that spectra
1-7 exhibit small peaks that linearly shift to lower Eg with
increasing Av (thin arrows). This is ascribed to the Al ls
core level photoelectron signal from the capping layer by the
second-order light. This also makes it difficult to extract the
Co PDOS by taking spectral differences.

As mentioned above, the normal Auger process dominates
by Co 2p-3d core absorption, while the resonant process
occurs by Mn 2p-3d core excitation. In RPES, Ep constant
resonance excitation occurs when the intermediate electronic
state in the resonant (final state in core absorption) process
is expected to be relatively localized, which leads to direct
recombination of photoexcited electrons. Conversely, if the
photoexcited 3d electrons are delocalized, excited electrons
relax to the other orbital before returning to the inner shell
(2p), where direct recombination is largely suppressed [41].
Therefore, the difference in the dominance of the normal
Auger process between Mn and Co 2p-3d core absorption
can be accounted for in terms of the difference in the degree
of localization of photoexcited electrons. The calculated band
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FIG. 5. (a) and (c) Calculated band structures of Co,MnGe. Red
and blue correspond to majority spin and minority spin. Thickness of
line shows the weight of (a) Mn 3d and (c) Co 3d orbitals. (b) and
(d) Calculated PDOSs of Co,MnGe. Dashed line donates the total
DOS.

dispersions weighted by the Mn 3d and Co 3d states are
shown in Figs. 5(a) and 5(c), respectively. The corresponding
Mn 3d and Co 3d PDOSs are shown in Figs. 5(b) and 5(d).
It can be determined that the narrower (wider) band width
dictates the more localized (itinerant) feature of the electrons.
From Fig. 5, there is a flat dispersion at the upper edge (~0.8
eV above Ep) of the half-metallic gap. In addition, the other
minority spin bands between 1 and 2 eV above Er are much
less steep than the majority spin bands in the same energy
range. By comparing the band dispersions in Figs. 5(a) and
5(c), the flat bands in the range 1-2 eV are dominated by the
Mn 3d components without significant contributions from the
Co 3d states. This indicates that the photoexcited electrons
by Mn 2p-3d absorption can be localized at the Mn site and
recombine with the created 2p holes, enhancing the resonant
photoelectron process. Conversely, the flat bands in the upper
edge of the minority spin gap are dominated by the Co 3d
states with e, symmetry [Fig. 5(c)] [5]. This could lead to
resonance enhancement near the Co 2p-3d absorption thresh-
old. However, marked intensity enhancement is not observed
[see spectrum 4 in Fig. 4(b)]. At 1-3 eV above Ep, where
Mn 3d flat bands and dispersive Co 3d bands are present, the
photoexcited electrons by Co 2p-3d absorption exhibit strong
itinerancy and do not remain at the same atomic site, which
triggers normal Auger emission. This has been theoretically
shown to explain the localized magnetic moments from the
delocalized electron system of Heusler alloys [3]. We believe
that the present PES in the Mn and Co 2p-3d core excitation
regions experimentally verifies this theoretical scenario.
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IV. CONCLUSION

Soft x-ray PES experiment of a Heusler-type Co,MnGe
film in the Mn 2p-3d core excitation region has clarified the
significant contribution of Mn 3d electrons to the states near
Er. Further analysis by first-principles calculation revealed
that it has £, symmetry, which must be responsible for the
electrical conductivity along the line perpendicular to the film
plane. From the dominant normal Auger contribution to the
valence band spectra in the Co 2p-3d absorption region, the
Co 3d states have more itinerant character than the Mn 3d
states 1-3 eV above Er. In addition, the prohibited resonant
Auger process at the onset of Co 2p-3d absorption indicates
that the upper edge of the minority spin gap consists of the
Co 3d e, flat band, which is orthogonal to the other Co
3d orbitals below Eg. This is also supported by ab initio
calculations. The present findings will greatly assist future

interface design of the MTJs incorporating half-metallic
Heusler alloys to overcome the temperature-induced reduction
of the magnetoresistance.
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