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Using a well-focused soft x-ray synchrotron radiation beam, angle-resolved photoelectron spectroscopy
was applied to a full-Heusler-type Co2MnGe alloy to elucidate its bulk band structure. A large parabolic
band at the Brillouin zone center and several bands that cross the Fermi level near the Brillouin zone
boundary were identified in line with the results from first-principles calculations. These Fermi-level
crossings are ascribed to majority spin bands that are responsible for electron transport with extremely high
spin polarization especially along the direction perpendicular to the interface of magnetoresistive devices.
The spectroscopy confirms there is no contribution of the minority spin bands to the Fermi surface,
signifying half-metallicity for the alloy. Furthermore, two topological Weyl cones with band crossing
points were identified around the X point, yielding the conclusion that Co2MnGe could exhibit
topologically meaningful behavior such as large anomalous Hall and Nernst effects driven by the Berry
flux in its half-metallic band structure.
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In general, based on their electronic band structures,
solids may be classified as either metal or insulator and
semiconductor. These two different classes may combine in
single magnetic crystals, the so-called half-metallic mag-
nets, in which one spin part of the band structure is metallic
and the other semiconducting. Half-metallic magnets have
promising uses as spintronics devices, because a 100% spin
polarization is expected at the Fermi level. From first-
principle calculations, some of the Heusler alloys have been
predicted to possess half-metallic band structures [1–4].
Among them, Co2MnSi and Co2MnGe are prototypes that
are predicted to exhibit a relatively large minority spin gap,
which is preserved as long as they are in the ordered phase.
Later, it was theoretically pointed out that in-gap minority
spin states appear when Co antisite defects are created at
Mn sites, resulting in much degraded spin polarizations [5].
Indeed, Co2MnSi with excess Mn, which prevented
Co atoms from occupying Mn sites, had a substantially
improved tunneling magnetoresistance ratio [6,7].
Incorporating Fe atoms at the original Mn sites placed
the Fermi level in the center of the minority spin gap and
further enhanced the magnetoresistance that relies on the
spin polarization by up to 2610% at 4.2 K [8]. From recent

experimental studies, another striking event happens when
the Ge site is substituted with Ga. A huge anomalous
Nernst effect takes place [9–11] caused by a high Berry flux
that originates from the bulk band crossings located near
the Fermi level (EF) [12,13].
We thus claim that the locus ofEF is quite important when

engineering the bulk and interface band structures by
controlling defects and tuning. The process of computational
material design and experimental confirmation has to be
iterated to realize the best materials with extremely high
functionality. To confirm their highly spin-polarized con-
ducting electrons, numerous experiments employing, for
example, point-contact Andreev reflection spectroscopy [14]
and spin-resolved photoelectron spectroscopy [15–19] were
performed. However, the three-dimensional nature of this
crystal family has prevented us from approaching their bulk
band structures mainly because of the surface and interface
sensitivities of these techniques. We note that truly bulk-
sensitive hard x-ray photoelectron spectroscopy actually
helps in studying the valence band density of states of
bulk and buried interface, although no momentum-resolved
information that is a key to understanding the physical
properties has ever been obtained [20–23].
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A recent soft x-ray angle-resolved photoelectron spec-
troscopy (ARPES) study of Co2MnSi films, each with an
Al-Ox capping layer, probed mainly the surface and/or
interface states, blocking the band structure underneath
[24]. Therefore, to suppress the influence of the results
from the surface and/or interface states, it is mandatory to
prepare a clean surface by cleaving the crystal under an
ultrahigh vacuum. However, because of the robust 3D
nature of its crystal structure [Fig. 1(a)], it is generally
difficult to produce a flat surface, and, consequently,
multiple steps remain [Fig. 1(b)].
In this Letter, we report the direct evidence of the half-

metallic band structure of Co2MnGe and the presence of
multiple Weyl cones using ARPES with a beam spot size of
10 × 10 μm. It enables a single domain with a flat surface
to be proved for ARPES.
A high-quality single-crystalline sample was grown by

the Bridgeman method (see Sec. S1 in Supplemental
Material [25] for the detailed sample growth conditions).
The composition of the sample was Co, 49.3; Mn, 24.9; and
Ge, 25.8 (at.%) as determined by energy dispersive x-ray
microanalysis (EDX), which is stoichiometric enough to
prevent a Co antisite defect and preserve its half-metallicity.
The saturation magnetic moment evaluated from the
magnetization curve measured with a superconducting
quantum interference device at 5 K was 115.3 emu=g
and converted to 4.96 μB=f:u:, close to an integer number
and consistent with the expected value obtained from the
Slater-Pauling rule [26]. From differential scanning
calorimetry, the Curie temperature of the present specimen
was 913 K, comparable with our previous experimental
result [27].
ARPES measurements were performed at BL25SU at

SPring-8. A circularly polarized synchrotron radiation
beam was used to maximize the number of bands that
appear in the ARPES results. The beam spot size was
adjusted to 10 × 10 μm. The energy and angular resolu-
tions for ARPES were set to < 80 meV and < 0.2°,
respectively. A clean (001) surface of Co2MnGe was
obtained by cleaving in an ultrahigh vacuum (pressure
< 2 × 10−8 Pa). All measurements were conducted at a
temperature of ∼30 K. The analyzer slit was set along the
kx axis [parallel to [110]; see Figs. 1(a) and 1(b)].
All first-principles density-functional calculations were

performed using the WIEN2k program code [28]. We used
the spin-polarized generalized gradient approximation [29]
(see Sec. S2 in Ref. [25] for further calculation details). The
Coulomb interaction U was not considered, because
previous studies indicated that U plays a minor role in
Co2MnGe [30,31].
From the photon energy (hν) dependence of the ARPES

spectra [Figs. 1(c)–1(j)], we see that the ARPES image
evolves with photon energy (also see the Supplemental
Movie [25]). At hν ¼ 435 eV, a band that disperses down-
ward from its peak at EB ¼ 0.1 eV appears at

kx ¼ 0 [overlaid with a white dashed line in Fig. 1(c)].
The photoelectron intensity from this band weakens at
hν ¼ 470 eV [Fig. 1(d)], and another feature emerges at

(n)

(c)

(j)

a = 5.751 Å

: Co

: Mn

: Ge

(a) (b)

FIG. 1. (a) Crystal structure of Co2MnGe. (b) Experimental
setup. (c)–(j) ARPES images vs photon energy. (k),(l) Constant
energy surface at (k) EB ¼ 0 eV (EF) and (l) EB ¼ 0.28 eV in
the kx-kz plane from ARPES denoted with high-symmetry lines.
Green (red) lines correspond to kz ¼ 0ð2π=aÞ at kx ¼ 0. (m)
Calculated constant energy surfaces (EB ¼ 0.2 eV). (n) BZ and
kx-kz surface (shaded by green). Red curves correspond to kz line
of each ARPES images at fixed photon energies.
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hν ¼ 500 eV [B1 in Fig. 1(e)] and its intensity is maximized
at hν ¼ 535 eV [Fig. 1(f)]. Interestingly, the bands cross EF
(B1 and B2) and two bands, each with a downward
dispersion, emerge on both sides of the EF crossing feature
(white dashed lines). Increasing the photon energy further,
the band indicated by the black arrow moves to kx ¼ 0 Å−1.
Moreover, a steeply dispersing band crosses EF [red arrow
labeled with B2 in Fig. 1(f)] and moves away from
kx ¼ 0 Å−1 with higher photon energies. A spectral weight
of the band, indicated by the red arrow, is maximized at
hν ¼ 620 eV [Fig. 1(i)]. The downward-dispersing band
reemerges above hν ¼ 620 eV, and its intensity is maxi-
mized at hν ¼ 640 eV [dashed line in Fig. 1(j)].
We realized that the circular features in the kx-kz constant

energy map at EB ¼ 0.28 eV [Fig. 1(l)] stem from the
downward-dispersing bands near the Γ point. Importantly,
they are not seen at EF [Fig. 1(k)]. This demonstrates that
our ARPES measurement tracks the band structure along
the out-of-plane momentum (kz) line. We have determined
an inner potential of V0 ¼ 18 eV from the photon energy
dependence of the ARPES spectra with downward
dispersions. The computed kx-kz constant energy map
[Fig. 1(m)] reproduces well the observed features with
minority spin character.
We extracted typical ARPES images acquired at the

incident photon energies of 435 and 535 eV from Fig. 1
along the K-Γ-K and K2nd-X-K2nd lines [Figs. 2(a) and
2(b), respectively]. A parabolic band with a downward

dispersion dominates near kx ¼ 0 Å−1 at hν ¼ 435 eV.
At hν ¼ 535 eV, a spectral feature near EF around kx ¼
0 Å−1 is modified considerably. This feature corresponds to
B1 in Fig. 1 and consists of two separated bands that are more
clearly identified by the second derivative of the momentum
distribution curve at EF [indicated by inverted triangles in
Fig. 2(c)]. By combining this plot with B2 in Fig. 1, we
conclude that the three bands cross EF. Furthermore, we
compared these ARPES images with calculated band dis-
persions along the Γ-K-X2nd line [Fig. 2(d)]. The calculated
results have been shifted in energy by −100 meV (40 meV)
toward higher EB in the majority (minority) spin channel to
adjust to the ARPES results. The downward-dispersing
ARPES band [Fig. 2(a)] fits very well with the theoretical
minority spin band. A band that disperses upward and crosses
EF [Fig. 2(b)] is ascribed to the three computed majority
spin bands.
For the experimental band dispersion along the Γ-X line

[Fig. 2(f)], the raw ARPES intensity has been normalized to
enhance its visibility using the integrated intensity of the
momentum distribution curve [Fig. 2(g)]. From a compari-
son with the calculated band dispersion along the Γ-X line
[Fig. 2(h)], we claim that the minority and majority spin
components contribute, respectively, to the observed bands
that disperse downward near the Γ points and the band that
disperses upward and crosses EF.
Figures 3(a)–3(e) shows the experimental constant

energy surfaces at EB ¼ 0, 0.1, 0.2, 0.3, and 0.4 eV. The

(i)

FIG. 2. (a),(b) ARPES images measured with a photon energies (hνs) of 435 and 535 eV [the same k cuts as Figs. 1(c) and 1(f),
respectively]. (c) Second derivative momentum distribution curve along EB ¼ 0 eV line (EF) in (b). (d) Calculated band dispersions
along the Γ-K-X2nd line. Red (blue) corresponds to majority (minority) spin components. (e) Calculated band dispersions around the K
and X point. (f) Measured ARPES band dispersions along the Γ-X line [red dashed line in Fig. 3(c)]. (g) ARPES image normalized by
the integrated intensity of momentum distribution curve from (f). (h) Calculated band dispersions along the Γ-X line. (i) BZ and high-
symmetry points. The red line corresponds to the kz line of (f).
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characteristic features in Figs. 3(a)–3(e) are redrawn in
Figs. 3(f)–3(j). The calculated constant energy surfaces are
shown in Figs. 3(k)–3(o). Constant energy surfaces with
fourfold symmetry are observed that correlate with the
symmetry of the (001) plane of the crystal. Four elliptical
pockets [red solid line in Fig. 3(f)] are seen at EB ¼ 0 eV
and diminish as EB increases. At EB ¼ 0.4 eV [Figs. 3(e)
and 3(j)], we find four circles that diminish with decreasing
EB and ultimately disappear at EF. In a comparison with
the calculated results [Figs. 3(k)–3(o)], we determined that
these circles are ascribable to the minority spin compo-
nents. All the other features are well explained by the bands
of the majority spin channel. This means that only the
majority spin bands cross EF and no minority spin band
exists, signifying that a half-metallic band structure is
realized in this crystal.
Finally, we discuss the topological aspects of the band

structure of Co2MnGe. Weyl fermions appear in materials
that break inversion symmetry [32] or time-reversal
symmetry [33]. It is expected that the Weyl fermions
emerge also in Co2MnGe as a result of time-reversal
symmetry breaking as has recently been predicted for
some of the Heusler alloys [34,35]. Figures 4(a)–4(e)
show the ARPES images along the K2nd-X-K2nd line
acquired at hν ¼ 535–570 eV. To exclude the effect
of a momentum constant background, we differentiated
the ARPES intensity twice along the energy axis in
Figs. 4(f)–4(j). We see again a band that disperses upward
and crosses EF, at hν ¼ 535 eV [Figs. 4(a) and 4(f)]. The
inner band exhibits a strong intensity, whereas the outer
band [small red arrow in Fig. 4(a)] is weak. Marked by
two red arrows A and B, the band dispersing downward

intersects other bands dispersing upward. These two
crossings are persistently seen in the image taken at hν ¼
550 eV [Fig. 4(h)]. At hν ¼ 560 eV, the crossing of the
bands involving the outer band is observed even more
clearly at EB ¼ 0.4 eV. Above hν ¼ 570 eV, all crossing

(p)

FIG. 3. (a)–(e) Constant energy surfaces in the kx-ky plane mapped by ARPES with a photon energy of 535 eV. (f)–(j) Characteristic
features of constant energy surfaces depicted from (a)–(e). (k)–(o) Calculated constant energy surfaces with an energy offset of
−100 meV (40 meV) toward higher EB in a majority (minority) spin channel. (p) BZ and kx-ky surface (shaded by green).

FIG. 4. (a)–(e) ARPES images with changing photon energy
around hν ¼ 535 eV. (d) corresponds to the blue dotted box in
Fig. 1(g). (f)–(j) Second derivative ARPES images from (a)–(e).
(k)–(o) Calculated band dispersion with an energy offset of
−100 meV (40 meV) toward higher EB in a majority (minority)
spin channel. The momentum path is simulated from kinetic
energy of the photoelectron and considering kz broadening of
δkz ∼�0.2 Å−1. (p)–(t) Red curves correspond to each ARPES
image and calculated results.
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points disappear. To compare the ARPES result with the
theoretical band dispersions more rigorously, we
considered real momentum “paths” using kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2meðhν −W þ V0Þ=ℏ2 − k2x
p

ðW ¼ 4.5 eVÞ. It is also
necessary to consider kz broadening effects that stem
from the limited probing depth of the photoelectrons
(δkz ¼ �0.2 Å−1). In Figs. 4(k)–4(o), we show the com-
puted band dispersions integrated in the δkz window
together with the band dispersions along the real k lines
[Figs. 4(p)–4(t)]. We find that the theoretical ARPES
images reproduce the persistent band crossings for hν ¼
540–560 eV and its disappearance above hν ¼ 570 eV,
although the crossings of the line dispersions are already
broken above 550 eV. Our first-principles calculation
predicts two band crossings around the X point [A and
B in Fig. 2(e)]. Further theoretical analysis tells us that all
of them form nodal lines [Figs. S3(a)–S3(c) [25] ]. We,
therefore, conclude that crossing points A and B corre-
spond to the type-II Weyl points produced from the tilted
cones. We note that Co2MnGa exhibits similar crossing
points [Figs. S3(d)–S3(f) [25] ] and that these crossings
may generate a high Berry flux [34,35]. The gigantic
anomalous electrical and thermal conductivities that give
rise to the anomalous Hall effect and the Nernst effect
emerge when the gap opens at the crossing point and EF is
tuned inside the gap. Because the crossing points A and B
are located above EF for Co2MnGa, further carrier tuning
is required to improve these anomalous conductivities. We
propose that the substitution of Ge atoms into the Ga sites
may improve the anomalous transport properties. Our
study with soft x-ray ARPES confirms that these crossing
points are of bulk origin and are maintained even for the
end material, Co2MnGe.
In conclusion, we performed ARPES on a full-Heusler-

type Co2MnGe bulk crystal utilizing microspot-size soft
x-ray synchrotron radiation. No contribution of the minor-
ity spin band structures to the Fermi surface was observed.
All the observed Fermi surfaces were reproduced by the
calculated results for the majority spin channel. Moreover,
two topological Weyl cones were clearly observed, indicat-
ing Berry flux sources. Our findings provide strong
evidence of half-metallicity coexisting with multiple
Weyl cones of the Co2MnGe alloy. They also shed light
on the currently elusive spin-gapless Heusler semiconduc-
tors, for which one spin part is semimetallic and the other
semiconducting. Tuning the highly spin-polarized carriers
is possible via an electric field if that becomes feasible. We
finally remark that by choosing appropriate elements the
Heusler alloys comprising more than three elements give
rise to various types of physical behaviors such as the
magnetocaloric effect, thermoelectricity and superconduc-
tivity, all of which rely on their band structures. Microspot
ARPES with a soft x-ray synchrotron radiation beam
affords opportunities to realize highly functional materials
for such alloys.
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