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We investigated interfaces of halfmetallic Co2MnSi(100) Heusler thin films with Ag(100), Cr(100),
Cu and Al layers relevant for spin valves by high energy x-ray photoemission spectroscopy (HAX-
PES). Experiments on Co2MnSi samples with an Ag(100) interface showed a characteristic spectral
shoulder feature close to the Fermi edge, which is strongly diminished or suppressed at Co2MnSi
(100) interfaces with the other metallic layers. This feature is found to be directly related to
the Co2MnSi(100) layer, as reflected by control experiments with reference non-magnetic films,
i. e. without Heusler layer. By comparison with HAXPES calculations, the shoulder feature is iden-
tified as originating from an interface state related to a highly spin polarized surface resonance of
Co2MnSi (100).

PACS numbers: 74.50.Cc, 79.60.-i

I. INTRODUCTION

The magnitude of the spin polarization of ferromag-
netic materials is a key property for their application in
spin transport-based electronics[1]. However, it is not the
bulk, but the surface or interface electronic properties,
which are relevant for most applications. Investigating
epitaxial thin films of the Heusler compound Co2MnSi
[2–5] by spin resolved UV-photoemission spectroscopy
[6–8] and spin-integrated high energy x-ray photoemis-
sion spectroscopy (HAXPES), recently a high spin po-
larization was observed at room temperature in a wide
energy range below the Fermi energy [9]. This reso-
nance is related to a surface resonance in the majority
electron spin band extending deep into the bulk of the
material [9, 10]. Correspondingly, Co2FexMn1−xSi / Ag
/ Co2FexMn1−xSi spin valves show giant magnetoresis-
tance (GMR) values up to 170 % at low temperatures
[13]. However, the use of alternative non-magnetic spacer
layers like thin Cr always resulted in strongly reduced
GMR values [14] with unclear origin. In order to under-
stand this behavior, we investigated Co2MnSi interfaces
with several metals typically used as spacer layers for
spin valves. The high photon energy of HAXPES (typi-
cally 6−8 keV) corresponds to a relatively large inelastic
mean free path of the photoelectrons of ≈ 10 nm [15],
which allows to probe electronic bulk states and buried
interfaces. However, the small scattering cross sections
in HAXPES result in general in a relatively small photoe-
mission intensity. As spin-filtering typically is associated
with an additional reduction of the count rates by orders
of magnitude, it is not available as a standard method
[16].

Our previous HAXPES investigations (6 keV photon
energy) of Co2MnSi(100)/AlOx (2 nm) thin films showed

a characteristic shoulder feature near the Fermi edge.
This feature is, based on comparison with HAXPES cal-
culations considering a bare Co2MnSi(100) surface, asso-
ciated with the highly spin-polarized surface resonance
[9, 10] (Fig. 1). Here we propose to use this HAXPES
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FIG. 1: HAXPES intensity obtained probing a Co2MnSi(100)
/ AlOx (2 nm) sample with 6 keV excitation energy in
comparison with a HAXPES calculation assuming a bare
Co2MnSi(100) surface. Additionally, the calculated bulk den-
sity of states of Co2MnSi is shown [9].

shoulder feature as a signature of high spin polarisation
also for buried metal interfaces. First, the previously im-
plied association of the AlOx (2 nm) capping layer with
a vacuum interface is reconsidered by investigations of
Co2MnSi(100) / Al (2 nm) / AlOx (2 nm) trilayers, be-
fore other Co2MnSi(100) / metal (2 nm) / AlOx (2 nm)
trilayers are discussed.
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II. SAMPLE PREPARATION AND
CHARACTERIZATION

The multilayer samples were prepared by radio-
frequency (RF)-sputtering at room-temperature. Epi-
taxial Co2MnSi(100) layers with a typical thickness of
20 nm were deposited directly on MgO(100) substrates.
After an in-situ annealing process at 550◦C, L21 order
was obtained and verified by X-ray diffraction and in-situ
electron diffraction (RHEED). The arrangement of the
RHEED spots on semi-circles as shown in the upper panel
of Fig. 2 indicates scattering on a 2-dimensional surface,
which is consistent with the generally very smooth mor-
phology of this type of Heusler thin films [12]. The al-
ternating intensity of neighboring RHEED spots is char-
acteristic for a L21 ordered surface. Co-Mn swapping
disorder (B2 structure) would result in a vanishing of
the weaker spots. After allowing the sample to cool
down within 45 min to ' 100◦C in ultra high vac-
uum (' 10−10 mbar), either Al, Cr, Cu, or Ag layers
(2 nm) were deposited in-situ on top of the Co2MnSi
thin films. The RHEED investigations of these layers
demonstrated epitaxial growth of Ag(100) (Fig. 2, lower
panel) and Cr(100), whereas Al and Cu layers showed
diffuse RHEED images indicating polycrystalline growth.
Finally, all samples were capped with 2 nm AlOx as pro-
tection against oxidation.

FIG. 2: The RHEED image of a Co2MnSi(100) thin film (up-
per panel) demonstrates the surface crystallographic L21 or-
der of the Heusler thin film, on which an Ag (100) layer was
grown epitaxially as demonstrated by the second RHEED im-
age (lower panel).

III. EXPERIMENTAL HAXPES
INVESTIGATIONS

The multilayer samples described above were inves-
tigated ex-situ by HAXPES with a photon energy of
6 keV at beamline P09 of the Deutsches Elektronen-
Synchrotron (DESY), Hamburg [17]. The SPECS Phoi-
bos 225HV spectrometer was operated in the transmis-
sion mode of the transfer lens which is optimized for high
transmission at the expense of angular information. The

entrance slit of the spectrometer with a size of 3x30 mm
was aligned parallel to the in-plane [110]-direction of the
Co2MnSi epitaxial thin film. The angular acceptance was
±15o and ±1.55o parallel and perpendicular to the en-
trance slit, respectively. The angle of x-ray incidence was
5o with respect to the surface normal. All experiments
discussed were performed at room temperature.

In principle, the shoulder feature in the HAXPES in-
tensity near the Fermi edge shown in Fig. 1 could result
from metallic states of an underoxidized AlOx capping
layer. For the investigation of such effects we compare
the HAXPES spectrum shown in Fig. 3 obtained when
measuring a Co2MnSi(100) / Al (2 nm) / AlOx (2 nm)
trilayer with the spectrum from the Co2MnSi(100) /
AlOx (2 nm) sample shown in Fig. 1. It is obvious that
with the insertion of the additional metallic Al layer the
shoulder feature is completely suppressed, ruling out a
simple capping layer related origin and thus corroborat-
ing the highly spin polarized surface resonance based the-
oretical interpretation given in our previous work [9, 10].

Next, the influence of various potential spacer layers of
GMR devices on the HAXPES shoulder feature is stud-
ied by comparing all results shown in Fig. 3. Investigat-
ing the fully epitaxial Co2MnSi(100) / Ag(100) interface
the obtained HAXPES intensities are very similar to the
Co2MnSi(100) / AlOx case, which suggests the conver-
sion of the surface resonance into an interface state for
these samples.

In the HAXPES data obtained investigating the
Co2MnSi(100) / Cu (polycrystalline) interface the shoul-
der feature is strongly diminished, but still observable.
Investigating epitaxial Co2MnSi(100) / Cr(100) inter-
faces, as in the case of the Co2MnSi(100) / Al (poly-
crystalline) interfaces described already above, no indi-
cation at all of the shoulder feature related to the surface
resonance of Co2MnSi(100) is found.

For the interpretation of the HAXPES results
described above, it is important to estimate the contri-
bution of the bulk electronic states of the 2 nm metal
layers to the spectra. Experimentally, this is possible
by investigating the metallic top layers seperately
without a Heusler thin film below. As HAXPES of 2 nm
metal plus 2 nm AlOx capping deposited directly on
MgO substrates resulted in charging of the samples,
we investigated MgO / Al(10 nm) / metal (2 nm) /
AlOx (2 nm) samples. In Fig. 4 spectra obtained with
identical experimental settings are shown allowing for
a comparison of the intensities measured at the Fermi
edge. In the cases of 2 nm Ag and Cu metal layers
as well as with metallic Al below the AlOx capping
layer similar intensities were obtained. In the case of
the 2 nm Cr layer the intensity ' 1.5 eV below the
Fermi-energy was much higher, which is to be expected
due to the d-electron character at the Fermi level of this
compound. Relating these intensities to the appearance
or distinctiveness of the shoulder feature in HAXPES of
the Heusler / metal (2 nm) / AlOx(2 nm) samples, it is
obvious that the additional intensity near the Fermi level
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FIG. 3: HAXPES intensities obtained with a photon energy
of 6 keV (energy resolution ' 300 meV) investigating differ-
ent Co2MnSi(001) / metal (2 nm) / AlOx (2nm) samples.
The arrow marks the position of the discussed highly spin
polarized surface resonance.
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FIG. 4: HAXPES spectra (photon energy 6 keV, energy res-
olution 300 meV) obtained investigating MgO / Al(10 nm) /
metal (2nm)/ AlOx multilayers with different metal layers as
indicated in the figure.

in the case of Co2MnSi(001) / Ag(001) is not caused by
bulk contributions of the Ag layer itself, rendering from
a purely experimental point of view the observation of a
specific surface resonance derived interface state possible.

IV. BAND STRUCTURE AND HAXPES
CALCULATIONS

To gain deeper insight into the electronic origin
of the shoulder feature discussed above and its rela-
tion to the highly spin polarized surface resonance of
bare Co2MnSi(001), band structure and HAXPES cal-
culations for the epitaxial Co2MnSi(001)/Ag(001) sys-
tem were performed. The experimentally investigated
Co2MnSi(001) / Al (or Cu) interfaces could not be con-
sidered theoretically, because the polycrystalline struc-
ture of the normal metals involved is not describable by
our theoretical models. Also the HAXPES intensity for
epitaxial Co2MnSi(001) / Cr(001) interfaces was not cal-
culated, in this case due to the unknown magnetic order
of the 2 nm Cr layer, which is a complex topic by itself
[18].

The self-consistent electronic structure calculations
were performed within the framework of ab-initio spin-
density functional theory by use of the local density ap-
proximation. The electronic structure of 6 monolayers
Ag on Co2MnSi(001) was computed for a semi-infinite
system using the fully relativistic screed Korringa-Kohn-
Rostoker method as implemented in the Munich SPR-
KKR package [19, 20]. All technical details can be
found in [9, 10]. Corresponding to the experiments all
calculations were performed assuming in-plane magne-
tized samples. Self-consistent potentials were used as
input for angle-integrated HAXPES calculations of the
Co2MnSi(001)/Ag(001) surface. We accounted for the
surface by use of a Rundgren-Malmström barrier poten-
tial [21], which was included as an additional layer in
the photoemission analysis. This procedure is described
in detail in Ref. [22] and accounts quantitatively for the
energetics and dispersion of all surface-related features.
Furthermore, the relative intensities of surface states and
resonances are accounted for by calculating the corre-
sponding matrix elements in the surface regime. As the
LSDA does not consider the finite life-time of the ini-
tial state, its effect was treated phenomenologically by
including an imaginary part of the potential (0.03 eV).
The impurity scattering of the final state and its inelastic
mean free path was modeled by the imaginary part of the
inner potential (10.0 eV) [23]. The chosen value results
in a photocurrent that decays exponentially by one order
of magnitude within the first 35 atomic layers. This way
the bulk sensitivity is guaranteed.

In Fig. 5 we show the calculated spin-resolved total
density of states (DOS) for 6 monolayers of Ag on top
of the semi-infinite Co2MnSi(001) surface, which was ob-
tained by adding the averaged DOS of the Ag layers to
the bulk DOS of Co2MnSi(001). At the interface with
Ag the spin polarisation at the Fermi level is slightly re-
duced due to interface and surface states found in the
minority channel. However, as shown in Fig. 5, the Ag
states are located far below the Fermi level and therefore
contribute to the spectral features at the Fermi level not
significantly.
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FIG. 5: Spin resolved density of states (DOS) for the
Co2MnSi(001)/Ag(001) system. Upper panel: DOS of the
majority charge carriers. Lower panel: DOS of the minor-
ity charge carriers. The total density of states obtained by
averaging the contributions of Co2MnSi(001) and Ag(001) is
shown in black. Additionally, the Co2MnSi-bulk-DOS (red)
and the Ag-DOS (green) obtained by averaging 6 epitaxial Ag
monalayers on top of the Heusler thin film are shown.

As shown in our previous publications [9, 10], the close
to 100% spin polarisation obtained by UV-photoemission
experiments is ascribed to a surface resonance in the
majority channel. As such resonances are typically hid-
den in the bulk continuum, they cannot be assigned di-
rectly from ground state-electronic calculations. How-
ever, matrix element effects enhance the spectral inten-
sity of these features significantly. Similar states can
be found by analyzing the ground state Bloch spectral
function. These states are localized at the interface be-
tween Co2MnSi(001) and Ag and are situated slightly
above the Fermi level with high Co partial character.
However, these interface resonances show very low spec-
tral weight and it is difficult to identify them because
they are found not only in the band gap but also dis-
perse in the bulk continuum. Thus, additionally to our
ground state electronic structure calculations, we per-
formed angle-integrated HAXPES one-step model calcu-
lations, which are shown in Fig. 6 in comparison with
the corresponding experimental data. The good agree-
ment of both data sets, specifically concerning the spec-
tral shoulder at E − EF ' −0.5 eV, is obvious. From
this we conclude that a highly spin-polarized surface res-

onance exists at the Co2MnSi(001)/Ag(001) interface as
well.
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FIG. 6: Comparison of the experimentally and theoretically
obtained HAXPES intensities (photon energy 6 keV, energy
resolution ' 300 meV ) investigating a Co2MnSi(001) /
Ag(001) (2 nm) / AlOx (2nm) sample.

The resonance discussed above is a specific feature of
the fully epitaxial Co2MnSi(001)/Ag(001) system. A
necessary precondition for the development of interface
resonances as discussed above is their coupling to disper-
sive states, which disappear in the polycrystalline case.
This is consistent with the suppression of the HAXPES
shoulder feature observed if the epitaxial Ag(001) layer
is replaces by polycrystalline Al or Cu. In general, also
the energetic position of the surface resonance depends on
the specific metal deposited on top of the Co2MnSi layer.
This is because the electronic structure of the interface
region depends on the adsorbate, and the resonance by
definition has a significant bulk contribution. Thus the
surface resonance is sensitive in its dispersional behavior
to the corresponding bulk states. Experimentally, we also
observed for the epitaxial Co2MnSi(001)/Cr(001) system
a full suppression of the related HAXPES shoulder fea-
ture. However, as already mentioned above, the magnetic
structure of the 2 nm thin Cr(001) on Co2MnSi(001) is
unknown. Thus no attempt to calculate the correspond-
ing HAXPES spectrum was made.

V. SUMMARY

By experimental HAXPES investigations of
Co2MnSi(100) / Ag(100)(2 nm) / AlOx(2 nm) tri-
layer samples and corresponding calculations, evidence
for a highly spin polarized interface state close to
the Fermi level of the Heusler compound is found.
The corresponding shoulder like HAXPES feature is
diminished for interfaces with polycrystalline Cu and
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vanishes completely for interfaces with polycrystalline
Al as well as with epitaxial Cr. These observations are
consistent with the possibility to realize large GMR
effects with Heusler / Ag interfaces, but not with
alternative non-magnetic spacer layers and suggest a
relation of the GMR with the existence/ non-existence
of a spin polarized interface state.
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Felser C, Kläui M, Ebert H, and Minár J 2015 Phys. Rev.
B 91 195128

[11] Braun J, and Donath M Europhys. Lett. 59 592

[12] Herbort C, Arbelo Jorge E, and Jourdan M 2009 Appl.
Phys. Lett. 94 142504

[13] Sakuraba Y, Ueda M, Miura Y, Sato K, Bosu S, Saito
K, Shirai M, Konno T J, and Takanashi K 2012 Appl.
Phys. Lett. 101 252408

[14] Yakushiji K, Saito K, Mitani S, Takanashi K, Takahashi
Y K, and Hono K 2006 Appl. Phys. Lett. 88 222504

[15] Tanuma S, Powell C J, and Penn D R 2011 Surf. Interf.
Anal. 43 689

[16] Kozinaa X, Ikenaga E, Viol Barbosa C E, Ouardi S, Karel
J, Yamamoto M, Kobayashi K, Elmers H J, Schönhense
G, Felser C 2016 J. Electr. Spec. Rel. Phen. 211 12

[17] Gloskovskii A, Stryganyuk G, Fecher G H, Felser C,
Thiess S, Schulz-Ritter H, Drube W, Berner G, Sing M,
Claessen R, and Yamamoto M 2012 J. Electron. Spec-
trosc. 185 47

[18] Zabel H 1999 J. Phys.: Cond. Mat. 11 9393
[19] Ebert H et al. 2017 The Munich SPR-KKR

package, version 7.7, http://olymp.cup.uni-
muenchen.de/ak/ebert/SPRKKR

[20] Ebert H, Ködderitzsch D K, and Minár J 2011 Rep.
Prog. Phys. 74 096501

[21] Malmström G and Rundgren J 1980 Comp. Phys. Com-
mun. 19 263

[22] Nuber A, Braun J, Forster F, Minár J, Reinert F, and
Ebert H 2011 Phys. Rev. B 83 165401

[23] Braun J 1996 Rep. Prog. Phys. 59 1267

http://olymp.cup.uni-muenchen.de/ak/ebert/SPRKKR
http://olymp.cup.uni-muenchen.de/ak/ebert/SPRKKR

	I Introduction
	II Sample preparation and characterization
	III Experimental HAXPES investigations
	IV Band structure and HAXPES calculations
	V Summary
	 References

