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Surface-specific thermal spin-
depolarization on the half-metallic
Heusler films
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Half-metallic ferromagnets exhibit a perfect spin-polarization at the Fermi energy. Among many
candidates, Co,MnSi Heusler alloy is the most investigated material due to its half-metallic nature and
high Curie temperature (T¢). Magnetic junction devices using Co,MnSi show remarkable performance
at low temperatures. However, the performance is significantly degraded at room temperature, which
requires a detailed understanding of the temperature-dependent electronic structure of Coo,MnSi
films. Here, using surface-sensitive spin- and angle-resolved photoelectron spectroscopy combined
with first-principles calculations, we verify the temperature- and momentum-dependent spin-
polarization of Co,MnSi thin-film. The recorded spin-polarization reaches ~ 60-75% at 50 K, while it
reduces ~ 30-50% at 300 K. The observed surface-specific spin-depolarization behavior can be
described by the thermally excited magnon model even well below T¢, and we conclude that the spin-
fluctuation is markedly enhanced on its surface. Our findings provide insights into the temperature-
dependent electronic structure of half-metallic Heusler films, which could have significant implications

for future spintronic applications.

Heusler alloys are typical intermetallic compounds described as X,YZ,
where X and Y sites mainly comprise transition metal elements, while the Z
site consists of main block elements such as Al, Si, Ga, and Ge. The para-
mount characteristic of the Heusler alloys lies in their ability to manifest
diverse properties, including half-metallicity, shape memory effect, ther-
moelectric effect, magneto-caloric effect, superconductivity, catalytic
property, and topological property by changing the constituent elements'™.
Several Co- and Mn-based Heusler alloys, e.g., Co,MnSi, Co,MnGe, and
Mn,VA], are theoretically predicted to possess a half-metallic electronic
structure, where one spin channel exhibits metallic feature while the other
behaves as a semiconductor’™". Owing to a perfect spin-polarization at the
Fermi level (Eg) and a very high Curie temperature (T¢) exceeding room
temperature, they are considered promising materials for spintronic
applications, particularly in magnetic sensing and recording devices.
Among them, Co,MnSi stands out as one of the most extensively studied

half-metallic ferromagnets from both fundamental and practical perspec-
tives. Over the past two decades, there has been notable progress in
enhancing the performance of tunnel magnetoresistance (TMR) and giant
magnetoresistance (GMR) devices using Co,MnSi as a ferromagnetic
electrode'™". For instance, epitaxial Co,MnSi/MgO/Co,MnSi magnetic
tunnel junctions have achieved a TMR ratio exceeding 2000% at 4.2 K"
However, the TMR ratio decreases substantially by a factor of six at 290 K
(335%), despite being well below T¢ of 985 K. Similar performance degra-
dation at room temperature has also been found in GMR devices'®. These
observations suggest that the electronic structure, particularly spin-polar-
ization, in the bulk, surface, or interface regions of Co,MnSi thin films
undergoes significant changes with temperature.

Theoretical calculations have proposed several spin-depolarization
mechanisms of Co,MnSi at finite temperatures. A combination of density-
functional theory and dynamical mean-field theory predicts the formation
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of non-quasiparticle states in the bulk electronic structure'®. Spin-flip
scattering through interface states induced by magnetic excitations is also
proposed'**’. Specifically, it is argued that the Co-terminated interfaces
between Co,MnSi and MgO are thermodynamically unstable’*. In addi-
tion, the effective exchange constant of the topmost Co atom was calculated
and found to be extremely reduced compared to that of the bulk, indicating
that thermal spin fluctuations are enhanced on the surface of Co,MnSi at
finite temperatures™. More recently, the influence of magnon on the bulk
electronic structure of Co,MnSi has been investigated using disordered
local-moment methods, which treat spin fluctuations as local moments
within a mean-field approximation’”. As a consequence, it is predicted that
the magnon excitations eliminate half-metallicity at room temperature.

From an experimental standpoint, the spin-polarized electronic
structure of Co,MnSi thin-film has been investigated using surface-sensitive
low-photon-energy and bulk-sensitive high-photon-energy spin-resolved
photoelectron spectroscopy measurements in the momentum-integrated
mode™ . However, the reported magnitudes of spin polarization varied
significantly. Former works reported unexpectedly low spin-polarization,
approximately 10-30% at room temperature, by employing a vacuum
ultraviolet (VUV) synchrotron radiation with photon energy (hv) of 70 eV**
and the fourth harmonic of Ti:Sapphire laser at 5.9 eV*’". Conversely, nearly
a perfect spin-polarization of 93% was observed by the He discharge lamp at
21.2eV® In 2016, a systematic investigation of spin-polarization of
Co,MnSi thin films with different atomic compositions, utilizing VUV
synchrotron radiation, revealed that the value at E is relatively small (~25%)
for stoichiometric compositions but markedly increases to ~75% for Mn-
rich compositions by controlling the energy position of the weakly
exchange-split surface state”. Furthermore, ex situ bulk-sensitive spin-
resolved photoemission spectroscopy has recently been conducted on
MgO-coated nearly stoichiometric Co,MnSi thin-film at 21 and 300 K using
hard X-ray synchrotron radiation at 5950 eV*”. According to this work, the
spin-polarization in the bulk region reached approximately 90% and did not
show a pronounced temperature dependence at Er. In fact, this result is
inconsistent with the temperature-dependent behavior of the TMR and
GMR devices and indicates that the electronic structure near the surface/
interface region of Co,MnSi, rather than in bulk, may play a crucial role in
the performance degradation at room temperature.

To address the aforementioned inconsistency, in this work, we per-
formed surface-sensitive spin- and angle-resolved photoelectron spectro-
scopy (SARPES) utilizing a high-efficiency very low energy electron
diffraction (VLEED) type spin-polarimeter on Co,MnSi films at various
temperatures and compared the results with surface slab calculations. Our
VLEED-based SARPES instrument combined with synchrotron radiation
not only reveals the complete electronic structure of Co,MnSi in energy,
momentum, and spin-resolved manners but also allows us to track the
detailed temperature evolution of spin-polarization near Eg with a resolu-
tion an order of magnitude higher than previous works. We experimentally
determined the temperature and momentum-dependent spin-polarization
of Co,MnSi films and demonstrated a dramatic change on its surface. The
surface-specific spin-depolarization is well explained by the extended Bloch
T*” model (Shang model)”, indicating that the spin fluctuation due to
thermally excited magnons is drastically enhanced at the surface of
Co,MnSi films.

Results and discussion

Characterization of the structural, magnetic, and electronic
properties of the fabricated thin-film

A crystallographic unit cell of the L2;-ordered Heusler alloy Co,MnSi,
which belongs to the cubic Fm3m space group, is shown in Fig. la. We
fabricated a 30-nm-thick Co,MnSi epitaxial thin-film on MgO(001) sub-
strate with buffer layers of Cr and Ag to increase the crystallinity and
flatness. Figure 1b shows the X-ray diffraction (XRD) profiles of the fabri-
cated sample taken by setting the scattering vector to [001] (main figure) and
[111] (left inset) directions. We clearly see 002 and 111 superlattice peaks
originating from B2 and L2, ordering, respectively. These results signify the

epitaxial growth of the L2;-ordered Co,MnSi film. The surface morphology
of the sample was measured by atomic force microscopy (AFM). The root-
mean-square roughness, estimated at a scan size of 2 pm x 2 um (right inset,
Fig. 1b), was found to be ~0.15nm, which is notably flatter than the
previously reported values™*°. Magnetization curves recorded at 50 and
300 K with an external field applied to the [110] direction are displayed in
Fig. 1c. Owing to the magnetic shape anisotropy of the film, an almost
temperature-independent large in-plane remanent magnetization (M,) was
observed. These characteristics allow us to perform the SARPES measure-
ments at zero-field with various temperatures.

In order to experimentally verify the band structure of Co,MnS;i film,
we first performed in situ ARPES measurement at room temperature with
surface-sensitive VUV synchrotron excitation. Figure 1e shows the observed
band structure along the I'-X-T’,,,4 line utilizing p-polarized 70 eV incidence
photon, which corresponds to the k, ~0 plane of the bulk Brillouin zone
(Fig. 1d and S4 in the Supplementary Information). Around the X point, we
found that a very steep electron band crosses Er (labeled A). Bands with
strong photoelectron intensities can be seen in a wide momentum region
around E — Ep = —1.0 eV (labeled B). Moreover, although it is not clear in
the first Brillouin zone, probably due to the matrix element effect, an upward
convex band is identified around the I',,,4 point (labeled C). To enhance the
visibility of the bands, the Laplacian-filtered ARPES image is displayed in
Fig. 1f. After the Laplacian-filtering, some weak intensity bands are clearly
visualized. Mostly non-dispersive bands are found around —0.1 (labeled SS)
and —0.6eV (labeled D). These experimentally observed features are
qualitatively reproduced by the bulk band calculations shown in Fig. 1g,
except for the non-dispersive band SS just below Ep. By comparing the
ARPES results and the calculations, we identify that the experimentally
observed bands A and B (C and D) are composed of majority-spin (min-
ority-spin) states. Based on the calculation, the band A comprises two bands
with A; and As symmetries. However, these bands are mostly smeared,
making it difficult to separate them in the experiment. The unexpected band
SS seen in the surface-sensitive VUV-ARPES might be attributed to the
surface band structure (see also Fig. S5 in the Supplementary Information),
which will be discussed later.

Temperature-dependent VUV-ARPES measurements around

X point

To clarify the temperature evolution of the bands, we next cooled down the
sample. Since the bulk band intersecting Er was only observed around the X
point, we focus here on the temperature dependence of the electron-band A.
Figure 2a shows the magnified ARPES images around X point recorded at
300, 250, 200, 150, 100, and 50 K. In fact, no noticeable changes, such as the
band shift or the emergence of additional bands, are observed in this tem-
perature range. To scrutinize the detailed differences, Fig. 2b shows the peak
fitting results of the ARPES images. The peak positions were determined by
energy distribution curves (EDCs) and momentum distribution curves
(MDCs) at each temperature. The black curve represents the fitted result
with a parabolic function. Based on the fitting results, the Fermi momentum
(kg), Fermi velocity (vg), and effective mass (m") of our Co,MnSi film were
determined to be 0.80 A", 3.94 x 10° m s~!, and 0.79 times the bare electron
mass (m,), respectively. Importantly, these band-structure-related para-
meters show no distinct temperature dependence within the experimental
resolutions.

Figure 2c, d shows the EDCs at ky and the X point recorded at tem-
peratures ranging from 300 to 50 K. At kg, a clear metallic edge mainly
originating from the majority-spin electron-band A is observed (Fig. 2c).
Similarly, we also find a metallic feature at the X point indicated by a blue
shaded area (Fig. 2d). However, the bulk band calculation predicts that there
are no states at Er at the X point (Fig. 1g). The emergence of the unexpected
density of states (DOS) at the X point is attributed to the non-dispersive SS
band shown in Fig. 1f. Overall, neither band A nor SS near Ep shows
significant temperature dependence. These findings are consistent with
previously reported bulk-sensitive angle-integrated hard X-ray photoelec-

tron spectroscopy results’>.
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Fig. 1| Structural, magnetic, and electronic properties of the fabricated thin-film.
a Schematic of the L2;-ordered Co,MnSi crystal structure. b XRD pattern taken at
[001] (normal) direction. The unlabeled peaks originate from the MgO substrate.
The left inset shows an XRD pattern taken at [111] direction. The right inset shows
an AFM image of the fabricated sample in a scan size of 2 pm x 2 pm. ¢ Magnetic-
field-dependent magnetization at 300 and 50 K. The external magnetic field was
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applied along [110] direction. Magnetization was normalized by saturation mag-
netization (M) at 50 K. d Bulk and surface Brillouin zones of Co,MnSi. e Observed
band structure of Co,MnSi film along the I'-X-T’,4 line recorded at 70 eV with
p-polarized light at 300 K. Colors show the photoelectron intensity. f Laplacian-
filtered image of (e). g Calculated bulk band structure of Co,MnSi. Red and blue
represent majority- and minority-spin bands, respectively.

Temperature-dependent spin- and momentum-resolved photo-
electron spectra

To gain deeper insight into the temperature evolution of the electronic
structure of Co,MnSi film, we performed temperature-dependent spin- and
momentum-resolved measurements. Figure 3a, b shows the observed spin-
resolved EDCs and spin-polarization around kg and X point recorded at
300, 250, 200, 150, 100, and 50 K. For both momenta, the majority-spin
states are dominant (positively spin-polarized) over the entire energy region,
and the observed spectral shapes are similar to the calculated momentum-
integrated bulk DOS (Fig. 3c). However, in sharp contrast to the bulk
calculations, the metallic features are recognized at Er in the minority-spin
channel at all temperatures (indicated by blue arrows in Fig. 3a, b), signifying
that an in-gap state exists and destroys the half-metallicity on the surface.
More importantly, we experimentally verified that the spin-polarization
increases with decreasing temperature, although the spin-integrated spectral
shape remains unchanged in this temperature region (Fig. 2¢, d). This means
that the photoelectron intensity at the majority-spin (minority-spin)
channel increases (decreases) with decreasing temperature. The recorded
spin-polarization around Eg at 50 K (300 K) reaches ~75% (~50%) at the X
point, while it is ~60% (~30%) at kg. At all temperatures, the spin-
polarization at the X point is higher than that at kg (lower panels of
Fig. 3a, b).

Figure 3d summarizes the temperature- and momentum-dependent
spin-polarization at Er. We here apply the Shang model™ (extended
Bloch T°” model™*) to explain the spin-depolarization mechanism. The
model accounts for the thermal spin fluctuation due to low-energy long-
range spin waves (magnons) at finite temperatures below T and can be
described as P(T) = Py(1 — aT*%), where P, and « denote the estimated
spin-polarization at 0K and the material-dependent constant,

respectively. The theoretical curves nicely trace the experimentally
obtained spin-polarization at both momenta (see blue-green solid curves)
and give Py(kp) =61%, Py(X)=80%, a(ks)=1.15x10"% and
a(X) =8.30 x 10°. The overall agreement indicates that the observed
spin-depolarization behavior can be explained by the thermally excited
magnon model even well below Tc. In Fig. 3d, we also plot the
temperature-dependent spin-polarization observed by the hard X-ray
spin-resolved photoelectron spectroscopy (HAX-SPES) (red markers)™
and the magnetization obtained by macroscopic magnetometry mea-
surements (orange markers). Surprisingly, the coefficients & obtained
using these methods are found to be one or two orders of magnitude
smaller than that of VUV-SARPES. This significant difference is prob-
ably attributed to the bulk/surface sensitivity of the experimental meth-
ods. The inelastic mean free path of VUV-SARPES (70 eV) is about 5 A
based on the so-called universal curve®. On the other hand, it is ~7 nm
for HAX-SPES (5950 eV)*’, which means that HAX-SPES can detect
spin-polarization from a region more than ten times deeper than VUV.
In the case of magnetometry measurements, since the magnetization
signal is proportional to the volume fraction, the bulk contribution is
dominant rather than the surface contribution. Considering all the
experimental findings, we conclude that the temperature-dependence of
the surface electronic and magnetic properties of Co,MnSi film are quite
different from those of the bulk, and the effects of the thermal spin
fluctuations due to the excited magnons on the surface are markedly
enhanced compared to that in the bulk region.

Slab calculations
Finally, to clarify the origin of the spin-polarized SS band exhibiting
enhanced thermal spin fluctuation observed just below Eg, we performed the
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Fig. 2 | Temperature-dependent band structure. a Temperature-dependent
ARPES images around X point recorded at 300, 250, 200, 150, 100, and 50 K on
cooling. Colors show the photoelectron intensity. b Colored markers: peak fitting
results by MDCs and EDCs of ARPES images shown in (a). Black curve: parabola

fitting result of the colored markers. ¢, d Temperature-dependent EDCs at kg
(k=0.80 A™") and X point (k=1.11 A™"). The measurement positions are indicated
by black and gray inverted triangles in (a).

surface band calculations by considering a Co-terminated 17-atomic-layer
slab with approximately a 20 A vacuum layer. Figure 4a, b shows the cal-
culated majority- and minority-spin bands along the M-T-M line
(X-TI'-X line in the bulk Brillouin zone). Here, thick and thin bands
represent the bulk and surface calculation results, respectively. For the
majority-spin channel, many quantum-well-like bands, as well as relatively
localized surface (resonance) bands, exist below Er. We also find a mostly
non-dispersive surface band around — 0.1 eV within the bulk half-metallic
gap in the minority-spin channel (black arrow). Such localized surface states
might correspond to the experimentally observed band SS and collapse the
half-metallicity on the surface. Note that the (001)-oriented Co,MnSi crystal
ideally has two nonequivalent surfaces, with either Co- or MnSi-
terminations. However, the ARPES results were well reproduced by the
slab calculations for the Co-termination rather than that for the MnSi-
termination. The calculated bands for the MnSi-termination are shown in
the Supplementary Information.

To identify the element-specific depth profiles, we calculated the layer-
resolved Co and Mn local DOS (LDOS) projected onto each atomic sphere
(Fig. 4c, d). The position of the atomic layer is indicated in Fig. 4e. For
example, the first and fifth Co layers are located at the topmost surface and
the inner position in our slab model, respectively. Through the depth-
resolved calculations, we found that the LDOS of the topmost layer shows a
unique and distinctive DOS compared to those of the deeper layers. Spe-
cifically, the first Co layer forms a large DOS with a minority-spin character
at Eg. The first Mn layer, which is located just below the first Co layer, has
two prominent peaks with a majority-spin character around —0.2 and
—0.6 eV and the flat DOS with a minority-spin character in the half-metallic
gap region. On the other hand, as the layer number becomes larger, both Co
and Mn LDOS approach to a bulk-like DOS shape. These results signify that
the topmost Co and Mn atoms play an important role in the loss of the half-
metallicity and in forming the in-gap surface state. Considering the
angstrom-order short inelastic mean free path of VUV-ARPES and

SARPES measurements, the experimentally observed mostly non-
dispersive and spin-polarized SS band showing high « value (enhanced
thermal spin fluctuation) might be attributed to the topmost Co and Mn
atoms. Our findings are consistent with previous theoretical work, which
predicted that the exchange constant of the topmost atom of Co,MnSi is
markedly weakened compared with that of the bulk”. Thus, we conclude
that the temperature-dependent spin-depolarization of Co,MnSi films
observed by surface-sensitive VUV-SARPES originates from surface mag-
non excitation.

Conclusion

In summary, we have experimentally investigated the temperature evolution
of the surface band structures of the ferromagnetic Co,MnSi Heusler alloy
film using high-resolution VUV-SARPES. We directly observed the spin-
polarized bands around Er and determined the band-structure-related
parameters such as the Fermi momentum, Fermi velocity, effective mass,
and spin-polarization. We also revealed that spin-polarization markedly
increases with decreasing temperature, and the temperature-dependent
behavior of spin-polarization can be described by the thermally excited
magnon model even well below Tc. By comparison with bulk-sensitive
measurements, we conclude that the thermal spin fluctuation is markedly
enhanced on its surface. Our findings pave the way for developing and
improving spintronic device applications using half-metallic ferromagnetic
Heusler thin films.

Methods

Thin film growth and characterization

Epitaxial (001)-oriented Co,MnSi thin film was fabricated by the magne-
tron sputtering method using a polycrystalline target. The base pressure of
the deposition chamber was ~2 x 1077 Pa. A 30-nm-thick Co,MnSi film
was deposited on a MgO(001) single crystalline substrate with buffer layers
of Cr (10 nm) and Ag (100 nm) at 600 °C. To avoid the formation of Co-Mn
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antisites, we grew a slightly Mn-rich Co,MnSi film. The grown film was
transferred from the magnetron sputtering chamber to the SARPES
chamber using a portable suitcase chamber (<1 x 107° Pa) to prevent oxi-
dation. After SARPES measurements, the structural and magnetic proper-
ties of the sample were measured. The crystal structure and the surface
morphology were determined by XRD with a Cu Ka X-ray source and AFM,
respectively. The atomic composition was confirmed by wavelength dis-
persive X-ray fluorescence analysis to be Co;.9,Mn; 54Si0g,. The magnetic
properties of the Co,MnSi film were measured with a superconducting
quantum interference device-vibrating sample magnetometer at various
temperatures.

Spin-resolved and angle-resolved photoelectron spectroscopy
ARPES and SARPES measurements were performed at the ESPRESSO end-
station (BL-9B) at the Research Institute for Synchrotron Radiation Science
of Hiroshima University*"*. Spin-polarized photoelectrons were acquired
using a hemispherical electron analyzer (R4000-WAL, Scienta-Omicron)
equipped with VLEED-type spin detectors. The experimental geometry is
shown in the Supplementary Information. The energy and angular reso-
lutions for ARPES (SARPES) were set to 40 meV (52 meV) and +0.3°
(£1.5°), respectively. The effective Sherman function was 0.25. The sample
was annealed at 550°C for 30 min in the preparation chamber and then
magnetized along the [110] direction using a permanent magnet (~0.1 T) at
room temperature prior to the ARPES and SARPES measurements.

Theoretical calculations

First-principles calculations based on density-functional theory imple-
mented in the Vienna ab initio simulation program (VASP)* were per-
formed on the L2,-ordered Co,MnSi. We adopted the generalized gradient
approximation* for the exchange-correlation energy and employed the
projected augmented wave pseudopotential>* to treat the effect of core
electrons properly. The lattice constant of the cubic unit cell was set to the
experimentally determined value of 5.640 A. For the bulk band calculation,
the Brillouin zone integration was performed with 25 x 25 x 25 k points. For
the slab calculation, we considered 17 atomic layer supercell (4 unit cells)
with ~20 A vacuum layer. All the atomic positions are relaxed in the
supercell, and the k-point number in the self-consistent-field calculation was
chosen as 15 x 15 x 3.

Data availability
The data presented in this paper are available from the authors upon rea-
sonable request.
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