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We have performed the bulk-sensitive spin-resolved hard x-ray photoelectron spectroscopy (HAXPES) to
directly clarify the spin-dependent valence band electronic states and spin polarization of L2,-ordered Co,MnSi
as a predicted half-metal. The spin-resolved valence band HAXPES spectra clearly exhibited the difference in
the majority and minority spin states in the bulk region of a 30-nm-thick Co,MnSi(001) thin film buried under
a MgO(2 nm) layer at both temperatures of 21 and 300 K. As expected from the half-metallicity in Co,MnSi,
we found that the majority (minority) spin spectrum shows a metallic Fermi edge (a band gap), leading the high
spin polarization of ~90% at around the Fermi level at a temperature of 21 K. The spin-resolved HAXPES
experiments revealed that the half-metallicity of Co,MnSi in the bulk region is independent on the temperature
up to 300 K. The experiments also revealed the slight changes in the majority spin spectral shapes and the shift of
the valence band maximum of the minority spin states with temperature. By comparing the experimental results
with the first-principles calculations at a finite temperature obtained by the disordered local moment method,
it is suggested that the slight changes in the majority and minority spin HAXPES spectra of Co,MnSi with
temperature is mainly caused by the temperature-dependent Co 3d electronic states. It is also suggested that the
conduction band minimum of the minority spin states is located sufficiently above the Fermi level at temperature

up to 300 K.

DOI: 10.1103/PhysRevB.106.075101

I. INTRODUCTION

Heusler alloys, which are represented by X,YZ (X and Y
are transition metal elements, and Z is main-group elements),
have a great potential for applications such as spintronics
[1], thermoelectronics [2], magnetic shape memory alloys [3],
and catalysts [4] due to a huge combination of X, Y, and
Z elements. Strong reduction in the minority spin density of
states (DOS) at around the Fermi level (Eg) for Co,MnAl and
Co,MnSn was theoretically recognized by Kiibler et al. [5], so
that they concluded that the electrical transport properties in
these alloys were dominated by the majority spin electrons.
Owing to the peculiar transport properties in these alloys,
exploring of half-metals, in which one spin state is metallic
and the other spin state is insulating, has been extensively
done for Heusler alloys by theoretical calculations, and sev-
eral Co-based Heusler alloys are predicted as a half-metal
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[6-9]. Half-metallic Co-based Heusler alloys are promising
materials for practical spintronic device applications due to
100% spin polarization (SP) at the Er and high Curie tem-
perature sufficiently above room temperature (R7) in these
materials [1,6-9]. The direct observation of the SP at Er for
the predicted half-metals at low and high temperatures (7") is
important to develop the performance of spintronic devices,
because the strong reduction of performance at RT com-
pared to low 7 in tunnel and current-perpendicular-to-plane
giant magnetoresistance (TMR and CPP-GMR) junctions
[1,10-13] is a long-standing issue to be solved. For example,
the Co,MnSi/MgO/Co,MnSi TMR junction exhibited that
the a huge TMR ratio of 683% at 4.2 K reduced to 179%
at RT [11], and the COgFe(Alo,ssiQ_s)/Ag/COQFe(Alo,SSin)
CPP-GMR junction exhibited that a large GMR ratio of 80%
at 14 K reduced to 34% at 290 K [13]. However, the methods
for detecting the SP at Er of materials are severely limited.
The point contact Andreev reflection (PCAR) measurement
gives the SP at Er of materials, but the value of SP is affected
by the contact between the superconducting probe and target
materials, and is also affected by the conduction modes (bal-
listic or diffusive) in materials [14,15]. In addition, the PCAR
measurement, in principle, requires a superconducting probe,
so that the measurement is limited by the superconducting
critical T (T¢) of superconductors and cannot access higher T
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above T¢. The sign of the anisotropic and ordinary MR (AMR
and OMR) can indicate the possibility of half-metallicity, and
can be applicable to the T-dependent measurements [16—19].
However, both the AMR and OMR measurements do not give
the quantitative value of SP at Er of materials.

To directly observe the SP of the valence band for pre-
dicted half-metals, spin-resolved photoelectron spectroscopy
(PES) is expected to be a powerful tool. Several spin-resolved
PES results for Co,MnSi as a predicted half-metal have been
reported up to now [20-24], but the results reflected the
surface-sensitive spin-resolved electronic states, which were
strongly affected by surface termination and surface reso-
nance, due to the short inelastic mean-free-path (IMFP) of
photoelectrons excited by vacuum ultraviolet (VUV) light
sources [20,22,23]. In addition, the SP depends on the photon
polarization in spin-resolved PES using VUV light sources
[20,24], whereas spin-resolved PES for Co,MnSi using an
unpolarized He-I light source exhibited high SP of ~0.93
(~93%) at Egr [21]. Jourdan et al. claimed that the highly
spin-polarized surface resonance on the Co,MnSi(001) sur-
face extended over the 6 atomic layers (~0.6 nm) from the
top surface and it strongly connected to bulk majority spin
band from the theoretical calculations [21]. Angle-resolved
photoemission spectroscopy (ARPES) with spin resolution
for the excitation photon energy (hv) of 6.05 eV clearly
showed the highly spin-polarized states near Er [23], and
spin-integrated surface-sensitive soft x-ray ARPES (hv =
1.0keV) revealed the band dispersion of the surface reso-
nance near the I' point, which differed from the bulk band
dispersion [25]. However, the bulk band dispersion was
clearly found in spin-integrated bulk-sensitive ARPES mea-
surements (hv = 3.3keV) for Coo,MnSi(001) [23]. Therefore,
more bulk-sensitive spin-resolved electronic structure mea-
surements compared to the previously reported spin-resolved
PES results [20-24] are required to probe the nature of SP
in bulk Co,MnSi. Since IMFP increases with increasing the
kinetic energy of photoelectrons in solids, hard x-ray PES
(HAXPES) is a powerful tool for detecting bulk-sensitive
electronic states of materials [26-29]. Recent progress of
HAXPES enables us to conduct spin-resolved valence band
HAXPES experiments [30-32]. In this work, to reveal the
half-metallicity and the SP at Er of Co,MnSi in the bulk
region, we have applied spin-resolved HAXPES to directly
probe the bulk-sensitive spin-resolved valence band electronic
states at 7= 21 and 300 K, and the observed results are
compared with the T-dependent electronic structures obtained
by first-principles calculations.

II. EXPERIMENT

A. Sample preparation and characterization

We used an ultrahigh vacuum (UHV) sputtering system
consisting of two connected chambers for DC and RF sput-
tering with base pressures (P, ) of ~ 8 X 107 Paand ~ 3 x
1070 Pa, respectively, to fabricate an epitaxial Co,MnSi(001)
film. First, we cleaned a MgO(001) single-crystalline sub-
strate with acetone, isopropanol, and deionized water in
an ultrasonicator in advance, then annealed at 600 °C for
30 min in the RF sputtering chamber. Next, a 30-nm-thick

Co,MnSi film was deposited on the MgO(001) substrate
using a Cogp §Mnjg 4Siy7 9-alloy target in the DC sputtering
chamber, followed by post-deposition annealing at 550 °C
for 30 min in the RF sputtering chamber. The actual chem-
ical composition of the Co,MnSi film was confirmed to be
Co7.09Mng.94Sip.97 by using x-ray florescence spectroscopy,
indicating the formation of a stoichiometric Co,MnSi layer.
On the top of the Co,MnSi(001) film, a 2-nm-thick MgO
capping layer was deposited using a MgO target through RF
sputtering. The sputtering rate and pressure for the depositions
of the Co,MnSi film (the MgO capping layer) were set to be
~0.18 A/s (~0.035 A/s) and ~0.11 Pa (~0.20 Pa), respec-
tively. Using a conventional x-ray diffraction (XRD) method
with Cu K« radiation, we clearly confirmed a 002 superlattice
peak from B2 ordering and a 111 superlattice peak from L2
ordering of the Co,MnSi film in 8-26 XRD profiles by setting
the scattering vector to the out-of-plane (x = 0°) and the
{111} plane (x = 54.7°), respectively, suggesting the epitax-
ial growth of the Co,MnSi film. Further, we measured the field
dependence of magnetization (M-H curve) for the Co,MnSi
film at 20 and 300 K. The coercivity and the remanent to
saturation magnetization ratio deduced from the M-H curve at
20 (300) K are ~8.5 (~5.8) Oe and 0.98 (0.97), respectively.

B. Spin-resolved HAXPES

Bulk-sensitive spin-resolved HAXPES was conducted at
the revolver undulator beamline BL15XU of SPring-8 [33].
The 2-nm-thick MgO capped epitaxial Co,MnSi thin film
with the thickness of 30 nm was used as a sample. The sample
was in situ magnetized by an applied magnetic field of 0.3
T using a Nd-Fe-B permanent magnet in an UHV analysis
chamber of HAXPES with Py, < 2 x 1077 Pa attached to a
high-resolution hemispherical electron analyzer (VG Scienta,
R4000). We measured the valence band spectrum (/) for the
remanently magnetized sample with the in-plane magnetiza-
tion direction nearly parallel to x-rays. We also measured the
spectrum (1) for the sample with the opposite magnetization
direction. The spin direction of the excited photoelectrons
was selected by a Mott-type spin-filter using the Au thin film
[31]. To obtain the spin-resolved HAXPES spectra, the mag-
netization reversal of the sample was essentially required in
this method, so that we conducted the magnetization reversal
several times at each T'. The effective Sherman function (Se¢r)
of —0.07 was adapted [31]. The SP is then given by

SP = (It — I)/(Iy +1-)/Sett ey

and the spin-resolved spectra for the majority (/n,j) and mi-
nority spin states (I,,) are obtained by

Ingj = (L4 + 1-)(1 + SP)/2, (2)

Inin = (I +1-)(1 — SP)/2. (3)

The angle between the magnetization direction (and also
the sample surface) and x-ray was set to ~3°. The details

of the experimental geometry were described in the recently
reported spin-resolved HAXPES method [31]. The excitation
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photon energy was set to 5.95 keV, and total energy resolution
was set to ~0.65 eV. The binding energy (Eg) was cali-
brated by the Fermi level (Ef) of a Au thin film. The sample
temperature was controlled by an open-cycle liquid He
cryostat.

III. THEORETICAL CALCULATIONS

To obtain the partial densities of states (PDOSs) for each
element of L2; stoichiometric Co,MnSi for the simulations
of HAXPES and SP spectra, we used the same data with
the Ref. [34]. In Ref. [34], the spin-polarized electronic
structures calculations at zero temperature were performed
by the multiple-scattering Green’s function formalism in
the Korringa-Kohn-Rostoker method [35,36] implemented by
HUTSEPOT code [37]. The local spin density approximation
(LSDA) was used for the exchange and correlation potential
[38]. The electronic structures at finite 7 were obtained by
the disordered local moment (DLM) method [39], which cor-
responds to the mean-field theory of the classical statistical
physics for local moments treated by the coherent potential
approximation; the spin fluctuations within the mean-field
approximation are treated in the calculations. Other technical
details on the LSDA-DLM calculations on Co,MnSi at finite
T were described in Ref. [34].

IV. RESULTS
A. Spin-resolved valence band HAXPES of Co,MnSi

Figure 1(a) shows the spin-integrated valence band
HAXPES spectra of the MgO(2 nm)/Co,MnSi(30 nm)/MgO
(001) structure with the excitation energy of 5.95 keV mea-
sured at T = 21 K. The observed spectral shape is broader
than those of the previously reported HAXPES spectra for
bulk and thin film of Co,MnSi [40,41], since the experimen-
tal resolution (AE~0.15eV) in the previous work is better
than our AE of ~0.65 eV. But the main peak, shoulder,
and two humps at Eg of around 1.5, 4.0, 6.5, and 10 eV,
respectively, seen in the valence band spectra [41] are com-
monly detected in our experiment. Figure 1(b) shows the
spin-resolved valence band HAXPES spectra, which corre-
spond to the majority and minority spin HAXPES spectra,
of the Co,MnSi thin film at 7 = 21 K. Here, the sum of
the spin-resolved spectra is the same as the spin-integrated
spectrum shown in Fig. 1(a). The raw data set of spin-
resolved HAXPES spectra measured at T = 21 K is shown in
Fig. S1 (see Supplemental Material [42]). The spin-resolved
spectra clearly exhibit the difference in the majority and
minority spin states. The majority spin spectrum shows a
the metallic Fermi edge, while the minority spin spectrum
shows a band gap across Er. In Fig. 1(c), the SP spec-
trum measured at 7 = 21 K is shown. The high SP of ~0.9
(~90%) is detected at around Eg, and the SP spectrum
shows one dip and two humps at Eg of ~1.5, ~3.2, and
~7.5 eV, respectively. The high SP at Er and the steep de-
crease of SP below Ep are expected to be a half-metallic
nature of Co,MnSi in the bulk region at T = 21K, since
HAXPES is a bulk-sensitive probe of the electronic states of
solids. In our experiments, IMFP of photoelectrons emitted
from the valence band is estimated to be ~7 nm in Co,MnSi
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FIG. 1. Valence band HAXPES spectra of Co,MnSi thin film.
(a) Spin-integrated HAXPES spectrum obtained at 7 = 21 K. (b)
Spin-resolved HAXPES spectra measured at 7 = 21 K. Thin solid
lines are to guide the eye. SP spectra obtained at (¢) 7 = 21 K and
(d) 300 K. The errors of the SP are indicated by the vertical bars.

according to the TPP-2M (Tanuma, Powell, Penn) equation
[43]. Therefore, the observed SP spectrum reflects not surface
region but bulk one of the Co,MnSi thin film. We have also
performed the spin-resolved HAXPES measurement of the
Co,MnSi thin film at 7 = 300K to clarify either presence
or absence of T-dependent SP, in particular, around Er. The
SP spectrum measured at 7 = 300 K is shown in Fig. 1(d).
Although the statistical error is large in both the SP spectra
measured at 7 = 21 and 300 K, these spectra are similar to
each other involving the high SP at around Eg. Therefore,
Co,MnSi in the bulk region is expected to be half-metallic
even at 300 K, and shows no remarkable T dependence in
the SP spectra. But one can see that the peak width in SP at
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FIG. 2. Spin-resolved HAXPES spectra near E. (a) T = 21K
and (b) 300 K. Black dashed lines are to guide the eye for the
minority spin VBM.

around Er at T = 300K is narrower than that at 7 = 21 K.
Note that slightly positive SP in the wide Ep range between
~2 and 14 eV in Figs. 1(c) and 1(d) is due to the SP of sec-
ondary electrons, which form the background of the valence
band spectra.

B. Temperature-dependent electronic states of Co,MnSi

To look into the electronic states of Co,MnSi in detail,
the spin-resolved HAXPES spectra near Er measured at T =
21 and 300 K are shown in Fig. 2. At first glance, the mi-
nority spin spectra at both 7 = 21 and 300 K clearly show
the band gap edge, which corresponds to the valence band
maximum (VBM) of the minority spin states. The majority
spin spectra show the metallic behavior, i.e., the finite spectral
intensity goes across Ep at each T. There are no obvious
intensities at Er in the minority spin spectra at both T = 21
and 300 K. This result strongly suggests that the conduc-
tion band minimum (CBM) of the minority spin states is
located above Er and Co,MnSi in the bulk region keeps a
half-metallicity in the 7" range up to 300 K. The minority spin
VBM positions at 7 = 21 and 300 K are determined by a
linear extrapolation of the leading edge of the minority spin
spectra, as shown in Fig. 2. The determined minority spin
VBM at T =21 (300) K is 0.35 (0.23) eV. The difference
in VBM at T = 21 and 300 K is only ~0.1 eV, which would
correlate with the 7T-dependent peak width in SP at around
Er as seen in Figs. 1(c) and 1(d), but spin-resolved HAXPES
can clarify that the minority spin VBM of Co,MnSi shifts as
T increases. This VBM shift has not been detected by the

T-dependent spin-integrated HAXPES measurements with
AE of 0.15 eV for polycrystalline bulk Co,MnSi [40].
Although AE of spin-resolved HAXPES (~0.65 eV) is
larger than that of standard HAXPES (< 0.3eV) and sta-
tistical error is large in the SP spectra in our experiments,
the observation of the bulk-sensitive spin-resolved spec-
tra directly reveals the shift of the minority spin VBM
of the Co,MnSi thin film as T increases. One sees that
the majority spin spectra at 7 =21 and 300 K show the
different spectral shapes. This difference might be due to
the photoemission Debye-Waller (DW) factor, which is a
fraction of the momentum-conserved (direct) transitions [28].
In the HAXPES measurements with the photon energy of
6 keV, the DW factor is generally too low to measure the
momentum-dependent electronic states by means of angle-
resolved HAXPES at 300 K [28]. Therefore, the spin-resolved
spectraat T = 300 K are governed by nondirect transitions for
the Brillouin zone (BZ) averaging. The DW factor generally
increases at low temperature, so that the slight increase of di-
rect transitions might contribute to the majority and minority
spin spectra, while the nondirect transitions (BZ averaging)
are expected to be still dominant for the spectra at T = 21 K.
Another possibility of the difference between the majority
spin spectral shapes at 7 = 21 and 300 K might be caused
by the matrix element effect [44], since we used not a poly-
crystalline Co,MnSi sample but an epitaxial Co,MnSi film
sample in our experiments.

C. Simulations of HAXPES and SP spectra of Co,MnSi

To visualize the PDOS contributions to the HAXPES
spectra, Fig. 3 shows the cross-section weighted PDOSs
(CSW-PDOSs) for each element at T = 0 and 300 K, where
PDOSs are obtained by the LSDA-DLM calculations [34].
The per-electron cross-section ratio of Co 3d : Co 4s : Co
4p : Mn 3d : Mn 4s : Mn 4p : Si 3s : Si 3p was set to
1.00 : 20.17 : 0.757 : 0.489 : 16.74 : 0.489 : 8.258 : 0.371
according to the theoretical calculation of photoionization
cross sections [45-47], where the values for the Co 4s and
Mn 4s orbitals were multiplied by a factor of 2.2 to better
reproduce the experimental spin-resolved HAXPES spectra.
This factor might be caused by the underestimation of 4s
PDOS in 3d transition metals in the PDOS calculation [48].
The total DOS and PDOSs at T = 0 and 300 K are shown in
Figs. S2 and S3 (see Ref. [42]), respectively, for comparison.
Firstly, we compare the experimental spin-resolved HAXPES
spectra measured at 7 = 21 K shown in Fig. 1(b) with the
CSW-PDOSs at T = 0K shown in Fig. 3. One sees that the
minority spin VBM and peak located at Eg of ~1.5 eV in the
minority spin HAXPES spectrum in Fig. 1(b) is dominated by
the Co 15, minority spin states as seen in Fig. 3(a). For the
majority spin HAXPES spectrum in Fig. 1(b), the structure
near Ep mainly is formed by the Co e, 1, and 4s majority
spin states as seen in Fig. 3(a). The contribution of the Co 3d
(eg + t2,) majority spin CSW-PDOS around EF to the majority
spin HAXPES spectrum is comparable to that of the Co 4s
majority spin CSW-PDOS as seen in Fig. 3(a). Although the
Co 4s PDOSs contribution to the total DOS is very small
(see Fig. S2 in Ref. [42]), the large cross section of the
Co 4s orbital compared to the Co 3d one strongly emphasizes
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FIG. 3. Calculated spin-resolved CSW-PDOSs of Co,MnSi. (a)—(c) CSW-PDOSs of Co, Mn, Si at T = 0K. (d)-(f) CSW-PDOSs of Co,
Mn, Si at T = 300 K. The minority spin CSW-PDOSs are shown by the negative value for visibility. The dashed lines in (a) and (d) show the

shifted Co t,, minority spin CSW-PDOS at each T'.

the Co 4s states in the HAXPES spectra as reported in the
3d transition metals [48]. The cross section of the Mn3d
orbital is almost half of the Co 3d one, and the composi-
tion ratio of Mn to Co is 1/2 in Co,MnSi. Therefore, the
Mn 3d CSW-PDOS contribution to the HAXPES spectra is
weak [compare Figs. 3(a) and 3(b)]. The shoulder structure at
Eg = ~ 7.0(~ 6.5)eV in the majority (minority) spin spec-
trum is due to the strongly emphasized Co 4s states, and the

hump structures in the spectra at Eg = ~10eV are mainly due
to the Co 4s and Si 3s states (see Fig. S4 in Ref. [42]).
Secondly, we compare the CSW-PDOSs of Co,MnSi at
T = 0K with those at T = 300K in Fig. 3. Here, the en-
ergy range of the calculations at 7 = 300K is regulated to
reduce the computational resource (see Figs. S2 and S3 in
Ref. [42]). At the Mn and Si sites, the CSW-PDOSs are almost
unchanged with 7', while those at T = 300K are smoother
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than at 7 = 0K as seen in Fig. 3. In contrast, the ratios of
the Co e, CSW-PDOS to the Co f,, one in both the majority
and minority spin states are changed with 7', although the
Co 4s and 4p CSW-PDOS profiles are hardly changed with
T, except for the smoothness of the profiles. In the minority
spin states near Eg, one sees in Figs. 3(a) and 3(d) that the
minority spin gap arising from the Co 3d states is narrower at
300 K than that at 0 K, and tail states adjacent to the minority
spin VBM and CBM increase with 7. The increase of the tail
states leads to the slight reduction of the SP at Ey as described
in Ref. [34].

Then, we have performed the simulations of the spin-
resolved HAXPES and SP spectra of Co,MnSi at 7 = 0 and
300 K for comparison with the experimental spin-resolved
HAXPES and SP spectra at 7 = 21 and 300 K. In the simula-
tion, the sum of the PDOSs multiplied by the photoionization
cross sections, which is the cross-section weighted DOS
(CSW-DOS), was calculated for the majority and minority
spin states, for simplicity. The spin-resolved CSW-DOSs at
T =0 and 300 K were broadened by a Lorentzian function
[full width at half maximum (FWHM) varying ~ 0.24 x
Eg(eV)] [48-50], then were multiplied by the Fermi-Dirac
function at 7 = 21 and 300 K, respectively, and were finally
broadened by a Gaussian function with FWHM of 0.64 eV.
In the simulated minority spin HAXPES spectra with tak-
ing into account the shifted Co f,, minority spin states, the
Co ¢ minority spin CSW-PDOS is broadened, then is shifted
to align the VBM of the minority spin spectrum in the simu-
lations with that in the experiments at each 7. The SP spectra
at T =0 and 300 K were calculated from the spin-resolved
CSW-DOSs foreach T'.

Figure 4 shows the simulated HAXPES spectra at T =
0 and 300 K. The spectral features of the spin-resolved
CSW-DOSs at T = 0K shown in Fig. 4(a) roughly reproduce
the experimental spectra at 7 = 21K shown in Fig. 1(b).
The simulated SP spectrum [red dotted curve in Fig. 4(b)]
agrees with the experimental SP one in the higher Eg region
(Eg > 1eV), while the deviation between the experimental
and simulated SP is clearly seen in the E range between 0 and
1 eV. The possible origin of the deviation between the experi-
ment and simulation is discussed later. Since the experimental
minority spin VBM at T = 21K is located at Eg = 0.35¢eV
as seen in Fig. 2(a), we have adjusted the minority spin VBM
in the CSW-DOS for the minority spin states on an ad hoc
basis by the shift of the Co #,, minority spin PDOS, which is
indicated by black dotted curve in Fig. 4(a), where the energy
shift is +0.2 eV. The corresponding SP spectrum is shown
by black solid curve in Fig. 4(b). While the shift of Co 5
minority spin PDOS slightly affects the CSW-DOS for the
minority spin states, the SP spectrum with taking the shift
into account better reproduces the experimental SP spectrum
than that without taking the shift into account. The simulated
HAXPES spectra at T = 300 K shown in Fig. 4(c) are similar
to those at T = 0K shown in Fig. 4(a). The simulated SP
spectrum at 300 K (red dotted curve) is shown in Fig. 4(d)
for comparison with the experimental SP spectrum. The mi-
nority spin VBM at T = 300 K in the experiment is located at
Ep = 0.23eV as seen in Fig. 2(b), so that we also adjusted the
minority spin VBM in the simulation by the shift of the Co
I minority spin PDOS, which is indicated by black dotted
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FIG. 4. Simulated spin-resolved HAXPES and SP spectra.
(a) Spin-resolved CSW-DOSs of Co,MnSi at T = 0K. (b) Calcu-
lated SP spectra obtained from the CSW-DOSs at T = 0K together
with experimental SP spectrum at 7 = 21 K. (c) Same as (a) but
T =300K. (d) Same as (b) but T = 300 K. The spectra shown by
black dotted and solid lines in (a), (c) and (b), (d), respectively, are
obtained by using the shifted Co f,, minority spin PDOS. The errors
of the experimental SP are indicated by the vertical bars.

curve in Fig. 4(c), where the energy shift is +0.1 eV. The
corresponding SP spectrum is shown by black solid curve
in Fig. 4(d). The simulated SP at Ef is increased by taking
into account the shift of the minority spin VBM, and the
deviation between the experiment and simulation is improved.
Figure 5 shows the enlarged view of the experimental and
simulated SP spectra near Er. The improvement of deviation
between the experimental and simulated SP spectra in the
vicinity of Er at T = 21 and 0 K, respectively, by adjusting
the minority spin VBM is clearly seen, as well as that of
deviation between the experimental and simulated SP at
T =300K.
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FIG. 5. Comparison between experimental and simulated SP
spectra at around Ef. (a) Experimental SP spectrum at 7 = 21 K and
simulated SP spectra at T = 0 K. (b) Same as (A) but T = 300K for
both experiment and simulation. The simulated SP spectra indicated
by black lines in (a), (b) are obtained by using the shifted Co t,,
minority spin PDOS. The errors of the experimental SP are indicated
by the vertical bars.

V. DISCUSSION

Let us consider the T-dependent spin-resolved HAXPES
spectra of the epitaxial Co,MnSi(001) film shown in Fig. 2.
Although the spin-integrated HAXPES of bulk polycrystalline
Co,MnSi did not show the 7' dependence on the valence
band spectral shape [40] even in high-resolution measure-
ments (AE~0.15eV), our results showed the T-dependent
spectral shape in the majority and minority spin spectra with
AE~0.65eV. Absence of the T-dependent spectral shape in
the valence band HAXPES spectra seems to agree with the
results of the T-dependent LSDA+DLM calculations [34],
since the Co and Mn local site spin-resolved DOSs are almost
unchanged with T in the calculations. One sees in Fig 3 (and
also Figs. S2 and S3 in Ref. [42]) that the fraction of the
Coe, and 1, PDOSs changes with T, although the Co local
site DOSs are almost unchanged with 7' [34]. In contrast, the
changes in the fraction of the Mn e, and #,, PDOSs are small
as T is changed. It is known that the matrix element effect
determines the photoelectron angular distribution, which de-
pends on the azimuthal and magnetic quantum numbers of the
occupied electrons, when the PES experiments are performed
for single crystals with a linear polarized light [44]. In our
experimental geometry, the photoelectron intensity detected
in the electron analyzer is larger in the Co e, states than the
Co 1y, states due to the matrix element effect. The changes in

the fraction of the Co e, and 1, states can modify the spectral
shapes in the experiments. Therefore, the T-dependent ma-
jority spin spectral shape shown in Fig. 2 would be caused
by the changes in the fraction of the Co ey and 1, states
near Er through the matrix element effect, while the shift
and decrease of the minority spin spectral intensity with T’
would be due to the T dependence of the minority spin gap
and the matrix element effect, respectively. In the case of
polycrystalline samples, the matrix element effect is averaged
by the random orientation of the crystal plane, so that the pre-
vious T-dependent HAXPES measurement on polycrystalline
Co,MnSi [40] is insensitive to the changes in the fraction of
the Co ey and 1, states and is difficult to detect the shift of
the minority spin VBM (~0.1 eV) without spin resolution
even in high-resolution experiments. In fact, the simulated
spin-integrated HAXPES spectra are almost independent on
T (see Fig. S5 in Ref. [42]), while the experimental spectra
(Fig. S6 in Ref. [42]) showed the T dependence mainly due to
the matrix element effect.

Next, we discuss the T-dependent SP of Co,MnSi. In
the reported theoretical T-dependent DOS calculations for
Co,MnSi by means of LSDA+DLM [34], LSDA combined
with the dynamical mean field theory [51], and the gener-
alized gradient approximation (GGA) combined with DLM
[52], it is commonly seen that the minority spin CBM is
located near Er and the tail states adjacent to the CBM
cross Er at finite T. Therefore, the calculations indicate that
Co,MnSi is no longer half-metal at finite 7', while Co,MnSi
shows the half-metallicity at 7 = 0 K. Note that the SP at Ep
calculated from total DOS at T = 0K in the LSDA4+DLM
calculations is ~0.92 [34], which is slightly lower than 1.00
expected from the half-metallicity. This discrepancy is mainly
caused by the obtained DOS from the Green’s function calcu-
lated at energies including a small and finite imaginary part.
And the SP at E is almost 1.0 when the smaller imaginary
part is employed as described in Ref. [34]. Since the simulated
SP spectra are based on the results of PDOS calculations in
Ref. [34], the simulated SP at Er shown in Figs. 4(a) and 4(b)
would be slightly smaller than the case that the SP at Ef is
1.00 in total DOS at T = 0 K.

As mentioned above, to better reproduce the experimental
SP spectra at T = 21 and 300 K, we adjusted the minority
spin VBM by the shift of the Co #;, minority spin PDOS
in the simulations. This shift increased the SP at Ef in the
simulated SP spectra at both 7 = 0 and 300 K as shown in
Figs. 4 and 5. Since the experimental minority spin HAXPES
spectra shown in Fig. 2 do not show the tail states adjacent to
the minority spin CBM, which are predicted by the theoretical
calculations [34,51,52], we can conclude that the minority
spin CBM is expected to be located sufficiently above Er and
Co,MnSi in the bulk region sustains high SP at Er with the
half-metallicity at least up to 300 K. Nawa e al., showed the
T dependent SP at Ep in total DOS of Co,MnSi obtained by
the LSDA+DLM calculations as a function of the chemical
potential shift within a rigid band model [34]. The chemical
potential shift reduces the decrease of the theoretical SP with
T, when the chemical potential moves to the higher Ep side.
This result also supports that the minority spin CBM is located
sufficiently above Ep suggested by our experimental spin-
resolved HAXPES and SP spectra. Note that the theoretical
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minority spin gap size depends on the numerical calculation
methods. For example, the GGA and LSDA calculations (7' =
0K) for Co,MnX (X = Si, Ge, Sn) give the different minority
spin gap size and the minority spin CBM position relative
to Ep, while the minority spin VBM position is comparable
in the calculations [8]. Since the minority spin VBM can
be detectable in the spin-resolved HAXPES measurements,
the direct observation method of either the minority spin gap
size or minority spin CBM position is required to clarify the
behaviors of T-dependent spin-resolved electronic structures
of half metals.

In the above discussion, we ignored the effects of the
highly spin polarized surface resonance reported in spin-
resolved VUV-PES measured for the bare Co,MnSi thin film
[21] and spin-integrated soft-x-ray ARPES for AlO,-capped
Co,MnSi thin film [25]. As mentioned in Ref. [25], the
surface resonance, which comes from the six atomic layers
close to the interface of AlO4/Co,MnSi, is dominated in
soft-x-ray ARPES data due to the short IMFP of photoelec-
trons. In the case of HAXPES with hv = 6keV, the intensity
contribution of the surface resonance (six atomic layers) to
the whole intensity is 8%, if any, when we assume that the
photoelectron intensity distribution as a function of depth (d)
is given by exp(-d/IMFP), where the IMFP of 7 nm is adapted.
The 8% contribution of the surface resonance seems to be
not so small, but the observed SP curves shown in Fig. 5
are reproduced by the simulations based on the PDOSs for
bulk Co,MnSi. This would be caused by the difference of
the sample structures; the MgO-capped Co,MnSi thin film
was used for spin-resolved HAXPES in this work, whereas
the bare and AlO,-capped Co,MnSi thin films were used
in spin-resolved VUV-PES [21] and soft x-ray ARPES [25],
respectively. In contrast to the positive SP in the surface reso-
nance reported in Refs. [21,25], the first-principles calculation
for the Co,MnSi/MgO/Co,MnSi structure suggest that the
SP near the interface at Ep gives a negative value due to the
interface states [53]. To clarify the near interface spin-resolved
electronic states (presence or absence of the interface-
derived states), interface-sensitive spin-resolved HAXPES for
AlO,- and MgO-capped Co,MnSi thin films as well as bulk-
sensitive spin-resolved HAXPES for AlO,-capped Co,MnSi
thin films is required. To perform interface-sensitive HAX-
PES, the tuning of the effective IMFP by using x-ray total
reflection is useful as mentioned in Ref. [54], and one does
not need to take into account the changes in the cross-section
ratio of the atomic orbitals for the constituent elements, allow-
ing the direct comparison of the bulk- and interface-sensitive
spin-resolved electronic states of the materials capped by thin
AlO, and MgO films without considering the changes in the
cross-section ratio for different excitation photon energies.

VI. SUMMARY

The T-dependent spin-resolved HAXPES measurements
were conducted to directly clarify the spin-dependent valence
band electronic states and SP of the 30-nm-thick epitaxial
Co,MnSi(001) thin film buried under the 2-nm-thick MgO
layer. At T = 21 and 300 K, the majority spin states showed
the metallic Fermi edge, while the minority spin states showed
a band gap across Ep, leading that the high SP at around Ep
was confirmed in the bulk region of the Co,MnSi thin film.
This result suggests that Co,MnSi in the bulk region main-
tains the half-metallicity up to 300 K. Although spin-resolved
HAXPES was done with the low-energy resolution and the
large statistical error in SP in this work, the spin-resolved
HAXPES spectra directly revealed the shift of the minority
spin VBM with T. The spin-resolved HAXPES spectra also
revealed the slight changes in the majority spin spectral shapes
with T'.

We compared the experimental spin-resolved HAXPES
spectra measured at 7 = 21 and 300 K with the simulated
spectra using the PDOSs obtained by the LSDA+4-DLM cal-
culations at T = 0 and 300 K. The observed T dependence
of the majority and minority spin spectra was mainly caused
by the changes in the Co 3d electronic states. The changes
in the fraction of the Co e, and 7, PDOSs found in the
T-dependent calculations would explain the slight changes
in the experimental majority spin spectra with 7' through the
matrix element effect in photoemission, since we used the
epitaxial Co,MnSi in the HAXPES experiments. The shift
of the minority spin VBM mainly arose from the Co #,, mi-
nority spin states. The tail states, which crossed Ef, adjacent
to the minority spin CBM predicted in the calculations was
not found in the experimental minority spin spectra. These
results suggest that the minority spin CBM of Co,MnSi in
the bulk region is located sufficiently above Ef to keep the
half-metallicity up to 300 K.
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