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Depth-dependent electronic and magnetic states of AlO, and MgO capped Co,MnSi thin films were mea-
sured by using hard x-ray photoemission spectroscopy (HAXPES) combined with x-ray total reflection (TR).
TR-HAXPES revealed that the near-interface electronic and magnetic states of Co,MnSi films differed from
those of bulk measured in non-TR condition. The decrease of the Co and Mn magnetizations near the interface
along the easy magnetization axis in the bulk region relative to those in the bulk region and the changes in
the valence band profiles were experimentally detected by nondestructive HAXPES utilizing TR. The possible
origin of the reduction of the Co and Mn magnetizations and the changes in the valence band profile near the
AlO,/Co,MnSi interface was due to an enhanced spin-wave excitation originating from the weakened exchange
interaction between the local magnetic moments compared to the bulk region of Co,MnSi, which can slightly
modify the valence band electronic states, near the interface at a finite temperature. These results suggest that
the combination of HAXPES with TR is useful to experimentally detect the electronic and magnetic states of
near-interface and buried bulk regions in nondestructive way for insulator/ferromagnet heterojunctions.

DOLI: 10.1103/PhysRevB.109.085109

I. INTRODUCTION

Half-metallic ferromagnets, in which one spin state ex-
hibits a metallic behavior and the other state exhibits an
insulating behavior, are useful for spintronic device applica-
tions [1], because the perfect spin polarization (SP, 100%)
at the Fermi-level (Ef) is realized. One of potential spin-
tronic applications is magnetoresistance (MR) devices using
tunnel and giant MR (TMR and GMR) junctions, in which
the half-metals are used for magnetic electrodes, since huge
MR ratios are expected due to the perfect SP at Ep in
the half-metals. However, the performances of TMR and
GMR junctions show a strong reduction with increasing
temperature, even though the predicted half-metals such as
L2,-ordered Co-based Heusler alloys (Co,YZ) with high
Curie temperature (7¢) sufficiently above room tempera-
ture (RT) are used as a magnetic electrode. For example,
the Co,MnSi(CMS)/MgO/CMS TMR junction [2] showed
the TMR ratios of 2010% at 4.2 K and 335% at RT, and
the Co,FeGag sGeg 5/ Ag/CorFeGag 5sGeg s GMR junction [3]
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showed the current-perpendicular-to-plane GMR ratios of
285% at 10 K and 82% at RT. The strong reduction in
TMR and GMR ratios with increasing temperature is a long-
standing issue to be solved.

Jourdan et al. [4] reported that an epitaxial CMS(001) thin
film showed a high SP of ~93% at RT by means of a surface-
sensitive spin-resolved photoelectron spectroscopy (PES).
However, the temperature-dependent SP has not been reported
in their work. Recently, a bulk-sensitive spin-resolved hard
x-ray photoemission spectroscopy (HAXPES) technique with
an ultracompact built-in Mott-type spin-filter on a sample
holder has been developed [S] and employed for the epitaxial
CMS thin film, which revealed the high SP (~90%) at Ep
and its almost temperature-independent behavior up to RT, in
the bulk region [6]. This result implies that the performances
of TMR and GMR would be governed by the electronic
and magnetic states near insulator/CMS and metal/CMS in-
terfaces, respectively. In the theoretical investigations based
on first-principles calculations on the MgO/CMS interfaces,
Sakuma et al. [7] reported the decrease of the Co magnetic
moment at the interface compared to that in bulk caused by the
reduction of the exchange constant near the interface. Miura
et al. [8] also reported the reduction of the exchange con-
stant in Co near the MgO/CMS interface and a noncollinear
magnetic structure near the interface. In the experimental
study for the MgO/CMS structure, Tsunegi et al. [9] reported
that the decrease of the Co magnetic moment in the inter-
face region with respect to that in the inner CMS film by
means of the depth-resolved x-ray magnetic circular dichro-
ism (XMCD) in the Co L, 3 absorption measurements. Since
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the depth-resolved XMCD in Ref. [9] is obtained from the
Co LMM Auger electrons with the kinetic energy of ~800
eV, the inelastic mean-free-path (IMFP) of only ~1.4 nm
inside CMS estimated from the TPP-2M (Tanuma, Powell,
Penn) equation [10] for such electrons seems to be too short
to probe both the near-interface and the inner CMS film. In
addition, XMCD is useful for detecting the spin and orbital
magnetic moments via the magneto-optical sum-rule [11,12],
but it does not directly give the density of states (DOS) of
materials. Therefore, experimental methods, which can detect
depth-resolved electronic and magnetic states, are required
for the insulator/ferromagnet heterojunctions to clarify the
difference in the electronic and magnetic states between the
near-interface region and the ferromagnet film inside.

Fecher et al. [13] have compared the electronic structures
of the CMS(50 nm) films underneath MgO(2 and 20 nm)
layers by HAXPES at RT and have demonstrated that the
electronic structure around Er for the CMS film underneath
the 20-nm-thick MgO layer is detectable and is almost iden-
tical to that underneath the 2-nm-thick MgO layer, which are
performed in non-x-ray total reflection (TR) condition to gain
a bulk sensitivity. This bulk sensitivity of HAXPES is owing
to large IMFP of photoelectrons with the kinetic energy of
several keV in solids [14—17]. Thus, an insulator/ferromagnet
structure is suitable for exploring its near-interface electronic
state around Er by HAXPES, when IMFP of photoelectrons
can be shortened.

There are three possible ways to effectively control IMFP
of photoelectrons in solids. The first one is the photon
energy-dependent PES measurements. This is because the
kinetic energy of the photoelectrons can be tuned by the
excitation photon energy and lower kinetic energy of pho-
toelectrons gives shorter IMFP according to the TPP-2M
equation. [10] However, the photon energy-dependent valence
band PES measurements have a problem in direct comparison
of the depth-resolved electronic states, since the photoion-
ization cross-sections of atomic orbitals strongly depend on
the photon energy [18-21]. Therefore, direct comparison of
the valence band spectra measured with different photon
energy needs a careful consideration of the photoionization
cross-sections. The second one is the take-off-angle (TOA)
dependent HAXPES measurements with a fixed photon en-
ergy, since an effective-IMFP (1) is given by IMFP x
sin(TOA), where TOA is referred to a sample surface. Here,
A corresponds to a depth (d) from surface (or interface), at
which the photoelectron intensity given by exp(—d/A) re-
duces to 1/e. In this case, the matrix element effects [22],
which depend on experimental geometry and give the angular
distribution of photoelectrons for single crystalline samples,
affect the valence band spectral shapes in the TOA-dependent
measurements [23]. This leads to the difficulty in the di-
rect comparison of the valence band spectra measured with
different TOAs. The last one is the use of x-ray TR in
HAXPES. The shorter x-ray attenuation length (4,) in the
TR condition compared to IMFP of several-keV electrons in
solids drastically reduces X in HAXPES at a fixed photon
energy as described elsewhere [23]. When the incidence an-
gle (0) of x-ray with respect to a sample surface in the TR
condition is increased by ~1.5°, one can change TR- to non-
TR-HAXPES experiments. The small angle change of 1.5°

in HAXPES minimizes the modification of the valence band
spectra caused by the matrix element effects, which allows
the direct comparison of the valence band spectra for different
A. Therefore, we employed non-TR- and TR-HAXPES to
compare buried bulk with near-interface electronic states, re-
spectively, for the insulator/ferromagnet structures. To probe
near-interface band dispersion of CMS underneath an AlO,
layer, we employed soft x-ray angle-resolved photoemission
spectroscopy (SX-ARPES) in the non-TR condition, because
IMFP of photoelectrons detected in SX-ARPES is shorter than
A in TR-HAXPES. In this work, we investigate the electronic
and magnetic states of near-interface and buried bulk CMS
underneath AlO, and MgO layers by nondestructive HAXPES
in the TR and non-TR conditions. The magnetic states of CMS
were measured by magnetic circular dichroism (MCD) in the
Co and Mn 2p core-level HAXPES. The magnetizations of
Co and Mn in the near-interface region were reduced to ~0.77
times compared to those in the bulk region. The difference in
the valence band of CMS between the near-interface and bulk
regions was also detected. SX-ARPES for AlO,/CMS film
exhibited that even in near interface region, the observed band
dispersion was well explained by the bulk band dispersion of
CMS.

II. EXPERIMENT

For the HAXPES experiments, two samples of epitaxial
CMS films (30 nm) grown on MgO(001) substrates with dif-
ferent capping layers consisting of AlO,(3 nm) and MgO(2
nm) were prepared by DC or RF sputtering at RT. Details of
the preparation and characterization of the L2;-ordered CMS
films were described elsewhere [6]. On the top of the CMS
films, AI(3 nm) and MgO(2 nm) capping layers were de-
posited individually. The Al and MgO layers were deposited
by DC and RF sputtering, respectively. On the top of the MgO
layer, an additional Al(1 nm) capping layer was deposited.
Then, AlO, layers were formed by ex situ air oxidation in
each sample. The coercivity, saturation magnetic moment,
and remanent to saturation magnetization (Mgr/Ms) ratio
of AlO,/CMS/MgO(001) and AlO,/MgO/CMS/MgO(001)
structures were deduced to be ~16.5 Oe, ~ 4.3 ug, and
~0.97, and ~20.8 Oe, ~ 4.2 ug, and ~0.97, respectively, at
RT. These values are consistent with those for the epitaxial
CMS films reported in the previous work [24]. For the soft
x-ray ARPES measurements, an epitaxial CMS film (30 nm)
was grown on a Ag(001)/Cr(001)/MgO(001) substrate with
the thickness of Ag (Cr) film of 80 (30) nm. Then, an Al(1
nm) capping layer was deposited on the CMS film by DC
sputtering. The Al(1 nm) layer was ex sifu oxidized in air to
form an AlO, layer. The coercivity, saturation magnetization,
and My /Ms for the CMS film with the Ag/Cr buffer layer at
RT were ~10.0 Oe, ~ 4.0 ug, and ~0.99, respectively. All the
fabricated samples were cut to the in-plane size of 5 mm x 10
mm with the long side parallel to the [100] direction of the
CMS layer.

The HAXPES measurements were conducted at the un-
dulator beamline BL15XU of SPring-8 [17]. The left- or
right-handed circularly polarized (LCP or RCP) x-ray (5.95
keV) was used for HAXPES. The degree of LCP and RCP
x-rays (Pc) was ~0.95 as described in Ref. [25]. A grazing in-
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FIG. 1. Co 2p core-level MCD-HAXPES spectra of the AlO,(3 nm) and AlO,(1 nm)/MgO(2 nm) capped CMS(30 nm)/MgO(001)
structures for the non-TR and TR conditions. (a) Near-interface and (b) bulk regions of the CMS film with the AlO,(3 nm) capping layer.
(c) and (d) Same as (a) and (b), respectively, but for the AlO,(1 nm)/MgO(2 nm) capping layer.

cidence of x-rays with nearly normal emission geometry was
employed [17]. Photoelectrons were analyzed and detected by
a high-resolution hemispherical electron analyzer (VG Sci-
enta R4000). Total energy resolution was set to 150 meV. The
binding energy (Ep) was calibrated by Er of a Au film. The
sample temperature was set to RT (300 K). A magnetic field
of 3 kOe was in situ applied along the easy magnetization
axis ([100] direction of CMS) by a permanent magnet in an
analysis chamber, and then the remanent states were probed
by HAXPES. The magnetization direction is nearly parallel
to the incoming x-rays. The electronic and magnetic states
of the near-interface (bulk) region of the CMS thin films
were obtained in the TR (non-TR) condition. The incidence
angle of x-rays with respect to the sample surfaces was set
to 2.0° (0.368°) for the non-TR (TR) condition as referred
to the calculated TR critical angle, 6c = 0.505°, according to
Ref. [26]. The footprint of x-rays on the sample was 25 um x
1.0(5.4) mm in full-width at half-maximum (FWHM) for the
non-TR (TR) condition. The IMFPs of photoelectrons in CMS
were calculated by the TPP-2M equation [10] and A was
obtained by A, IMFP/(A, + IMFP), which depended on the
incidence angle [23,26].

The SX-ARPES measurements were performed at the
twin-helical undulator beamline BL25SU of SPring-8 [27].
Both the LCP and RCP soft x-rays were used simultaneously
in SX-ARPES. Therefore, we did not measure the MCD in
SX-ARPES. P: was reported to be ~0.96 [28]. The incidence

angle of soft x-rays was set to 5° with respect to the sample
surface. The resultant footprint of x-ray on the sample was ap-
proximately 10 um x 10 um in FWHM. Photoelectrons were
analyzed and detected by a high-resolution hemispherical
electron analyzer (VG Scienta DA30). Total energy resolution
and angular resolution of SX-ARPES were set to ~80 meV
and ~ 0.2°, respectively. The sample temperature was set to
250 K.

III. RESULTS

Figure 1 shows the Co 2p core-level HAXPES spectra of
the AlO, and AlO,/MgO capped CMS thin films obtained
using LCP and RCP x-rays. In the TR (non-TR) condition, A
was calculated to be ~2.0 (~6.1) nm in the Co 2p core-level
region. The intensity difference between the LCP and RCP
spectra was defined as MCD. The Co 2p HAXPES spectra
showed main peaks in the 2p3/» and 2p;, regions at Ep of
~T778.4 and ~793.5 eV, respectively. A small hump at Eg of
~782.6 eV was found in the spectra and was also commonly
seen in the Heusler alloys containing Co atoms [29-32]. The
hump structure was slightly larger in the MgO/CMS film for
A ~2.0nm than the others. Moreover, an additional hump
structure was detected in the 2p,, region. These hump struc-
tures indicated by the black arrows in Fig. 1(c) were due
to oxidation of Co atoms near the MgO/CMS interface. The
MCD profiles were similar each other regardless of the cap-
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FIG. 2. Mn 2p core-level MCD-HAXPES spectra of the AlO,(3 nm) and AlO,(1 nm)/MgO(2 nm) capped CMS(30 nm)/MgO(001)
structures for the non-TR and TR conditions. (a) Near-interface and (b) bulk regions of the CMS film with the AlO,(3 nm) capping layer.
(c) and (d) Same as (a) and (b), respectively, but for the Al1O,(1 nm)/MgO(2 nm) capping layer.

ping layer or A, even though oxidation of Co atoms was found
in the MgO/CMS interface. A remarkable MCD signal with
the negative-to-positive sign change from lower to higher Eg
side was found in the Co 2p3,, main peak, and the opposite
sign change was found in the 2p{,, main peak.

Since the magnitude of MCD is proportional to the mag-
netization projected onto the x-ray propagation direction, we
can analyze the element specific magnetization by MCD-
HAXPES. When we focused on the negative MCD signal at
Ep of ~778.3 €V in the Co 2p3/, region in Fig. 1, the MCD
given in asymmetry of 13.5-12.8% for A ~ 6.1 nm (bulk)
reduced to 10.5-10.3% for A ~ 2.0 nm (near-interface) in the
capped CMS films. Here, the MCD in asymmetry corresponds
to the raw MCD divided by the sum of the RCP and LCP spec-
tra after subtracting an integrated-type background. Thus, the
magnetization of Co atoms along the [100] direction of CMS
near the AlO,/CMS and MgO/CMS interfaces is reduced to
~0.77 times compared to that of the bulk region of CMS. A
similar reduction of the Co magnetization for the MgO/CMS
interface was reported in the depth-resolved XMCD in the Co
L, 3 absorption measurements [9].

Figure 2 shows the Mn 2p core-level HAXPES and MCD
spectra of the AlO, and MgO capped CMS films with the
calculated A in the TR (non-TR) condition of ~2.0 (~6.3)
nm. The Mn 2p HAXPES spectra of the AlO,/CMS film for
A ~ 2.0 and ~6.3 nm were similar each other as shown in

Figs. 2(a) and 2(b). The spectra showed two sharp peaks in
the 2p3/, region at Eg of ~638.4 and ~639.6 eV and two
broad peaks in the 2p;, region at Eg of ~649.8 and ~650.4
eV. For the MgO/CMS film, the Mn 2p spectra showed addi-
tional broad peaks indicated by the black arrows in Figs. 2(c)
and 2(d). Moreover, the intensity of the broad peaks strongly
enhanced in the spectrum for A ~ 2.0 nm compared to that
for A ~ 6.3nm. These broad peaks attribute to oxidation of
Mn atoms near the MgO/CMS interface. This result suggests
that the Mn atoms near the MgO/CMS interface are strongly
oxidized, which would be induced by a degraded interface of
MgO/CMS prepared by a sputtering deposition of MgO on
CMS [33]. By assuming an exponential decay of the pho-
toemission intensity as a function of depth and the oxidized
Mn atoms concentrated below the MgO layer, the thickness of
oxidized CMS film is estimated to be ~1.5 nm. Note that the
Si 2s core-level HAXPES spectra for the MgO/CMS film also
showed significant oxidation near the interface (not shown).
As can be seen in Fig. 2, the MCD profiles for the
AlO,/CMS and MgO/CMS films were similar each other re-
gardless of oxidation or A. A remarkable MCD signal with
the negative-to-positive sign change from lower to higher Eg
side was found in the Mn 2p;3,, region, and the opposite sign
change was found in the 2p,, region. Since the components
of oxidized Mn atoms in the Mn 2p HAXPES spectra did
not show an additional MCD feature, the oxidized Mn atoms
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FIG. 3. Enlarged MCD spectra of (a) the Co 2p3,, and (b) Mn
2p3, regions for the AlO,(3 nm)/CMS(30 nm)/MgO(001) structure.
The spectra measured in the TR (non-TR) condition are indicated by
blue (red) lines. In both (a) and (b), the spectra were normalized at
the negative MCD signals for comparison.

would be in a paramagnetic or antiferromagnetic state, that is,
the magnetization of the oxidized Mn atoms along the [100]
direction was vanished. The Mn 2p MCD at Eg of ~638.4
eV of 33.0-33.2% for A ~ 6.3nm (bulk) reduced to 24.7—
26.2% for A ~ 2.0 nm (near-interface). Here, the MCD signal
in the AlO,/MgO/CMS structure came from the CMS film
underneath the oxidized CMS layer. Thus, the magnetization
of Mn atoms along the [100] direction near the A10,/CMS and
oxidized CMS/CMS interfaces was reduced to ~0.76 times
compared to that of CMS in the bulk region. This reduction
factor was comparable to the case of the Co atoms.

Figure 3 compares the MCD profiles in the Co 2p3/, and
Mn 2p;/, core levels for the near-interface and bulk regions
of the AlO,/CMS film. Here, the comparison of MCD profiles
for the MgO/CMS film is ignored, since the oxidized CMS
layer exists between the MgO and CMS layers. The MCD
profiles are normalized at the huge negative MCD in each
region. One sees that the MCD profiles for the near-interface
and bulk regions are identical each other in both the Co and
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FIG. 4. Valence band HAXPES spectra of the AlO,(3 nm) and
AlO, (1 nm)/MgO(2 nm) capped CMS(30 nm)/MgO(001) structures
for the non-TR and TR conditions. The dotted curves are identical to
the valence band spectrum of bulk region of CMS with the AlO,(3
nm) capping layer and are superimposed on the other spectra for
comparison.

Mn 2p3,, regions within the statistical errors in the MCD in-
tensity. The energy splitting between the negative and positive
MCD signals is caused by the spin exchange interaction be-
tween the 2p core-hole and 3d electrons in the photoemission
final states and is proportional to the magnitude of magnetic
moment [34], that is, a larger local magnetic moment leads to
a larger energy splitting in MCD-HAXPES [35]. Therefore,
the magnetizations of Co and Mn along the [110] direction
was reduced in near-interface region, although the magnitudes
of magnetic moments of Co and Mn in near-interface region
are comparable to those in the bulk region, respectively, for
the AlO,/CMS film.

Figure 4 shows the valence band spectra of the A10,/CMS
and MgO/CMS films with the calculated A of ~2.0 and ~6.9
nm. Each spectrum was obtained by the sum of LCP and
RCP spectra after subtracting an integrated-type background.
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The spectra were normalized at the hump structure located
at Eg of 2.6 eV, for comparison. The spectra consisted of
three structures below 2 eV; the main peak (labeled by «) and
two shoulders (labeled by 8 and y). These structures were
also found in the previous HAXPES spectra for CMS [13].
The valence band spectra for the A10,/CMS and MgO/CMS
films in the bulk region (A ~ 6.9 nm) were similar each other,
while the peak o and shoulder S slightly reduced in the
MgO/CMS film. The slight reduction in the MgO/CMS film
was mainly caused by the presence of Mn-oxides, which
reduced the metallic Mn DOS near the interface. In fact,
the valence band spectrum of the MgO/CMS film near the
interface (A ~ 2.0nm) showed a significant reduction of «
and B and a slight reduction of y by the increase of the Mn
oxides as seen in the Mn 2p spectra in Fig. 2(c). For the
near-interface valence band spectrum of the A1O,/CMS film
(A ~ 2.0nm), a slight decrease (increase) of « (y) compared
to the spectrum for the AlO,/CMS film (A ~ 6.9nm) was
found, while Co and Mn oxides were obviously invisible
in the Co and Mn 2p spectra in Figs. 1(a) and 2(a). This
result indicates that in the A1O,/CMS film, the near-interface
electronic structure is different from the bulk one as well as
the difference in the magnetization between the near-interface
and bulk regions. Furthermore, the effects of defects or off-
stoichiometry to the electronic structure near the interface in
the AlO,/CMS film is negligibly weak, if any. It is obvious
that the energy shift of «, B, and y structures is very small.
If defects or off-stoichiometry exists near the interface, the
total electron number in the unit cell changes and the chemical
potential shift (the energy shift of o, B and y structures)
occurs.

Figure 5 shows the SX-ARPES results for the AlO,(1
nm)/CMS(001) sample with the excitation photon energies of
455 and 552 eV measured at 250 K. At these photon energies,
IMFP was calculated to be ~1.0 nm. This value is half of A
in TR-HAXPES. The normal emission from the (001) surface
corresponds to the I'-X direction in the reciprocal space. One

sees a clear photon energy dependence in the ARPES results
in the figures. In Fig. 5(a), the observed band dispersion mea-
sured at the excitation energy of 455 eV is symmetrical to
ky110) and a convex band dispersion with the apex located
at 0.24 eV and I' point originated from the minority spin
states, which are expected from the band dispersion calcula-
tions for bulk CMS [36-38]. The energy of 0.24 eV is very
close to the minority spin valence band maximum reported in
spin-resolved HAXPES for CMS at 300 K [6]. In addition,
the weak intensity across Ep is seen at the X point due to
the majority spin states. In contrast to Fig. 5(a), the band
dispersion measurement at the excitation energy of 552 eV
in Fig. 5(b) exhibits a clear “X”-shaped band dispersion at the
X point near Er and the weakened intensity at the apex of the
convex band dispersion due to the minority spin states. These
band features are very similar to the results in SX-ARPES
for bulk Co,MnGe [39] as a predicted half-metal [36]. A
clear photon-energy-dependent band dispersion suggests that
three-dimensional bulk band structure is remained in the near-
interface region (IMFP~1.0 nm) for the AlO,/CMS sample.
Note that we cannot find surface resonances located near Er
at around the I" point, which has been reported in SX-ARPES
for an AlO,/CMS structure by Lidig et al. [40].

IV. DISCUSSION

Since the MgO/CMS interface consists of the oxi-
dized CMS layer underneath MgO layer in contrast to the
AlO,/CMS interface, in the following, we discuss the near-
interface electronic and magnetic states of the AlO,/CMS
film. When the single magnetic domain structure near the
interface of the AlO0,/CMS film is assumed owing to the high
Mg /Mg ratio of 0.97, we consider a possible mechanism of the
reduction of the magnetization near the interface according to
the theoretical work on the surface magnetism [41]. For bare
ferromagnetic films, it is expected that an exchange interac-
tion at a surface (Js) differs from that in a bulk region (Jp),
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since the environment of the magnetic moments at the surface
differs from that in the bulk region. According to Ref. [41],
in the case of that Js/Jg = 0.1 on the path perpendicular to
the surface and Js/Jg = 1.0 on the path parallel to the surface
at the temperature of 0.37¢, the magnetization at the surface
reduces to 0.8 times compared to the bulk magnetization ow-
ing to thermal spin-wave excitations near the surface. When
the interactions at the interface between the AlO, and CMS
films to the magnetic properties are negligible, the temper-
ature of 0.37¢ and the reduction of magnetization (0.8) in
the calculation [41] are very close to RT/T¢ of 0.304 for the
CMS films and the observed reduction (~ 0.77) in the Co
and Mn MCD signals near the interface in our experiments,
respectively. Therefore, the reduced magnetization near the
interface of A1O,/CMS film is due to possible enhanced spin-
wave excitations. The enhanced spin-wave excitations near
the interface of the CMS film is virtually comparable to the
increase of temperature in the bulk region to satisfy Bloch’s
T3/% law in terms of spin-wave excitations. It is expected that
the fraction of the Co e, and 1, partial DOSs can change [6],
when the temperature of CMS increases. This fraction change
can reduce the peak « in the valence band spectrum of CMS
in Fig. 4 for the CMS film near the interface compared to that
in the bulk region.

The spin-wave excitations (or precessions) of local mag-
netic moments only change the magnetizations along the easy
magnetization axis. That is, the magnitude of local magnetic
moment is unchanged by the spin-wave excitations. As seen
in Fig. 3, the magnitude of Co (Mn) local magnetic moment
is almost identical for the near-interface and bulk regions
in the AlO,/CMS structure. Nawa et al. [42] reported the
temperature-dependent spin-dependent DOS for bulk CMS
by means of the density functional theory calculations with
the disordered local moment method, which treats the fluc-
tuation of local magnetic moments at finite temperature. In
other words, they treated the fluctuation as a substitution of
the precession (or spin-wave excitation) of the local magnetic
moments. As seen in Fig. 3 in Ref. [42] for L2-ordered CMS,
the majority spin DOS peak at 1 eV corresponding to the
peak « in Fig. 4 decreases with increasing temperature. In
addition, the majority spin DOS subpeak at 0.5 eV in Ref. [42]
corresponding to shoulder structure g in Fig. 4 slightly shifts
toward to Er with increasing temperature. In the minority spin
DOS near Ef, the DOS gradually increases with increasing
temperature, while changes of the majority spin DOS near
Er are insensitive to temperature. This causes the increase of
DOS near Efr with increasing temperature. These tendencies
are consistent with the difference in the valence band spectra
between the near-interface and bulk region for AlO,/CMS
structure. That is, in the AlO,/CMS structure, the reduced
intensity of peak «, slight shift of shoulder structure 8, and
slight increase of shoulder structure y for the near-interface
valence band spectrum compared to the valence band spec-
trum for the bulk region as shown in Fig. 4. Therefore, it
is a plausible origin for the spin-wave excitations that are
enhanced due to the weakened exchange interaction between
the local magnetic moments near the interface region of the
AlO,/CMS structure, which leads the difference in the elec-
tronic and magnetic states between the near-interface and bulk
regions.

In the above-discussion, we did not consider an
interface-induced magnetic anisotropy (IMA) at an insula-
tor/ferromagnet interface as is similar to a surface-induced
magnetic anisotropy in a ferromagnetic thin film [41]. The
IMA can cause that the magnetization inclines toward to
the direction perpendicular to the film plane near the in-
terface, even if the in-plane easy magnetization axis of the
film is realized (in other words, noncollinear magnetization)
[34,43]. In addition, at the insulator/ferromagnetic interfaces,
where AlO, or MgO is used as an insulator, the perpendicu-
lar magnetization is introduced by a strong IMA, when the
ferromagnetic film thickness is less than 1 nm [44-47]. In
our experiments, the inclined magnetization near the interface
is also expected, if the reduced net magnetization near the
interface is due to the noncollinear magnetization caused by
the IMA, since the CMS film is sufficiently thicker than 1 nm.
As mentioned above, the magnitude of MCD is proportional
to the magnetization projected onto the propagation direction
of x-rays, the inclined magnetization can reduce the MCD
signal near the interface. Therefore, the PMA can be another
possible mechanism in the reduction of magnetization near the
interface in the A1O,/CMS structure.

When the noncollinear magnetization near interface due to
strong PMA induced by the IMA is realized, not the mag-
netization but the magnitude of local magnetic moment is
expected to be slightly enhanced as reported in the perpen-
dicularly magnetized MgO/Fe [34,48] and MgO/CMS films
[49]. In both cases, ultrathin Fe and CMS magnetic films
underneath the MgO layer are used, and the increase of the
local magnetic moment induced by the interfacial effects is
found. In contrast, as can be seen in Fig. 3, the magnitude
of Co (Mn) local magnetic moment near-interface and bulk
regions is almost identical each other in the A10,/CMS struc-
ture. Therefore, we may conclude that the reduction of the
magnetizations of Co and Mn near the interface is not due to
the IMA.

Finally, we consider the highly spin-polarized surface res-
onances in the bare and AlO,-capped CMS(001) reported in
Refs. [4] and [40], respectively. Jourdan et al. [4] have re-
ported the high SP of ~93% at EF for the bare CMS(001) film
by means of surface-sensitive spin-resolved PES at RT with
the excitation energy of 21.2 eV. This high SP is inconsistent
with the reduction of the magnetization (~0.77) near interface
of the AlO,/CMS structure in this work, when we assume
that SP of 100% in the bulk region is realized at RT and that
SP is proportional to the magnetization. In this assumption,
the expected SP near the interface is ~77%. In contrast, the
similar SP for bare CMS(001) has been found in surface-
sensitive spin-resolved PES using the s-polarized light with
the energy of 37 eV at RT [50]. In Ref. [50], spin-resolved PES
with the photon energy dependence (30—70 eV) has also been
performed, and the signature of surface resonance in CMS
is not clearly observed. The discrepancy between Refs. [4]
and [50] might be caused by the difference in the probed
momentum space, because kjo01; depends on the excitation
photon energy, in principle. At the excitation energy of 21.2
eV, ko017 1s out of the I' point, which misleads to high SP as
described in Ref. [50].

Although the SX-ARPES results on the AlO,/CMS film
reported in Ref. [40] show the surface resonance near Ef, the
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SX-ARPES results in this work (Fig. 5) showed no obvious
surface resonance. We are aware of that the results agree
well with the corresponding band dispersion for Co,MnGe
(Fig. 4 in Ref. [39]) and also with the dispersion for Co,MnSi
reported in Ref. [40], but only if the assignment of the I" and X
points is reversed, such that the I" point in k/o01; at an integer
multiple of the reciprocal lattice vector length confused the
identification of the I' and X points. When the assigned X
point is corrected to the I" point in the bottom panel of Fig. 3
in Ref. [40], the observed band dispersion is very similar to
our SX-ARPES result shown in Fig. 5(b), that is, a metallic
band dispersion at the X point and no band dispersion near Ep
at the I' point. The confusion of the I" and X points in Ref. [40]
is also confirmed by the k/o01;-dependent SX-ARPES result
for bulk Co,MnGe [39], which has the L2, structure with a
similar lattice parameter and half-metallicity. Therefore, we
can conclude that the surface resonance is not an origin of the
difference of the electronic and magnetic states between the
near-interface and bulk regions of the AlO,/CMS structure.
In Fig. 4, the shoulder structure y in the valence band
spectrum for the near-interface region of the A10,/CMS struc-
ture is slightly larger than that for the bulk region, but the
SX-ARPES results shown in Fig. 5 do not show any addi-
tional band states near Er due to the slight increase of y. If
the origin of slight increase of y arises from the enhanced
spin-wave excitations (or enhanced fluctuation of local mag-
netic moments), s-orbital-like minority spin states around Ep
are introduced by the fluctuation of local magnetic moments
according to Ref. [8]. Since the photoionization cross-section
ratio of the s orbital to d orbital in the valence region for
the 3d transition metal is very large in HAXPES [25] but
small in SX-PES [21], the higher sensitivity to the s orbital
in HAXPES can detect the s orbital states induced by the fluc-
tuation, even if the states are quite small. In contrast, the lower
sensitivity to the s orbital in SX-PES cannot detect the quite
small s orbital states. Or there is a possibility that such s states
are missing in the SX-ARPES results in Fig. 5 due to that
the probed momentum space is limited in the I"-X direction,
whereas HAXPES gives the Brillouin zone averaged spectra.
From the above discussion, we can conclude that the
reasonable origin of the differences in the electronic and mag-
netic states between the near-interface and bulk region of the
AlO,/CMS structure is the enhanced spin-wave excitations
near the interface compared to the bulk region. When the TMR
ratios in many TMR junctions [1] are governed by the magne-
tization near the interface, the strong reduction of TMR ratio
with increasing temperature can be understood by a faster
reduction of the magnetization along the easy magnetization

direction near the interface with increasing temperature orig-
inated from the enhanced spin-wave excitations as compared
to the bulk magnetization.

V. SUMMARY

In summary, we conducted the depth-dependent HAX-
PES measurements for the A10,/CMS and AlO,/MgO/CMS
structures to clarify the differences in the electronic and
magnetic states between the near-interface and bulk regions
for the CMS films utilizing the TR and non-TR conditions.
TR-HAXPES combined with MCD can clearly detect the
near-interface electronic and magnetic states of the CMS
films. At the MgO/CMS interface, a strong oxidation of the
Mn and Si atoms underneath the MgO layer and no oxidation
underneath the AlO, layer were experimentally detected by
nondestructive HAXPES combined with TR. The Co and Mn
2p core-level MCD-HAXPES measurements for the near-
interface and bulk regions of the AlO,/CMS film clearly
revealed that the Co and Mn magnetizations along the [100]
direction near the interface reduce to ~0.77 times with respect
to those in the bulk region. We can conclude that the possible
origin of the reduction of the Co and Mn magnetizations and
the changes in the valence band profile near the AlO0,/CMS
interface compared to the CMS film in the bulk region is
the enhanced spin-wave excitations due to the weakened ex-
change interaction, which can slightly modify the valence
band electronic states, near the interface, by considering pre-
cession of local magnetic moments at a finite temperature.
Thus, the combination of HAXPES with TR is very useful for
exploring the electronic and magnetic states of near-interface
and bulk regions for the insulator/ferromagnet heterojunctions
in the nondestructive way.
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