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Direct observation of thermal spin depolarization in a type Iz half-metal NiCo0,04
by spin-resolved photoemission
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Half-metals (HMs), characterized by 100% spin polarization at the Fermi level (Ef), are ideal candidates
for future spintronic memory devices. However, their spin polarization rapidly decreases with temperature,
limiting their practical implementation. While this degradation has been theoretically attributed to nonquasi-
particle (NQP) states—many-body electronic states arising from electron-magnon interactions that reduce spin
polarization near Er—experimental verification remains limited. Here, we report the temperature evolution of the
electronic states in epitaxial NiCo,O, (NCO) thin films, a predicted type Iy HM where the main spectral weight
of NQP states lies below Eg. Using high-resolution bulk-sensitive laser-based spin-resolved photoemission
spectroscopy, we reveal that at 20 K, a metallic Fermi edge is observed in the minority-spin states but is absent
in the majority-spin states, providing spectroscopic evidence for the half-metallicity of NCO. As temperature
increases, majority-spin spectral weight emerges at Eg, and spin polarization near Er decreases—consistent with
the emergence of NQP states. The onset of this behavior occurs around 100 K. Our results suggest that NCO
provides a promising platform for investigating NQP-related many-body effects in type Iy HMs, guiding the

design of spintronic materials with robust high-temperature spin polarization.

DOI: 10.1103/9hsj-vmwn

I. INTRODUCTION

Magnetic memory devices have served as key nonvolatile
memory elements since the dawn of computing [1]. More
recently, spintronics—which exploits the spin polarization of
conduction electrons for readout [2—4]—has led to signifi-
cant technological advances, exemplified by the successful
commercialization of hard disk drives. Furthermore, magnetic
random-access memory (MRAM), a promising candidate for
working memory applications, has already been subjected to
large-scale statistical evaluation on 300 mm silicon wafers
[5,6].

However, the tunneling magnetoresistance (TMR) ratio of
the CoFeB/MgO/CoFeB magnetic tunnel junctions used in
MRAM is approximately 230% at room temperature [7,8],
which is insufficient to overcome device variability. As a
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result, self-referenced readout is required [9,10], and the high-
speed operation originally expected has not yet been realized.

To achieve higher-speed operation in MRAM, the devel-
opment of materials with higher spin polarization is needed.
Half-metals (HMs), in which only one spin channel is metallic
near the Fermi level (E) [11-16], theoretically yield an infi-
nite TMR ratio [17]. Nevertheless, HMs suffer a significant
decrease in TMR ratio with increasing temperature [18-20].
One proposed origin of this degradation is a change in the
electronic structure (ES) of the HM, attributed to many-body
effects arising from electron-magnon interactions, which re-
duce the spin polarization only near Ep [21-27].

These many-body electronic states, referred to as nonquasi-
particle (NQP) states, appear at different energies depending
on the type of HM. HMs are classified as type 15 or
type Iz depending on whether the majority- or minority-
spin band crosses Er [23,28], respectively, as shown in
Fig. 1(a). In type In HMs, the main body of the NQP
states exists above Er and starts to leak below Eg at tem-
peratures above a certain crossover temperature, 7*. This
behavior has been directly observed in CrO, via bulk-sensitive
spin-resolved photoemission spectroscopy (SRPES) [25,26].
On the other hand, dynamical mean-field theory (DMFT),
which predicts the emergence of NQP states, also suggests

Published by the American Physical Society
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FIG. 1. Low-temperature spin-resolved electronic structure of NCO epitaxial thin films. (a) Schematic diagrams illustrating the classifi-
cation of HM: (i) the one-electron spin-resolved density of states (DOS) in the ground state and (ii) those including NQP states that emerge
in each type above a crossover temperature 7. In photoemission spectroscopy, only NQP states located below Ef are observable. (b) Crystal
structure of NCO. Gray, green, and blue spheres represent Ni, Co, and O atoms, respectively. Sites shown as half gray and half green indicate
50% occupancy by Ni and Co atoms. (c) Low-energy electron diffraction (LEED) pattern of the NCO surface after SRPES measurements,
showing well-defined diffraction spots and confirming surface crystallinity. (d) Spin-resolved energy distribution curves (EDCs) (top) and
corresponding spin polarization (bottom) along the [001] axis measured over a wide energy range using a photon energy of hv = 6.994 eV.
The black dashed line is a linear extrapolation from the shoulder feature in the majority-spin EDC near —0.5 eV. The gray-shaded region
represents spectral weight not reproduced by first-principles calculations. (e) Magnified view of the spectra shown in panel (d), focusing on
the near-Er region. The black arrow indicates the onset of the majority-spin EDC depression.

a temperature-dependent shift of the entire valence band
[23,24,29]. However, such a shift has not been observed
experimentally by photoemission [30,31], implying that
DMFT may not fully capture the temperature evolution of the
electronic structure, and that further refinement of DMFT as
well as more detailed experimental studies of NQP states is
required.

In type Iy HMs, it has been predicted that the main part of
the NQP states appears below Eg, and thus can be directly
observed by SRPES even at temperatures below T7* [23].
NiCo,04 (NCO) (001) epitaxial film with the inverse spinel
structure [Fig. 1(b)] is a metallic ferrimagnet with perpen-
dicular magnetic anisotropy [32-35], and has been predicted
by first-principles calculations to be a type Iz HM [36-39].
A spin polarization of —74% at 35 K was reported from
TMR measurements of NCO/MgAl,O04 (MAO)/NCO tunnel
junctions, supporting the potential of NCO as a promising
type I[g HM [40].

In this study, we investigated the electronic states near
Er in NCO(001) epitaxial films using high-resolution bulk-
sensitive laser-based SRPES. At low temperatures (20 K), the
minority-spin states exhibited a clear Fermi edge, while the

majority-spin states lacked it, providing spectroscopic evi-
dence for the half-metallic nature of NCO. Upon increasing
the temperature above 100 K, we observed an increase in
spectral weight at Ef in the majority-spin channel and a corre-
sponding decrease in spin polarization near Eg. This behavior
suggests a temperature-dependent evolution of NQP states,
with the crossover temperature 7* estimated to be approxi-
mately 100 K.

II. RESULTS AND DISCUSSION

First, we measured the photoemission spectra over a wide
energy range. Figure 1(c) shows a LEED pattern of the sam-
ple after SRPES measurements. A clear diffraction pattern
was observed, confirming the absence of significant surface
degradation due to the laser exposure during the SRPES mea-
surements.

As shown in Fig. 1(d), the absolute value of spin polar-
ization increases from E — Er = —0.4 to —0.25 eV. This is
attributed to a decrease in the intensity of the majority-spin
component. This forms a shoulder structure in the spin-
resolved EDC around —0.45 eV of the majority-spin channel.
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FIG. 2. Temperature dependence of the electronic states near the Fermi level. (a), (b) Spin-resolved EDCs and corresponding spin
polarization, respectively. The gray curves are guides for the eye for the energy dependence of the spin polarization. (c) Temperature evolution
of the majority-spin EDCs near Eg. The black dashed lines represent the normalized majority-spin EDC at 20 K. For each temperature, the
intensity at —100 meV is normalized to that of the 20 K data to facilitate comparison. (d) Temperature dependence of the spin polarization
at E — Ep = 0 eV [P(ER), red] and —150 meV [P(—150meV), blue]. Each curve is normalized to its value at 20 K. Error bars represent the
standard deviation within a 10 meV window used to calculate the average spin polarization. In the gray-shaded region, a pronounced deviation
emerges between P(Eg) and P(—150 meV), with P(Ef) exhibiting more rapid spin depolarization. (e) Spin polarization acquired before and
after the temperature-dependent measurement. The sample was heated from 20 to 300 K, and then cooled back to 20 K.

First-principles calculations indicate that this structure corre-
sponds to the valence-band top for the majority spin [36-39].
While the calculations predict a gap of approximately 0.5 eV
below Ep for the majority spin, EDC for the majority spin
has a finite spectral weight extending up to Er [gray shaded
region in Fig. 1(d)]. This state does not appear within a single-
particle picture and is thus possibly attributed to many-body
effects.

We also examined the spin-resolved EDCs in the vicinity
of Eg. As shown in Fig. 1(e), the majority-spin EDC drops
sharply from £ — Erp = —18 meV toward Ef, and the absolute
value of spin polarization correspondingly increases to —80%.
The fact that the spin polarization does not reach 100% is
attributed to the finite energy resolution of the measurement.
With an energy resolution of 10 meV, even if the majority-spin
band just touches Ef, spectral broadening causes a reduction
in the measured spin polarization at Eg. The absence of a
Fermi edge in the majority-spin channel provides direct ev-
idence that NCO exhibits a half-metallic electronic structure
at 20 K.

In Fig. 1(d), we found that the spin polarization has a
negative offset below —0.5 eV. According to first-principles
calculations, the sign of the spin polarization is expected

to reverse at the energy corresponding to the valence-band
maximum of the majority-spin channel; however, our experi-
mental results do not exhibit such a sign reversal. This can be
attributed to spin-polarized secondary electrons. It has been
reported that secondary electron intensity increases when the
spin channel has a high DOS near Ey [41]. For the case of
NCO, only the minority-spin channel has a finite DOS at EF,
and the offset in spin polarization is negative, consistent with
observing the spin-polarized secondary electrons.

Next, we investigated the temperature dependence of spin
polarization [Figs. 2(a) and 2(b)]. The sharp increase in abso-
lute value of spin polarization from —20 meV to Er remained
unchanged up to 100 K. However, above 130 K, the slope
began to decrease, and at 180 K, the energy dependence of
spin polarization became nearly linear. As shown in Fig. 2(c),
this behavior is due to an increase in spectral weight at Ef at
elevated temperatures compared to the 20 K spectrum.

Above 200 K, substantial spin depolarization occurred over
the entire energy range. This can be attributed to spin-wave
excitations, which project the minority-spin states onto the
majority-spin channel [26,42]. Consequently, the majority-
spin states around Ef exhibited temperature-dependent broad-
ening consistent with the Fermi-Dirac distribution.
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We now discuss the difference in steepness of the depolar-
ization near Er with respect to temperature, in comparison to
the broader depolarization caused by spin-wave excitations.
Figure 2(d) shows the temperature dependence of the spin
polarization at £ — Er = —150 meV, P(-150 meV), and at
Er, P(Ep), each normalized to their respective values at 20 K.
Up to 100 K, both values exhibit nearly identical temperature
dependence. However, above 130 K, P(Er) shows a signifi-
cantly sharper decline compared to P(—150 meV).

If spin-wave excitations were the sole origin of spin depo-
larization, the temperature trends of P(—150 meV) and P(Ef)
would be identical; but these are not. Therefore, the growing
gap between P(Ef) and P(—150 meV) above 100 K indicates
that an Eg-localized depolarization mechanism exists behind
the gap between the P-T curves.

We also evaluated whether sample degradation contributes
to the observed temperature dependence of spin polarization.
Figure 2(e) shows the measurement sequence used for the
temperature-dependent SRPES study, along with the spin po-
larization spectra obtained at 20 K both before and after the
temperature cycling. Upon cooling back down to 20 K, the
spin polarization fully recovered and completely reproduced
the initial spectrum. This validates that the observed tempera-
ture dependence is intrinsic to the physical properties of NCO
and not due to irreversible changes or degradation during
measurement.

As a depolarization origin, we considered two possibili-
ties: One is the presence of NQP states and the other is the
broadening of the spin-resolved EDCs due to electron-phonon
interactions.

We first discuss the effect of electron-phonon interactions.
The spectral broadening due to electron-phonon coupling at
temperature 7', denoted as Ggl_ph(T), is given by the following
expression:

G (T) =GP 1+8( L L pd 1
2 (1) = GO) +—Q%)A N )

where G(0) is the Gaussian width from the phonon broadening
at T = 0 K [43]. Op is the Debye temperature. From Eq. (1),
the spectral broadening due to electron-phonon interactions
can be estimated by determining the parameters G(0) and ®p.

We first estimate G(0). The energy resolution in our mea-
surements was set to 10 meV. Figure 3(a) shows the Fermi
edge of the minority-spin EDC for NCO, along with a fitting
curve generated by convoluting the Fermi-Dirac distribution
function at 7 = 20 K with a Gaussian. From this fitting analy-
sis, the full width of the Gaussian was estimated to be 11 meV.
From these values, G(0) was estimated to be on the order of
~4.6 meV.

Next, we determine Op. Figure 3(b) shows the specific heat
of NCO obtained from first-principles phonon calculations.
By fitting the calculated heat capacity with the Debye model
[44], we estimate the Debye temperature as ®p = 707 K.

Using these parameters, we calculated the temperature-
dependent electron-phonon broadening, Ggl_ph(T), as shown
in Fig. 3(c). The resulting curve indicates that relative to G(0),
the broadening increased by ~1% at 100 K, ~8% at 200 K,
and ~20% at 300 K. Given that G(0) is approximately 4.6
meV, the absolute broadening width even at 300 K remains
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FIG. 3. Estimation of spectral broadening due to electron-
phonon interaction. (a) Minority-spin EDC of NCO (red circles) and
its fitted Fermi edge (black solid line). The fitting curve is obtained
by convoluting the Fermi-Dirac distribution function at 20 K with
a Gaussian of full width at half maximum of 11 meV. (b) Tem-
perature dependence of the specific heat of NCO calculated from
first-principles phonon calculations (red solid line), along with a fit
using the Debye model (black dotted line). The Debye temperature
extracted from the fitting is 707 K. (c) Calculated temperature depen-
dence of normalized electron-phonon broadening, Gei.pn(T)/G(0),
using ©p = 707 K.
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limited to ~0.9 meV. In contrast, the disappearance of the
kink structure in spin polarization shown in Fig. 2(b) occurs
over an energy scale of ~20 meV, which clearly cannot be
accounted for by electron-phonon broadening alone.

Electron-phonon coupling also should be considered as a
possible origin [45]. Previous Raman spectroscopy [46] re-
ports have identified four characteristic peaks at 187, 477,
527, and 670cm™! (assigned to Fag(1), Eg, Fpg(2), and A,
modes, respectively), which correspond to energies of 23, 59,
65, and 83 meV. Among these vibrational modes, the Fg(1)
mode has the energy closest to the observed feature near Eg
(~18 meV). However, its Raman intensity is nearly an order
of magnitude lower than those of the other three modes, sug-
gesting that Fy.(1) is unlikely to be the dominant vibrational
mode coupled to the electronic states.

Next, as another possible origin of the spin depolariza-
tion near Er, we consider the temperature dependence of
the exchange splitting. Within the Stoner model, where the
exchange splitting A is proportional to the magnetization
M(Ae x M), the temperature-dependent magnetization of
NCO [32] indicates a reduction of approximately 12% at
100 K relative to the ground state. Given that the exchange
splitting in the ground state is approximately 0.8 eV [38], this
corresponds to a reduction of ~0.1 eV at 100 K. Assuming
a simple Stoner-like reduction of the exchange splitting and
symmetric shifts of the two spin channels, the majority-spin
one-electron band would be expected to shift by approxi-
mately 50 meV at 100 K. This energy scale is substantially
larger than the ~18 meV near-Er spectral feature observed
experimentally. We emphasize, however, that the ~18 meV
scale discussed here is not the one-electron majority-spin band
edge, but rather the characteristic energy scale of the near-Ep
intensity suppression that may be interpreted as the NQP
cutoff. Therefore, the persistence of this feature alone does
not rule out a temperature-dependent motion of the underlying
one-electron bands. Instead, our data indicate that a simple
rigid shift scenario is insufficient to reproduce the observed
near-Er spectral evolution.

We now compare these results with the s—d exchange
model that predicts the emergence of NQP states. Type Iy
HMs are theoretically treated using a negative s—d exchange
parameter (I < 0) [23,47]. In this case, NQP states appear
below Ef, and the total spin S—1 occupied states are quantum
superpositions of the states |S)|}) and |[S—1)|1). Assuming
a free-electron-like DOS for the minority-spin channel, the
NQP states—formed within the majority-spin gap—originate
from the bottom of the minority-spin valence band. The DOS
of the NQP states sharply decreases near Er on the energy
scale of the magnon maximum energy /®. This decrease in
the DOS is consistent with the reduction in majority-spin EDC
near Er observed in Fig. 1(e). The onset of this intensity sup-
pression occurs at E — Erp = —20 meV, which is comparable
to the typical magnon maximum energy for well-known HMs
such as La;_,Sr,MnO; [48] and Fe;O4 [49].

Based on this discussion, the cutoff in the majority-spin
states near Er can be attributed to the cutoff of the NQP states.
Within this interpretation, the gray-shaded region shown in
Fig. 1(d) corresponds to the main body of the NQP states. This
suggests that NQP states are present even at low temperatures
(~20 K) in type Iz HMs.
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FIG. 4. Schematic NQP-based interpretation of the temperature-
dependent electronic structure. (a) Schematic illustration of the
temperature-dependent electronic structure of a type Is HM. E,
denotes the gap of the one-electron states below Ep in the majority-
spin channel. Near T ~ T*, the NQP tail extends toward Ef, and at
temperatures well above T, the gap is completely filled by thermally
grown NQP states. (b) Same as panel (a), but for a type I, HM. In
this case, E, represents the gap of one-electron states above Ep in the
minority-spin channel.

By combining our experimental results with previous the-
oretical studies [23], we propose a model for the temperature-
dependent electronic structure of type Iy HMs, as illustrated
in Fig. 4(a). Even below the crossover temperature 7%, NQP
states are present within the one-electron majority-spin gap,
within the NQP interpretation. These states exhibit a cutoff
in the DOS on the energy scale of /i®, and their DOS van-
ishes exactly at Ex. Up to T ~ T*, the NQP states do not
show significant temperature dependence. Once the temper-
ature reaches T*, spectral weight of the NQP states begins to
increase at Eg, and the sharp cutoff in the NQP DOS near Eg
is progressively closed.

Assuming a similar temperature evolution occurs in type
1o HMs, the corresponding electronic structure would be il-
lustrated as the schematic shown in Fig. 4(b). This picture
is consistent with the temperature-dependent behavior of the
occupied NQP states observed in CrO, [26]. These results
support the interpretation that spin depolarization near Eg in
type In HMs arises from NQP states.

However, it has been pointed out that in type I, HMs, the
temperature dependence of the valence-band EDCs observed
by photoemission does not fully match the valence-band
DOS obtained from DMFT calculations that account for NQP
states [30,31]. This discrepancy suggests that improvements
to the DMFT framework may be necessary to achieve a
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comprehensive description of the electronic structure both
near Er and throughout the valence band.

The change in the majority-spin states near Er observed
here is expected to induce corresponding modifications in
the minority-spin EDC. However, in this study, no clear
temperature-dependent change beyond the thermal broaden-
ing described by the Fermi-Dirac distribution was observed in
the minority-spin EDC. This indicates that any change in the
metallic spin channel associated with the emergence of NQP
states is too small to be detected within the energy resolution
and statistical accuracy of the present experiment. Addressing
this experimental limitation would enable a more definitive
evaluation of the NQP scenario.

This study reveals that the spin polarization near Er begins
to decrease around 100 K. This reduction in spin polarization
poses a significant challenge for the practical application of
NCO. Such behavior is a universal feature of half-metals
[24-26]; thus, our observation of the temperature-dependent
spin depolarization will contribute to suppressing the ther-
mally induced degradation of spin polarization, facilitating the
practical use of half-metallic materials.

III. CONCLUSION

We have demonstrated the half-metallicity of NCO us-
ing high-resolution SRPES and investigated the temperature
evolution of the spin-resolved electronic structure within the
majority-spin gap. At 20 K, the minority-spin states exhibit
a well-defined metallic Fermi edge, while the majority-spin
states show no Fermi edge, providing direct evidence for
the half-metallicity of NCO. The majority-spin intensity de-
creases sharply within ~20 meV below Ep, consistent with
the expected NQP DOS. Upon heating, thermal broadening of
the minority-spin states leads to reduced spin polarization at
Er. A similar temperature-dependent behavior has also been
observed in type In HMs, suggesting that spin depolariza-
tion due to NQP states is a universal feature of half-metallic
systems. Our findings not only advance the understanding
of itinerant magnetism, but also offer valuable insight into
strategies for achieving higher spin polarization at room tem-
perature, with potential implications for future spintronic
applications.
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APPENDIX A: MATERIAL SYNTHESIS
AND CHARACTERIZATION

Epitaxial thin films of NCO were grown on (001) MAO
substrates by pulsed laser deposition [32,33]. Based on the lat-
tice parameters of NCO (anco = 8.11 A) and MAO (amao =
8.08 A) in bulk, films experience the compressive strain of
~0.4% due to the lattice mismatch. The films were deposited
by ablating a NiCo,0, ceramic target at 6 Hz with a KrF
excimer laser (L =248 nm) with a laser spot density of
1.2J/cm?, at the fixed substrate temperature of 315°C, and
under the oxygen partial pressure of 100 mTorr. After the
film growth, the films were cooled down to room temperature
without changing the oxygen partial pressure.

Structural properties of the films were characterized by
laboratory-source x-ray diffraction. The x-ray 26/6 diffraction
measurements confirmed that the NCO layers were coherently
grown on the substrates and the in-plane lattice constants of
the NCO layers were identical to those of the substrates.

APPENDIX B: EXPERIMENTAL DETAILS

Spin-integrated and spin-resolved angle-resolved photoe-
mission spectroscopy data were acquired by the laser-based
spin- and angle-resolved photoemission spectroscopy ap-
paratus at the Institute for Solid State Physics (ISSP) at
the University of Tokyo [50]. The apparatus was equipped
with highly efficient very-low-energy electron diffraction
(VLEED) spin detectors, whose effective Sherman function
Seit was 0.25, and a hemispherical analyzer (SCIENTA-
OMICRON DA30L). We used a vacuum ultraviolet laser
(hv = 6.994 eV) with p-light polarization as an excitation
light. During the measurement, the base pressure was kept
below 1 x 10~% Pa. The acceptance angle of the spin detector
was set to 1°, which reliably corresponded to approximately
1% of the Brillouin zone in the LKWU plane centered at
the L point. However, E—k maps obtained by angle-resolved
photoemission spectroscopy do not show any clear angular de-
pendence; therefore, our results are considered to be angle in-
tegrated. Calibration of Ep for the sample was achieved using
a gold reference. We magnetized the NCO film along the mag-
netic easy axis ([001] direction) by a magnetic field of 0.4 T.
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FIG. 5. 20-0 scan for the NCO sample on which we performed
SRPES measurements.

To obtain absolute values of spin polarization us-
ing the VLEED detector, we used the equation P =
(1/8See)IT —I7)/U* +17), where I is the intensity of

the electrons reflected by the positively (negatively) magne-
tized target. Then we obtain the majority (/;) and minority
(I,) spin spectra using Iy = [1 + (=)P](fiot/2), where
Lot =17+ 17 [51].

To estimate the characteristic energy at which the
majority-spin EDC exhibits a sharp decrease [indicated by the
black arrow in Fig. 1(e)], linear fittings were performed. The
fitting ranges were set to —45 to —17 meV on the low-energy
side and —17 to 0 meV on the high-energy side. From the
intersection of these fitted lines, the characteristic energy of
the majority-spin intensity suppression was estimated to be
—18 meV.

APPENDIX C: FIRST-PRINCIPLES
PHONON CALCULATION

First-principles phonon calculations were performed us-
ing the supercell finite-displacement method, as implemented
in ALAMODE [52]. A +/2 x /2 x 2 supercell containing 56
atoms was used. To identify the most stable inverse spinel
structure, the total energies of various configurations of Co
and Ni atoms at the octahedral sites were computed using
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FIG. 6. Analysis based on shifted spin-resolved EDCs measured at 20 K. (a) Spin-resolved EDCs without shifting the majority-spin
component. ES1 and ES2 correspond to the majority-spin valence-band maximum of the one-electron state and the NQP state discussed in
the main text, respectively. (b) Same as panel (a), but with the majority-spin EDC shifted by 40 meV toward higher energy and multiplied by
a Fermi-Dirac function convoluted with the experimental resolution. (c) Same as panel (b), but with an 80 meV shift. (d) Spin polarization
calculated from the EDCs in panels (a)—(c), overlaid with experimental data at 200 and 300 K. Black arrows indicate the energy where the
slope of the spin polarization changes due to the variation in the relative contributions of ES1 and ES2. (e) Spin polarization normalized at
E — Er = —0.18 eV, together with linear fits in the range from —0.22 to —0.15 eV. (f) Experimentally obtained spin polarization at 20, 250,
and 300 K, normalized at E — Er = —0.18 eV, with linear fits in the range from —0.25 to —0.15 eV.
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density functional theory (DFT). Based on the most sta-
ble structure identified (space group: P4,22), we calculated
phonon dispersion and phonon heat capacity within the har-
monic approximation. The heat capacity was evaluated using
the phonon frequencies at 40 x 40 x 30 g points sampled in
the first Brillouin zone. The DFT calculations were conducted
using the Vienna Ab Initio Simulation Package [53], which
implements the projector augmented-wave method [54]. A ki-
netic energy cutoff of 520 eV was used, along witha 5 x 5 x
5 Monkhorst-Pack grid for the Brillouin zone sampling and a
convergence criterion of 1077 eV for the self-consistent-field
iteration. The Perdew-Burke-Ernzerhof functional optimized
for solids [55] was used for the exchange-correlation term.

APPENDIX D: CHARACTERIZATION
OF NCO EPITAXIAL FILM

We characterized the film by x-ray diffraction (XRD) as
shown in Fig. 5. We observed a sharp diffraction peak at 44.8°
corresponding to the (004) reflection, accompanied by clear
thickness fringes, which is consistent with an epitaxial NCO
film (lattice constant ¢ = 0.811 nm) on an MAO substrate. For
rock-salt NiO (a = 0.418 nm) and CoO (a = 0.426 nm), the
(200) diffraction peaks with Cu Ke radiation would appear at
43.25° and 42.40°, respectively; no such peaks are observed
in our XRD pattern.

Co304 has a slightly smaller lattice constant (@ = 0.808
nm) than NCO, and we do not observe diffraction peaks at-
tributable to Co3 0Oy either. In addition, compositional analysis
by resonant x-ray scattering on NCO films grown under the
same conditions indicates that the Ni/Co ratio at the octahedral
sites is approximately unity [33]. This further suggests that a
Ni-deficient Co3O4 phase, if present at all, is negligible.

APPENDIX E: SPECTRAL SHIFT ANALYSIS

In ferromagnets, the temperature evolution of the elec-
tronic structure exhibits a reduction of the exchange splitting
with increasing temperature due to Stoner damping [56]. To
examine whether the spin depolarization near Er observed in
this study can be explained by Stoner damping, we performed
an analysis in which the majority-spin EDC obtained at 20 K
was artificially shifted (Fig. 6).

Figures 6(a)-6(c) show the spin-resolved EDCs con-
structed by shifting the majority-spin EDC by 0 (no shift), 40,
and 80 meV toward higher energy, respectively, followed by
multiplication with a Fermi-Dirac distribution function con-
voluted with the experimental energy resolution. From these
spin-resolved EDCs, the spin polarization defined as P =
(Imajority_ minority)/ (Imajorily + Iminority) was CalCUIateds and the
results are shown in Fig. 6(d). For comparison, experimentally
obtained spin polarizations at 250 and 300 K are also plotted.

As indicated by the black arrows, a pronounced change
in the slope of the spin polarization is observed at the en-
ergy where the relative contributions of ES1 and ES2 are
interchanged. As shown in Fig. 6(e), linear fitting of the nor-
malized spin polarization reveals that the slope of the fitted
line increases with increasing shift magnitude. This behavior
originates from the shift of the bending point in the spin
polarization curve.

In contrast, as shown in Fig. 6(f), the slope of the ex-
perimentally obtained spin polarization does not exhibit any
systematic change with increasing temperature. This result
indicates that a simple band shift due to Stoner damping
cannot account for the temperature dependence of the spin
polarization observed in the experiment. Therefore, we con-
clude that the spin depolarization near E originates not from
Stoner damping, but from the temperature evolution of the
NQP states.
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