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Detecting halfmetallic electronic
structures of spintronic materials
in @ magnetic field

H. Fujiwara'™, R.Y. Umetsu?**, F. Kuroda®, J. Miyawaki®’:®, T. Kashiuchi?, K. Nishimoto?,
K. Nagail, A. Sekiyama?, A. Irizawa®, Y. Takeda®, Y. Saitoh®, T. Oguchi®*°, Y. Harada%’ &
S.Suga>!!

Band-gap engineering is one of the fundamental techniques in semiconductor technology and
also applicable in next generation spintronics using the spin degree of freedom. To fully utilize

the spintronic materials, it is essential to optimize the spin-dependent electronic structures in the
operando conditions by applying magnetic and/or electric fields. Here we present an advanced
spectroscopic technique to probe the spin-polarized electronic structures by using magnetic circular
dichroism (MCD) in resonant inelastic soft X-ray scattering (RIXS) under an external magnetic
field. Thanks to the spin-selective dipole-allowed transitions in RIXS-MCD, we have successfully
demonstrated the direct evidence of the perfectly spin-polarized electronic structures for the
prototypical halfmetallic Heusller alloy Co,MnSi. RIXS-MCD is a promising tool to probe the spin-
dependent carriers and band-gap induced in the buried magnetic layers in an element specific way
under the operando conditions.

Toward the next generation spintronics technology, the manipulation of the spin degree of freedom attracts strong
attention. The key parameters to design the functional devices such as the magnetic tunneling junction are the
spin-dependent band gap and the spin polarization in the vicinity of the Fermi level (Eg) for the conducting
electrons in the magnetic elements. Since the active magnetic layers are usually covered by capping layers in the
device, the spin-polarized electronic structures of the buried magnetic systems are important to be clarified by
using bulk sensitive spectroscopic techniques.

Here, we have established a versatile experimental technique to study the electronic structures of the spin-
tronic systems owing to the resonant inelastic X-ray scattering (RIXS) in an external magnetic field. RIXS is a
photon-in/out spectroscopy by tuning the incoming photon energy to the core-level absorption edges'?, offering
us powerful element-specific probes of the electronic structures even for the buried magnetic layers thanks to
the long probing depth (>100 nm)®. Moreover, any external perturbations, such as magnetic field, can be applied
during the measurements as shown in Fig. 1a*®, giving the great advantage to study the electronic structures
under the operando conditions for the device application in comparison with other electronic spectroscopies. It
has been reported that the magnetic circular dichroism (MCD) in RIXS is effective to probe the magnetic excita-
tions in the magnetically ordered states®” and the spin-polarized electronic structures of the magnetic materials®®.

The RIXS intensity is represented by the Kramers-Heisenberg formula, which is written as
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(a) Experimental Geoemtry for RIXS-MCD (b) Optical Process of RIXS-MCD on Co,MnSi
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Figure 1. (a) Geometry of the RIXS experiments under the magnetic field. The illustration was drawn with
Vectorworks 2019 software. (b) The optical process of RIXS-MCD. The relative photon energy is defined as
hvy = hviy, — Ejpy, where Epp, is the energy difference between the Er and 2p3 /> m; = —3/2 states.
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where a, b, and i denote the initial, final, and intermediatg states having the energy of E,, Ej, and E;, respectively,
and the lifetime broadening I'; of the intermediate states. F is the dipole transition operator for the polarization
of w1 (u2) of incoming (outgoing) photon with energy of hv;,(hv,y,:). When the external magnetic field induces
the magnetic ordering, the degeneracy of the core levels is lifted by the effective exchange field due to the 3d
states of the magnetic elements as shown in Fig. 1b. This core-level Zeeman splitting induces the spin-polarized
core levels in the 2 p3/, with m; = £3/2 states. Then the spin-selective dipole-allowed transitions between the
2 pmj=+3/2 and 3d states by using the circularly polarized photons give the information on the spin-dependent
electronic structures in the RIXS-MCD spectra. Note that the transition probabilities for the 2 p- 3, states in both
excitation and decay channels are much larger than those for the m; = £1/2 states®, having the spin-degeneracy
due to the strong spin-orbit interaction in the 2p edges (See “Methods:Theory”).

By utilizing this innovative technique, we focus on the prototypical halfmetallic ferromagnet Co,MnSi,
which is one of the L2;-type full-Heusler alloys having the up-spin states with 100% spin polarization at Er in
the down-spin gap as predicted by the density functional theory (DFT)’. The Curie temperature of 985 K is high
enough for the applications'®"!, and the giant tunneling magnetoresistance was reported over 300% at 290 K
for the epitaxial magnetic tunneling junctions'>!*. The experimental magnetic moment is close to 5 pp/f.u.'’,
which is in agreement with the value expected from the Slater-Pauling rule for the halfmetallic materials'*. In
addition, the anisotropic magnetoresistance (AMR) ratio is negative for the wide range of the relative angle 6
between the magnetization and the electric current directions with negative peaks at & = 0° and 180°, supporting
the halfmetallic nature'>'°. The local electronic structures and magnetic properties have been investigated by
using the photoemission spectroscopy and the MCD in X-ray absorption spectroscopy (XAS), and understood
as the Co 3d electrons have rather itinerant character and the Mn 34 electrons contribute noticeably to the local
magnetic moment!’~°. Moreover, the spin-resolved “unoccupied” partial density of states (PDOS) were extracted
from the XAS-MCD spectra®®?!.

Nevertheless, the direct observation of the halfmetallic electronic structures is still challenging. Since the
coercivity for the bulk single crystals is small, it was difficult to study the spin polarized electronic structures using
the standard spin-resolved photoemission (SPES) approach. Thus, only few SPES works have been reported so
far for the halfmetallic electronic structures in Co,MnSi film samples having the remanent magnetization®?. In
addition, it is well known that the magnetic properties and electronic structures of the Heusler alloys are often
changed by various disorders'"**, and the surface sensitivity of SPES always hinders to probe the electronic
structures of the buried magnetic layers after fabricating the device structures. Meanwhile, it has been reported
that the RIXS-MCD allows us to probe the spin-polarized electronic structures in ferrimagnetic Mn,; VAI®, but
the halfmetallic gap was not directly observed in the Mn 2p3, edge since the spin-gap opens on the up-spin side
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in Mn; VAL In order to experimentally prove the halfmetallic nature, it is important to detect the spin-polarized
electronic structures across the Fermi level observed in the gap of opposite spin. This motivated us to perform the
RIXS-MCD experiments for the high-quality single crystal of ferromagnetic Co,MnSi, which has the expected
halfmetallic gap on the down-spin side, under the magnetic field.

Results

Figure 2a,b show the Co and Mn 2p3,, XAS and its MCD spectra obtained by the total electron yield mode
recorded at 20 K, where the numbers indicated above the XAS spectra show the excitation photon energies of
the RIXS spectra in Fig. 2¢,d, respectively. The RIXS spectra measured in parallel and antiparallel configura-
tions between the light helicity and the direction of the magnetic field, denoted as 4 and =, show the circular
polarization dependence for both the Co and Mn 2p3; edges. In the Co edge, the RIXS peak structure develops at
the constant energy loss around 1.5 eV (indicated by solid vertical bars in Fig. 2c) with increasing the excitation
photon energies from the pre-edge to the vicinity of the peak top of the XAS (labeled from 1 to 8), suggesting
the localized character of the dd-excitations on the Co site. Above this photon energy of 8 (778.7 eV), the energy
loss feature shift linearly with the excitation energies, suggesting the fluorescence feature due to the decay from
the shallow occupied states to the empty core hole states, which reflects the itinerant character of the unoccu-
pied states in the intermediate states. On the other hand, the Mn 2p3; RIXS spectra show the fluorescence peak
around 2.0 eV in the pre-edge region, which shifts linearly with increasing the photon energy. This indicates that
the character of the Mn 3d states is much different from that of the Co 3d states. One should, however, notice
the small energy loss feature at around 0.5 eV for the excitation photon energies between 5 and 11 for the Mn
2p3/2 RIXS as indicated by solid vertical bars in Fig. 2d.

The detailed intensity map of the polarization averaged RIXS spectra obtained by (1 +17)/2 for the Co and
Mn 2p3, edges are displayed in Fig. 3a,b, respectively. The fluorescence components reflecting the occupied
electronic structures of the 3d states are dominant for both Co and Mn edges with the energy gap from the elastic
line. This gap size for the Co edge is 1.0 eV, which is smaller than that for the Mn edge of 1.5 eV. This reflects
the displacement of the upper edge of the occupied PDOS of the valence band electronic structures between
Co and Mn 3d states.

The RIXS-MCD spectra given by u — ;1™ are displayed in Fig. 3c,d for the Co and Mn 2p3; edges, respec-
tively. The MCD contrast is clearly observed especially for the fluorescence components, and the negative MCD
signals show up on the lower excitation energy side than the positive MCD signals. The negative MCD in the
Co edge first shows rather constant energy-loss features at 1.5 eV around hv;, of 778 eV, suggesting the local
dd-excitation with the energy gap of ~ 1.0 eV from the elastic peak. An additional low energy excitation with
constant energy-loss at 0.5 eV shows negative MCD signals for both Co and Mn edges, suggesting the possible
magnetic excitation as discussed later?»**. Most strikingly, the positive MCD signals on the Co edge (indicated
by the downward green arrow in Fig. 3c) show up around 1 eV of loss energy in the gap of the negative MCD
signals, which is also confirmed by the RIXS spectra in Fig. 2c. On the other hand, the RIXS-MCD on the Mn
edge in Fig. 3d shows the negative fluorescence MCD with the gap of 1.5 eV from the elastic line. This feature is
clearly different from the Mn RIXS-MCD for halfmetallic ferrimagnet Mn, VAl, which shows that the negative
fluorescence-MCD signals branch off from the elastic line at the beginning of the Mn 2p3,; resonance in Fig. 3f
(as discussed later)®%26-28,

In order to discuss the electronic structures responsible for the RIXS-MCD, we have simulated the RIXS-MCD
spectra based on the Kramers-Heisenberg formula with practical assumption that the square of the matrix ele-
ment in the numerator is proportional to the PDOS of the involved occupied and unoccupied states multiplied
by the transition probabilities as formulated in Eq. 2, (see “Methods:Theory”). Note that the XAS and the valence
band hard-X-ray photoemission (HAXPES) spectra are qualitatively described by the DOS-based simulations,
(see Supplementary materials), so that the DOS obtained by DFT reasonably explains the electronic structures
of Co,MnSi. The simulation of the RIXS-MCD spectra for the Co edge in Fig. 4a shows the dominant negative
MCD starting around the loss energy of 1.5 eV and noticeable positive MCD observed around 1.0 eV. The excita-
tion energy is expressed by the relative photon energy defined as hv; = hvj, — Ejp, which is the difference of the
photon energy hv;, from the energy Epp between the Er and the m; = —3/2 core state as shown in Fig. 1b. We
should point out that hv; for the positive MCD in Fig. 4a is about 1 eV higher than that for the negative MCD,
which is consistent with the experimental results in Fig. 3c. The MCD contrast is mainly due to the optical transi-
tion between the 2p core levels with magnetic quantum number m; = £3/2 lifted by the Zeeman splitting due
to the effective magnetic field from the 3d states (see Supplementary materials). Since the 2p. 3/ states are fully
spin polarized, the spin-selective transitions take place by the spin-polarized electrons. Namely, negative (posi-
tive) RIXS-MCD signals reflect the Co 3d states with spin-down (-up) components. This was explicable by the
theoretical simulations resolving the m; components as shown in Fig. 4b,c. The negative MCD mainly originates
from m; = —3/2 contributions with the gap size of ~ 1.2 eV (Fig. 4b), which is consistent with the down-spin
band gap of the PDOS of Co 3d states as shown in Fig. 4i,j. Most interesting is that m; = +3/2 contributions
with up-spin character are observed in the down-spin gap (Ej,) as indicated by the green downward arrow in
Fig. 4a, in consistence with the halfmetallic electronic structures of the Co 3d states as illustrated in Fig. 1b.

The simulated spectra for the Mn edge are also qualitatively consistent with the experimental results, and again
the down-spin gap is also observed for the m; = —3/2 contributions as shown in Fig. 4d,e. The gap size of the
down-spin contribution is about 2.2 eV in Fig. 4e, which is wider than that of the Co 3d states in agreement with
the PDOS as shown in Fig. 4k. Moreover, peaks at the Mn edge shift linearly with the incoming photon energy
in Fig. 4d,e, whereas peaks at the Co edge in Fig. 4a,b show rather constant energy-loss feature, reflecting the
localized character of the Co 3d states from the beginning of the resonance to the iv; of about 1.0 eV. According
to Eq. 2, the difference of the hvi-dependence of the Co and Mn edges comes from the electronic structures of
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Figure 2. (a,b) XAS and XAS-MCD spectra of Co,MnSi obtained at the Co and Mn 2 p3, edges. (c,d) Photon
energy dependence of the Co and Mn 2 p3, RIXS spectra for Co,MnSi obtained by ;1 and 4+~ configurations
recorded at the excitation photon energies indicated by the numbers above the vertical bars on the XAS spectra.
The hatched regions are guides to the eye for showing the evolution of the RIXS structures, and the vertical

Energy Loss (eV)

dashed lines indicate the threshold energies.

the unoccupied 3d states. As shown in Fig. 4j,k, the band-width of the unoccupied Mn 3d states is wider than
that of the Co 34 states with the relatively sharp unoccupied PDOS near the bottom of the conduction band in
the down-spin case, which is mainly dominated by the anti-bonding e, states originating from the Co 3d - Co
3d hybridization between the neighboring Co sites'*. Therefore, the incoming photon energy dependence of
the RIXS-MCD at the Co edge reflects localized character of unoccupied states of the Co 3d states, while that
at the Mn edge shows rather itinerant character of the unoccupied Mn 3d states. On the other hand, occupied
PDOSs show prominent difference between the Co and Mn. Namely, e, states as well as up-spin t5, states of Mn
are much more localized than those of Co as recognized in Fig. 4j,k. Therefore, the RIXS-MCD spectra show

Scientific Reports|  (2021) 11:18654 |

https://doi.org/10.1038/s41598-021-97992-z

nature portfolio



www.nature.com/scientificreports/

Co,MnSi Mn,VAI
(a) Co 2p;;, RIXS (pol. averaged) (c) Co 2ps, RIXS-MCD (e) V2p,, RIXS-MCD
T TE .. f T

782 — 782 /1 W 516 — ' ﬂm ,\’

781 — L 781 —] 515 — 1”.
= 780 — hign 780 — . * 514 — 'JH,
> 779 ﬂ 770 | [ W s13 - [
o low = ; =
E 778 — Exp. — 778 — Exp. : 512 A exp.
w777 o W2 tev  |-777 4 u*- u‘ ‘ 511 — u*- u'
: IIIIIIIIIIIIIIIII T IIIIIIIIIIIIII T IIIIIIIIIIIIII
,g 8 4 2 0 8 6 4 2 0 8 6 4 2 0
£ (b) Mn 2p3;, RIXS (pol. averaged) (d) Mn 2p3,2 RIXS-MCD (f) Mn 2p;,» RIXS-MCD
o

643 . — 643 —) 643 — L
2 ‘1”*\!'
£ 642 642 —] 642 —
o 64 L 641 —] 641 — A
o high + + H LN
£ 640 640 —] =° ‘ 640 — =°

639 —{ 1ow 639 - = ‘* 639 - =

638 —| EXP- 638 —{=X°- 638 | SXF-.

M+ p)2 M-y Hi=[H
IIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIII
8 4 2 0 8 6 4 2 0 8 6 4 2 0

Energy Loss (eV)

Figure 3. Intensity plot of the RIXS data for Co,MnSi obtained by the circularly polarized photons. The
polarization averaged RIXS at the Co 2p3/, edge (a) and at the Mn 2 p3/, edge (b), and the RIXS-MCD data for
the Co and Mn edges in (c,d), respectively. The RIXS-MCD data for Mn; VAl obtained at the V and Mn 2p3,
edges are also shown in (e,f). The gap energies in (a,b) are estimated by the energy difference between the elastic
peak and the threshold of the RIXS structures as shown in Fig. 2¢,d.

the strong contrast between the positive and negative signals due to the m; = +3/2 and —3/2 components as
shown in Fig. 4d-f.

The core-level Zeeman splitting, which is one of the most important parameters for the spin-selective excita-
tion, can be estimated by the energy difference between the m; = £3/2 components. To examine the estimation
of the splitting energy, the m; resolved simulations for all 7m; components of 2p3 ; states are integrated along the
loss energy axis as shown in Fig. 4g,h for Co and Mn edges. The difference of the two threshold energies of the
m; = £3/2 components, estimated at the half maximum of their MCD peaks as indicated by vertical bars, yields
0.5 and 1.0 eV for Co and Mn edges, representing the Zeeman splitting (see “Methods:Theory”). The good agree-
ment with the experimental results indicates that the calculated values of Zeeman splitting were reasonable, and
also confirms the validity of the simulation method. Note that the m; = £1/2 contributions, which cause spin-flip
(non spin-conserving) excitations due to the spin degeneracy from the strong spin-orbit coupling (SOC) of the
2p states, contribute much less to the RIXS-MCD than those of the m; = 4-3/2 components, (see Supplementary
materials). This is due to the difference of the transition probabilities of the dipole-allowed transitions, which
are applied for both excitation and decay channels in the RIXS process.

Figure 5a upper panel shows the incoming photon-energy dependence of the experimental RIXS-MCD
intensity of the Co 2 p3,, edge integrated within 0.5 eV full width (£0.25 V) around the energy loss of 1.6 eV (1.0
eV) corresponding to the m; = —3/2 (+3/2) component as shown by yellow hatched regions in Fig. 5b. The peak
of resonance for the m; = —3/2 contribution is located at 778.2 eV (hv; = 0.5eV), and the delayed resonance
of mj = +3/2 components is observed at 778.9 eV (hv; = 1.2 eV) due to the core-level Zeeman splitting. The
resonance energies for both m; = £3/2 components are consistent with the theoretical simulations as shown in
the lower panel of Fig. 5a, which are extracted from the results in Fig. 5c. The experimental RIXS-MCD spectra
obtained at the photon energies corresponding to the m; = +3/2 resonance peaks in Fig. 5a are displayed in
the top panel of Fig. 5d. The m; = —3/2 spectrum recorded at 778.2 eV shows the down-spin gap E; of 0.9 eV
estimated from the onset of the fluorescence MCD signals (see Supplementary materials), which is comparable
to the simulation in the middle panel as well as PDOS of the Co 3d states as shown in Fig. 4j. On the other hand,
the RIXS-MCD spectrum obtained at the m; = +3/2 resonance at 778.9 eV (top panel in Fig. 5d) shows the
positive MCD signals around 1 eV, which is consistent with the theoretical simulation at hv; of 1.2 eV (middle
panel in Fig. 5d). These positive MCD signals are mainly due to the m; = +3/2 contributions with the up-spin
components as shown in the mj-resolved spectra obtained at iv; of 1.2 eV in the bottom panel of Fig. 5d. Most
important is that the up-spin components are observed in the down-spin gap as shown in Fig. 1b. Since the
Co 3d states contribute mainly to the electronic structures in the vicinity of the Er as supported by the valence
band HAXPES (see Supplementary materials), the up-spin components in the down-spin gap contribute to the
electronic states at the Ef, proving the halfmetallic electronic structures of the Co 3d states. Note that the low
energy excitation around 0.5 eV (top panel of Fig. 5d) is not observed in the DOS-based theory, and thus it is
possibly due to the spin wave excitations predicted by the theoretical simulations®*?*.
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Figure 4. Theoretical RIXS-MCD spectra for Co,MnSi at the Co 23/ edge (a). The m; = —3/2 and

+3/2 components are shown in (b,c). Theoretical RIXS-MCD at the Mn 2 p3; edge (d) and the m; = £3/2
components are shown in (e,f). The green arrows in (a,d) indicate the m; = +3/2 components located in the
down-spin gap (Eg,) of mj = —3/2 components obtained in (b,e). The incoming photon energy dependence of
the m; resolved MCD intensity integrated over whole loss energies are also shown in (g,h) for Co and Mn edges,
respectively. The vertical bars indicate the threshold energies of the m; = 4-3/2 components. (i) the theoretical
prediction of the spin-dependent DOS and PDOS of Co, Mn, and Si. (j,k) the e, and £, components of the
PDOS of Co and Mn, respectively.

In the same manner, the behavior of the spin-polarized electronic structures of the Mn 3d states are shown
in the top panel of Fig. 5e obtained at the m; = £3/2 resonance energies (640.25 and 639.35 eV) determined
from the photon energy dependence of the RIXS intensity in Fig. 5f, which is extracted from Fig. 5g,h. The
down-spin gap Eg of 1.9 eV is comparable to the energy gap of 1.7 eV in the Mn 3d PDOS as shown in Fig. 4k,
and the positive MCD signals reflecting the up-spin contributions of the Mn 3d states in the vicinity of the
Er are also observed in the gap as in the case of Co. This provides the direct evidence of the presence of the
up-spin states in the down-spin gap, i.e. the halfmetallic electronic structures for Co,MnSi, in line with the
AMR measurements'>'® and the previous spectroscopic investigations using SPES?? and XAS-MCD?**! for the
occupied and unoccupied electronic structures, respectively. RIXS-MCD is a powerful technique to probe the
spin-polarized electronic structures for both occupied and unoccupied side with element specific way, giving the
great advantage to investigate the spin-dependent gap in the halfmetallic materials.

Discussion
We should point out the difference of the RIXS-MCD spectra for the Mn edge between ferromagnetic Co,MnSi
and ferrimagnetic Mn, VAl as shown in Fig. 3d.f, respectively. Since the halfmetallic gap of Mn, VAl opens in
the up-spin side (see Supplementary materials)®?%, the negative RIXS-MCD signals of Mn; VAl can branch off
from the elastic line due to the spin polarized electronic structures for the spin-down subband around the Eg
6, Moreover, the antiparallel spin coupling between Mn and V in ferrimagnetic Mn, VAI*® induces the opposite
order of the core-level Zeeman splitting for Mn and V 2 p3; states (see Supplementary materials). This attributes
to the reversed RIXS-MCD contrast between Mn and V edges of Mn, VAI® as shown in Fig. 3f,e, and the gap of
the m; = +3/2 components in the V 2p3/, edge around 512.5 eV in Fig. 3e reflects the up-spin band gap of the
V 3d PDOS of Mn; VA (see Supplementary materials). This is practically important that RIXS-MCD directly
probes which spin subbands opens the halfmetallic gap as observed in the difference between Co,MnSi and
Mn, VAl giving the important information to design the spintronic devices. Since the transition probability of
the spin-polarized m; = 4:3/2 states are generally larger than that for the m; = £1/2 states, this technique can
be adopted for the broad range of the spintronic materials.

To summarize, we have successfully established the method to probe the spin-polarized electronic structures
using RIXS-MCD in the magnetic field. The potential of RIXS-MCD is not only for detecting the spin-polarized
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Figure 5. Comparison of the RIXS-MCD spectra between the experiment and theory. Results for the Co(Mn)
2p3/2 edge are shown in the left (right) half. (a,f) Incoming photon-energy dependence of the RIXS-MCD
intensity of Co and Mn 2 p3, edge at the selected loss energy for m; = 4-3/2 components with full energy
window of 0.5 eV as indicated by the yellow-colored hatched area in the intensity plot for experiment (b,g) and
theory (c,h). The same color scales as in Figs.3 and 4 are employed here. (d,e) The selected RIXS-MCD spectra
for the Co (Mn) edge obtained at the m; = £-3/2 resonance energies defined by the peak energies as indicated
by vertical bars in (a,f), respectively. The resonance energies for the m; = 4-3/2 components are also shown by
the dashed lines in (b,c,g,h). To minimize the experimental artifacts, each spectrum was measured for opposite
orientation of the external magnetic field and the obtained spectra were averaged. Moreover, the experimental
spectra are scaled to discuss the line shape. The experimental data (top curves in (d,e)) are compared with
theory (middle curves) together with the theoretical m; resolved spectra at m; = +3/2 resonance (bottom
curves). The green hatched regions in (d,e) are the guides to the eye for showing the energy range, where

m; = +3/2 components are observed in the gap of the m; = —3/2 spectra.

electronic structures, but also for confirming the spin-dependent gap even for the capped samples under the
operando conditions. Moreover, the element specific characteristics are so powerful for clarifying the electronic
structures of the buried device structures such as magnetic tunneling junction constituted by several magnetic
elements. It will be possible to semi-quantitatively analyze the density of the spin-polarized carriers induced in
the heterojunctions under the operando conditions by applying the magnetic and/or electric fields. Therefore,
we stress that RIXS-MCD is a very suitable technique for acquiring the necessary information for designing the
spintronics devices, opening up a new field of science.

Methods

Single crystalline growth and sample characterization. Mother ingot of polycrystalline Co,MnSi
was fabricated by arc melting in an argon gas atmosphere. Since the vapor pressure of Mn is high during the
melting, excess Mn elements are contained in the mother ingot. Single crystal was grown by the Bridgeman
method with a size of 12 mm in diameter and about 30 mm in length. The obtained ingot was annealed at 1373
K to enlarge the crystal grains and then slowly cooled down to the room temperature. Crystal orientation was
checked by the back Laue method and the specimen was cut in a strip form in the direction being parallel to
(100). The sample composition was evaluated to be Co: 50.0, Mn: 25.9, Si: 24.1 (atomic %) with an electron
probe microanalyzer. The electronic structures are, however, robust for the slight off-stoichiometric effect in
the present case, which is simulated by the density functional theory, (see Supplementary materials). Sample
magnetization was measured with a superconducting quantum interference devices (SQUID) magnetometer.
Saturation magnetic moment evaluated from the magnetization curve at 5 K for Co,MnSi was 142.2 emu/g and
converted to 5.1 up/f.u. The expected value of the magnetic moment for Co,MnSi by Slater-Pauling rule is 5 13
/fu'*, being consistent with the experimental value. The Curie temperature of the present specimen detected by
differential scanning calorimetry is 1020 K, being also comparable to the literature'®!!.

RIXS experiment. RIXS measurements were performed at room temperature at SPring-8 BLO7LSU HOR-
NET end-station, where either linearly or circularly polarized light could be delivered®*°. For RIXS-MCD meas-
urements using left and right circularly polarized light, the external magnetic field of 0.25 T was applied by
a magnetic circuit with a permanent magnet, which has two poles with holes for passing the excitation light
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through*°. The magnetic circuit was mounted on the rotational feed through, and the direction of the magnetic
field was reversed to make sure the genuine magnetic signals*. The total energy resolution was set to ~ 200 meV.

Theory. The electronic structure calculations based on DFT are performed using the HILAPW code, the all-
electron full-potential linearized augmented plane-wave (FLAPW) method?®'. The generalized gradient approxi-
mation (GGA) using the Perdew-Burke-Ernzerhof scheme® is used for the exchange-correlation potential. Here
the full relativistic effects including the SOC are taken into account for the Co and Mn 2p core states. On the
other hand, the spin-orbit coupling for the 3d states is negligible compared with the 2p states, since the orbital
magnetic moments per hole of Co and Mn were estimated as 0.009.4p/Co/hole and 0.002p/Mn/hole by means
of the sum-rule analysis for the XAS-MCD spectra, respectively, (see Supplementary materials). Plane-wave
expansion cutoffs are set to 20 Ry for the wave functions and 160 Ry for the charge density and potential func-
tions. For the Brillouin-zone integration, a16 x 16 x 16 uniform mesh is used with the tetrahedron integration
technique. The obtained DOS well explain the valence band photoemission and XAS spectra, (see Supplemen-
tary materials).

The calculated total magnetic moment is 5.00 g, which is a perfectly integer value resulting from the halfme-
tallicity. The calculated spin magnetic moments of the Co and Mn 3d states are 1.05 j1p and 2.80 1, respectively.
These exchange spilt 3d states under external magnetic field cause the Zeeman splitting of the 2p core states. The
magnitudes of their Zeeman splitting of 2p j = 3/2 states are about 0.5 eV for the Co atom and 1.0 eV for the
Mn atom, and their states are energetically higher in the order of mj = —3/2,-1/2,+1/2, and +3/2. Figure 4j,k
show the calculated PDOS of the Co and Mn 34 orbitals.

The RIXS spectra are simulated based on the Kramers-Heisenberg formula written as eq. 1%, If it is assumed
that the square of the matrix element in the numerator is proportional to the PDOS of the involved occupied
(unoccupied) states described as D (D""°°) at the energy of &, (&.) of occupied (unoccupied) valence states,
this formula can be translated to

(n2) | (11)
W, Wimjm, ?V(;tg-wz)mé(gvfl) ?’g(f;l)ms(hvl+EF)

jmjmy
o1, Vour) o Z Z /dgf1 J (ey-1 — Ezp;,,,. — hvou)? + I' 2)
v jmj i

i . /
jmj mg,m;

by the density of states (DOS) approximation, considering electric dipole transition probabilities of the incoming
(outgoing) photon helicity 1 (142). The weight coefficient wj(,ﬁ)m is a square of product of Clebsch-Gordan coef-
fcient and the Gaunt coefficient. Here, j, mj, and m; are the total angular momentum of the 2p core states, their
z component, and the spin of the 3d states, respectively. For the 2p states, m is given by m; — ms. The energy of
unoccupied valence states €, using the offset energy (hv) relative to the Er is written as ¢, = Er + hv;, and €1
stand for the energy of valence electron with one hole. v,y denotes the outgoing photon energy. The lifetime
broadening I'; values are set to 0.47 (0.36) eV for the Co (Mn) Ls-edges®*. Although all one electron excitations
are considered in equation 2, such excitations as the dd-excitations originating from the multiplet effects as well
as magnon excitations are not handled there.

Note that the transition probabilities depending upon the helicity of photon are considered only in the absorp-
tion process, but they are averaged in the emission process since the polarization of the outgoing photon is not
observed in the measurement. The SOC of the 34 states is neglected because it is much smaller than that of the
2p core states and is not thought to affect the RIXS spectra noticeably. Due to spin degeneracy from the strong
SOC, them; = +1/2 and —1/2 states of the 2p core electrons cause spin-flip (non spin-conserving) excitations.
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