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Fig. 1 (Color online) Schematic picture of the electronic struc-
tures of halfmetallic materials

78 &I Mar. 2022 Vol.35 No.2

(C) 2022 The Japanese Society for Synchrotron Radiation Research



PE Y 7 Z 1 S HBIFEMER X FRELICLDN—T AV IIEBKRSI X7 —EEDAE L (RBREFEETZ

AV R TR RS2 A UNEED 5,

— NS A VIR E T RS AN A F L LT
AV SRR T (spin-PES) AHIHN T\ 5,
A KL 3 5 72 OISR F N CRIE 3 % wh Bt
N LBER, ERPRETH S, ZOMBEIZEERDRIC
F o TRABOSMHR SN EETFOMELI -V VYT
THFOGNTLED Z EITEEAL, $#IC spin-PES #llE T
6 5 B8R O T 3OV F—FhEEE T 5k

(B eV~%10eV) TRIEERKE, DD, N—7
A Z VIR A A5 —&40 spin-PES 1%, Th % CEREW

{BIC & 0 BRERAL T & 2R ICRE ST E Y,
Lo MiRE L w5565 & LT #FEHIZ
L IERE MRk X fpiEL (RIXS) 128 H L, AMERESEIC
B> % RIXS AX7 F VoM &g (MCD) »56 A
VU TE T RS 28T 5 FEAE ML /o, RIXS-
MCD TR EH» B A VR« U 7 HBEL /N
FF¥rv v TOREI A /CHREL CEHIid % Z & 50
BETHb, FHRMICIEZAY Y F a7 ZEIIRIC B0 5
— B THERRFEI L EELONLD, AT
TR T 5,

2. RIXS-MCD [C& B RAEVRIBEFIBE
e

RIXS id, PIBBIR O Bkt T 3L F— O X %R
FHORES L, BEL S 5% B 4 % photon—in/photon—
out DG HFETH D, WERBINEZFIHL /o@m T v F —
DB Y VEELTH S, ZDiz®d, BIEHITINTRES
W BAEICEHINT 5 Z L AWRETH %, RIXS DY
FRTPVRIENL D BIFHFIRENORIRE &, EFR SN /oK
B—I DI FHOETFOFGIE (decay) O 2 B
575 V68 Kramers-Heisenberg D=,

OIEY | DG B ) P
7 (Vin, Vour) ; ; E—F,—hv.—iT,
Xé[(hvin_hvout) - (Eb_Ea)] (1)

Titilhans, T Ta i, b FENZNIEIRAE, SRR
fE, HIREEZRL, TNThOTZ V¥ —% E, E, E,,
S BICHEREEORE— IV OFFaE Ty L EKLL TWh 5,
By, By 1R IREED O b RREE, RO hiERRE D O #ORBEA
DOELAFRE (u1, pe) 1269 % EXBR TR OEET
T RT, IRIRRED O A EPIREEAN O Fh i m 2 1 X AR %I
Y e BURFBRETDH S0, XHERISHETHW
b B EHIHHEMPIEHATE %,

WA OBTEEE A VRIS H L CHIET 5720
121, XERRSYomRH 6 (XAS-MCD) %k
F U ARSRRE S OB (AN 34 %5 RIXS-MCD % il
T 5, IMTRHBIC L ORBOMR ERIZ 52 Licky, &

Optical Process of RIXS-MCD on Co MnSi

Electronic Structures

Up Spin

Down Spin

hv hv

out out

ms= +3/2

Fig. 2 (Color online) Optical process of RIXS-MCD on the hal-
fmetallic ferromagnet. The relative photon energy is defined
as hvy=hvy,—Ey,, where E,, is the energy difference
between the Er and 2p;), m;= —3/2 states.
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Fig. 3 (Color online) Geometry of the RIXS experiments in an ex-
ternal magnetic field.
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(Color online) (a, b) XAS and XAS-MCD spectra of Co,MnSi obtained at the Co and Mn 2ps, edges. (¢, d)

Photon energy dependence of the Co and Mn 2p;/, RIXS spectra for Co,MnSi obtained by parallel (u*) and
anti—parallel (u~) configuration under external magnetic field.
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Fig. 6 (Color online) Theoretical RIXS-MCD spectra for Co,MnSi at the Co 2p;/, edge (a). The m;=
components are shown in (b) and (c). Theoretical RIXS-MCD at the Mn 2p;, edge (d) and the m;= £3/2 com-
ponents are shown in (e) and (f). The green arrows in (a) and (d) indicate the m;=
the down—spin gap (E,,) of m;= —3/2 components obtained in (b) and (e). The incoming photon energy depen-
dence of the m; resolved MCD intensity integrated over whole loss energies are also shown in (g) and (h) for Co
and Mn edges, respectively. The vertical bars indicate the threshold energies of the m;= £3/2 components. (i)
The theoretical prediction of the spin-dependent DOS and PDOS of Co, Mn, and Si. (j) (k) The e, and t,, com-
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(Color online) Intensity plot of the RIXS data for Co,MnSi obtained by the circularly polarized photons. The
polarization averaged RIXS at the Co 2p;/, edge (a) and at the Mn 2p;, 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 2p;,
edges are also shown in (e, f). The gap energies in (a, b) are estimated by the energy difference between the elastic
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peak and the threshold of the RIXS structures as shown in Fig. 4(c, d).
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(Color online) Comparison of the RIXS-MCD spectra between the experiment and theory. Results for the Co

(Mn) 2p;/, edge are shown in the left (right) half. (a) (f) Incoming photon—energy dependence of the RIXS—
MCD intensity of Co and Mn 2p;, edges at the selected loss energy for m;= =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). (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 ex-
perimental data (top curvesin (d) and (e)) are compared with theory (middle curves) together with the theoreti-
cal m; resolved spectra at m;= +3/2 resonance (bottom curves) . The green hatched regions in (d) and (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.
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IZ, D RIXS-MCD A7 FVICF v v T (E,)

BEN, 3d B TFIIRED PDOS O T & AV VS DOF +
v TOKRKESIRILL T (Fig. 6(), (), (k)), Co kv
MnDOFHBKELT % v TP ZEETTHLRPIC L -
720 FE72, CosMnSi D/N—"7 A 2 VTR TREE A S L
T, FTHEAVVESICEHEAD MCD OF v v 7,
LEEAVVESICHEKE ST HIEO MCD AEEISNh S 2 &
PRI NIz,
JZV):%Q‘(?EH’%%ﬁﬁ%kf/ﬁll/—‘\/a‘/k@ft@k%ﬁi
DOIZ, Ehr LAY VO H CTIEAD MCD %
fﬁﬁ%%i?%ﬁbt1%;lx#~%;§0ﬂ:f%ﬁo71 (Fig.
1o mi=+3/2BH AR IMWAT HLE T3V F -1
RIXS-MCD AX7Z | UBREE DFhE T 3V F — A1 5
wEL, R (R MR () OBl —id k<
SEL TV A S L% Bl L7 (Fig. 7(a), ()o Co 203/ m;
= +3/2 LI LMHTH /2 RIXS-MCD A7 FIVICEH T
%Y (Fig.7(d), EBICHEWTLAEADMCD OF % v 7
FICIED MCD (&H) 2@Bls i, BEiwatAE & EEmic
SRS A RSN TW5b, TDOIED MCD v 7 )LD
REIRIE my B 1 0 R L - BB R st B AN PV B my=
+3/2 55D kR E AV RREEICH kT 5729, Co3d T
)& AV IREED Ep T PDOS %7z 7\ vN—"7 A & )L
ETHEEZ RS EERBEL TWh, RABEOMIT% Mn
2p3/2 RIXS-MCD A7 FIVICK LTI » 75 SE, Co &
H% Mn 3d RREH N—7 A X VHIE TREE L FIED 7%
WETFEETHSH I ENRIN/Z, SHIC, HAXPES ©
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Optical Process of RIXS-MCD on ferrimagentic Mn VAl

(a) Mn 2p,, RIXS-MCD

Electronic Structures

Up Spin

Down Spin

3d

Energf A
gap

hv, hv,

in in

> 12 (0.5 eV)

Zeeman

Fig. 8

BONMEFHEET AN IV EE—FHHHE L O
e 5 (Appendix £MR), Er EOETREEITEIC Co K&
UMn3dBTFRECERNT2HELZHRL TW5H700,
RIXS-MCD TR & AV VG DF v v THHICEBEIS N
o b E A VIRED Ep ICFH 5L TWAH T ERH LIS
750, CoMnSi B/N—=T AX)NTHAHZ EHRL T\ 5,

—5C, Fig. 7(d) (e) E#Biz<xd Co LT Mn 2p RIXS-
MCD A7 FLici30.5 eV B I S A il s T
B, COBETIE-FEFEODOSIZE SV I 1
U—y g VCIREETE ORI IEEICERE Y, O
D MCD AXRZ FIVIZ A BN 5L, Co U Mn &4
my=£3/2 RGO ST THAISNTED, IHITET
TIVF—ICHFEL D ARG ThH 5 2 & aeml T
Wh, :@@%Eﬂ@%iﬁ@lfﬁwﬂé— (0.5eV) iFFIOH
FmatEIC EINTVWBERY /) VI IVF—EF
J& L t,cb\%)%)o 703, CoMnSi C F v R IVHESIEIET
AERL L 728, EIE Tl TMR A KIBICE T4 &0
HOENTED, Inn<T / VhEIZEKT 5D Tidawn
D EVSIERI TR D B B, FERAICHR LKA B K
FHEAMES S ENTENDL, ZOWKIIEESDLIR
ML A EEZ BN S,

H#IZ CopMnSi & Mny,VAL @ Mn 2p3,, RIXS-MCD A
NZ PIVOBENCOWTCHEMT Ho B—REFTELD
Mn, VAL 3 ki & 2V S N—T A Z VAR TR OF
Yo TPENDL T ERMOEN TV A28, Fid Mn,VAI

(b) V 2p,, RIXS-MCD
Electronic Structures

Up Spin Down Spin

3d

Energy A 1 hv,

gap - | )% E,

hvi" hvin
hvoul hvoul
2p0
m=+3/2 |4
2py, T G \ 2 Ejpman (0-22 8V)
m=-3/2

(Color online) Optical process of Mn RIXS-MCD on Mn,VAl at (a) Mn and (b) V 2p;, edges.

DO FAEE AL /NG Er OF < RICIEEBREDTFET S
(Fig.8), COZ & WHEHELY — 27 » 5 A D MCD 2%
I29-% (Fig.5(f)) BHTH 5 :E2 N5, FERICHK
3 CoMnSi LABEDY I 2V — 3 VHETV, MnyVAL
@ RIXS-MCD A7 FIVABFTREICI D BRSFHBHTE S C
EERRLTWAY, X5IT, V 2ps RIXS-MCD I3\ T
i, 7 URMER KL TV 2p BBk 5 AR
Mn 2p JREE & Jrta S ICER 4720, V 2p BLED Zee-
man 73 ZDIHF L Mn 2p Wl & N4 5 (Fig.8), Z O
R, V 2p3 RIXS-MCD Ot T )V F —{RIFHE Tl
(Fig.5(e)), ¥ L@\ = AV VS % KEL 721F D MCD
BEEISN, ZORICTAZE AV VRS KR /2AD
MCD 238ih %, COBE, V 2ps, RIXS-MCD i $5) 5 IE
@ MCD |35t L Y — 7 p HEin TS, WFEOT
FIVFE—2EE Mn,VAL O V 3d REEIC T 5 B\ & AV
REDOF v v FICTHBT D EELDND, LEOFRIT

RIXS-MCD 7 5 kA & / Flal & Olf Jj O ALV B4 xT
THF v v TOREIZFHAETEL Z EHBRL TW5

4. FLHLESHRDORE

AKFE Tt CoMnSi & Mn,VAL & H0M T/ N—"7 A & LB
™A AT —FHEDO A VRS TG % RIXS-MCD 2 &
DB S HEIZ OV THRA L T X7z, spin-PES & £7x
D, RIXS-MCD % k&, RUFH & AY VEG Ol
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ICRLTN=T A2 Fr vy TORESHRET HI LR
T&ED, IHIT, BIEREF RO RIS X B v
TIWBWTHEDPFEINTWAHE L RIVF—5MRED
RIXS A7 b B A=A =" HWAH T LIZED, RIS
X RESUBIEE O B BUR A DHITE 2> & B KR e i O JR =0
ZOHBE T EETHHAT A ENTES EfFEINS, A
FRiIN—T A OV BEIZIR S RIS R A RHT S L
THHTH L7, SHOAY Y F a7 ZMEIIEICE
WD THE N AFBR LD 5,

B Ez

KB BT HICH2 0, EinslEiT RIS EL,
INASEREIZTH IR 2 2 TE T, £/, BILBH#E,
KHIAER, BAFE, HAEFR, AEHMRELICE
RIXS, KU HAXPES OERAZHTd 5 L TR
AW, Eiz, T IURSEBAREERE O ek RIE -, AT
FSERE 12T XMCD O#IE, T\ THifsE % [§
Wz, FRFEBFZEE ORI S OB E B L TR
HL %, RIFFEE B AR R SR A e B B R 2
B9 C (JP18K03512 ) Jo U Hk #k iy #5 2 #F 4¢
(JP20K20900) o 7 #% % % 1F, SPring-8 BLO7LSU,
BL23SU & f BL19LXU i 3\ TEHi L 72

Appendix

Co;MnSi @ Co KU Mn 2p B Ui 51 5 XAS-MCD
A7 V%9 (Fig. A1), SEB&kIZ SPring-8 BL23SU
ICBWTEEBTFREERICL VTS 2T, WE20K T
MEL 72y EBRAXY FIVORIRITZE —RETE (GGA
F) ICED VI 2=y s VICL D EEMIC L AT
EhH, THIT, MRICFARFANZ) % I\ CTInFRERIIC
ACVHRE— AV EHUERRTE— A O 21T -
TokER (Table 1), 1R =B OWRE—AV FDK

Co,MnSi

T zp:,z T T T T (al) 2;7m T T T (b)
Mn 2p XAS

Co 2p XAS

2p,,
Experiment

Intensity (a.u.)

XMCD (x2)

Experiment]

B4 N

DFT|

1 1 1 1 1 1 1 L L 1 1 1
775 780 785 790 795 800 805 635 640 645 650 655

Photon Energy (eV)

Fig. A1 (Color online) The XAS and its MCD spectra on Co,MnSi
compared with theoretical simulations based on the DFT

for Co and Mn 2p edges in (a) and (b), respectively.

TS, FFHEHEEISHBL TS EBRIN
7oo BHCHEMART— AV FOKREIN, AL VERT—
AV MICHANTIEFIT NIV 225, METH 3dET
REICBT 2 2 VEH AR EHR T 513 &/ v
YEZbND, CD7d, RIXSMCD DOV I 2 L—v 5
VTR 3d B D A VBB A FRIEEEL Thiz\,
IHIC, MEFHEFESEYEROICHLPICT H720
IZ, HAXPES IT X W {fifEFHOLEF AN ML aflE L
7= (Fig. A2) , HAXPES (% SPring-8 BL19LXU {Z 5\~ T
Jhie T L F— 8keV THE L /=0 3d WLERHIZHK T
LHETIREAAIE T 5720, Ehilt s HEEE (s—pol.)
T2, HAXPES A7 PV EMREEE £ CTEE
L7236 A 2 /EmaifEIC L O AT L 72 DOS 1230 <
V3al—=VaVICKDEEMICHATE A A REL
723033 0 Z 7=, RIXS-MCD IZ V7= GGA B Xk 5
F—REE L CooMnSi OFEFHEE A L REL TW5
t\Wwz b, TOXS5ICRIXS-MCD O A&7 63, XAS-
MCD < HAXPES %, #EOGHEFELAFIAT S &I

Table 1 Spin and orbital magnetic moments of Co,MnSi in unit of
ug per hole for an Co (Mn) site obtained by DFT and the
sum-rule analysis.

Co,MnSi
m:pin/ ny mspin/ Ny Moy M Mo/ My
(XMCD) (DFT) (XMCD) (DFT)
Co 0.38 0.32 0.009 0.007
Mn 0.47 0.56 0.002 0.002
p-pol.  s-pol. Co,MnSi (a)
xray A ®
Y ® 60\
Top view Oe-
LA RAAAERAREE RAARS R AN REARSE BAEE ILEERLE LALE]
Co,MnSi (b)
HAXPES
hv ~8 keV
Valence Band
- s-pol.
3
&
2z
‘@
£ Simulation
== s-pol.
o Co3d
© Mn3d
INE R RN FE RN AR FR AN RN FE AR AR NS FN RN
8 6 -4 2 0

Energy Relative to E¢ (eV)

Fig. A2 (Color online) (a) Experimental geometry of the HAX-
PES measurements. (b) Valence-band HAXPES spectrum
of Co,MnSi obtained by the s—polarization configuration
(top) and the theoretical simulation obtained by the DFT
(bottom) .
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Spin polarized electronic structures of the
halfmetallic Heusler alloys probed by resonant
inelastic soft x—ray scattering in a magnetic field

Hidenori FUJIWARA Division of Materials Physics, Graduate School of Engineering Science, Osaka
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Abstract We have developed the versatile spectroscopic technique to probe the spin polarized electronic
structures of spintronics materials using the magnetic circular dichroism in resonant inelastic soft
x—ray scattering (RIXS-MCD). We have experimentally revealed the halfmetallic electronic struc-
tures of single crystalline ferromagnetic Co,MnSi and ferrimagnetic Mn,VAI, which are full Heus-
ler alloys having halfmetallicity predicted by the density functional theory. Since RIXS-MCD is a
photon—in/photon—out techniques and can probe the spin polarized electronic structures with ele-
ment specific way using the Zeeman splitting of the 2p core levels, it will be utilized for the broad
spintronics materials.

HETHE Mar. 2022 Vol.35 No.2

87





