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Abstract

STAEFADBEFE L, PF BL-16A ICBWVWTGHEMAZIT> TWERYT ML 7 %y MIX &M @M (XMCD) & 7% H
W, SITIiO; (STO) 33 &K UF LaAlO, (LAO) Hitik_FIC R E & ¥ 7581 La, Sr,MnO, (LSMO) JE5 D f 417 XMCD & %17
W, PO U amER G, b A U U B OWE A RO EZEN 2 AT, XMCD AT MLVD
BESG A TMRAFIEDREIC K D, EMUSICHNKT 2 A VEE OB AFHEOZZBINT 2 T N TE e, FENTAS
ST O X BRER Atk oLt 5, AEYV oML EBETEZ I ThVETEOMTHE GEIREICENR LN
5T EWNRMENTZ,

1. lFL&IC BEE, LSMO JifE & Bl & DR T B E U
BRI R D & BRI R M BRI R D — M—EEDIS %22 B8, FHUT K o TEYHEIRHE
DTHY, TNEFIET S L, FlzFDRFEEZHS M MR ELZET %, 121 Konishi 513 [2], LSMO (x=0.3-
T B LIFFEBERE  IEHAREOmEIC BV TEERHE 0.5 WEER T ERO AR 5 EORER O LICHERE S,
Lo TV, BEERES TR, R VHEMHEER ZN 0 OfERE - MKRHEZTANS  2ic kD, mWNG
EI OB TINE WERTE— AT MRV R - T MHERMEIS JTDRHCIE A 24 T OaREEARS, AT
SAEVDRDRTHIRE) EWMEMICHAEDE S8 TEMMEIS I ORI ¢ 2 A T RGRREERR A IC 2 b T
ReLTHEHNS 28, ZFOREZMEANZE SN SEHAY LEMMND DT EFRRR Uz, E25—FHEEHE O R
5T LI TH B, FRC, RG-S DN S, RIS DOHEICIE Mn D de2 HIEED,
ZEBOWREAHCE L TR, BRT /31 ANDIGHD JEREPEIS T DA diap WEDN ENZNELIC A S
Bl 5 B RHCHENR N TV B, N5TEHEFFLTVS 2], Toftic, RN LSMO &
AR THRET BT AN A NI VAV ROBEEZED, FEoSHOIEAICS T TN X Zidm
La,,Sr,MnO, (LSMO) &, B K#SIRFION—T X 2% EICELTZTEBHOENTEYD [3-4], WAESEE Mn
EV o T RHEREERT C e L EVRIIISEN G dEFOYELE L OMICEBREN DL T L BRET S
FENTEMERTH S, R, m—V F—T & x il EDEHR STV,
[T, ity HEZLEREC ik oYtz S F S FICH LA LaEHSE, #MEICTEBRIMCBEE Nz Mn 3d B+
WEHBEDNTEZRDFBNTH S [1]o x=0.175-0.5 DOHE AR T LB —HBEIROMER LB D ICiE
DIENF—)V F—T RO T HIHHHEAEHIC L S %o TRV, XARERR M (XLD) DFEiTHISE [5-7]
BEMESEHME R, =03 DL EIHRAKDF 2 U —iRE kB L, HEEMEMRD SITiO, (001) (STO) & AR MEEAR
Te~370 K Z/RT T ENHENTWVS [1]e T HICHED ® LaAlO; (001) (LAO) D EB S EHWIZGETY, HIE
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MU % dyp PUEDMEEIC EHEEN TV S E WV S
RPBENTVSE, TOHGRTHEDOR—KITDONTI,
KA COZEM IR FREONIC L > T, EmEINILT &
THESEORTHEZ > TVEEHEEILNTVS
[5-7]0 TOHEIMSETIB KD I, MBRNZE TIREE -
SURREL, <7 Otk & BRSNS B T LIk
fEH TR,

AWFE T, XIS @M (XMCD) DGk
FHEN S, mMEARIC BT % A oL - EFOfE
A IRRED I BB 7 3k Fr 720 XMCD &, e FRYE X
FUTHTS B X (XAS) ARY MILOEEREIES
BT LTy, WA O SIIEIR>E IRREIC D
WTHIRERBZEDTELZFETH S, FFIC, XMCD
FRFIR] [8,9] LN A NKERWD &, Wi TtEIT LD
HOERIRE— A N M, L AE VR E— AV b M, &
MARICHEE ST EMNTED, TR, TEIEAMME
AR, FHCHEBOMM CEEBTTRSY, BRI
WNTH B K 5 BRROWSIREEDMFEICIL S FHNBA T,
%, £/XMCD A VHafAI[9]Ic kb &, FHIHTH
% M, OIS, “RBEEORR I My LI 2 REIEN S
ENBZTEHNHMENTV S, RS T-IE M, &, M;
—guS=3(r-S)r/?y (S: A YV AHE) R, r EF O EHETF)
TEZEIN, RECVEEOEMSMOERGE, ThbbR
YV LTz EFOHEN EDTHNHT TS ERS
YIBETH 5 [10], FIBD XLD A, & TDlEFOHE
HEHICHT ZIHEREEZDDICHL, M BEKTZED
BARAE L B TFOHESEICHET A HHRTH S, —
fEIC, H—D XMCD AT bILDS My, & My D)%
NEEST BDIZNEETH B H, XMCD A7 b IVD A FEE
FHZHFARSD e TINSDRBEZITZ % FHC, XMCD
W AS X BT RS E— A PO 2 BT 5T
HETHD7D, My, WAGHEEL REICE D X 5 IR T
AZHRET X, M OBRESEHIHT % 2 LA AERIC
% (Transverse XMCD, TXMCD) [11],

T DX S M ERE XMCD 3 X U TXMCD DOEERIZH
FENCIZ LRI B IRE SN T WA [10-14], 5T %E
BABDIENEBHCHETH Tz &b, HERFNE
[BSNTWiz [15-18], KL, —HoOBEEES T X
v FOBEDRICK DS 722 T E % XMCD %
BEE (X7 ML= J %y b XMCD 2&) OFFZIT»
[19,20], &7 F W 7z i 1% W 2% % Photon Factory BL-16A
ICTIT> T3 [21-23], BIRD K S1C, WiET7 M2 T
LTTXMCD &% 5% X5 &iBTMERITARE, ZTh
Sl MEIC 59 2 B OWuE HAIRBICET 5|, 9k
DM ZRBEATENTES, FAFEZHVS &,
PER DR Z Mz E BB XMCD ITHR, AT e
7z saturation effect [24] D EERET N SRIETES L
SRR H B, ARTIE, STO B FHX T LAO HEfik F
IR E & B8t LSMO (x=0.3) 3O M K17 XMCD
B X T TXMCD IE DK RZ /N T %, LSMO I 2
BBERISHZEINZ S C LIk > T, MHRESHOEEI
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Figure 1 Experimental geometry of angle-dependent x-ray magnetic
circular dichroism (XMCD). (a) Schematic drawing of the
experimental setup. (b) Definition of the angles of incident
x-rays (#,,.), magnetic field (6,), and magnetization (6,,). 6,
was fixed at 45° in the present work. Pis a unit vector along
the x-ray incident direction, which is defined to be antiparallel
to the wavevector of x-rays k. Reproduced from Ref. [21].

AN dap IS, FERRPEIS I O5EICIE diz o 1
W5 e M, OEHBEIICK D RENTZ, Tz, mwidd
D XLD THHIENIEFHESE & DEWVICONWTEE
295,

2. EEBRFE

Fig. 1lald, AW THWZRY ML= 2w kb XMCD
FERSEE O K 2R [19,20], AWICEEICHAED
Bl TOBEES Ty haA )NV EfNE LT, E—
L7 & SR W) 72 & 8 N DL D 77 i35 72
THEHAHETH D, AREOMAEMIE XMCD EEBTD
HETIA A MU Fig. IbICRT B THS, XFDA
BT (O) WX ARNHE T D 5 45° NS EE L, [
Fi (O ZELERZ C EiIC K> TllE®iT>72, 2T
W7 0y &, SRIOBETTI (O)) & E—MRICE RS T
LICHEET AZREND S, Thid, HOKE BRI
RBERHEX D BN RIGEIE, MKEAEORRICKD
W& H LBt M DTN ERIR 27D ThH 5, %ikd
5&21c, cOTEZEFMMALT, XMCDEED 6, KFED
HatBlOMA RS EORE X Z RS % T LA AHEC R S,
P2 2 HMOG 722 Te il b 2 RS % 728, Laser-
MBE ¥ [25] 12 & © LSMO (x=0.3) iR % STO (001) 35
KU LAO (001) FHAR FICIF LTz, 1 HiTERNTzX D1
LSMO & JEMi & DR T DO AREAIC K D, STO Ak b
ICHERE S B 2GS m N A A sRIE DS ), LAO 3
W EDGEICIIIEREEDIS 1 &£ 755, MERIZ ORI &
UFRARFE DFHIBIC DW TSR [21] ZBHEE iz,

3. XMCD D fAEKTEE L Transverse XMCD

Fig. 2a 3 X U 2b 1T, Mn L, WUl (2p — 3d BF) 1
B35 STO, LAO i L ilkl D XAS A7 ML %,
Fig. 2¢ B X U 2d 12 XMCD A7 k)L OREE 7 k7t
ERYT, EB5DORMEHCENTE, XMCD OfENREE
PN ZE L TV BP0 %6 XMCD TR E— A
Y DS BHINC AT DA DB S N D 728D, TD
ZARIE R T OZ PR LT A EE T 5 T & &

S U WAL
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Figure 2 X-ray absorption spectroscopy (XAS) and angle-dependent
XMCD spectra of the La, ,Sr,MnO, (LSMO, x = 0.3) thin
films at the Mn L, ; absorption edges. (a), (b) XAS spectra of
the LSMO thin films grown on the Nb-doped SrTiO; (STO)
(a) and LaAlO; (LAO) (b) substrates. The absorption spectra
for the positive (c7) and negative (c") helicity photons, and
the average of them over both the helicities are shown.
The spectra have been normalized so that the height of the
averaged XAS spectra is equal to unity. (¢), (d) XMCD
spectra of the LSMO/STO (c) and LSMO/LAO (d) thin films
with varying 6. See Fig. 1(b) for the experimental geometry.
Reproduced from Ref. [21].

RLUTW5B, Ly 5D XMCD s8BEICHEHT % &, STO Hiflk
DIGE Oy=—15° 5 —20° DL T, LAO FERDIGH 0,
=-50° N5 —55° DAL T XMCD OIS KEEH I ETWVS
TEMNTh%, T, LD 0, DL TATASXERE
A UHRE—A Y FEMFEREESEmML T &, §4k
bbb 1. HiTHENZ TXMCD OREMNEHLTNWBT &
ERLTWS,

T O TXMCD Bil#, §74bbH 0,=-20° (STO FHM) ¥
KT 6,=-50° (LAO FHR) 1CBIF 2 XMCD AR L%
LR U728 D% Fig. 3a TERIC/RT . TXMCD FliE lc 31>
TE, XMCD BREICHA S T 3L, EROESK
DRSO TVB T EFh B, TNEDART MVIEIRIE,
WEORE Otih L MG THTIC A5 EE) TRELE
XMCD A7 1)U (Fig. 3a LEY) CIZHHIICEZ->TH
D, AEVHERE—A Y MAERIT & EEITIE > TV
TN DICHBDREENE > T3, &5 afREMIE RS
ENB, ETHIC, STOFHM E LAO Fifk & DA TARY
MLOFEDHNZEILLTHED, BRE—HLTWBT &
Wb, TOT &, ERSTZMCTEILICE>T
M, D ENRIET 5T &, ThbbB A 7ML 7z Mn
3d BT OWGELH (da,2 D diz2 BIHY) B ERHE Tl
K> TV L ERET 5,

Fig. 3a IR L72ARY R UMED TXMCD A7 kL
THZHESINERAT S, Mn O, 75 A R—7%
W7 I A2 —TIVEtR 261 IC K> THETE I L
TPz, TTTRE, BRISTOMREZRD ANB7D,
Fig. 3¢ lORT K 575 Dy XHFEZ £ DI S AR —ZRGEL
TW5%, ETIVINT A—XDRL7Z21T o 74558, Fig. 3b
IC/RT KD 7 TXMCD AT VMG BNz, Fig 3a &
3b DARY MIVEIET S L, E—IABBLUOE—S
MBEMNIF—HLTEY, EBRZHET 2 AT MUKE
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Figure 3 Transverse XMCD (TXMCD). (a) Experimental TXMCD
spectra of the LSMO thin films on the STO and LAO
substrates compared with the longitudinal XMCD (LXMCD)
spectra (black). Inset shows the schematic drawing of the
TXMCD geometry. (b) Calculated TXMCD spectra based on
the Mn’* Oy cluster model with D,, symmetry. (c) Schematic
drawing of the Mn** Oy cluster, (d) Schematic drawing of the
energy levels of the Mn 3d orbitals under D,;, symmetry. Here,
C, is a parameter proportional to the crystal-field splitting
between the x’—y” and 32"+ levels [17], and C,=+0.01 eV
(C,=-0.01 eV) corresponds to the case where the X (37—
7*) level has lower energy than the 32— (x*~") level. Panels
(c) and (d) describe the case of C, < 0. Reproduced from Ref.
[21].
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N7z XMCD 58 D5 75 TafA7 M 72 B Em Al 7 « v 7
4 VJT BT LT, WROBKIETTHICET 2GS
Nz LHHRFE NS,

Fig. 4a, 4b &, XMCD A ¥ »HHIHI [9] Z W THI A
EUREKE— A Y b Mg, (5 My, +(7/2) My) O AGHETT IR
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Figure 4 Angular dependence of the projected magnetic moment. (a),
(b) 6,-dependencies of the projected effective spin magnetic
moment P ]ng“ (~ p "M,;,) deduced from the experimental
data using the spin XMCD sum rule [9] (circle) and its
simulations. (a) and (b) are the data for the LSMO/STO
and LSMO/LAO thin films, respectively. The dashed curve
describes the case where there is no magnetic anisotropy, and
the solid curve describes the case where the shape magnetic
anisotropy and magnetocrystalline anisotropy (MCA) are
taken into account. Insets show the relationship between
0, and 0, deduced from the simulation. The strength of the
applied magnetic field was 0.7 T for the LSMO/STO film
and 0.5 T for the LSMO/LAO film. See Fig. 1(b) for the
experimental geometry. Reproduced from Ref. [21]

HizoTHEL, WMAEASMEOMRERD AN L DEHE
PAERELTWD, T THALIZ, Stoner-Wohlfarth £ 7
WRNZHAWTZOAEKREFEEZT +v 352 &2
Alee TOETIVTI, BEGTRIEN 7058 < GRS B —f
KiZiz> T3 T L, BIRURED cos Oy ILLHI T2 —
il Mk D FE R B EE RO L B INET . T9T B
L, WAARDRY 72 D OBRET 3 OVE— E %2, BRI 0,
OBBE UTEHET BT EMNTES, TOEFZ G, IO
ThR/MET BT EIc&>T, H2B 51 0, i EMAZ 7=
BB 0, KD B T L HA[REIC IR B, TD O, %
VT, ARIAE VREKE— XY N OSER P-ML = P
Mo+ (72) M) ZFET %, TDT 1T 4 275 EK
I, fhEmREGE e K, BORIRiE M, KT Mn 3d
B FHEDOBLPUEM - E— X > b (Q.) = (1-32°) DK E
%, TTTHXIUEMTE— R N (0..) 30115
M, \CBIH#T 28T, ERAOMORTEEZKNT 52 TH
% Bz 3277 HUEIC T U TE (Q.) = —4/7, X= HUEIC
FUTIE (O =+47 LT2B [10Ds 7 1 v FOTEDOZEH
WCDWTIEHK [21] DFEDOHiIZSIR U TIHE W,
Stoner-Wohlfarth 7 )VIC &% 7 1 v b DFER% Fig. 4a,
b ICERRTRT . 7 ¢ v MIIFRIEEERAER & X <—BL
THY, AFlOWL D Fif Uz Stoner-Wohlfarth &
TIWVONRED T TELGBRTER T LZRLTWVS, H5

Table 1 Best-fit parameters for the simulated curves in Figs. 4(a)
and 4(b). Errors have been estimated using the least squares
method. Ku represents the MCA energy excluding shape
magnetic anisotropy. Reproduced from Ref. [21].

Substrate Meae (g/Mn) K, (ki/m3) (7/2)(Qy)

STO 1.255 +0.007 -372+08 +0.05 + 0.01

LAO 1.206+0.014 +40.4 + 2.4 -0.12+0.02
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