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well as on the coherence in the second order optical process.
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Abstract
A review is given of recent progress in theory of X-ray emission spectroscopy. After a general introduction, I present
four topics on resonant X-ray emission spectroscopy (RXES):
systems, (3) that by electric quadrupole excitation, and (4) magnetic circular dichroism of RXES in ferromagnetic
materials. Finally, I give some discussions on the terminology of RXES and resonant inelastic X-ray scattering (RIXS), as
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(1) RXES in high T, related materials, (2) that in 0 and d°

1. [FLC&IC

X #FN45 Y (X-ray emission spectroscopy, XES) &
WO DI, WEICXBEHAASF L THREF 5 /HRREIC
L, ZORIREENS X % il U TR 50 X
MADHTHLDTH B, AFHHO L FIVF —PBHHE
HFOBRBHAENORIRICHIE T 5 & &, Tha [HEE
X #3356 (resonant X-ray emission spectroscopy,
RXES) LW, —77, ASPED T 3L F— 0 RIBUH L D
MPICKE L, PIRETHE V¥ —#fm it S h
L% THE O X #5675 (normal X-ray emission
spectroscopy, NXES) (M5, WIFhOBED, NEE
T X #RIhE» HERSEINC X 5 X R £ CoMin
aJb—UV VMR 2kesEE s L (kb s, NXES
DG, Xk : XREOHO ot — L v ARHN
TWAETAEHBDAHD, IELWVEITVZ W, Tz, 3
B X ARFEN D T & % LR X #RIF M #EL (resonant in-
elastic X-ray scattering, RIXS) ¢S E03H 5D, 58
LICRIFEE LIS 2700 CRHICEAL TR, HIFXHD
TN %,

RXES O A7 FIVBRIG AS K T F)VF — DfE I3
SKRAELTEALT %, £/, ZTDOARY FIVEEIT ASHE
TR F—ERRTFNF—DE (INEFIVY T E
W-5) D—TEDETAICHNAT L%, S/ VT T
FWEPICAER S N/CERHRO T RIVF—ICTHY T 5, A
TNV F D@L HICONT, FSIXVYT FBR—E
DARY PV L, Zhicrbd-> TRIET RV
F—PN—EDE CAHICKERANYZ FIVEEE DL DI
%50 ZDANRY FIVIIRO AFHE T 1 )VF — K1,
ABHEZFOVFE =D& & SICREIT DL RD, D0

ICHKT 5, T NXES Th b,

T, 2WIEHFRETH H X st XES) #, 1
RAFHEETH S X RIS (Xray absorption spec-
troscopy, XAS) ®° X i XE 1) (X-ray photoemission
spectroscopy, XPS) & i3 iE, XAS Z RXES o
FREBIC IR L, XPS i3 NXES OpERREEIC R IL T 5 &
bbb, 0D, XESEZOBEEO— & L TERIC
XAS # XPS # &4, I LICENDOHERREICH 3 HH5
BEMOEREMN T MZ/ILDOTH S, LichH-T,
XES X XAS R XPS LV d@nIl% < DRI 5
TERTEAN, —77, XBEE GRCi X BER) <
IXFRARI RN E W2, T IEREIC XES A FE& TRl
T HIOICITEEDOFG N HE L LETH S, XAS < XPS
DRFFEILEE 1T HEARBEE, 86 2 fEARBEGHE ORI B iR
Z TR LT &7, XES FrC RXES Offfgtid 2 Hic
NTKRERZHLEND DY, 83 HRBSHEAFIHT
X5 LD THID THIEALEICTE > 7o & WD Z &0
T& %,

RXES OO FRBRWZH A O & SOER & LT,
Fig. 1 (%3 57 Rev. Mod. Phys. IZ & W /- #3315 | H
L 72 RXES O % Kb & BERIC 51T, ZTOREFEK
A7y b LchO%ERT, EHEELENIFIATES L
D725 7219904E 72 D 0 LEBRPILH ER D, ZDk
SHICTHEDER L TOARRTA LS A X S, Eimbttd
FERE EBICEAIC > TWBR, b ERD OB
L Cld, —RFGAERICETL TW5H, TN, EH
LOMER 7 IN—T 0, EBROFELXTHL T, —EEICH
I AN — P SR/ TH S, L TUE, BT
HEOBWE B LU dEFREE 2, 1 RONFEBEOME
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Figure 1. Number of theoretical and experimental papers on

RXES which were referred in the review article by Kotani and Shin
(Rev. Mod. Phys. 13, 203 (2001)).

FCHE LA 7 v 2= VR 7 5 A — BT %
AWTEHEE Dz, LT, Kk XES (¥:ic RXES)
DOEEBRPAIEEIC /21U, EOXDWERITFL TED L
IR AN FIVHEIREIN S, o, ThbHEDLD
O A NE LN L 2w BERICFEIL 72, Lafbd
Y, Celbt&¥, S OICHERBIEEIRILYICHF 5 XES
O BARHI IR FH RN FEERICNT - TfTh s, TOEOFI
OBEHIZITZ S TEHFFEL i, ThHIEZDHRD
FRRTHRE SN2, FEROFEL WO DIERE & L
TEERFERE TRz, LTFTE, RXESZFLICL
T, BED Yy 7 A% 4 DOEBEI 5T TR T 5,

2. =RBEEREYMED RXES

La,CuO4 ® Cu & 2p-3d JihidiZ x4 % 3d-2p ¥ (Cu
2p-3d-2p RXES L &id) ORI, WS BNEBRICE
3o TL993FICRE L /oo £ T T, RXES 34 dh5HE
(L OB T HRSLE BB OBENICHEL T 5C &,
ZN B OFIHEONFMED RXES ORI & L TAX
7 FIVICHER KE N5 Z &A%, RXES O BR1 A itE
ML TFE SN/, COMHGmL? OLHFELK T, Duda
BYIZ DRI L Iz, FRaah b, EBRO5ERIT
K Ty, WEIN/ZARY FIVIZHEF O O EHE
R EBROGFRETEARAAIZLD L7 X< —FL,
L LK, 2 XS 7 RXES ORGARIEME 2 & 5 fREE T
BTN, FNIWEOBRTRIR & 2 ORFRE % %015
12ODFENEFERICRD S5 Ll mBgL 7,

Duda 5 DOEBO#, Hill 59 2 NdyCuO, & Cu 1s—4p—
1s RXES OFEBEIT\, $§6eVOSIV/Y T FDETH
ICIEMMRGELO Y — 7 B L /oo BRSLHFER MY T
VR — ) UREINC A Cu 1s—4p-1s RXES O E x5 &
7\, COIFERMEEELL Cu 3d & O 2p DS EIREE (HE
R 2O REEAERENOBEMBENIRIC L5 C & 23K
L7228, SOV —7EDAFH T FIVF—I1T6 T KA
PERBPSHOF T TE S L THLERE —FKL - 729,
R, TOBEASHNT SO MY T VX —
RTEARTST, CheEEBO CuRTFaadrs 5 A
2 —RERCHRAR U, 1s—4p iy O AR B8 T Zhang-Rice
—EIHRESTEH SN A BB T ALERDSH T &0
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Figure 2. (a) Comparison of calculated (solid curve) and ex-
perimental (open circles with error bars) results for the 6 eV inelas-
tic peak intensity of RXES in Nd,CuOy as a function of the incident
photon energy. The calculation was made with the CusO,¢ cluster
model shown in (b).

B &I - 70, Fig. 2@)ICHFELDIC L A EREE
(Fig. 2(b) ® Cus0y5 7 5 AX —HRZ K %) %K TR
F, THIZRXES ©6eV V¥ — 7 OE % AHIE T %L
F— (FERHELCTLETHE) OBKEL Ty b
L7cdDTHD, OFHINGICEAERERTH 5,
Fig. 2(b) D .0y0 4 F @ Cu 1s BT-7 4p NV F I
SNnize L LD, [B) OEIEBRBSHICHIGL, 2T
3 1s WREALDORTF vy v VBB % CuO, AL )
LOBMBEIC L > CGEMAEZ T 5, BERETITA
CuOy B — D D OffiEF IEADPFELET HD T, RN
i B Tl IEFLY A M ICBEEE 9 5 CuO, AT 2 {8
DIEARELNS T L1272, Thp—EHEFEREL Y
B L 724 DA Zhang-Rice —HH TH 5, Zhang-Rice —HF
HOWHIL 6eVE— 7 OMERI2 513726 &0H D,
CHUC k- TRHARRIIERE L —HT 5 L5175,
—77, WO By TA] TIEEARR ORF B 21F
EAERL, 6eVE—VHBEORELLEHANLAON
%

Dk, it Cud A F OWNREEIERXES 256 0 4
A FDOLDOICEML, &EMESS9E0 Ishki o
RXES I & Zhang-Rice —H HIKRAEC 6 eV T 1] £ B i ik
T EDHEFENR NG T LB ETFIVHE TR,
Fig. 3(a) i35t H#E RO —#IT, CuOp 7 5 A X — A%
VT O 1s—2p-1s RXES % 2 SORYEHE CTHE L 724
DTH 59, [polarized B | & [depolarized B | 134
Nz, ASXHRORE DL ICE T, BE A RE
T, AHNEREOMOAEIFIEICHEE I N TV,
FoCOFHETIE, AL Cul, MICEEICAST 5 &
206 Twb, CORMPLHLREEDIC, 6eViT
BRI ENRhEE 28, 2 eV JTf5IC Zhang-Rice — & IHJfhiEd
BHY, EMEBBHE (ddRpk) 2287y Th
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Figure 3. (a) Calculated and (b) experimental results of the O 1s—

2p—1s RXES for cuprates. (a) and (b) are obtained with a Cu,O;
cluster model and for Sr,CuO,Cl,, respectively. The solid and
dashed curves represent the results for polarized and depolarized
configurations (two different polarization geometries).

Wi EbAabnb, SHIT, CNHORRITEVRELAE
K E LD DS, fEkIE, 0T 4 F D RXES
OFEBHERIT, NV FiHRIC K S 0 2p S5 REERE & 1t
LT 6N Tw72h, #R{d Tl Cu 3d-0 2p IRfEE
FHZEVRR A B 5720, Ca¥ A FahbE LTELS
SRS O B4 O RXES ThEEZFIC RS NS &
DR >/, O A FORXESECut 1 D
RXES I3# IR DR 7280, 7D WITH R ER %
Rftd 2 2 NSNS,

COFAE LIRIER UM EARLE 2 F 7o R8RS, TR
BN K T SrpCuO:Cly It L TR b hrc, #iR%
Fig. 3(b) IR ¥, BEawatHE & ORIC 7% D RV iBafk
BROON, S, BERREBRILYD O Y A O RXES
DEFLWIHERRE L7269 C ARSI N 5,

3. PR&BLVAFR

Lafb &R EFE T Ce k&3, BHLOFREIH
TWwb, 7272, Ce0, 7z ¥ DRER i Ce (L &L Ce
4f LiE T4 (0 2p) ORI K ERBEBEHEAEIERALD 5
7o®, A0 FLE & 4L ELE OB ORS AIRRE D B RS A IR
BAOBRBHE,S RXESICEWTHEHZEIZLALNS
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(7z72L, LT3 MEFHOELE S 3), 19964FH I
Butorin 51V CeO, @ Ce 3d-4f-3d RXES O X i\ x5
Br—awH L, RGWARARMY T v & — VAN
LD o Tee TOMIN D, CeO DFEE « K
R ARIER O T 1)U F —2£ D PIHIRE & NakhEs O R RTIR
RETHEL->TEY, ZHITHIIIREE L FHREIRAE T Ce 4f
-0 2p MIDRBMHANERREN R H7-0TH 5 L1
BT SN,

Z D%, BH7RIE d° % Th 5 TiO, *° ScF; & RXES 1256
BlL7c, CZTOMEDNA T A Fid, RXESIZEL W
REEFEDRRBEIN/AZ ETH 5L, TNHLOWED 2p-
3d-2p RXES {Z{3 3d° A& & 3dL- BB DR DOFE S » K
AR & IR G REBAOIRRE & 95 AT V2Bl
N5NR, ORGSR polarized FLi& & depolarized
BECTELS BRI LPHLPICE -, MEHDC
£ % TiO, Dt HEAER (TiOg 7 5 AX —ET )& FAWT
FPHEL Tw5) % Fig. 4(a) i~ d, EORXIE Ti 2p-3d
BhEEIC XA X BRI ARZ ML (XAS) ThHAHH, 4K
DRNVFEL—7 EBOTHWT TS5 4 (g hixd) »bH
75 Twh, TiO, DFEEIRRET 3d° BLiE & 3d'L -1 FLiE D
BOREAERRETH D, XAS OKIKEE (RXES O EIREE)
Tid 2p13d! FLiE « 2p~13d°L 1 FLE R OfE G IRRE & Sk
G ZENZEN, V=7 YT PR T 5, £
NOBARCHHEST LD, 2p ABRO A « HESZ
L 3d RFEDFETRB DA DD TH Do AT FIVF—
HamrbhETICE > EDORXES AXRY FILA,
polarized Fiti& & depolarized BLEIZK L T FORIZR I N
TWhb, 9V 7 F50eV OMUEEER &#914 eV O
IEWHEBELR L, ToRRERZNTH, 3BELE - 3d!
L1 B RO RS & HREE & SO & IREBIC AT L, i35 O Ha ]
12 A IEMEMEBELB 3 12 FERS A IRBBIC IR T 5,

THTREC L, WEBGELER & 7914 eV OIEMME B
#113 polarized BLE TD A D BN, depolarized FLE Tl
BILBEB THAH L, —Ti, WFEDFMEICH 5 IFFHMEHEL
B EELODREMETOLHETH S, LVWIEFELWVE
KK TH %, MRS, FERIEBEDLD, G « S
E#IRRE 13 31T polarized Bl iE T D AH A TH D depola-
rized L Tl 25 BB TH L5 DOICH L T, FEREKIRE
IZx%9 5 RXESIZELOLDOBETLIHBERL THSH &
SRIEGEIRA N2, CHUSERIRRE X Zh FhoOFE
FRhRIRREE O PRt BEERBL L 72 D TH YD, RXES
DRI B REBOS MBI 4 2 BRI ER A 5
ZAHZEERTLDTH 5,

CAUTKIIL L 72 EB I 512832 L TR Tbh,
C OERAN S RFICHGEE S N/, Fig. 4(b) I3 EBER T
Do Fio, FEINAIEIZHNC, T OFE L EBRTH LM
SIN/WELEERL, AHEIFVF—HBXAS DY T
A FICHIE L 72 & &, RXES ©14 eV JEMMAHEL Y — 7 5]
FENE L WIIB KA 5 L Th b, Thid, RXES
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(a) Calculated and (b) experimental results of the Ti 2p XAS (upper panel) and the Ti 2p—3d-2p RXES

(lower panel) for TiO,. The results for polarized and depolarized configurations (two different polarization geometries)

are shown.
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TRLUIGEEDHBRICEO N W T EOBEIZOWTIE,
FEETSND,

ZO, TOHREOHIEIEAFR (n=1,2,3) TH%
TiF;, VF;, Cry0; 7 TR SN TV 5755, FEflIZEE
NGRS AR b k= WA
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BRMIE B THRIC & 5 RXES ICBIL CTiE, 19914F(C
Himaldinen B9 8RN ERE B - 7o, #HiE
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BECHENEIY 5 2 LITHIY L7z, 2p-4f BXPUEM T ERIC
&5 X ARRIIE 2p-5d BE IR ERIC & 558 WIRID
ﬁz%wﬁ—ﬁmﬁ&ﬁ%*&ﬁ%ﬁéhfmtﬁ,%@
MR/ NS T & ENRIELORNFHDIDHIZ AT F
WIBHDIR L T2 5728, HMOWEZIERFERE—7 ORI R
WFE =IO T, @O XASHETEIIAE Sk
RAZLIFITERED -7, RXES D A7 FILO#K
REETIE 2p Tl 3AICEARD H720, Failc ks
AT FIVDIRD Y /& <, BRIUEMR TRk % #{l 4

LT ENRRETH H C LiE, HALODOF L I
IZ &> THLR IZ75 5720

A EE D 2p-4f BRPUEMR TR OBISEIE Z D% b R
L, Bartolomé 5173\ ILFE (La-Eu) Tid AN
PV 2ODE =7 ICHZLTwWAH T L, ZO5HIE
BRFHFRBSICHAIL THINT 5 &%, RXES DFER &
XAS oMfEX#EA—aE (MCD) OFEk» 6 BHL 7=,
Fig. 5(a) & Fig. 5(b) D 0%, Tt %*Hh XAS & RXES
P BRI ZETIH B8, WL KRR ORI <3¢
L, ZORKE IEHEIMICT VB 2615 kDI,
JRFHFRZITITITHAL T 5

ETAHP, TR, TNITHT AHT L WER EETER
I Z 7, Bartolomé HOfERITI 1R D DBIEZSZT A
kbl o7z, Journel 51873 La & Ce lT* L T XAS &
RXES O FEi» 6 2p—4f B VU R T )i O 75 2408 % 8]
ML 7-%5 8% Fig. 5(a) & Fig. 5(b)ic 0 TRd, 7o,
IR B 5 Z 0 53 241 % TR T 2 S E I CRUERT R L /-
MR eTrRd, OL@TL—FHL VAR, Inbid
Bartolomé HDF5H (0 & fift) 262D Fh TS
PO PITE 7o L IBKRD 2 1 TH 5, (1) XAS H»
BRI 572408 & RXES 22 ik 7275 24083 —F L 7\,
Q)L B 5L THRDIZNE L BIIC R FH SISO 52 &
v, (NOFHIE, XAS O 2T HIC 4f BFHOM
HERAOATHRE S Cp EAOFEIEETES) OIT
Xt LT, RXES O4Zigid 4f T TR AER 7210 Tld7x
< RXES #IRBEIZ 5510 % 3d—4f M AAEH O &% 5% 17
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Figure 5. Calculated energy separation (solid circles) for (a) 2p;,
—4f XAS and (b) the excitation spectrum of 3ds;,~2ps/, RXES under
the 2p;,—4f excitation. The experimental results of the energy sepa-
ration are shown with the open circles (from ref. 17) and the open
squares (from ref. 18). The dotted lines are guides for the eye.
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Figure 6. (a) is the calculated result of resonant X-ray emission in-
tensity due to the Nd 2p;,,—4f electric quadrupole excitation and 3d—
2p;/ electric dipole transition in Nd3* system, displayed as a con-
tour map in the two-dimension plane spanned by incident and emit-
ted photon energies. In the calculation, the full-multiplet coupling
effect is taken into account. (b) is the RXES spectrum where the in-
cident photon energy is fixed at the red line in (a), so that it cor-
responds to the cross section of the contour map.
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PCRENTIIIC RO S C R TE, @R 6aEs &
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Bl L THRIRFBICES 2 DORKOBOTHIC X - T
UCAREER (TBHEES) ICHMT5Z ERTE S,
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BEEORETH LM, TNETRXESICKT S THIHD
BHEFDEOVWHEICFT SN TV, BHDIE

MCD-RXES (Z%f 3 5 % fIH D % 513 cos 6; IZHLHBI L,
TFHEOFH Esing 12 F+ 52 L wm LIz, 2D

AFH DA PATISE WG S CPTRLE L PE5) 13 A
EAEE R RELET 50, AHEABICICEE 54
(EEARE &5) [ THHEAL100%O%F5% L, *MHE
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% MCD-RXES O 6, 1%t BARFFEHEDS sin2 0, 1 Hufild
BETHD T & BB X - TEANI,
EEB202D(F Gd & Co DIEFHE G 4D Gd 2py3-5d &
LU T B 5 % 3d—2pyys B 5 IUE T F > MCD
OFERIFEZREL, ZDOARY FVBIRIEES O
METEIC K< BD 2 &, EERBEIC T S MCD-RXES
DRI sin2 0, ITITITIH T 5 C & &1 H7-, Fig. 8
(a)ix =D MCD-RXES 0¥ 5 —# T, AHXT I
F—{3 Gd 2py3-5d XAS D7V T w Y (7240eV), A A
VE—7 (7247eV), B LU BT RIVF -
(7277eV) O3 DOfHICEREIN, TNZHICHL T
MEFLE & ETRE T MCD-RXES (7277 eV it D%
A1 MCD-NXES) DEMHEWMTRINTWS, T
T, 6 OEI4SEICEE SN TV 5, F72, REEE
EPATECE MO A — VR 5> T, EEAE
TD MCD ORIGIT FATELIE DS E DKL/5TH AT L H
b, TOERERUEMED T THHES N BEHOREE
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Figure 7. Geometrical alignment of MCD in RXES is shown in the
scattering plane. The 6, (6,) denotes the angle between the direction
of incident (emitted) X-ray and that of the magnetization M. The
MCD in RXES is the difference of RXES spectra for incident pho-
tons with + and — helicities, where the helicity of the emitted pho-
ton is not detected.
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Figure 8.
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Figure 9. Experimental result of 8, dependence of MCD-RXES in

the transverse geometry for three different emitted photon energies

A (closed circle), B (cross) and C (open circle). The solid curves
are the calculated ones.

MCD Intensity (%)

R T S TR R T
Relative Emitted X-ray Energy (eV)
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(a) Experimental and (b) theoretical results of the Gd 3d—2ps;,, MCD-RXES for incident X-ray energies at

the pre-edge (7240 eV), resonance (7247 eV) and normal (7277 eV) excitations. The results in the transverse and lon-
gitudinal geometries are shown with the solid and dashed curves, respectively.
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