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We report experimental and theoretical results onKyhresonant x-ray emission specti@f RXES) at the
pre-edge region oK-edge x-ray absorption spectroscopy in a powdered Msdmple. The experimental
results are studied theoretically in terms of coherent second-order optical process, usinq}‘é dWrsiter
model with the effects of intra-atomic multiplet coupling and interatomic hybridization in the space of three
configurations and taking into account both the Mst3d quadrupole excitation and the Mrs:ép dipole
excitation. The agreement between theory and experiment is good. Moreover, we show that if the sample is a
single crystal the resonant x-ray emission spectroscopy caused by the quadrupole excitation has a strong
sensitivity to the angle of the incident photon.

. INTRODUCTION 3d—4f—3d RXES for CeQ, the effect of interatomic co-
_ ) ) valency hybridization between localized électrons and the
H|gh-en_ergy spectroscopy is a powerful tool in the studyq 2p valence band is very importaf®'®
of electronic states of_stro_ngly correlated systems. In genera_l, On the other hand, whea is fixed and RXES is repre-
there are two categories in high-energy spectroscopy. One ignteq as a function dd, we have the so-called excitation

a first-order optical process IikeT x-ray absorption SpeCtros'spectrum. By fixingw at a peak position of NXES, excitation
copy (XAS) and x-ray photoemission Spectroscop¥Ps). s%ectra have recently been investigated quite extensively

These spectroscopies have made a great contribution to trE) th experimentally and theoreticall§=2* In excitation

development of solid state physit®. The other is a second- spectra of the MiK 3 RXES atK-edge region for Mngand

order optical process like resonant x-ray emission spectros- o ite sh fruct be ob q dt
copy (RXES and normal x-ray emission spectroscopy no, a quite sharp structure can be observed as compared to

(NXES), where the incident photon energy is taken near théhe conventional x-ray absorption spectra. This effect allows
absorption threshold for RXES but it is well above the US 0 s€€ small double pre-edge peaks-atige XAS. Tagu-

threshold for NXES. Especially, RXES is making a remark-Chi €t al.zz'zganaly;ed these peaks by taking into account the
able progress recently, because of a high brilliance of nevduadrupole transition (8—3d), where the emitted photon
synchrotron radiation sources. energy was fixed at the main and satellite peakKié

The spectral function of RXES is represented by two in-NXES. The agreement between the calculated and experi-
dependent variables, the incident photon eneiigynd the  mental results was satisfactory.
emitted photon energw. In many experimental observa-  In the present paper, we study the MiB RXES at the
tions, the spectrum of RXES is measured as a functiom of same regiori.e., at the pre-edge region Efedge XAS but
with fixed values of(2, and then the spectrum reflects the by fixing the incident photon energy at the double pre-edge
radiative transition from a specific intermediate stateter- peaks inK-edge XAS. The aim of the present paper is not
mined by()) to final states of the second-order optical pro-only to compare the experimental and theoretical results but
cess. RXES of strongly correlated electron systems, such adso to present a theoretical prediction on how the k|8
3d transition-metal compounds andf 4rare-earth com- RXES spectra change with the change of the incident photon
pounds, have been investigated extensively both experimemfirection (incident angle dependenci the case of quadru-
tally and theoretically;*®> and we have obtained important pole excitation. Since this incident angle dependence is quite
information about the electronic states. Typical examples ardifferent from that in the case of dipole excitation, the RXES
the Dy 4d—4f—4d RXES for DyF; (Ref. 10 and the Ce will be a useful tool in separating the quadrupole and dipole
3d—4f—3d RXES for CeQ.2%% In the 4d—4f—4d  contributions if they coexist in the pre-edge region.
RXES for DyF;, the most important effect is an intra-atomic ~ The paper is organized as follows: Sec. Il describes the
multiplet coupling and then the free atomic calculation canexperimental arrangement and the experimental results. The
reproduce the experimental data very wéllAlso, in the  model and the formalism used in this analysis are given in
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Sec. lll. Section IV shows calculated results and compares MnF, Mn K Absorption
those with experimental results. The angle dependence of ' ' ' ' 1150
RXES and the relation between RXES and NXES are also )
shown. Section V is devoted to the conclusion of this study. g 1.25
=
st 1.00
B
<t
Il. EXPERIMENT .: 075
The_ experiment was performed at the X_21 hybrid wiggler % clp E 0.50
beamline at the National Synchrotron Light Source. The 3 Y
beamline consists of a water-cooled four-crystal dispersive 2 0.25
Si(220) monochromator with miscut angle ef16°,0°,0°, 1o
+16°, followed by a bent cylinder double-focusing mirror. : : : : :
(@) 6530 6540 6550 6560 6570

The monochromator is tunable from 5 to 10 keV, and the
energy resolution of the monochromator is 0.2 eV for the
whole tuning rangé® The emission spectra was measured by
a 1-m Rowland circle crystal spectrometer, using a spheri-
cally bent S{440 analyzer crystal. The analyzer energy
scale was calibrated against that of the monochromator by
measuring the elastic scattering line from the sample to en-
sure that the two energy scales are consistent. And, the total
energy resolution of the experiment is 0.4 eV, determined by
the energy width of the elastic line. Pure Mnpowdered,
compacted ird a 5 mmdiameter and 1 mm-thick disk, was
used in the experiment. All spectra reported here were mea-
sured at 90° scattering angle and in the horizontal plane to

redupe scattering background. . (b) Incident Photon Energy [eV]
Figures 1a) and Xb) show the MnK-edge absorption
spectrum of the powdered MpBample. Figure (B) shows MnF, Mn K, Emission Line
the near-edge part of the absorption spectrum, and Figy. 1 ' ' ' ' ' ' ' '
an expanded view of the pre-edge part of the same spectrum.  15.0 + 8

With improved monochromator resolution, two spectral fea-
tures, roughly located at 6539.9 and 6540.6 eV, are observed
in the well-known pre-edge region, although they cannot be
resolved clearly due to the core-hole lifetime broadening.
The peak positions determined by fitting the pre-edge region
of the spectrum with two Lorentzians plus a third order poly-
nomial are 6539.83 and 6540.69 eV, respectively. Because
of the uncertainty in the background line shape, these param-
eters should be used with care. The double-peaked pre-edge
feature is assigned to quadrupole transitions from Mrtd

the crystal-field split 8 states, although the exact nature of
the transition is still an unresolved issue and will be ad-
dressed later in the theory section.

Figure Xc) shows a series of emission spectra taken with
the incident photon energy tuned to 6539.9 eX),( and
6540.6 eV B), 6545 eV (), 6550 eV D), 6554 eV ),
and 6600 eV, respectively. The incident energies, except
6600 eV, are also indicated in the absorption spectrum. Spec-
trum taken at 6600 eV is the typical MB NXES since the
incident energy is much higher than the absorption edge.
Spectra(A) to (E), on the other hand, are RXES measured
by using either the 4to 4p dipole transition C)-(E) or the
1s-3d quadrupole transitionX)-(B) to excite the interme-
diate states. Except for a small energy shift, spe@aand
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FIG. 1. Experimental results ¢d Mn K-XAS in the near edge
region, (b) that in the pre-edge region, aidd Mn K3 RXES.

(B) are very similar, both characterized by a double-peaKinal state energies are 47.8, 49, and 51.2 eV for the double
feature between 6490 and 6495 eV, a small shoulder beloweaks and the shoulder, respectively. On the other hand,
6490 eV, and a broad feature extending from 6475 to 648spectra C)-(E) show very different behavior in comparison
eV. In fact, the two spectra are completely aligned if thewith spectra(A) and B). The lineshape evolves frof€) to
scattering intensity is plotted as a function of the final-statgE) towards that of the normal fluorescence spectrum. And,
energy; and the only difference betwe€® and (B) is the there is also strong but nonlinear dispersion with respect to
relative intensities between the two stronger peaks. And, ththe incident energy of these spectra.
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Ill. FORMULATION

In order to describe Mn 4, 3p, and 3 states and F2
ligand states of Mnf; we use the model of Refs. 22 and 23,
namely a Mnlg4 cluster model. The symmetry of the cluster
is taken approximately as th@,, symmetry.

The Hamiltonian for the calculation of M8 RXES due
to the quadrupole transitiotwhere a 5 core electron is
excited to the 8 state$ is given by

H= 1“2 eaq(D)dl dpr,+ mE 83pprTnO'pma

T T
+ 2 €155,SsF IZ Sp(r)araal"tr
g g

FIG. 2. Geometrical arrangement giving the coordinate of inci-
+2 V(F)(d}gah—ka}adrg) dent photon X’,y’,z’), emitted photon X",y",z") and Mnf*
Lo cluster &,y,z).

+Ugg > d;adrodlt'g—'dr’a" Lyl
(T,a)= (T, 0") 1~(Q)= flT®@ 2 ,
Q( ) Ef: |< | quadrupoli;g>| (Q—Ef+Eg)2+Fﬁ
~Uu(1s) 3 df,dre(1-s]5,) @3
oo and KB RXES due to the quadrupole transition in the ab-
! . sorption process is calculated on the basis of the formula of
—Uge(3p) 2 df,dro(1=ph, Pmor) the coherent second order optical process as
r'm,o,o’
+Hmu|tiplet1 (3.9) SQ(Q,O))Z 2 E
p=y”,z” f
where e34(I'), 35, €15, ande,(I') represent the energies T ®) i/ Al T(@) RINE:
of Mn 3d, Mn 3p, Mn 1s, and F 2 ligand states, respec- x| <f’p|Td‘P°'eJ|’0><"O|Tq}‘adr”p°'Lg’y )
tively, with the irreducible representatidi{ = ey andty) of i Eg+ Q—Ei—il'k |
the Oy, symmetry. The indicesn and o are the orbital and
spin statesV(I'), Ugq, —Uqgc(1s), and —Uy(3p) are the % U/ (3.4)
hybridization between Mn @ and F 2 ligand states, the (Eq+Q—Ef—w)?+T '

Coulomb interaction between Mrd3tates and the Coulomb
interaction between Mn@and 1s core-hole states,Bcore- ~ Where |g), |i), and[f) are the ground, intermediate, and
hole states, respectively. The Hamiltoniep,,iie describes ~ final states of the HamiltoniaH with energiessq, E;, and
the intra-atomic multiplet coupling originating from the mul- Es, respectively. The incident and emitted photon energies
tipole components of the Coulomb interaction between Mrare represented b§) and o, respectively. The core-hole
3d states and that between MmiZind 3 or 1s states. The lifetime broadening are denoted by for the 1s core hole
spin-orbit interactions for Mn 8 and P states are also in- andI'y for the 3p core hole. As shown in Fig. 2, we take
cluded inH pyiper- into account the effect of the polarization of the incident
The Hamiltonian describing dipole transition processPhoton and the effect of the angle between the incident pho-
(where I core electron is excited to thesymmetric con- ton and emitted photon. The direction of the incident photon

duction band around the core-hole sii® given by wave vectork is denoted by incident anglet and ¢; . The
scattering angle between the incident and emitted photon di-

rections,k andk’, is denoted byd. The polarization direc-
H' =H +E ey UCE JCko— u E al LA s, (3.2 tion of thg in<_:ident photon is in the plane fandk’, while
ko 70707 NKKe © ' the polarization of the emitted photon is not analyzed. We
takexyz x'y’'z', andx"y"z" coordinate systems to be those
wheree, , represents the energy of thesymmetric conduc- fixed on the Mnig4 cluster, the incident photon, and the
tion band andN is a number of unit cells of the MpFerys-  emitted photon, respectively. The directionsxofy, andz
tals. The second term in E¢B.2) represents the effect of the axis are taken in the three orthogonal Mn-F directions of the
core-hole potential on the conduction band. Here, we assun@uster. Here, we represent the electronic systerf),aand
that the potential is of short range, and disregard the differthe photon ag}, so that the total system consisting of the
ence ofu in the 1s and 3 core holes. More details can be electron and photon systems is represented by the direct
found in Refs. 22 and 23. product|;)=|)®|}. According to the experimental geom-
The absorption spectrum due to the quadrupole transitioptry, the initial state of the total system is expressed as
is given as lg;y’'Y=|g)®|y’} with the electronic ground statg) and a



2556 TAGUCHI, PARLEBAS, UOZUMI, KOTANI, AND KAO PRB 61

y’-polarized photory’}. Similarly, the intermediate and fi-
nal state of RXES are written ds;0) and |f;p), respec-
tively, where|0} is the zero-photon state afwl} is the emit-
ted photon state. Fofp}, we take all the independent
polarizations of the emitted photon, namellg} is taken to
bely”},|z"}.

The operatorT g?,gdmpmerepresents the quadrupole transi-
tion from Mn 1s to 3d states by incident photon aiid),. is
the dipole transition operator from Mrp3to 1s states. They
are expressed, using the spherical tensor ope@{fdrC(®,
in the form

T =6 1 =r{e’ ")+ e (Ict) + & OciHy
(3.5

and

-I—E;Llj)adrupole= (éK ry(k-r)

:r2[ \Ek(_)e(_)c(zz)
2 (e )
1 0)al~ 0)K(-N1 (2
+ 5(_k( Jal(=) — g(O)K( ))Cl
1 0)al+ 0)(+)(2)
+ 5(_k( )al+) — a(O))( ))C_1

+ k<°>e<°>cgz>] : (3.6)

Here, €, and g, are unit vectors in the photon polarization
directions, wher&’ andk are wave vectors of emitted and
incident photons, respectivelgt*),e(® andk(*) k(®) are de-
fined by e®=71/2(e,xie,),e¥=e, and k)=

T 1N2(kexiky) k@=k,, respectivelyC{” is defined by

cl= Yiq (3.7

with the spherical harmonic¥,,. Because the polarization
and the direction of the incident photon are parallef iraxis
andx’ axis, respectively, the components of taendk of
the incident photon are given by
€,=C0SH; COS¢;
€, = C0s0; Sin ¢; (3.8
e,= —siné;
and

k,=—Kk in 6, cos¢;
ky=—ksing,; sing; (3.9
k,= —kcosé; .

Similarly, the components of’ and k' of the emitted
photon are given by

€y =C0g 0— 6;)COS¢; 5y —SiN h; 5
ey =C0g 6— 6;)sin¢; 5, +COSP; 5p  (3.10
EQZSIH( 0_ 0|) 5pz”

and

k, = —k sin(6— 6;)cosg;
k;,z—ksin(e— 0,)sin ¢; (3.11)
k,=kcog6—6,).

In Eq. (3.10 &;; represents the Kronecker delta. By substi-
tuting these components in Eq$3.5 and (3.6), each
transition-matrix elements are given by

T((:i?%ole: zq: I X{B1q(0;, i ﬁ)cél)}, (3.12

1 ,
Tgi)admpo's% %rsz{A%q< 6,,¢)C?}, (3.13

where the angle-dependent factoB4(6;,¢;,6) and
A‘z’;(ai ,¢;) are given by

qu( 0i !d)i 10)

p,
1 .
Ee"b'{_cos( 0= 6,) Oy —ipz}, =1

1 —id: . _
Ee '¢'{COS{0— 0i)5pyu—|5pz/,}, q—_l

\ Siﬂ(ﬁ—@i)b‘pyn, q=0
(3.19

and

—sing, cosde %%, q=2

—sing, cosge'??, q=-2

AL 6, ) = efi_qsicosmi’ q=1
—e'%icos 2, q=-1
\J6 cosé; siné;, q=0.

(3.19

The XAS due to the dipole transition is given by replacing
the transition operator & 4poeWith T in Ed. (3.9).

ID(Q>=f dep(@) S [(TGado)l?

FK/7T
x 2 2’
(Q_E_Ef+Eg) +FK

(3.19

where |g) and|f) are the ground and final states of XAS
with energiesEy and E;, respectively. The integral with
respect te is taken over the high-energy continuum with the
density of statep(e€). In a similar way,KB8 RXES due to
the dipole process is given as
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taken to be 0.6 eVhalf width at half maximumHWHM)]
SD(Q!‘”):J dep(e) 2 ) Z and the lifetime broadening of thepXore holel'y, is taken
p=yhz to be the term-dependeht,(—0.1w) with the same values

2 as those of Refs. 22 and 23. The importance of the term-

X‘E (FpI TS aid 300501 T d gy ")
i

E+QO—e—E—ill | dependentl’y, has already been pointed out by several
g i K 2,23,28,29
authors??23282%who showed thal",, strongly depends on
WL the multiplet states by the super-Coster-Kronig decay pro-

(3.17 cess. Gaussian broadening due to the experimental resolution
is taken to be 0.25 eYHWHM). With the parameter values
The transition operato-rg?gole is given as given above, the ground state is a mixed state of the
three configurations with mixing weights 93.2%
(3d°),6.7% (A°L),0.1% (H'L?). For the relative
strength between the quadrupole and dipole transitions and
their relative energy position, we use the same values as
where the angle facto@x{;(ai ,&i) is given by those estimated in Ref. 23, which were obtained from the
analysis of the experimental excitation spectra. The quadru-
pole transition gives rise to a weak prepeak and the dipole

X 5
(Eg+Q—6—Ef—w)2+FM
T&?[:))olezzq: rX{A{;(ai L6 CL, (3.19

r

- Eefld’i cos, =1 transition gives rise to a broad background in XAS.
A6 d)=4 1 (319
Ee ' cosb; q=-1 A. Comparison of experimental results and calculations
| —sing,, q=0. The result of the MnK-XAS in the pre-edge region is

shown in Fig. 8a) together with the experimental results. In
Sthe pre-edge region of XAS, we can see a broad background
due to the dipole transition €-4p) and a double-peak
structure with an energy splitting of about 0.7 eV: namely,
(A) peak is at,q symmetry peak an@B) peak is areg sym-
2m w metry one. The corresponding energy separation is given by
IXAS(Q):f d¢if doi{lo(Q)+1p(Q)}, (320  the ety splitting, 1Mq." While the calculated result
0 0 yields the peak position in reasonable agreement with the
o i experimental result, their amplitudes are at variance. If we
SRXES(va):f d¢if d6{Sg(Q, @)+ Sp(Q, )} change 'Fhe intensity ratio between dipole a'nd quadrupolle
0 0 contributions, we could reproduce the experimental ampli-
(3.2)  tudes of these peaks, but there is no essential change in
RXES.
IV. CALCULATED RESULTS The results ofK 8 RXES calculation are shown _in Fig.
3(b), where the spectrig) and(B) are obtained by tuning the
Here, we calculate the pre-edge of M@aXAS and the incident photon energy to the energy positi¢Asand(B) in
Mn KB RXES for MnF,. In order to diagonalize the Hamil- Fig. 3(a). The spectrum NXES is obtained with the incident
tonian H, we use, as the basis states, three configurationghoton energy well above the threshold. The experimental
3d°, 3d°L, and 3’L? whereL represents a hole in the NXES result is that fof2=6600 eV in Fig. 1c). As we will
ligand states. We denote the charge trans@T) energy  show later, the spectral shapes a function ofw) is inde-
from the ligand to 8l states asA. The energy difference pendent of the incident photon ener@y if ) is well above
between the three configurations are given, in the lim¥of the threshold.
—0, as E(d®L)—E(d°)=A and E(d'L?)—-E(d®L)=A The solid lines describe the theoretical results, where the
+Ugq, whereE(d7£2), E(d6£), and E(d®) represent the incident photon polarization is taken in the scattering plane
configuration averaged energies. The intermediate states afice., in they’ direction, the scattering anglé is 90°, and
final states of the quadrupole transiti@ipole transitionare  the calculated spectra are averaged ayeand ¢,; in consis-
given by linear combinations of st3d®, 1s'3d’L, and tency with the experimental geometry and the powdered
1s'3d8L? (1s'3d°4p, 1s*3d°L4p, and 1s'3d’L%4p) con-  sample. The model calculation and the experimental results
figurations and B°3d°, 3p°3d’L, and F°3d®L?  are in good agreement. In botA) and (B) spectra, we can
(3p°®3d®4p, 3p°3d°L4p, and P°3d’L24p) configura- see a double-peak structure with the energy splitting of about
tions, respectively. The parameter values used are as follows;7 eV and a broad satellite on the lower energy side, but a
Ugc(1s)=—8.3, Uy(3p)=—7.3, V(gg)=2.0, Uyq=7.2, weak shoulder just below the double peaks is missing in the
A=9.5 in units of eV. For the hybridization, we use the calculated result(for unknown reason The double-peak
empirical  relation: V(eg)=—2V(t,y) according to structure is due to the mutiplet interaction betweeheahd
Harrison?® The Slater integrals and the spin-orbit coupling 3p electrons by quadrupole transitions. The broad satellite
constants are calculated by Cowan’s Hartree-Foclon the lower-energy side is not due to the exchange interac-
program?’ and then the Slater integrals are scaled down tdion between P and 3 electrons but due to the dipole tran-
75%. The lifetime broadening of theslcore-holeI'y is  sition.

As we mentioned in Sec. Il, our sample is powder, thu
the spectral functions have to be integrated ofeand ¢; .
Finally, the total spectrd,xas and Sgrxes, are given as
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Intensity (arb.units)

Intensity (arb.units)
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. Relative Emitted Photon Energy (eV)
FIG. 4. Calculated results of the incident angle-dependent Mn
KB RXES of a Mnk single crystal. The anglé, is fixed to 45°.A
@ andB are obtained by tuning the incident photon energyApand
5 (B) of the XAS in Fig. 3a).
Ke)
i larization of the incident and emitted photons. This angle and
[ polarization dependence is different for quadrupole and di-
E pole excitations, so that it can be used as a means to distin-
guish the quadrupole and dipole excitations in the pre-edge
of Mn K-XAS.
Let us consider the Mn<:3d quadrupole excitation in a
MnF, single crystal. We calculat& 8 RXES by changing
the angled;, where bothg; and 6, (= 6— 6,) are fixed to
45°, and the incident photon polarization is taken in the
=75 0 10 direction (the emitted photon polarization is not analyged
(b) Emitted Photon Energy (eV) Then the angle factor in the transition operaT(ét)ad,upoleis
given by
FIG. 3. Theoreticalsolid line) and experimentaldashed ling
Mn K-edge XAS spectra for MnFs shown in(a). Theoretical and ( sing;, q=2
experimental MrK 8 resonant x-ray emission spectra for Mrége )
shown in(b). The results A),(B) of RXES are obtained by tuning sing;, q=-2
the incident photon energy t&\f, (B) of the XAS.(C) corresponds é’ (6;,d)=4 _(1/\/5)(1+ i)cos#;, q=1
to KB normal emission spectra. ar e
(1\2)(1—i)cosh;,, q=-1
Here, let us consider only the quadrupole contribution of L 0, g=0.
RXES. As we mentioned before, only Hown spin electron 4.7

can be excited to thedstates. In the intermediate state of _ o )
RXES, the & down spin hole remains because of very weakThe calculated result is shown in Fig. 4. It is seen that the
interactions betweensland 3 electrons. In the emission SPectrum depends strongly énpnot only in the intensity but
process (p— 1s), only 3p down spin electron can make a also m_the spectral shape. The relatlve_ intensity o_f two main
radiative transition to & down spin hole. In the final state of Peaks in the spectra are clearly changing with incident angle
KB RXES, five 3 states with up spin and oneal 3tate with Oi . ) )
down spin are occupied and the hole gf State has a down Here, it .should be remarked that if we assume the pre-
spin. In this case, B and 3 electrons cannot change the edge.XAS is nqt_due to the quadrupole transition put due to
spin through the exchange interaction betwegnahd the dipole transnlon, then Fhe prgsent MiB RXES will not
electrons. As a result, the spectra due to the quadrupole traf€Pend oné; both in the intensity and the spectral shape.
sition do not have the exchange splitting satellite. This is because botfi{),. and T, do not depend or,
(note thatT{) . does not depend o, because the incident
photon polarization is always fixed in tlzé direction.

In many transition metal compounds, a pre-edge structure

In this section, we give a theoretical prediction on theis observed in th&-XAS, but its origin (quadrupole or di-
incident angle dependence of the MiB RXES in a single  pole transition is sometimes not very clear. For example, in
crystal sample of Mngk In general, the MrKB RXES de- TiO, the coexistence of quadrupole and dipole transitions
pends on the incident angle, the emitted angle, and the pavas proposed, but an interpretation only by dipole transition

B. Angle dependence of the quadrupole contribution
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FIG. 5. Theoretical MrK 8 resonant x-ray emission spectra for
MnF, at wide energy range of incident photon. The lowest spectr

is Mn K-edge x-ray absorption spectra. The resaltsj of RXES
are obtained by tuning the incident photon energg-af of XAS.

was also giveri®=32 For FgO;, the relative intensity be-

tween the quadrupole and dipole transitions does not seem to

be well establishetf3 As is well known, the angle and
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tions a~| (see the bottom of Fig.)5 respectively. All of
these spectra are normalized so that the highest intensity of
each spectrum is the same. The spectdiim Fig. 5 is a
single-crystal version of the spectrui®) in Fig. 3(b).

From Fig. 5, we can see that, as the incident photon en-
ergy is increased, the spectrum changes from R¥dEspers-
ing structurg¢ to NXES (nondispersing structuye In the
range of low incident photon enerdfyom ato f) the spectral
shape depends strongly on the incident photon energy, but
for high-energy regior{from g to j), the spectral shape is
independent of the incident photon energy, which is the char-
acteristic feature of NXES. It is to be noted that the calcu-
lated result forf corresponds to the experimental one for
C (Q1=6545 eV in Fig. 1c), and the dispersive nature of the
experimental spectra is nicely reproduced by this calculation.

V. CONCLUSION

Summarizing, we have presented the measurements of
x-ray absorption and resonant x-ray emission spectra & the

a{:)re—edge of Mn in a powdered MpBample and performed

the theoretical calculations of these spectra with thF
cluster model taking into account the intra-atomic multiplet
effect and interatomic hybridization. The agreement between
the experimental results and our calculation are very good.
Moreover, we have presented that resonant x-ray emission
spectra have a strong sensitivity to the polarization and angle

polarization dependence in the intensity of XAS is different©f the incident photon. This clearly demonstrates that impor-

for quadrupole and dipole transitions, so that it has been us
in order to distinguish the quadrupole and dipole transitions
However, in the case of RXES both the intensity and spectr

shape of quadrupole contribution strongly depend on the in- A e
while the dipole contribution is constant. X7f&y emission spectra and normal x-ray emission spectra by

nsetting the incident photon energy at a wide range of energy

cident angled,,

Therefore, the RXES provides us with more information o

d@nt information to distinguish the quadrupole and dipole

transitions can be obtained from the angle and polarization

flependence of resonant x-ray emission spectra.

Finally, we have illustrated the relation between resonant

the difference of quadrupole and dipole transitions thar" XAS.

XAS, and it will be a powerful tool to distinguish them.

C. Relation between RXES and NXES
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