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Kb resonant x-ray emission spectra in MnF2
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We report experimental and theoretical results on MnKb resonant x-ray emission spectra (Kb RXES! at the
pre-edge region ofK-edge x-ray absorption spectroscopy in a powdered MnF2 sample. The experimental
results are studied theoretically in terms of coherent second-order optical process, using a MnF6

24 cluster
model with the effects of intra-atomic multiplet coupling and interatomic hybridization in the space of three
configurations and taking into account both the Mn 1s-3d quadrupole excitation and the Mn 1s-4p 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.
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I. INTRODUCTION

High-energy spectroscopy is a powerful tool in the stu
of electronic states of strongly correlated systems. In gene
there are two categories in high-energy spectroscopy. On
a first-order optical process like x-ray absorption spectr
copy ~XAS! and x-ray photoemission spectroscopy~XPS!.
These spectroscopies have made a great contribution to
development of solid state physics.1–6 The other is a second
order optical process like resonant x-ray emission spect
copy ~RXES! and normal x-ray emission spectrosco
~NXES!, where the incident photon energy is taken near
absorption threshold for RXES but it is well above t
threshold for NXES. Especially, RXES is making a rema
able progress recently, because of a high brilliance of n
synchrotron radiation sources.

The spectral function of RXES is represented by two
dependent variables, the incident photon energyV and the
emitted photon energyv. In many experimental observa
tions, the spectrum of RXES is measured as a function ov
with fixed values ofV, and then the spectrum reflects th
radiative transition from a specific intermediate state~deter-
mined byV) to final states of the second-order optical pr
cess. RXES of strongly correlated electron systems, suc
3d transition-metal compounds and 4f rare-earth com-
pounds, have been investigated extensively both experim
tally and theoretically,7–15 and we have obtained importan
information about the electronic states. Typical examples
the Dy 4d→4 f→4d RXES for DyF3 ~Ref. 10! and the Ce
3d→4 f→3d RXES for CeO2.8,9,13 In the 4d→4 f→4d
RXES for DyF3, the most important effect is an intra-atom
multiplet coupling and then the free atomic calculation c
reproduce the experimental data very well.14 Also, in the
PRB 610163-1829/2000/61~4!/2553~8!/$15.00
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3d→4 f→3d RXES for CeO2, the effect of interatomic co-
valency hybridization between localized 4f electrons and the
O 2p valence band is very important.8,9,13

On the other hand, whenv is fixed and RXES is repre
sented as a function ofV, we have the so-called excitatio
spectrum. By fixingv at a peak position of NXES, excitatio
spectra have recently been investigated quite extensi
both experimentally and theoretically.16–24 In excitation
spectra of the MnKb RXES atK-edge region for MnF2 and
MnO, a quite sharp structure can be observed as compar
the conventional x-ray absorption spectra. This effect allo
us to see small double pre-edge peaks atK-edge XAS. Tagu-
chi et al.22,23analyzed these peaks by taking into account
quadrupole transition (1s→3d), where the emitted photon
energy was fixed at the main and satellite peaks inKb
NXES. The agreement between the calculated and exp
mental results was satisfactory.

In the present paper, we study the MnKb RXES at the
same region~i.e., at the pre-edge region ofK-edge XAS! but
by fixing the incident photon energy at the double pre-ed
peaks inK-edge XAS. The aim of the present paper is n
only to compare the experimental and theoretical results
also to present a theoretical prediction on how the MnKb
RXES spectra change with the change of the incident pho
direction ~incident angle dependence! in the case of quadru
pole excitation. Since this incident angle dependence is q
different from that in the case of dipole excitation, the RXE
will be a useful tool in separating the quadrupole and dip
contributions if they coexist in the pre-edge region.

The paper is organized as follows: Sec. II describes
experimental arrangement and the experimental results.
model and the formalism used in this analysis are given
2553 ©2000 The American Physical Society
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Sec. III. Section IV shows calculated results and compa
those with experimental results. The angle dependenc
RXES and the relation between RXES and NXES are a
shown. Section V is devoted to the conclusion of this stu

II. EXPERIMENT

The experiment was performed at the X21 hybrid wigg
beamline at the National Synchrotron Light Source. T
beamline consists of a water-cooled four-crystal dispers
Si~220! monochromator with miscut angle of216°,0°,0°,
116°, followed by a bent cylinder double-focusing mirro
The monochromator is tunable from 5 to 10 keV, and
energy resolution of the monochromator is 0.2 eV for t
whole tuning range.25 The emission spectra was measured
a 1-m Rowland circle crystal spectrometer, using a sph
cally bent Si~440! analyzer crystal. The analyzer energ
scale was calibrated against that of the monochromato
measuring the elastic scattering line from the sample to
sure that the two energy scales are consistent. And, the
energy resolution of the experiment is 0.4 eV, determined
the energy width of the elastic line. Pure MnF2 powdered,
compacted into a 5 mmdiameter and 1 mm-thick disk, wa
used in the experiment. All spectra reported here were m
sured at 90° scattering angle and in the horizontal plan
reduce scattering background.

Figures 1~a! and 1~b! show the MnK-edge absorption
spectrum of the powdered MnF2 sample. Figure 1~a! shows
the near-edge part of the absorption spectrum, and Fig.~b!
an expanded view of the pre-edge part of the same spect
With improved monochromator resolution, two spectral fe
tures, roughly located at 6539.9 and 6540.6 eV, are obse
in the well-known pre-edge region, although they cannot
resolved clearly due to the core-hole lifetime broadeni
The peak positions determined by fitting the pre-edge reg
of the spectrum with two Lorentzians plus a third order po
nomial are 6539.83 and 6540.69 eV, respectively. Beca
of the uncertainty in the background line shape, these par
eters should be used with care. The double-peaked pre-
feature is assigned to quadrupole transitions from Mn 1s to
the crystal-field split 3d states, although the exact nature
the transition is still an unresolved issue and will be a
dressed later in the theory section.

Figure 1~c! shows a series of emission spectra taken w
the incident photon energy tuned to 6539.9 eV (A), and
6540.6 eV (B), 6545 eV (C), 6550 eV (D), 6554 eV (E),
and 6600 eV, respectively. The incident energies, exc
6600 eV, are also indicated in the absorption spectrum. S
trum taken at 6600 eV is the typical MnKb NXES since the
incident energy is much higher than the absorption ed
Spectra~A! to (E), on the other hand, are RXES measur
by using either the 1s to 4p dipole transition (C)-(E) or the
1s-3d quadrupole transition (A)-(B) to excite the interme-
diate states. Except for a small energy shift, spectra~A! and
~B! are very similar, both characterized by a double-pe
feature between 6490 and 6495 eV, a small shoulder be
6490 eV, and a broad feature extending from 6475 to 6
eV. In fact, the two spectra are completely aligned if t
scattering intensity is plotted as a function of the final-st
energy; and the only difference between~A! and ~B! is the
relative intensities between the two stronger peaks. And,
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final state energies are 47.8, 49, and 51.2 eV for the dou
peaks and the shoulder, respectively. On the other ha
spectra (C)-(E) show very different behavior in compariso
with spectra~A! and (B). The lineshape evolves from~C! to
~E! towards that of the normal fluorescence spectrum. A
there is also strong but nonlinear dispersion with respec
the incident energy of these spectra.

FIG. 1. Experimental results of~a! Mn K-XAS in the near edge
region,~b! that in the pre-edge region, and~c! Mn Kb RXES.
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III. FORMULATION

In order to describe Mn 1s, 3p, and 3d states and F 2p
ligand states of MnF2, we use the model of Refs. 22 and 2
namely a MnF6

24 cluster model. The symmetry of the clust
is taken approximately as theOh symmetry.

The Hamiltonian for the calculation of MnKb RXES due
to the quadrupole transition~where a 1s core electron is
excited to the 3d states! is given by

H5(
G,s

«3d~G!dGs
† dGs1(

m,s
«3ppms

† pms

1(
s

«1sss
†ss1(

Gs
«p~G!aGs

† aGs

1(
G,s

V~G!~dGs
† aGs1aGs

† dGs!

1Udd (
(G,s)Þ(G8,s8)

dGs
† dGsdG8s8

† dG8s8

2Udc~1s! (
G,s,s8

dGs
† dGs~12ss8

† ss8!

2Udc~3p! (
G,m,s,s8

dGs
† dGs~12pms8

† pms8!

1Hmultiplet, ~3.1!

where «3d(G), «3p , «1s, and «p(G) represent the energie
of Mn 3d, Mn 3p, Mn 1s, and F 2p ligand states, respec
tively, with the irreducible representationG(5eg andt2g) of
the Oh symmetry. The indicesm and s are the orbital and
spin states.V(G), Udd , 2Udc(1s), and2Udc(3p) are the
hybridization between Mn 3d and F 2p ligand states, the
Coulomb interaction between Mn 3d states and the Coulom
interaction between Mn 3d and 1s core-hole states, 3p core-
hole states, respectively. The HamiltonianHmultiplet describes
the intra-atomic multiplet coupling originating from the mu
tipole components of the Coulomb interaction between
3d states and that between Mn 3d and 3p or 1s states. The
spin-orbit interactions for Mn 3d and 3p states are also in
cluded inHmultiplet.

The Hamiltonian describing dipole transition proce
~where 1s core electron is excited to thep-symmetric con-
duction band around the core-hole site! is given by

H85H1(
k,s

«k,sck,s
† ck,s2

u

N (
k,k,s

ak,s
† ak8,s , ~3.2!

where«k,s represents the energy of thep-symmetric conduc-
tion band andN is a number of unit cells of the MnF2 crys-
tals. The second term in Eq.~3.2! represents the effect of th
core-hole potential on the conduction band. Here, we ass
that the potential is of short range, and disregard the dif
ence ofu in the 1s and 3p core holes. More details can b
found in Refs. 22 and 23.

The absorption spectrum due to the quadrupole transi
is given as
n

e
r-

n

I Q~V!5(
f

u^ f uTquadrupole
(a) ug&u2

GK /p

~V2Ef1Eg!21GK
2

,

~3.3!

and Kb RXES due to the quadrupole transition in the a
sorption process is calculated on the basis of the formula
the coherent second order optical process as

SQ~V,v!5 (
p5y9,z9

(
f

3U(
i

^ f ;puTdipole
(e) u i ;0&^ i ;0uTquadrupole

(a) ug;y8&
Eg1V2Ei2 iGK

U2

3
GM /p

~Eg1V2Ef2v!21GM
2

, ~3.4!

where ug&, u i &, and u f & are the ground, intermediate, an
final states of the HamiltonianH with energiesEg , Ei , and
Ef , respectively. The incident and emitted photon energ
are represented byV and v, respectively. The core-hole
lifetime broadening are denoted byGK for the 1s core hole
and GM for the 3p core hole. As shown in Fig. 2, we tak
into account the effect of the polarization of the incide
photon and the effect of the angle between the incident p
ton and emitted photon. The direction of the incident pho
wave vectork is denoted by incident anglesu i andf i . The
scattering angle between the incident and emitted photon
rections,k andk8, is denoted byu. The polarization direc-
tion of the incident photon is in the plane ofk andk8, while
the polarization of the emitted photon is not analyzed. W
takexyz, x8y8z8, andx9y9z9 coordinate systems to be thos
fixed on the MnF6

24 cluster, the incident photon, and th
emitted photon, respectively. The directions ofx, y, and z
axis are taken in the three orthogonal Mn-F directions of
cluster. Here, we represent the electronic system asu&, and
the photon asu%, so that the total system consisting of th
electron and photon systems is represented by the d
product u;&[u& ^ u%. According to the experimental geom
etry, the initial state of the total system is expressed
ug;y8&[ug& ^ uy8% with the electronic ground stateug& and a

FIG. 2. Geometrical arrangement giving the coordinate of in
dent photon (x8,y8,z8), emitted photon (x9,y9,z9) and MnF6

24

cluster (x,y,z).
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y8-polarized photonuy8%. Similarly, the intermediate and fi
nal state of RXES are written asu i ;0& and u f ;p&, respec-
tively, whereu0% is the zero-photon state andup% is the emit-
ted photon state. Forup%, we take all the independen
polarizations of the emitted photon, namely,up% is taken to
be uy9%,uz9%.

The operatorTquadrupole
(a) represents the quadrupole tran

tion from Mn 1s to 3d states by incident photon andTdipole
(e) is

the dipole transition operator from Mn 3p to 1s states. They
are expressed, using the spherical tensor operatorC(1),C(2),
in the form

Tdipole
(e) 5êk8

8 •r5r$e8(1)C1
(1)1e8(2)C21

(1)1e8(0)C0
(1)%

~3.5!

and

Tquadrupole
(a) 5~ êk•r !~k•r !

5r 2HA2

3
k(2)e(2)C2

(2)

1A2

3
k(1)e(1)C22

(2)

1A1

3
~2k(0)e(2)2e(0)k(2)!C1

(2)

1A1

3
~2k(0)e(1)2e(0)k(1)!C21

(2)

1k(0)e(0)C0
(2)J . ~3.6!

Here, êk8
8 and êk are unit vectors in the photon polarizatio

directions, wherek8 andk are wave vectors of emitted an
incident photons, respectively.e(6),e(0) andk(6),k(0) are de-
fined by e(6)[71/A2(ex6 iey),e

(0)[ez and k(6)[
71/A2(kx6 iky),k

(0)[kz , respectively.Cq
(k) is defined by

Cq
(k)[A 4p

2k11
Ykq ~3.7!

with the spherical harmonicsYkq . Because the polarizatio
and the direction of the incident photon are parallel iny8 axis
andx8 axis, respectively, the components of thee andk of
the incident photon are given by

H ex5cosu i cosf i

ey5cosu i sinf i

ez52sinu i

~3.8!

and

H kx52k sinu i cosf i

ky52k sinu i sinf i

kz52k cosu i .

~3.9!

Similarly, the components ofe8 and k8 of the emitted
photon are given by
H ex85cos~u2u i !cosf idpy92sinf idpz9

ey85cos~u2u i !sinf idpy91cosf idpz9

ez85sin~u2u i !dpz9

~3.10!

and

H kx852k sin~u2u i !cosf i

ky852k sin~u2u i !sinf i

kz85k cos~u2u i !.

~3.11!

In Eq. ~3.10! d i j represents the Kronecker delta. By subs
tuting these components in Eqs.~3.5! and ~3.6!, each
transition-matrix elements are given by

Tdipole
(e) 5(

q
r 3$B1q~u i ,f i ,u!Cq

(1)%, ~3.12!

Tquadrupole
(a) 5(

q

1

A6
r 2k3$A2q

y8 ~u i ,f i !Cq
(2)%, ~3.13!

where the angle-dependent factorsB1q(u i ,f i ,u) and

A2q
y8 (u i ,f i) are given by

B1q~u i ,f i ,u!

55
1

A2
eif i$2cos~u2u i !dpy92 idpz9%, q51

1

A2
e2 if i$cos~u2u i !dpy92 idpz9%, q521

sin~u2u i !dpy9 , q50

~3.14!

and

A2q
y8 ~u i ,f i !55

2sinu i cosu ie
2 i2f i, q52

2sinu i cosu ie
i2f i, q522

e2 if i cos 2u i , q51

2eif i cos 2u i , q521

A6 cosu i sinu i , q50.
~3.15!

The XAS due to the dipole transition is given by replaci
the transition operatorTquadrupole

(a) with Tdipole
(a) in Eq. ~3.3!.

I D~V!5E der~e!(
f

u^ f uTdipole
(a) ug&u2

3
GK /p

~V2e2Ef1Eg!21GK
2

, ~3.16!

where ug& and u f & are the ground and final states of XA
with energiesEg and Ef , respectively. The integral with
respect toe is taken over the high-energy continuum with th
density of statesr(e). In a similar way,Kb RXES due to
the dipole process is given as
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SD~V,v!5E der~e! (
p5y9,z9

(
f

3U(
i

^ f ;puTdipole
(e) u i ;0&^ i ;0uTdipole

(a) ug;y8&
Eg1V2e2Ei2 iGK

U2

3
GM /p

~Eg1V2e2Ef2v!21GM
2

. ~3.17!

The transition operatorTdipole
(a) is given as

Tdipole
(a) 5(

q
r 3$A1q

y8 ~u i ,f i !Cq
(1)%, ~3.18!

where the angle factorA1q
y8 (u i ,f i) is given by

A1q
y8 ~u i ,f i !55

2
1

A2
e2 if i cosu i , q51

1

A2
eif i cosu i , q521

2sinu i , q50.

~3.19!

As we mentioned in Sec. II, our sample is powder, th
the spectral functions have to be integrated overu i andf i .
Finally, the total spectra,I XAS andSRXES, are given as

I XAS~V!5E
0

2p

df iE
0

p

du i$I Q~V!1I D~V!%, ~3.20!

SRXES~V,v!5E
0

2p

df iE
0

p

du i$SQ~V,v!1SD~V,v!%.

~3.21!

IV. CALCULATED RESULTS

Here, we calculate the pre-edge of MnK-XAS and the
Mn Kb RXES for MnF2. In order to diagonalize the Hamil
tonian H, we use, as the basis states, three configurati
3d5, 3d6L, and 3d7L2, where L represents a hole in th
ligand states. We denote the charge transfer~CT! energy
from the ligand to 3d states asD. The energy difference
between the three configurations are given, in the limit oV
→0, as E(d6L)2E(d5)5D and E(d7L2)2E(d6L)5D
1Udd , whereE(d7L2), E(d6L), and E(d5) represent the
configuration averaged energies. The intermediate states
final states of the quadrupole transition~dipole transition! are
given by linear combinations of 1s13d6, 1s13d7L, and
1s13d8L2 (1s13d54p, 1s13d6L4p, and 1s13d7L24p) con-
figurations and 3p53d6, 3p53d7L, and 3p53d8L2

(3p53d54p, 3p53d6L4p, and 3p53d7L24p) configura-
tions, respectively. The parameter values used are as foll
Udc(1s)528.3, Udc(3p)527.3, V(eg)52.0, Udd57.2,
D59.5 in units of eV. For the hybridization, we use th
empirical relation: V(eg)522V(t2g) according to
Harrison.26 The Slater integrals and the spin-orbit coupli
constants are calculated by Cowan’s Hartree-F
program,27 and then the Slater integrals are scaled down
75%. The lifetime broadening of the 1s core-holeGK is
s

s,

nd

s:

k
o

taken to be 0.6 eV@half width at half maximum~HWHM!#
and the lifetime broadening of the 3p core holeGM is taken
to be the term-dependentGM(20.1v) with the same values
as those of Refs. 22 and 23. The importance of the te
dependentGM has already been pointed out by seve
authors,22,23,28,29who showed thatGM strongly depends on
the multiplet states by the super-Coster-Kronig decay p
cess. Gaussian broadening due to the experimental resol
is taken to be 0.25 eV~HWHM!. With the parameter value
given above, the ground state is a mixed state of
three configurations with mixing weights 93.2%
(3d5),6.7% (3d6L),0.1% (3d7L2). For the relative
strength between the quadrupole and dipole transitions
their relative energy position, we use the same values
those estimated in Ref. 23, which were obtained from
analysis of the experimental excitation spectra. The quad
pole transition gives rise to a weak prepeak and the dip
transition gives rise to a broad background in XAS.

A. Comparison of experimental results and calculations

The result of the MnK-XAS in the pre-edge region is
shown in Fig. 3~a! together with the experimental results.
the pre-edge region of XAS, we can see a broad backgro
due to the dipole transition (1s→4p) and a double-peak
structure with an energy splitting of about 0.7 eV: name
~A! peak is at2g symmetry peak and~B! peak is aneg sym-
metry one. The corresponding energy separation is given
the eg-t2g splitting, 10Dq.15 While the calculated resul
yields the peak position in reasonable agreement with
experimental result, their amplitudes are at variance. If
change the intensity ratio between dipole and quadrup
contributions, we could reproduce the experimental am
tudes of these peaks, but there is no essential chang
RXES.

The results ofKb RXES calculation are shown in Fig
3~b!, where the spectra~A! and~B! are obtained by tuning the
incident photon energy to the energy positions~A! and~B! in
Fig. 3~a!. The spectrum NXES is obtained with the incide
photon energy well above the threshold. The experime
NXES result is that forV56600 eV in Fig. 1~c!. As we will
show later, the spectral shape~as a function ofv) is inde-
pendent of the incident photon energyV, if V is well above
the threshold.

The solid lines describe the theoretical results, where
incident photon polarization is taken in the scattering pla
~i.e., in they8 direction!, the scattering angleu is 90°, and
the calculated spectra are averaged overu i andf i in consis-
tency with the experimental geometry and the powde
sample. The model calculation and the experimental res
are in good agreement. In both~A! and ~B! spectra, we can
see a double-peak structure with the energy splitting of ab
0.7 eV and a broad satellite on the lower energy side, b
weak shoulder just below the double peaks is missing in
calculated result~for unknown reason!. The double-peak
structure is due to the mutiplet interaction between 3d and
3p electrons by quadrupole transitions. The broad sate
on the lower-energy side is not due to the exchange inte
tion between 3p and 3d electrons but due to the dipole tran
sition.
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Here, let us consider only the quadrupole contribution
RXES. As we mentioned before, only 1s down spin electron
can be excited to the 3d states. In the intermediate state
RXES, the 1s down spin hole remains because of very we
interactions between 1s and 3d electrons. In the emission
process (3p→1s), only 3p down spin electron can make
radiative transition to 1s down spin hole. In the final state o
Kb RXES, five 3d states with up spin and one 3d state with
down spin are occupied and the hole of 3p state has a down
spin. In this case, 3p and 3d electrons cannot change th
spin through the exchange interaction between 3p and 3d
electrons. As a result, the spectra due to the quadrupole
sition do not have the exchange splitting satellite.

B. Angle dependence of the quadrupole contribution

In this section, we give a theoretical prediction on t
incident angle dependence of the MnKb RXES in a single
crystal sample of MnF2. In general, the MnKb RXES de-
pends on the incident angle, the emitted angle, and the

FIG. 3. Theoretical~solid line! and experimental~dashed line!
Mn K-edge XAS spectra for MnF2 is shown in~a!. Theoretical and
experimental MnKb resonant x-ray emission spectra for MnF2 are
shown in~b!. The results (A),(B) of RXES are obtained by tuning
the incident photon energy to (A),(B) of the XAS.~C! corresponds
to Kb normal emission spectra.
f

k

n-

o-

larization of the incident and emitted photons. This angle a
polarization dependence is different for quadrupole and
pole excitations, so that it can be used as a means to di
guish the quadrupole and dipole excitations in the pre-e
of Mn K-XAS.

Let us consider the Mn 1s-3d quadrupole excitation in a
MnF2 single crystal. We calculateKb RXES by changing
the angleu i , where bothf i and ue (5u2u i) are fixed to
45°, and the incident photon polarization is taken in thez8
direction ~the emitted photon polarization is not analyzed!.
Then the angle factor in the transition operatorTquadrupole

(a) is
given by

A2q
z8 ~u i ,f i !55

sinu i , q52

sinu i , q522

2~1/A2!~11 i !cosu i , q51

~1/A2!~12 i !cosu i , q521

0, q50.
~4.1!

The calculated result is shown in Fig. 4. It is seen that
spectrum depends strongly onu i not only in the intensity but
also in the spectral shape. The relative intensity of two m
peaks in the spectra are clearly changing with incident an
u i .

Here, it should be remarked that if we assume the p
edge XAS is not due to the quadrupole transition but due
the dipole transition, then the present MnKb RXES will not
depend onu i both in the intensity and the spectral shap
This is because bothTdipole

(a) and Tdipole
(e) do not depend onu i

~note thatTdipole
(a) does not depend onu i because the inciden

photon polarization is always fixed in thez8 direction!.
In many transition metal compounds, a pre-edge struc

is observed in theK-XAS, but its origin ~quadrupole or di-
pole transition! is sometimes not very clear. For example,
TiO2 the coexistence of quadrupole and dipole transitio
was proposed, but an interpretation only by dipole transit

FIG. 4. Calculated results of the incident angle-dependent
Kb RXES of a MnF2 single crystal. The anglef i is fixed to 45°.A
andB are obtained by tuning the incident photon energy to~A! and
~B! of the XAS in Fig. 3~a!.
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was also given.30–32 For Fe2O3, the relative intensity be-
tween the quadrupole and dipole transitions does not see
be well established.15,33 As is well known, the angle and
polarization dependence in the intensity of XAS is differe
for quadrupole and dipole transitions, so that it has been u
in order to distinguish the quadrupole and dipole transitio
However, in the case of RXES both the intensity and spec
shape of quadrupole contribution strongly depend on the
cident angleu i , while the dipole contribution is constan
Therefore, the RXES provides us with more information
the difference of quadrupole and dipole transitions th
XAS, and it will be a powerful tool to distinguish them.

C. Relation between RXES and NXES

In order to illustrate the relation between RXES a
NXES we show in Fig. 5 the calculated MnKb RXES,
which covers a wide range of incident photon energy. Th
results are obtained for a single-crystal MnF2 and the inci-
dent angle and the scattering angle are fixed tou i545°, f i
50°, andu590°. The RXES ofa; j are calculated by set
ting the incident photon energyV at the XAS energy posi-

FIG. 5. Theoretical MnKb resonant x-ray emission spectra f
MnF2 at wide energy range of incident photon. The lowest spe
is Mn K-edge x-ray absorption spectra. The resultsa; j of RXES
are obtained by tuning the incident photon energy ata; j of XAS.
d

to

t
ed
s.
al
-

n

e

tions a; j ~see the bottom of Fig. 5!, respectively. All of
these spectra are normalized so that the highest intensit
each spectrum is the same. The spectrumd in Fig. 5 is a
single-crystal version of the spectrum~B! in Fig. 3~b!.

From Fig. 5, we can see that, as the incident photon
ergy is increased, the spectrum changes from RXES~dispers-
ing structure! to NXES ~nondispersing structure!. In the
range of low incident photon energy~from a to f! the spectral
shape depends strongly on the incident photon energy,
for high-energy region~from g to j !, the spectral shape i
independent of the incident photon energy, which is the ch
acteristic feature of NXES. It is to be noted that the calc
lated result forf corresponds to the experimental one f
C „V56545 eV in Fig. 1~c!, and the dispersive nature of th
experimental spectra is nicely reproduced by this calculat

V. CONCLUSION

Summarizing, we have presented the measurement
x-ray absorption and resonant x-ray emission spectra at thK
pre-edge of Mn in a powdered MnF2 sample and performed
the theoretical calculations of these spectra with MnF6

24

cluster model taking into account the intra-atomic multip
effect and interatomic hybridization. The agreement betw
the experimental results and our calculation are very goo

Moreover, we have presented that resonant x-ray emis
spectra have a strong sensitivity to the polarization and an
of the incident photon. This clearly demonstrates that imp
tant information to distinguish the quadrupole and dipo
transitions can be obtained from the angle and polariza
dependence of resonant x-ray emission spectra.

Finally, we have illustrated the relation between reson
x-ray emission spectra and normal x-ray emission spectra
setting the incident photon energy at a wide range of ene
in XAS.
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