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We report experimental and theoretical results on theKFedge x-ray absorption spectrum and2p
resonant inelastic x-ray scatterifgIXS) spectra ina-Fe,0;. The results are interpreted using an &0
cluster model with intra-atomic multiplet coupling and interatomic covalency hybridization. ke RIXS is
treated as a coherent second-order optical process. It is shown that the double-peak structure in the pre-edge
region of FeK absorption spectrum is due to the cubic crystal-field splitting, and that the intensity of the
ey (t2g) component in the 42p resonant inelastic spectrum is enhanced by tuning the incident photon energy
to theey (t,5) component in the absorption spectrui80163-182628)08443-4

[. INTRODUCTION 21) edges of rare-earth elements, aid(Ref. 5 edges of
actinides has been exploited to gain information on impor-
X-ray absorption spectroscogXAS) and x-ray emission tant high-energy scale parameters, such as the on-site Cou-
spectroscopyXES) have long played important and comple- lomb interaction energy, charge-transfer energy, as well as
mentary roles in the study of the electronic structure of mafelated elementary excitations of these correlated electron
terials. Recently, the increased photon flux and brightnessystems. In all these cases, the cluster models developed for
available from undulators and wigglers at synchrotron radiathe interpretation of photoemission spectroscopy and x-ray
tion sources have stimulated a growing number ofabsorption spectroscopy of highly correlated electron sys-
experimentd*as well as theoretich?°studies exploring tems continue to work very well, and have provided impor-
resonant inelastic x-ray scatterifi§IXS), where x-ray emis- tant guidance to the design of experiments.
sion spectra are measured as the incident x-ray energy is In this paper, we report a RIXS study atFe,O;, hema-
tuned through an absorption edge of the sample. The secontite. The particular intermediate states of interest are the pre-
order nature of the RIXS process offers more degrees ofdge features in the Re absorption spectrum af-Fe, 03,
freedom in the design of the experiment selecting appropriand the emission lines of interest are the kce emission
ate combinations of the type of electric multipole transitions lines. In the following, this RIXS process will be referred to
electronic levels involved in the transitions, as well as com-as 1s2p RIXS.
binations of the directions of polarization vector and wave It is well known that pre-edge features exist in tke
vector of both incident and scattered x rays with respect t@bsorption spectra of most transition metal compounds. They
the crystal lattice, specific electronic excitations can be studare usually associated with electronic transitions from the 1
ied in greater detail than is possible by either XAS or XEScore orbital to the localized molecular orbitals of primarily
alone. 3d character. Since electronic quadrupole transitions (1
For wide band solids, the focus of most studies has been>3d) are much weaker than electronic dipole transitions,
on the RIXS process that excites a core electron into th¢he strength of these pre-edge transitions depends strongly on
conduction band and measures the valence-band emissitime local symmetry of the transition metal ion, which affects
spectrum. Within the one-electron approximation, thethe degree of admixing between thdike states with the 8
electron-hole pair in the final state of this RIXS process hastates?~2* Consequently, the pre-edge features are a very
been related to the joint density of states between the valensensitive analytical tool in the study of the electronic struc-
band and conduction band with some sucééséHowever, ture of transition-metal compounds. In the casexefe,O;,
it is now clear that the effects of core hole in the intermediateahe pre-edge features were assigned to the crystal-field split
states need to be treated properly to account for the detailed, ande, states by Drger et al?® The presence of quadru-
line shapes of RIXS spectf&!” and that more theoretical pole transitions in these features was confirmed by measur-
effort is still needed. ing the wave vector and polarization dependence of the ab-
For narrow band solids, RIXS at the!* L,° andM (Ref.  sorption coefficients. The presence of quadrupolar transitions
13) edges of 8 transition metals, th& (Ref. 5 andN (Ref.  was also independently confirmed recently by the observa-
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tion of a forbidden charge reflection -Fe,O; by Finkel- 350
steinet al?® However, the ratio of the quadrupolar contribu-
tion to the dipolar contribution of these pre-edge features is
still not clear.

The reason to study thK« emission line in the RIXS
process is that the final state of the proceg83"*?! is
identical to that of the; |, absorption process. Over the last
10 years, high-resolution soft x-ray absorption spectroscopy
has become an important tool in the study of the electronic
structure of transition-metal compounds due to the rich mul-
tiplet structure of the final states, and the strong linear and
circular dichroism associated with théfThe possibility to
reach the same final states using RIXS permits the unique 7100 7150 7200
combination of the spectroscopic information of soft x rays : : : .
and the flexibility in sample conditions and environments of 7110 7ie 7114 7116 7118 7120
hard x rays. It is the goal of the present study to investigate Incident Energy [V]
this possibility in detail. _

The paper is organized as follows: Sec. Il describes the F!G. 1. FeK-absorption edge of powderettFe,O;. The pre-
experimental arrangement and the experimental results; Segd9€ région is shown in more detail as it is the focus of this paper.
IIl describes the theoretical model; Sec. IV shows calculated "® WNole edge is shown in the inset. The arrows and Idlieks

. . indi he incident energi which the high-resolution
results and compares those with experimental results; Sec. )]. .d cate the incident energies at ch the high-resolutio
. emission spectra were measured.
is a summary.
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settofiw,=7200 eV, so that threshold effects are excluded.

Il. EXPERIMENT TheK a4 fluorescence line g w,=6407.3 eV has an asym-
metric Lorentzian line shape with full width at half maxi-
mum of about 3.5 eV. All three resonant inelastic spectra
have peak positions similar to that of the fluorescence line,

but have very different line shapes. In particular, spe@ya

and(b) show much narrower linewidth and additional spec-
a}ral features.

The experiment was performed at the X21 hybrid wiggler
beamline at the National Synchrotron Light Source. Th
beamline consists of a four-crystal dispersiv€230) mono-
chromator with miscut angles ef 16°, 0°, 0°,+16°, and a
spherically bent $833 backscattering analyzéf.The en-
ergy resolution of the monochromator is 0.2 eV, and the tot

sample fo ensure that the two enerav scales are consistet sorption spectrum of hematite is included for combarison
P : . ay ; in"Fig. 3B). Thel,,, absorption spectrum is shifted down
The sample used in the experiment was a single-crystal h '

. . ) . o7 %'y 0.2 eV to make the peak positions in the inelastic-
matite (¢-Fe,05) disk oriented in th¢111) direction parallel scattering spectra agree with the peak positions in the ab-

%orption spectrum. From Fig. 3, it can be seen that the peak

measured at 90° scattering angle and in the horizontal plar}?ositions of the new spectral features in spectiaand (b)

to reduce scattering background.
Figure 1 shows the FK-edge absorption spectrum of a , ,
powdereda-Fe,0; sample. The spectrum is normalized so 4r T
that the measured absorption coefficients for photon energies (a)
immediately below and well above the absorption edge are
the same as the theoretical vald&3he absorption spectrum
agrees very well with data published by Qexet al.?® ex-
cept that the absolute energies of these transitions are 1 eV
higher than those reported by e et al?® Several weak
pre-edge peaks are clearly observed. The first two pre-edge
peaks, located at 7113.4 and 7114.8 eV, are assigned to the
electronic transitions from the Feslorbital to the crystal-
field split t,4 and e, orbitals?® The splitting of 1.4 eV be- M
tween the two peaks agrees well with both the value of 1.5 0
eV reported by Drger et al,?® and the value of 1.45 eV,
obtained from soft x-ray Fel,  -edge absorption
measurements.

Figure 2 shows three inelastic scattering spectra taken fiG. 2. RIXS spectra as a function of the scattered photon en-
with the incident photon energy tuned to 7113.4 &,  ergy for three different energies together with ter, , fluores-
7114.8 eV(b), and 7117.8 e\(c), respectively. The FEKa;,  cence lines. The excitation energies are 7118147114.7(b) and
fluorescence spectrum of hematite is also included for comz117.7 eV(c) for the RIXS spectra, and 7200 eV for the fluores-
parison. The excitation energy of the fluorescence lines wasence lines, respectively.
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' ' respectively, where we take into account the finite width of
the Fe 4 conduction band with the wave vecthrbeyond
the cluster modelthe band index is dropped for simplicity
The indicesm and o are the orbital and spin stateg(I’),
Ugg, —Uge(1s) and —Ug4(2p) are the hybridization be-
tween Fe 8 and O 2 ligand states, the Coulomb interaction
between Fe 8 states, the Coulomb interaction between Fe
3d and 1s core-hole states, and that between Eea®d 2
core-hole states, respectively. The Hamiltonkqipie; de-

201

—
o
T

Intensity [Arb. Unit]
P

05k 1 (c) i scribes the intra-atomic multiplet coupling originating from
(b) the multipole Coulomb interaction between F& Sates and
that between Fe@and 2 states. The spin-orbit interaction
0 , ‘ for Fe 3d and 2p states is also included i yipjet-
715 730 715 730 In the pre-edge region of XAS, the Fes ®lectron is ex-
Final State Energy [eV] cited to the 3 states by the quadrupole transition. The XAS

FIG. 3. RIXS spectra as a function of the energy difference of > 9lVeN as

the incident and scattered photés final-state energytogether

with the L -absorption edge. The excitation energies for the

RIXS spectra are the same as in Fig. 2. The spdejrand (b) are lo(Q))= > |<m|TQ|g>|2
shown in(A), and spectrun(c) and thel,  -absorption edge in m (
(B). Two small peaks in the low-energy tail of the main peak in

spectrum(c) as well as a small peak in the high-energy side of theand Ka RIXS is given, using the formula of the coherent

FK/’7T
Q—En+Eg2+T%’

(3.2

Fel,, edge are shown in more detail. second-order optical process, as
agree well with the main peaks in thg |, absorption spec- (f|Tolm)(m|T |g>‘z
trum. The main peak of spectrufm), on the other hand, lines So(Q, )= E 2 Q

™ | Eg+tQ—En—ilg|

up well with the very weak feature at about 711 eV in the
absorption spectrum. It should also be noted that there are ro
two very weak peaks with energy transfers between 705-708 % M

eV in spectrunc), and they also line up well with the main (Eg+Q—E(— w)?+T% '
peaks in the_, ;,, absorption spectrum.

(3.3

where |g), |m), and|f) are the ground, intermediate and

Ill. THEORETICAL MODEL final states of RIXSeigenstates of the Hamiltoniath) with
energiest,, En, andE;, respectively. It should be noted
that the final states of XAS are the same as the intermediate
states of RIXS. The incident and emitted photon energies are
represented b{) andw, respectively. The core-hole lifetime
broadening is denoted Hyy for the 1s core hole and", for
the 2p core hole. The operator, and T, represent the
H=2 eag(D)dl,dro+ > e2pPhoPmet X €1650Ss optical quadrupole transition between Fe 4nd 3 states

Lo m.o v and the optical dipole transition between Fe 2nd 1s

states, respectively, and they are written as

To interpret the RIXS data, we use an R&O cluster
model with O,, symmetry, since the local symmetry around
the Fe atom ina-Fe,O5 is approximatelyO,,. The Hamil-
tonian used in the calculation is given by

+k2 84p(k)PL,Pka+FE s|(F)a}(,arU+FE V(I
o g O )
X(d;aaFU_F a}odra) TQZEI q;z r?ng)(l), (34)

t T
+Ugg 2 dr,dredp, . drr g
(T, )£ o)

1
To=2 2 riCP). 3.5
—Ugc(1s) > dlt(,dp(,(l—sl,s(,,) i gq=-1

T,o0

Herer; is th?k)radial coordinate of thigh electron in the
_ T _nf ) , system andC.”(i) is the spherical tensor operator. In our
UdC(Zp)r,mZ,,,gr A odro(1= Py Prg) + Hmutier calculation of RIXS, it is assumed for simplicity that the
3.1) spectrum is averaged over all the polarization directions of
incident and emitted x rays.
whereezy(I") andg|(T") represent the energies of Fd and Even in the pre-edge region of XAS, a weak low-energy
O 2p ligand states, respectively, with the irreducible repre-tail of the dipole transition of the Feslelectron to the Fe g
sentationl” (=ey andt,g) of the O, symmetry. The ener- conduction band coexists with the quadrupole transition. The
giese,, and e4p(K) represent the Fe2and Fe 4 states, XAS due to the dipole transition is given as
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T/ z
Io(Q)=2> [(m|Tp|g)l? :
o(f) §m: KmiTolg)l (Q—En+Eg?+T% s ]
2 § ;.
=J dep(e), [{m’, K| Tp|g)| 3 ]
m’ :g\ L2 .3
c @
FK/W ; % ,
X (3.6 3k | /
(Q—e—Epm+Ep?+Ik g’ 0 10 /[
Here the final statém) is assumed to be a direct product of ﬁ sreor e f "’"T"/

he sooveocvense

a 4p state |[k) and the remaining systenmim’) (|m) ©)
=|m’,k)=|m’)|k)) with the energyE,=E, +&¢, and ("j‘)+
then the summation over the4inal state is replaced by the
integral overe (=¢g) with the density of statep(e). In a

(©
'

similar way, Ka RIXS due to the dipole excitation is ex- 0 .
pressed in the form -10 0 10
Incident Photon Energy (eV)
SD(Q:w):f dep(e) FIG. 4. Calculated F&-absorption edge of-Fe,O; together
with the measured data. The dashed line represents the background
<f',k|TD|m’,k>(m',k|TD|g>‘2 in the pre-edge region, which stems from dipole transition. The
X 2 2 - arrows indicate the incident energies for which the emission spectra
] m Eg+9_8 —En—ilg ’ were measured and calculateme as in Fig.)1 The inset shows
the assumed density of states of the Fecbnduction bang(e).
FM /7T
X , 3.7
(Eg+Q—e—Ep—w)?+Th dichroism, but we explicitly take into account the effect of

covalency hybridization whereas they did not. The lifetime
broadening of the core hole is taken to bg=0.6 eV and
I'y=0.18 eV, and the Gaussian broadening to be 0.25 eV
half width at half maximum. With the parameter values

where we put|f)=|f",k)=|f"}|k) and E;=E; +&. Fi-
nally, the total spectrd,({2) andS((},w), are given as

1(Q)=1() +1p(), (3.8 given above, the ground state is the mixed state of the three
configurations with the mixing weights 82.2%d%, 17.0%
S(Q,w)=SQ(Q,w)+SD(Q,w) (39) (3d6|_), and 0.8% (B!YLZ)
The calculated F& pre-edge XAS is shown in Fig. 4,
IV. CALCULATED RESULTS together with the experimental result. In this calculation, we

assume the density of states of Ae @onduction bang(s)

In order to describe the grOUnd state of our cluster mOdelaS shown in the inset of F|g 4 s0 as to reproduce the experi_
we use, as the basis states, the three configuratiali, 3 mental results, and the relative intensity between the quad-
3d°L, and 3'L? whereL represents a hole in the ligand rupole and dipole transitions and their relative energy posi-
states. The basis configurations in the intermediate pt@te tion are taken as adjustable parameters. The energy
are 1s3d°, 1s3d’L and 1s3d®L® configurations for the separation between the quadrupole and the dipole transition
quadrupole-excited states ari3d®4p, 1s3d°L4p, and s 7 eV (from the center of the quadrupole transition to the
§3d7L24p configurations for the dipole-excited state. Cor- steep absorption edge of the dipole transition in Fig.atd
responding to these intermediate states, the basis configurghe intensity ratio between the transitions is 0(Difegrated
tions in the final stat¢f) are2p3d°®, 2p3d’L, and2p3d®L®  intensity ratio within the energy range ef10 to 10 eV in
configurationgquadrupolg and2p3d®4p, 2p3d®L4p, and  Fig. 4). It is difficult to compare these numbers to published
2p3d7L24p configurations(dipole), respectively. The pa- Vvalues, whul:h are of the order of 20 eV and 0.01,
rameter values are as follows)y(15)=U4.(2p)=7.3, respec_tlvely”. These numbers describe the separation and
V(eg) =2.3,Uyq=6.0, andA =4.7 in units of eV, wherd is the ratio of the yvh_ne line to the quadrupole transition, while
the charge-transfer energy defined by the energy differenc¥€ take the ratio in the near-edge region.
between 8°L and 35 configurations. For the hybridization, !N the pre-edge region, we can see a double-peak structure
we use the empirical relatioV(e;) = — 2V(t,,). These pa- vv_|th an energy spl!ttlng of a'b.out'l.4 ev. A schemath energy
rameter values are mainly estimated from the analysis ofiagram of the optical transition is shown in F;g. 5. glnce the
x-ray photon spectroscopy data. The Slater integrals and tHe€dominant ground-state cogflgurazthnugg(I) (eg1)°, we
spin-orbit coupling constants that are includedHipet approximately putg) =|(tz1)°(eg1)) in Fig. 5. Then, the
are calculated by Cowan’s Hartree-Fock progidrand then ~ final states of XAS(mterngedmte states TOf RIXSoy the
the Slater integrals are reduced to 85% of the Hartree-Focftadrupole transition arey s,[g) and de s|g), whose
values. For the crystal-field spliting, we use Dl energy separation is given by theg-t,, splitting, 1MDq.
=0.94 eV. This value is smaller than@=1.45 eV used This explains the double-peak structure. The main effect of
by Kuiper et al?® in their analysis of x-ray magnetic linear the hybridization is to enlarge this energy separation from
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(tzgh)3(eqt)2 Final State Energy [eV]

ground state FIG. 6. Calculated RIXS spectfaolid line) as a function of the

FIG. 5. Energy diagram of the optical transitions, which are ©N€rgy difference of the incident and scatFered photpn .together with
observed in the experiments Electrons in the ground stateq® e measured specttaymbols. The energies of the incident pho-
are excited into either the localizeg or t,, orbitals (Ls3d®) or the ~ fons are the same as in Figs. 2 and 3, and they are labeled accord-
4p valence band {s3d%4p) in the intermediate state of RIxs N9l with (@—(c).

(=final state in XAS. In RIXS, the intermediate state decays into

the final state@p3d® or 2p3d°4p, respectively. perimental results are in very good agreement. The two
I o ~_ prominent structures separated by about 13 eV originate

0.94 eV (: 1([)q) to 1.4 eV. The Charge'transfer satellite is from the spin_orbit sp“tung of the a core |eve|, 2)3/2 and

too weak to be Cleal’ly seen, because the core-hole Chal’geg@l/z_ In going from(a) to (b)’ the energy of the maximum

screened by the photoexcited 8lectron in the final state of R|xs peak shifts in both s, and 2,, components by

XAS. The dipole transition contributes to the backgroundapout 1.4 eV in the direction of increasing energy transfer,

absorption in the pre-edge region as shown with the dasheghq from(b) to (c), the maximum peak energy shifts further

curve in Fig. 4. _ _ . by about 3 eV on the high energy-transfer side. This is ex-

Here it should be mentioned that the interpretation of they|ained as follows: As shown in Fig. 5, the intermediate state
pre-edge structure observed in various transition-metal conyt s/|g) [(a@ in Fig. 6] decays mainly into the final state

. . . toql
pounds is, in general, not well established. If there is a local % . . -
lattice distortion like a vibrational excitation, which breaks dtzgipmi|g>' and the intermediate St""ﬂ%glsilg> [(b) in Fig.

the inversion symmetry around the transition-metal site, thé] into the final Statﬁdlglpmllg). The energy difference of
1s to 3d transition becomes weakly allowed by the optical the two final states is the,-tyg splitting (=1.4 eV) again.
dipole transitior?? Even when the inversion symmetry is not

broken, the dipole transition is possible from the state to

the 3d state on a different transition-metal site, if we extend 80 ' '
the cluster size. In the case of theKliedge in TiQ (rutile), \ -+ Quadrupole

for instance, both quadrupole and dipole transitions are ) :Is)lillgle
L (&

shown to give important contributions to the pre-edge
structuré?®33n the present analysis of the Repre-edge of
Fe,0;, we can reproduce the experimental double-peak
structure by the quadrupole transitions superimposed on the
background of the dipole transition, where we have used
some assumptions on thg 4and density of states and the
relative intensity and energy position between the quadru-
pole and dipole contributions. It will be shown below that the
present model with these assumptions can also reproduce the
experimental data of 2p RIXS.

The results of $2p RIXS calculations are shown in Fig. 0
6, where the spectré@), (b), and(c) are obtained by tuning 700 705 710 75 720 725 740
the incident photon energy to the energy positi¢as (b), Final State Energy [eV]
and(c) in Fig. 3. Here the spectra of the emitted photon are G 7. cComparison of the quadrupolar and dipolar contribution
plotted as a function of the energy transéer (). The sym- (o the calculated RIXS spectra in Fig. 6. The energies are same as in

bols are the experimental data, the symbol size is a measufge Figs. 2, 3, and 6. Obviously, the quadrupolar contribution domi-
for the statistical errors. The solid lines describe the theoretnates in the spectri@) and(b), while in (c) the dipolar contribution

ical data. The contributions from the dipolar and quadrupolagields most of the intensity for the peak. The quadrupolar contribu-
transitions are separately shown in Fig. 7 and compared ttion with transitions into the,; and ey orbitals is observable as
the sum of both transitions. The model calculation and exsmall steps at 705 and 707 eV, respectively.

Intensity [Arb. Unit]
e (=23
=] <D

Do
(=}
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According to Eq.(3.3), the energy transfer of RIXS is given «-Fe,O;. The results are interpreted using a cluster model in
by the energy difference between the energieandEgy, SO which intra-atomic multiplet coupling and interatomic hy-
that when we go fronfa) to (b), the RIXS peak shifts by 1.4 pyidization are included explicitly. Very good agreement be-
eV. Of course this transition scheme is very crude, and acyeen the experimental results and the model calculations is
tually the statesd;rzglpmug) and dgglpmﬂg) are not the  gchieved in both the XAS spectrum and RIXS spectra.
eigenstates of the Hamiltonian, thus they are mixed into This study clearly demonstrates that fat 8ansition met-
each other by the Coulomb interaction betweehad 2 als the E2p RIXS process can be exploited to obtain spec-
states, as well as by the spin-orbit interaction in tipeseate.  troscopic information similar to that obtained in
Therefore, we find, in the case @) [and (b)], a shoulder | -absorption spectroscopy. Since both incident and scat-
structure about 1.4 eV on the higtand low energy side of  tered photons are hard x rays, it opens the opportunitynfor
the main peak in the (&, component of RIXS. _ situ spectroscopic studies of transition-metal ions, com-
Next, we consider the contribution from the dipole exci- pjexes, and clusters in biological and other systems that are
tation, where the intermediate statePiﬁ(,sl,|g) and the final ot vacuum compatible.
state isPJ,Pm,/9), as shown in Fig. 6. In the cases @ Moreover, polarization and wavevector dependence in the
and (b) the excited 4 electron stays near the bottom of the 157 RIXS spectra can be further exploited. For example,
4p conduction band, so that the energies of the intermediatg,e enhancement of the, (t,;) component in the RIXS

and final states are very close to those of the quadrupolgecira could be even greater by a proper choice of the inci-
excitations. Therefore, we have the conftrlbuuon from thedent polarization vector with respect to the crystal orienta-
dipole exmtgﬂon(dashed curveto RIXS in the ENergy” tion. Also, magnetic circular dichroism was observed in
transfer region very close to that of the quadrupole exmta—2 3d RIXS of Gd meta31° recently. Similar maanetic cir-
tion, although the dipole contribution is much weaker than P : . o Y, 9

the quadrupole contribution. In the case(of, on the other cular or_llnear dichroism in 42p RIXS spectra should also
hand, the dipole contribution is much stronger than the quaot—’e possible. , i

rupole contribution, because the XAS intensity of the dipole_ " the present analysis, we have simply assumed that the
transition is much larger than the quadrupole transition. FurEF€ 15—3d excitation is due to the quadrupole transition.
thermore, the excitedgtelectron stays about 3 eV above the More detailed information on the relative strength of the Fe
bottom of the conduction band corresponding to the increasés—3d quadrupole and dipole transitions will be obtained
in the incident photon energy. Therefore, the final state enfrom experimental measurements of the polarization depen-
ergy of the dipole contribution is about 3 eV higher than thedence, as well as the scattering angle dependence, of the
quadrupole contribution, resulting in the shift of the RIXS 1s2p RIXS, and their theoretical analysis in the near future.
peak energy by about 3 eV in going froth) to (c). In the

spectrum(c) we can also see weak structures caused by the
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