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Abstract

We report experimental studies of polarization dependence in resonant soft X-ray emissidranis&ion metal compounds. In metal 2
resonant soft X-ray emission spectra af 3ystems, transition to the bonding and antibonding states betwifemd 3/*L configurations
shows polarization dependence. In Fj@he polarization dependence is drastic, whereas it is slightly weak in&@ufFextremely weak in
KMnQ,. The results are explained by a local symmetry selection rule, strength of hybridization, and phase relation of wave-functions among
initial, intermediate, and final states. In oxygenrg&sonant excitation of undoped cuprate;(RrO,Cl,, we demonstrate that Zhang—Rice
singlet excitationdd excitation, as well as two spin-flip excitations can be distinguished according to their symmetry.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mation about symmetry of elementary excitations by mea-
suring polarization dependence in RSXES8]. There exists,

In the last decade we have experienced rapid progress inhowever, very few previous works on solids where practical
the soft X-ray spectroscopy. Using brilliant synchrotron ra- measurements and corresponding analysis are made on po-
diation as an excitation source, we obtain a specific core larization dependence in RSXES]. The RSXES process
excited state by tuning excitation energy and polarization. is described by the Kramers Heisenberg formula
The most benefited one from this is the resonant soft X-ray
emission spectroscopy (RSXER)2]. In RSXES core ex-

citation and decay process occurs coherently. Energy differ- (| Toli) i
e : JIT210) (i T1|g)
ence between incident and emitted photons corresponds toF(2, @) =Y Y | EoxO—FE il
the energy of an elementary excitation left in the final state. nojli 78 !
Recently a number of RSXES spectra are reported on semi- x8(Eg+ 2 - E; —w), (1)

conductorg3-7], transition metal compound8-16], and

rare earth compound4d7], with the development of tech-

nologies in gratings and detectors that improves the energyWheres2 andw are the incident and emitted photon ener-
resolution of a soft X-ray emission spectrometer up to 1000 9i€Sg), |i), and| ) are initial, intermediate, and final states
(E/AE). For lots of RSXES spectra, elementary excitations ©Of the material system, respectively, E;, andE; are their
have been identified by excitation energy dependence andenergies, and™ represents the spectral broadening due to
detailed comparison with other spectroscopic results, suchthe core-hole lifetime in the intermediate state. The dipole
as X-ray absorption spectroscopy (XAS) and photoemission transition operatoffy and 7> are taken in the direction of

spectroscopy (PES). In the meantime, we can obtain infor- incident and emitted photon polarization. We obtain sym-
metry of the final state dependent on the incident and emit-

ted photon polarization. In this paper, we review our recent
* Corresponding author. Tel:81-471-36-3381; fax-81-471-36-3383 ~ RSXES studies ondtransition metal compounds which
E-mail address: shin@issp.u-tokyo.ac.jp (S. Shin). well describe the advantage of polarization dependence.
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Fig. 1. Schematic drawing of the experimental configuration. (a) Normal planar undulator; (b) figure-8 undulator.

2. Experimental details der and KMnQ powder, and a single crystal of &u,Cl»
grown by the melt. We have installed soft X-ray emis-
We studied polarization dependence in RSXES with metal sion spectrometers with polarization dependence at beam-
2p edge excitation of TiQ, Scks, KMnO4 and with oxygen line (BL) 2C in Photon Factory (PF) and at BL27SU in
1s edge excitation of SCuG,Cly. The samples are a rutile  SPring8. Figure 1shows schematic drawing of two exper-
single crystal of TiQ(001), pressed pellets of Sgow- imental configurations to study polarization correlation in
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Fig. 2. Front view of the soft X-ray emission spectrometer system at (a) BL2C in Photon Factory and (b) BL27SU in SPring8. The axis of the incident beam
is perpendicular to the drawing. Arrows witfiy and Esxe labels indicate polarization vector of incident photon and soft X-ray emission, respectively.
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RSXES. The wave vectors of incident and emitted photons cated to balance high energy resolution around 104 £)

form a scattering plane, and the scattering angle is fixed towith high detection efficiency. By using this experimental,
90°. When the polarization vector of the incident photon we will measure polarization dependence of the materials
is parallel to the scattering plane, it is called “depolarized very precisely.

configuration” while when the polarization vector of the in-

cident photon is perpendicular to the scattering plane, it is

called “polarized configuration”. It is noted that both the 3. Resultsand discussion

polarization-contained and the polarization-rotated compo-

nents equally contribute to emission spectra in the polarized3-1. Ti2zp RSXESon TiO; [23]

configuration, while only the polarization-rotated one is in-

cluded in the depolarized configuration. In terms of the Ra-  First we discuss Ti 2 absorption and emission results on
man tensor, a polarization-contained component correspondsfiO2. TiOz is a representative of a8 system, and the char-

to diagonal elements, and a polarization-rotated componentacter of the electronic states near the energy gap has long
Corresponds to Off-diagona| elements. It is favorable to per- been discussed in terms of both delocalized and localized
form complete analysis of polarization correlation between description.Figure 3shows (a) Ti 2 XAS and (b) Ti 2»
incident and emitted photons, however, it is difficult to sep- RSXES with polarization dependence. The XAS spectrum
arate soft X-ray emissions by their polarizations because aWas obtained by the total electron yield method. The excita-
soft X-ray polarimeter is still in a developmental stage, and tion energies for RSXES are indicated on the XAS spectrum.
is not yet available commercially. As shown Fig. 1(a) RSXES spectra are plotted relative to the energy-loss from
we have conducted a rotation of an experimental chamber

around the axis of the incident beam at BL2Cin PFduetoa —~ [, \ '

normal planar undulator that provides linearly polarized inci- 2 (a)
dent photon fixed in the horizontal plarieid. 2(a) shows a
front view of the systerf20]. An analyzer chamber equipped
with the emission spectrometer rotates &@und the axis

of the incident beam. The analyzer chamber is sealed with
two differentially pumped rotary feed-throughs, and sepa- ; -
rated from the beam line using a vacuum valve. The emis- I IR MR T W T | faflfuﬂ_u
sion spectrometer is based on the Rowland circle geometry 455 460 465 470 475
with the best energy resolution of more than 10804 E) Excitation energy(eV)

using three holographic spherical gratings that cover the en- L L e e e e o e B
ergy range from 18 to 1200 eV, and served as the first soft (b) TiO Ti2p RSXES
X-ray emission spectrometer with polarization dependence 2 |

in Japan. The energy resolution for the incident and the emit- . g, e —— polarized
ted photons applied in this study is summarizedable 2 | A e dJeLolarizedi

b";"f'"T'i(')g'T'iz';})?Xs;

Intensity(arb.unit;

-

We made the alternative experimental configuration by
using a light source which is able to switch linear polariza-
tion from vertical to horizontal, as shown kig. 1(b) This
is exactly the same in geometry as the rotation of the ex-
perimental chamber. Our system in SPring8 employed thef}
figure-8 undulator alternatively as a light source, where the &
incident beam has both vertical and horizontal polarization
[21]. As shown inFig. 2(b) the emission spectrometer is g
rigidly mounted on the base plate of the experimental cham- 2
ber. This has greatly improved the stability of the measure- ks
ment system. The emission spectrometer is based on the fla
field focusing geometry with two varied line-spacing holo-
graphic spherical gratings that cover the energy range from
250 to 900 eV[22]. The emission spectrometer was dedi-

Table 1 l{ ot .
Energy resolution for the incident and emitted photons 20 15 10 5 o

Sample Subshell AEin(eV) AEqui(eV) Raman shift (ev)

Sck Sc 2 0.2 0.6 ) ) )
TiO, Ti2p 01 04 Fig. 3. (@) Ti 2» XAS spectrum and (b) Ti 2 RSXES spectra of

KMnO, Mn 2p 04 1.2 TiO. Solid bars on each RSXES spectrum indicate peak positions of the
fluorescence.

units)

o = e =
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Fig. 4. Schematic energy level diagram for RSXES of JiO

XAS corresponds to the bonding state betweerc8a& and
¢3d?L configurations, while the satellite corresponds to the
antibonding state between them. The intensity of the satel-
lite is very weak because of the phase cancellation between
the wave functions of the ground and photo-excited states.
Also, the X-ray absorption is almost forbidden to the non-
bondinge3d2L states. IrFig. 4, for simplicity, we disregard

the effects of the spin—orbit splitting of the Ztates and the
crystal field splitting of the & states. The resonantly excited
intermediate states, which correspond to the main peak and
the satellite of the XAS, decay radiatively to each of the final
states, i.e. the bonding, nonbonding and antibonding states.
It is shown fromEq. (1)and group theoretical consideration
that the final states witl1,, T1,, T2,, and E, irreducible
representations are allowed in the polarized configuration,
whereas those with onl§, and T, irreducible represen-
tations are allowed in the depolarized configuration. There-
fore, the recombination peak (bonding state) and the 14 eV
inelastic peak (antibonding state) are allowed in the polar-
ized configuration, but they are forbidden in the depolarized

configuration. The nonbonding states are allowed both in the

polarized and depolarized configurations. They are observed
the recombination peaks (we show below all the spectra of in Fig. 3as broad structures from 3 to 10 eV with weak polar-
the 3/° systems in the same form). Two types of emissions ization dependence below the recombination peakign3,
are present in this plot, one staying almost at the same en-the structure shifting with the excitation energy (indicated by
ergy and the other shifting with the excitation energy. The vertical bars inFig. 3(b) has almost the same energy when
former is a soft X-ray Raman scattering that accompanies plotted against the emission energy. This corresponds to a so
valence excitations. When the excitation energy is set to thecalled momentum-conserved Raman scattering observed in
satellite region in the XAS spectrum, dramatic enhancementyarious semiconductof8—7], which converges to the fluo-
occurs only in the former structure in the polarized config- rescence at higher excitation energies. Idé and Kdsji
uration: giant enhancement of 14 eV energy-loss structurehas reproduced the structure by a multi-site cluster model
in the spectra labeled h and i. Small enhancement is alsowhich accounts for translational symmetry in the localized
observed in the spectrum labeled b. This structure has anmodel. In the above analysis, polarization dependence plays
energy loss which is too large to be associated with the va- a decisive role to settle the controversy over the origin of
lence band structure, so that it is difficult to be analyzed the satellite structures observed in the AIXAS of TiO»
using a band calculation. In fact, it is related to a local- [24]. Moreover, the RSXES shows that Ti®as both delo-
ized electronic structure, and we can give an interpretation calized[26—32]and localized33—-38] electronic structures,
for this based on a cluster model combined with configu- the latter showing remarkable polarization dependence only
ration interaction approximation. The energy level diagram explained by the cluster model with configuration interac-
for RSXES of TiQ is shown schematically iftig. 4. TiO tion. It is noted that resonant enhancement of RSXES to
is nominally in the 2° state, but actually thed8 config- different final states with same symmetry, like bonding and
uration is strongly mixed with a charge transferretf B antibonding states, occurs at different excitation energies.
configuration by the covalency hybridization. The ground As explained above for the absorption process, it is due to
state is the bonding state between th€ and 3/'L con- phase relation between wave-functions of core-excited and
figurations, and the antibonding state is located about 14 eVfinal states. If the core-excited state has bonding/antibonding
above the ground state with the cluster model parameterscharacter, the bonding/antibonding state in the final state is
used by Okada and Kotaf4]. If we assume, for simplic-  ‘in phase’ and has large cross section in the emission pro-
ity, the 0, symmetry for the cluster as done by Okada and cess. We show some other results aff 3ystems where

Kotani, both bonding and antibonding states are specified by characteristics of the electronic structure is reflected on the
an irreducible representatioty,. In addition to these states, polarization dependence in RSXES.

there are nonbondingd3L states withAzg, Tig, T2, Eg

...irreducible representations located near the middle of the 3.2. Sc2p RSXES on ScF3

bonding and antibonding energy levels. When a fFiekec-

tron is excited to the@state by an incident photon, we have Figure 5shows (a) Sc 2 XAS and (b) Sc 2 RSXES
c3d* and ¢34%L configurations which are mixed strongly of Sck. Sck is also a @° system with the0;, symmetry.

by the covalency hybridization. The main peak of the pi 2 RSXES spectra show polarization dependence around 15 eV
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Fig. 5. (a) Sc » XAS spectrum and (b) Sc;2RSXES spectra of SeF Fig. 6. (a) Mn2p XAS spectrum and (b) Mn2p RSXES spectraof KMnOj.
A small hump structure around 12eV is indicated by hatched lines.

when measured with excitation to the antibonding state, al-

though the enhancement in the polarized configuration is_ ] ) i

less drastic than that of TgDFollowing the assignments for 'S nonmagngnq unI_lke other manganese omdgs due to 34°
TiO,, the structure around 15eV can be ascribed to tran- character with its highest formal valency VI in the ground
sition to the antibonding state between th& &ind 3L state. The local symmetry is nearly 7;, where the Ay ir-
configurations. The antibonding state has structures, thoughfeducible representation in the ground state has the same
the origin is not clear at present. The nonbonding state is lo- Polarization dependence as Ay, irreducible representation
cated around 13 eV, which is much larger than that of;Tio 1N the O, symmetry. As shown in Fig. 6, excitation energies
This is because SgFas similar value for the hybridization @€ tuned around the onset of the satellite structures in the
energy to TiQ, but about three times larger (9eV) charge XAS. For KMnOg, the Mn 2p spin-orbit splitting is com-
transfer energy than T#[39]. Thus, the ratio of the ef-  Parable with the energy splitting of the bonding and anti-
fective hybridization energy to the charge transfer energy, bonding states between the 34° and 3d*L configurations, so
a measure for the hybridization effect, is smaller than that thét L3 satellite structures are severely overlapped with Lo
of TiO,. This may account for the less polarization depen- Man structures in the XAS. In the RSXES spectra, around
dence in Sck [39]. This also leads to small occupancy of 12€V below the recombination peak a small hump is found

3d electrons, which may account for the weak intensity of Only in the polarized configuration, overlapped with L3 and

the fluorescence in SgF L fluorescences. We can relate the hump structure to the
antibonding state between the 3¢° and 341 L configurations
3.3. Mn2p RSXES on KMnO4 following the assignmentsfor TiO, and ScF. It is consistent

with the argument by Butorin et a. [8], where the presence
For another example of a/8 system we show iffig. 6(a) of the same structure in RSXES around 13 eV below the re-
Mn 2p XAS and (b) Mn 2» RSXES of KMnQ.. KMnQOg4 combination peak was suggested. Considering that KMnOy4
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is highly covalent in a tetrahedral MnO, cluster with a
small charge transfer energy between the Mn 3d and O 2p
states, one might expect strong enhancement of the anti-
bonding state in the polarized configuration, referring to the
comparison between TiO, and ScF3. However, the experi-
mental result shows opposite behavior: the enhancement of
this structure in the polarized configuration is strongly sup-
pressed compared with the case of TiO,. Thisis aso true
for the satellite structures in the absorption spectrum. As
pointed out by Reinert et a. [40], KMnO4 shows astrong de-
viation from a purely ionic charge distribution: considerable
occupation of Mn 3d electronsin the ground state. Thus, we
expect high contribution from multiple charge transfer states
3d"L" (1< n < 5 or higher), which is possibly responsible
for breaking of phase matching between core excited and
ground states. We can explain an enhancement of the recom-
bination peak at the satellite excitation in the same fashion.
Note that, within dipole approximation, the recombination
peak is aways forbidden in the depolarized configuration in
a 3d° system. To further discuss the origin of the suppres-
sion, systematic data collection on 34° systems as well as
close comparison with atheoretical calculation is necessary.

3.4. O 1s RSXES on S2Cu0O,Cl5 [41]

Cuprate is another interesting target for RSXES because
it has various low energy excitations deeply related to its
electronic and magnetic properties. In particular, high Tc su-
perconductors have been afocus of attention. Characteristics
of high Tc superconductors are often described by the r—J
model [42], where charge carriers are so-called Zhang-Rice
singlet (ZRS) states [43]. It is well accepted that the ZRS is
acoupled state of aCu 3d hole and an O 2p state on a CuQO4
plaquette and moves around on the Cu—O network, break-
ing the antiferromagnetic order of Cu 3d localized-spins.
Hence, it is quite important to investigate the characteristics
of the ZRS. We show here a novel experimental method for
the direct observation of the ZRS state in Sro,CuO,Cl, us-
ing polarization dependence in O 1s RSXES. In RSXES a
Cu 3d hole is transferred to the neighboring Cu site medi-
ated by an O 1s core hole in the intermediate state to leave
the ZRS in the fina state. So the ZRS formation in RSXRS
accompanies an extra electron mainly in the Cu 34 states,
in contrast to the ZRS formation in PES. SroCuO2Cl; is
suitable for exploring oxygen states only in the Cu-O plane
due to the absence of apical oxygen atoms. It is highly sto-
ichiometric and cannot be readily doped, which ensures we
are measuring a pure SroCuO,Cl, insulator. O 1s absorption
and polarization dependencein O 1s RSXES of SroCuO»Cl,
are displayed in Fig. 7. The main broad structure between 3
and 10eV (denoted by main band) is the contribution from
the O 2p vaence band. The main band is a superposition
of the Raman component following the excitation energy
(mainly below the absorption edge) and a fluorescence-like
component (mainly above the absorption edge). At the high
energy side of the main band small structures exist that fol-

low the excitation energy. It is remarkable that clear polar-
ization dependence is found both in the recombination peak
and the energy-loss structure around 2 €V, as well as the O
2p main band. First we discuss the structure around 2eV.
It is clearly seen that the intensity of the 2eV structure is
stronger in the polarized configuration than in the depolar-
ized configuration. Kuiper et al. [19] determined the absolute
Cu dd excitation energies of SroCuO,Cl2 by RSXES spectra
across the Cu 3p edge. The single hole at copper site in the
ground state is ascribed to d(x2 — y2) and from their analy-
sis, d(3z2—r?), d(xy) and d(xz) (d(yz)) States are positioned
at 1.5, 1.35, and 1.7 eV above the ground state, respectively.
According to Abbamonte et al. [44], on the other hand, res-
onant X-ray Raman scattering spectra across the Cu 1s edge
of SroCuO,Cl, exhibitsasmall and broad peak around 2 eV.
Hill et al. [45] and 1dé and Kotani [46] showed that the low-
est energy inelastic peak of resonant X-ray Raman scattering
across the Cu 1s edge of Nd2CuO4 corresponds to the ZRS
excitation. Therefore, the possible origin of the 2eV struc-
ture in Fig. 7 might be the ZRS excitation or the dd excita-
tion (or the two excitations overlap each other). Okada and

UL AR RN LR RN RN RN RN RN LR RN AR ]

Sr,Cu0,Cl,

O polarized
— depolarized

O1s RSXES

Intensity (arb.units)

RN ERET FRTRU RTRE FRRRI RRRTA FRTRURTRTY IRRTE RURTI RTRTH FRTRI STRTU RN |

518 520 522 524 526 528 530 532
Emission energy (eV)

Fig. 7. Resonant soft X-ray emission spectra of SroCuO,Cl; across the O
1s excitation in the Raman shift representation. The open circles and the
solid lines are the results for the polarized and depolarized configuration,
respectively. O 1s RSXES shows a series of the emission spectra across
the O 1s resonant excitation. O 1s XAS shows a soft X-ray absorption
spectrum across the O 1s edge. Vertical bars on O 1s XAS and O 1s
RSXES show the position of the incident photon energy.
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Kotani predicted that the ZRS and the dd excitations have a
comparable intensity in RSXES at the O 1s edge, whereas
the former is dominant at the Cu 3p edge and the latter is
dominant at the Cu 1s edge. An important point that Okada
and Kotani predicted is that the ZRS and the dd excitations
in RSXES at O 1s edge can be discriminated by selection
rules of the polarization-dependence. As Okada and Kotani
showed, the ZRS excitation in the O 1s RSXES is allowed
only for the polarized configuration. Also, from a simple
consideration of symmetry, the dd excitation of the d(xy)
state, which we call asdd(xy) excitation hereafter, isallowed
for the depolarized configuration, while the dd(3z% — r?)
excitation is allowed for the polarized one. The dd(xz) exci-
tation is alowed for both configurations. According to are-
cent cluster-model calculation [47], which well reproduces
the profile of the O 1s RSXES main band structure in this
work including polarization dependence, the intensity of the
dd(3z2 — r?) and dd(xy) excitation is nearly the same. In
other words, without ZRS contribution, the intensity of the
26V dtructure does not depend on the experimental geome-
try. Therefore, we conclude that the enhanced 2 eV structure
in the polarized configuration is caused by the ZRS contri-
bution. In the spectra obtained by excitation 1 eV below the
absorption peak (spectrum (a) in Fig. 7), the recombination
peak with very weak shoulders exhibits polarization depen-
dence. At peak excitation (spectrum (c) in Fig. 7), however,
the elastic peak vanishes and only the energy-loss structures
around 0.5eV grow up to show clear polarization depen-
dence. These structures have been confirmed not to originate
from an elastic component due to a wrong energy calibra-
tion. It is found from Fig. 7 that the 0.5eV peak is allowed
only for the polarized configuration. Considering the polar-
ization dependence and its energy position, we interpret it as
the two-magnon excitation [48]. It is to be emphasized that
the observation of the 0.5eV peak is impossible in the Cu
3p RSXES because of the existence of the strong recombi-
nation peak, but it becomes possible in the present study by
taking advantage of extremely weak elastic scattering inten-
sity in the O 1s edge.

4. Conclusion

In conclusion, we have given areview of our recent exper-
imental results on polarization dependence in RSXES of 3d
transition metal compounds. In Ti 2p RSXES of TiO, and
Sc 2p RSXES of ScFs, polarization dependence is found
when the excitation energy is tuned to the satellite structures
in the absorption spectrum. The enhanced peak isascribed to
the antibonding state between the 34° and 34 L configura-
tions, which appears only in the polarized configuration due
to the symmetry selection rule in RSXES. When the wave-
functions involved in the transition are “in phase”, clear po-
larization dependenceisfound, whereas only adlight change
in the inelastic peak isfound in Mn 2p RSXES of KMnQOy,
possibly due to breaking of phase matching between core

excited and ground states by the participation of multiple
charge transfer states. We have found that even ligand O
1s RSXES of SrpCuO2Cl, show polarization dependence,
which enables us to discriminate Zhang—Rice singlet excita-
tion, dd excitation, as well as two spin-flip excitations. Not
limited to 34 transition metal compounds, it is hecessary to
promote the use of polarization dependence in RSXES in
terms of itsexclusiveroleto provide information about sym-
metry of low energy excitations closely related to solid state
properties.
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