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Bandlike and excitonic states of oxygen in CuGe@
Observation using polarized resonant soft-x-ray emission spectroscopy
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Polarized resonant x-ray fluorescence spectroscopy as @donances was used to study CugeDvo
distinct spectral contributions are identified, i.e., an intense “main band” of soft-x-ray fluorescence, reflecting
primarily bandlike O  states, and resonant inelastic x-ray scattefRIXS) characterized by spectral fea-
tures that disperse linearly with excitation energy and resonate at the @etedge peak. RIXS reflects
excitoniclike (“optical” ) final states and has previously only been observed for metal-ion core edges. More-
over, analysis of the excitation energy and polarization dependence of the main band allows the identification
of features deriving from the site-specific partial density of states as well as strong evidence for the observation
of a two-hole statéZhang-Rice singlet

The electronic structure of cuprates is determined by thecter due to bonding to the central Cu atom and thus hybrid-
interplay of the narrow Cu@ band localized on the Cu sites ization with 3d electrons. The aim of this paper is to experi-
and the predominantly itinerant OpZband. The bonding of mentally examine the different roles played by the oxygen-
the Cu-O octahedra themselves and their couplieg., specific valence band electrons.
edge- or vertex-sharing plates or chaiase keys to the type A recent valence-band photoemission spectrosddfBr
of macroscopic low-temperature behavior of these comPES study of CuGeQ (Refs. 5 and Brevealed rather com-
pounds, be it superconductivity or, as in the case of CuGeO plex spectra due to overlapping contributions from different
a spin-Peierls stateTgp=14 K). Although the past decade sites as well as from both bandlike and localized states.
has seen a vast amount of literature dedicated to the undexioreover, the removal of an electron by PES induces a
standing of highf, superconductivity, the underlying strong perturbation to the system and therefore the nature of
mechanism is still not fully understood. Spin-Peierls statedocalized states cannot be studied close to the ground state.
are unusual for inorganic materials and it is interesting taSoft-x-ray fluorescence spectroscof§XFS, on the other
note that the one-dimensional edge-sharing £uoflains of  hand, is a bulk-sensitive core level technigtieus chemi-
CuGeQ are coupled along its crystallograpltiexis, in con-  cally specifi¢ and subject to dipole selection rules. More-
trast to highT. cuprates that have vertex-sharing chains.over, SXFS is insensitive to charging effe¢tghich plagues
Therefore it is important to gain detailed experimentalelectron spectroscopies of insulators such as Cufd®-
knowledge of the electronic structure and in particular of thecause it does not involve the detection of electrons. The final
valence band of these Cu-O units. state of a SXF process consists of a valence electron-hole

CuGeQ is an orthorhombic antiferromagnetic insulator at pair, in which both electron and hole have the same orbital
room temperature with the lattice parametars4.81 A b character. Thus the SXF spectrum will only resemble the
=8.47 A, andc=2.94 A. Early band structure calculatidrfs PDOS of the unperturbed systdfrcorrelation effects such
predicted a metallic ground state, whereas more sophistas final-state interactions are negligibknd it will depend
cated techniqué$ yielded gap values comparable to the little on the excitation energy if the core electron is excited to
value found in optical absorptio(8.7 eV). Although the O a delocalized state. However, recent resonant SXF experi-
2p electrons are much less correlated than the @elgéc-  ments at cuprateopper core resonanceshow that the SXF
trons, the theoretical partial density of statB® O3 appears spectra are dominated by excitonic states that disperse lin-
to depend strongly on the calculational methods used. The @arly with excitation energ$.® This may be interpreted as
2p electrons are expected to have both itinerant characteesonant inelastic x-ray scatteriiBIXS), described by the
forming a wide valence band but also some localized charsecond-order Kramers-Heisenberg scattering forrfumd
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the observed states are crystal fielddorexcitations, as well ~ (a) o[ C ' G ' 0 T T T T
as charge transfer(CT) excitations, involving an uGeQ; O ls-fluorescence O 1s-FY
O 2p-Cu3d transition. 20 S B e, ]

In this paper, we report resonant SXF spectroscopy at O
1s resonances of CuGg@nd show that O 4 SXF reflects
oxygen-specific valence states with both bandlike as well as . 1.6
localized character. The localized states are observed asS
RIXS features that resonatmly at the pre-edge pedksso-
ciated with the upper Hubbard banof O 1s absorption. By
analyzing the excitation-energy and polarization dependenceZ
of our O 1s SXF spectra we can separate features derived & 10
from the symmetry-projected@DOS at different oxygen
sites. Moreover, we argue that the high-energy shoulder of &
in-plane excited spectra is evidence for the occurrence of 8~ 0.6
Zhang-Rice singlet! which could not be identified in pho-
toemission spectra of CuGg®®

The experiments were performed at beamline X1B of the 0.2}
National Synchrotron Light Source, Brookhaven National (A)
Laboratory. A grazing incidence Rowland mounted spherical N ~ O
grating spectrometer was used to analyze the soft-x-ray 516 520 524 528 532 5 540
fluorescencé? We used the first-order diffraction of a grat- photon enexgy (eV) \38\
ing with 5 m radius and 1200mm spacing and set the slit pE T T T TR TR T
width to 15 um which gives a resolution of better than 0.6 ' P
eV. The energy scale was obtained by recording the spin-
orbit split ZnL, 3 fluorescenc¥ in second order of diffrac-
tion from the spectrometer grating. The monochromator en-
ergy bandpass was about 0.8 eV so that the combined
resolution, relevant for the inelastic scattering, was about 1
eV. High-quality CuGe@ single crystals, several centime-
ters long, were grown from the melt by a floating zone
technique* Platelike samples were easily cleaved along the
bc plane just before inserting into the experimental vacuum
chamber for x-ray measurements. Typical dimensions were F|G. 1. (a) CuGeQ resonant O & SXF excited afA) 531.7 eV
about 1 cm along the axis, 0.5 cm along the axis, and a  and(B) 533.9 eV for three different geometries. The © fluores-
thickness of 1 mm. cence yield(FY) spectra(absorption in corresponding geometries

Figure Xa) shows SXF at two different excitation is shown on the top. The two vertical arrows indicate the excitation
energies—A\) 531.7 eV andB) 533.9 eV—and three differ- energy positions(b) and (c) show details of theA spectra on an
ent sample geometries. The detection direction of the x-ragnergy-loss scale. For comparison Cp RIXS is also displayed

fluorescence was always in tlﬁ?,nc direction, Whereémc (dashed lingswith an arbitrary relative intensity scaling.

denotes the polarization vector of the incoming beam. Weysgociate the peak with the lowest-energy leasout 1.85
observe a strong energy and polarization dependence of th&)) with dd excitations, resonating when tuning across the
main band that we attribute to the existence of inequivalenpre-edge peak’531.7 €\j. The strong energy-dependent
oxygen sites. The excitation energies were chosen based @ectral shape of the main band is partly due to weight shifts
O 1s-fluorescence-yield spectf@also shown in Fig. ®]  of SXF from inequivalent sites. However, a shoulder on the
recorded with the same grazing incidence angle of the exciow-energy-loss flank develops at higher excitation energies
tation beam as used when recording x-ray fluorescence speand has no correspondence in the @ ROS. We interpret
tra. Our normal-incidence electron yield Cs-hAbsorption this as a signature for a Zhang-Rice singlet which is gener-
spectra (not shown match recently published data by ally expected in cuprates. Moreover, a shoulder at an energy
others®® loss of about 9 eV, tentatively marked with a vertical line at
Figures 1b) and Xc) show details of the spectra excited 9.0 eV in Fig. 2, is also registered, probably due to CT ex-
at 531.7 eV(A) on an energy loss scale, for comparison tocitations as suggested by their observation in @uiRores-
high-resolution (-0.6 eV) Cu 2p RIXS of CuGeQ. Cu 2p cence. To summarize our observations, we may say that the
RIXS shows the elastic pedk eV), add excitation energy energy and polarization dependences of ourd<BXF spec-
loss peak(2.02 eV}, and a band of CT excitation8.5-8 tra suggest that we must explain our observations in terms of
evV). both (I) bandlike stategmain fluorescence bahand (II)
Figure 2 displays SXF spectra resonantly excited at varitocalized excitonic state§nelastic scattering
ous energies close to the two first absorption maxima. Note
that we plotted the spectra against an energy loss scale so I. BANDLIKE O 2 p VALENCE STATES
that RIXS features appear at constant loss enerekd
vertical lines and SXF disperses apparently to larger energy From Fig. 1 we find that the bandwidth of the oxygesn 1
losses(dashed lineswith increasing excitation energy. We SXF (excited at the higher energjs about 8.5 eV and the
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5350 'én;réy'lo'ss' S B 2p,,y and 2p, orbitals, respectively. The crystal structure of

sa4.g -in O s -fluorescence fe _ CuGeQ is such that there exist two orientations of Cu-O-
of CuGeO;

_ octahedra with their axis, defined by a line connecting the

_ two apical oxygen sites, that has an angldrodarly) +45°

_ to the surface plane. These octahedra alternate along the
_ crystallographido axis. Therefore it is not possible to orient

- the polarization vector of the exciting x ra;@sm, parallel to
all z axes simultaneously. On the other hand, one may align

theéinC with the plane defined by the other four oxygen sites
by havinge;,,. parallel to thec axis. Spectra witfe;,¢|b and

émc||a will contain mixtures of purely out-of-plane and in-
plane components. By taking the above effects into account
we can therefore identify spectral components with in-plane
and out-of-plane character.

The top pair of spectrgexcited at the higher energyn
Fig. 1 shows an apparent narrowing when excitation is
changed frome|la and e||b, having out-of-plane contribu-
tions, to €] c), having a purely in-plane contribution. Thus
the in-plane O P states are found to have more spectral
weight at energies closer to the valence-band top in accor-
dance with the a recent multiband Hubbard Hamiltonian
calculation® According to Ref. 15 one can only excite in-
plane oxygen at the lower excitation energppttom pair of
oxygen Is SXF spectra in Fig. 1l However, this is in con-
tradiction to our observation of out-of-plane contributions in
the polarization-dependent Gs BEXF spectra and calls for a

FIG. 2. CuGeQ O 1s SXF spectra excited at various energies reinterpretation of the Odabsorption spectrum. Finally, we
(e]la geometry plotted against an energy-loss scale. Zero energynote that the low-energy excited spectra have contributions
corresponds to elastic scattering; losses have negative energies. Thiem localized oxygen stat¢&ig. 1(c)] discussed in the next
raw spectra are shown as circles and the superimposed solid linegction.
are corresponding three-point binomially smoothed spectra. The
spectra are vertically offset by the excitation energy for clarity.
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o o Il. RESONANT INELASTIC SCATTERING:
oxygen band gap, indicated by the double-arrow line, is EXCITONIC STATES AT THE O SITES

about 3.0 eV. Both observations are similar to what is found
in recent band structure calculatiohTherefore it is rea- Recent RIXS experiments on cuprates at thepQadge$
sonable to assume that this spectrum indeed reflects thievealed bottdd and CT excitations and CusIRIXS (Ref.
bandlike O 2 states. 9) showed a clear indication of a CT excitation. The transi-
The crystal structure of CuGeQeveals® that there are tions for Cu p-edge RIXS are predominantig®— cd™
two inequivalent oxygen sites: in-plane oxygen and apicat>d®* (dd excitation$ and d°—cd'®—d'L (CT excita-
oxygen. The authors of a very recent polarization-dependeritons), wherec stands for a Cp-core hole and. for a ligand
x-ray absorption study assigned the spectral structures tohole. One can assume that the ground-state Cide has
contributions from the empty O 2 bands from different x2-y? symmetry and the excitation energy of this hole to
sites. The excitation energy dependence of the x-ray fluorerbitals of different symmetrydenoted asd®*) has been
cence bandFig. 1) can also be partly explained by site se- found® to be about 1.3—1.7 eV for cuprates. Not unexpect-
lectivity. This means, with the lower excitation energy, only edly, therefore, the resonant Cp RIXS spectra of CuGep
O 1s SXF from the in-plane oxygen is emitted since it is (Ref. 18 turn out to be very similar to those measured for
below the threshold for apical oxygensISXF. At high-  other cuprates, such as Gu0,.” An early opticalreflectiv-
energy excitation O 4 SXF from both sites are superposed ity study on CuGe@ (Ref. 19 using a Kramers-Kronig
with different weights and energy offsets. Our x-ray fluores-transformation found a reversed energy ordering of dide
cence spectra show the existence of at least three contriband the CT excitations, while later a direct optiahkorption
tions to the oxygen valence band at 526.3 eV, 524.7 eV, antheasuremeft determined these excitations to be at similar
520.2 eV. A ground-state band structure calculdtiosing  energies as we find in Cpredge RIXS(Fig. 1).
the “LDA +U”-schemé’ shows the O B-projected states The low-energy structures in GRIXS seen in Fig. (b)
with very similar structures as we observe. We can also comand Xc) are the elastic peak and a loss peak at an energy
pare our results to valence-band photoemission sfettaa  similar to thedd excitations observed in CupBRIXS.2 We
show three oxygen-related structures at 4 eV, 5 eV, and 8 eyoint out that the energy of the inelastic peak is 1.85 eV and
binding energy, respectively. therefore slightly lower than theéd-excitations found in our
The polarization dependence of the oxygenSIXF spec- Cu 2p RIXS (2.02 eV}. The oxygen % absorption
tra in Fig. 1 reflects the difference in spectral weight from Oprepeak—observed for € systems and taken as evidence
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for the upper Hubbard band which has predominantly @u 3 9.0 eV loss feature might be the result of a double-electron
character—has been explaifédy mixing of ligand-hole  excitation, i.e., a CT excitation with an extra electron excited
states @1°L) into its ground state. The ligand hole is filled in into the O conduction band. Figuréd) shows that CT tran-
the absorption process, leavingl® intermediate state in the Sitions with Cu 31 character observed in CLpRIXS (Fig.
RIXS process which subsequently decays into a mixture o) have energy losses that strongly overlap with the position
d1°L andd®* states. The shift between the RIXS peaks at theof the strong SXF main bands. Therefore, it is likely that

O 1s and Cu  resonances indicates that oxygen holes prefSOmMe of the excitation energy depender_we and_polarization
erentially couple to Cu @ orbitals with in-plane character dépendence observed for the ® $XF main band is due to

that are expected to have lower excitation energies. the occurrence of RIXS from CT excitations. This may be

It is natural to expect signatures for double-hole stateéeSted in the future, for insta_nce, by a further narrov_ving of
(ie., a mixture ofd°L, d8 d'°L2, called the Zhang-Rice the excitation-energy bandwidth, resulting in a relative en-

singled in resonant SXF spectra of cuprates, but this proceslga'lﬁ'CememI Of. RIXS OV?: SXF. led inf i bout
requires the excited electron to leave the atom. The interme- n conc u'sfl%n, ;\Il?( avg unr?vee N Itn orlranatloi?_ a odu
diate state at pre-peak excitation is rather localized whic/PXY9€n-specili®andiikeé and excitonic states by taking ad-

would make such a transition less appear less likely than thgan"[[agejsofs;hlze r;oéargatmrl]?and en?rgyldetpendence OII reso-
transitions to a bound statd ¢ excitationg. However, in the nan of CuGeQ. Resonant inelastic x-ray scatter-

- o : ing has been found at a cuprate @-dbsorption pre-edge
SXF spectra at higher excitation energjésp panel of Fig. ing : L .
1(a)] wpe observe a shoulder on the high-energy side of thgeak, directly revealing its localized character. We have pre-
main band that has no counterpart in the § ROS and sented an initial interpretation of the observed structures and
shows the same polarization dependence as the in-plane o _utnd_evgegce fs\r/ thbe If_ormattrl]or: (O)f : Fflg(asng-Rlce smlglet
gen part of the bandlike states. This feature appears onl ate in CuGeg! We Delieve tha IS a nove

when tuning to excitation energies that promote the electro dourc(;a of |nfo”r mation for thel etlegtror_wéc strutctl_mla o_l;hmany
into a delocalized oxygen orbital. Although possible, it Oped, as Well as pure, correiated oxide materiais. 1he very

seems unlikely that additional states close to the top of théOW x-ray fluorescence yield at the metal core edges of many

valence band, located at about 528.8 eV emission energjPortant 4l oxides (for instance, low-dimensional Mo

would appear in the DOS of apical oxygen. Together, thi ronzes,” W bronzes, and ruthenajemakes it extremely
may be taken as strong evidence for this feature to be Jifficult to study dd excitations other than at Oslreso-
Zhang-Rice singleZRS). The ZRS has only been able to be N2N¢€s- 'V'Ode”? synchrotron radiation sources offer the pos-
identified in PES of CuO, although according to theoreticaSIPility for studying effects of many low-temperature transi-
expectations, the ZRS should be a general feature and firlPns in correlated materials at the necessary high spectral
ionization state in cuprates. Several reasons may be invokd§solution.
to explain this discrepancy, including charging or other sur-
face effects and the fact that elemental selectivity is weak in
PES. The authors would like to thank S. Hulbert for invaluable
The energy-loss feature marked with a vertical line athelp in installing the refocusing optics at the X1B beamline.
about 9.0 eV in Fig. 2 is attributed to a CT excitation of O L.-C.D. would like to thank the Swedish Natural Science
2p character, although the overlap with SXF makes the exadResearch Counci(NFR) for financial support. This work
energy assignment difficult. The authors of Ref. 9 found avas supported in part by the U.S. Department of Energy
broad feature at 6 eV in CusIRIXS attributed to CT exci- under Grant No. DE-FG02-98ER45680, and the Boston Uni-
tations but did not report RIXS at larger energy losses. Orversity x-ray fluorescence spectrometer is funded by the U.S.
the other hand, the authors of an EELS sfudyorted aloss Army Research Office under Grant No. DAAH04-95-0014.
feature at 9.4 eV, possibly being the same excitation that w&he experiments at the NSLS are supported by the U.S. De-
observe. Since the energy difference between these two higpartment of Energy, Division of Materials and Chemical Sci-
energy-loss features is close to the observed band gap, oances.
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