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The results of measurements of O 1s total x-ray-fluorescence yield and Ru N 2,3 and O K a x-ray fluorescence
emission spectra of Sr2 RuO4 and Sr2 RuO4.25 are presented. An excitation energy dependence of the O K a x-ray
emission spectra ~XES! was observed in both compounds. The energy dependence of the spectra is attributed
to the excitation of inequivalent O ~1! in-plane and O~2! apical oxygens. The O~1! 2p and O~2! 2 p density of
states distribution in the valence band of Sr2 RuO4 was found to be different in accordance with the results of
band-structure calculations. O~1! 2p states are found to be mixed with Ru 4d(t 2g ) states providing the
formation of p bonds. While the O K a XES spectra are in fair agreement with band structure calculations, the
theoretical two-peak distribution of Ru N 2,3 XES is found to be different with respect to the intensity ratios and
widths of the peaks of Ru N 2,3 XES. These differences are attributed to a decrease of intensity of radiative
4d→4p transitions in the vicinity of the Fermi level ~where the localization of Ru 4d states is higher than at
the bottom of the valence band! due to a strong Koster-Kronig transition. @S0163-1829~98!00704-8#
I. INTRODUCTION

The electronic structure of Sr2 RuO4 has been discussed
intensively during the last few years1–9 due to the discovery
of superconductivity (T c 50.93 K!10 in this first copperless
oxide superconductor having a layered perovskite structure.
This material has the same crystal structure as La2 CuO4 with
RuO2 planes replacing the CuO2 planes. As with the cuprates
the resistivity in-plane and perpendicular to the plane is
highly anisotropic. On the other hand, some differences between Sr2 RuO4 and high-T c superconductors ~HTSC’s! have
been observed: ~i! Sr2 RuO4 is superconducting without any
chemical doping, which is not typical for cuprates, ~ii! the d
orbitals involved in hybridization with oxygen 2p states are
different; they are of the t 2g type (d xy , d xz , d yz ) in Sr2 RuO4
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and of the e g type (d x 2 2y 2 ) in copper oxides, ~iii! the density
of states at the Fermi level is four times greater for Sr2 RuO4
than for YBa2 Cu3 O72 d , and ~iv! Sr2 RuO4 shows an enhanced Pauli paramagnetism while La2 CuO4 is an antiferromagnetic insulator. These differences and similarities in the
properties of Sr2 RuO4 compared with HTSC’s stimulate a
deeper study of its electronic structure. In spite of several
band-structure calculations of Sr2 RuO4 ~Refs. 1–3! only a
few ultraviolet photoemission spectroscopy ~UPS!,6 x-ray
photoemission spectroscopy ~XPS!,8 and angle-resolved photoemission spectroscopy ~ARPES!4,5 spectral measurements
are available. The unoccupied O 2 p states of Sr2 RuO4 have
been investigated with the help of O 1s NEXAFS
spectroscopy6 and some features of the O 1s absorption
spectra were assigned to different oxygen atoms. Such infor-
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mation for the valence band can be obtained with soft x-ray
emission spectroscopy with tunable excitation as was shown
for
La22x Srx CuO4 ,11
Bi2 Sr2 CaCu2 O81 d ,
and
Tl2 Ba2 CaCu2 O8 .12
In this paper, we present the first experimental spectral
study of the selectively excited Ru N 2,3 (4d→4 p transition!
and O K a (2p→1s transition! x-ray emission spectroscopy
~XES! measurements for stoichiometric Sr2 RuO4 and overdoped Sr2 RuO4.25 . We have shown that one can selectively
excite specific oxygen sites by tuning the excitation energy
because the O 1s absorption cross section between in-plane
and apical oxygen atoms is different. In such a way, the
distribution of O~1! 2 p and O~1!1O~2! 2p states in the valence band is determined. Our results show that the O K a
XES spectra are in a good agreement with band-structure
calculations whereas the intensity distribution of the Ru N 2,3
XES does not coincide with the Ru 4d density of states
distribution in the valence band of Sr2 RuO4 . These differences are attributed to decreasing of intensity of radiative
4d→4p transitions in the vicinity of the Fermi level ~where
the localization of Ru 4d states is higher than at the bottom
of the valence band! due to strong Koster-Kronig transition.
II. EXPERIMENT

The spectral measurements are performed using both
single-crystal and ceramic samples. The single crystal of
Sr2 RuO4 was prepared by the floating zone method as described in Ref. 4. Ceramic Sr2 RuO4.25 was synthesized using
high-purity RuO2 and SrCO3 by heating to 900 °C for 24 h
followed by an additive heat treatment at 1200 °C for 48 h.
Finally the sample was maintained at 900 °C for 24 hours in
an oxygen flow. An oxygen flow was maintained while the
furnace was cooled. A stoichiometric sample of Sr2 RuO4
was obtained by heating Sr2 RuO4.25 to 900 °C in an argon
flow for 24 h followed by cooling in an argon flow. The
lattice parameters of the samples were a53.868 Å and c
512.746 Å for Sr2 RuO4.25 and a53.876 Å and c512.732 Å
for Sr2 RuO4 . Resistivity measurements in the temperature
range 300 to 15 K indicate that Sr2 RuO4.25 is semiconducting
with the values r 0 ~300 K!530 mV cm and r 0 ~15 K! 590
mV cm, whereas Sr2 RuO4 is degenerate with the values of
about r 0 ~300 K! and r 0 ~15 K! equal to 10 mV cm.
The measurements of O K a x-ray emission spectra near
the O 1s threshold were performed at the Advanced Light
Source on beamline 8.0, which is described in detail
elsewhere.13 The fluorescent radiation emitted from the
sample was energy analyzed with a high-resolution grating
spectrometer and a computer-interfaced multichannel detector. The pressure in the sample chamber was below 10 29
torr during the measurements. The resolution of the beamline
monochromator was set to 0.5 eV for 530 eV photon energy.
The O K a x-ray emission spectra were recorded using a
1500 lines/mm grating (R510 m! in the first order of diffraction with the spectrometer resolution set to 0.3 eV.
The measurements of Ru N 2,3 XES at E5200 eV and O
1s total fluorescence yield ~TFY! spectra were performed on
a BL-19B undulator beamline14 of the Photon Factory located at the National Laboratory for High Energy Physics
~KEK!. Synchrotron radiation was monochromatized by a
grazing incidence monochromator. The energy resolution of

FIG. 1. ~a! The x-ray absorption spectrum of Sr2 RuO4 near the
O K edge. ~b! The results of band-structure calculations of the
conduction band of Sr2 RuO4 @adapted from Ref. 2 ~solid line! and
the O 2p DOS broadened for instrumental resolution E50.1 eV
~dotted line!#.

monochromator was about 0.1 eV for O 1s TFY and 0.03 eV
for Ru N 2,3 XES. The energy resolution of spectrometer was
0.1 eV for O 1s TFY and Ru N 2,3 XES.
O K a XES of Sr2 RuO4 , Sr2 RuO4.25 and reference sample
EuMnO 3 were calibrated independently using electron-beam
excited spectral measurements from another grating spectrometer under experimental conditions similar to those described in Refs. 15 and 16.
III. RESULTS AND DISCUSSION

The soft x-ray absorption spectrum of Sr2 RuO4 measured
near the O K edge using total fluorescence yield ~TFY! detection is given in Fig. 1~a!. The results are similar to O 1s
NEXAFS measurements of Sr2 RuO4 . According to bandstructure calculations of Singh2 reproduced in Fig. 1~b! one
can attribute the origin of peak A at E;528.5 eV to a transition of O 1s electron to O~1! 2 p unoccupied states (A 8 )
just above the Fermi energy. From the calculations presented
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FIG. 2. The O K a x-ray emission spectra of Sr2 RuO4 at different excitation energies.

in Fig. 1~b! the O~2! 2p density of states ~DOS! contribution
is very small in the region extending a few eV above the
Fermi energy. We attribute feature B and C of O 1s TFY
spectrum located at E;530 and 531.5 eV, respectively, to a
comparable mixture of O~1! and O~2! 2p states @ B 8 and C 8
in Fig. 1~b!#. From Fig. 1~b! we observe the increasing contribution to the O~2! 2p state (D 8 ) and interpret the increasing fluorescence up to feature D at E;533.5 eV in Fig. 1~a!
to these states. As the excitation energy continues to increase, the O~1! 2p channel shows an increasing density of
states at E 8 about 6 eV above the threshold. This increase is
described as a mixing of unoccupied O~1! and O~2! 2 p states
in O 1s TFY spectrum between 536 and 540 eV @Fig. 1~a!#.
Figure 2 shows the O K a XES (2 p→1s transition! of
Sr2 RuO4 recorded at selected excitation energies indicated
by the vertical lines in Fig. 1~a!. O K a x-ray emission probes
the valence-band states with p symmetry. As the excitation
energy increases, the peak at E5523 eV is reduced to a
shoulder. Increasing the excitation energy leads to a decreasing of the intensity of O K a XES high-energy shoulder at
E55282530 eV. At excitation energy E;534.2 eV, the O
K a XES valence spectrum is a narrower and more symmetrical band. This spectrum is quite different with respect
to that obtained at E;529.2 eV and 543.7 eV, and can be
taken as reference to show the dependence of the shape of
the spectra on variation of excitation energy.
O K a XES of Sr2 RuO4.25 measured at different excitation
are very similar to those of the stoichiometric compound
Sr2 RuO4 shown in Fig. 2. As in the case of Sr2 RuO4 , we
have found significant differences in the fine structure of O
K a XES excited at E5529.2 eV and E5533.2 eV. Evidence of overdoped oxygen in O K a XES spectra of
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FIG. 3. O~1!, O~2! 2 p density of states distribution in the valence band of Sr 2 RuO4 taken from local-density approximation
band-structure calculations of Sr2 RuO4 of Oguchi ~Ref. 1!, Singh
~Ref. 2!, and Hase ~Ref. 3!. The O 2 p DOS broadened for instrumental resolution DE50.3 eV are shown by the dotted line.

Sr2 RuO4.25 is not detected most probably because of the
small level of overdoping with respect to that of the stoichiometric compound.
The extremely high sensitivity of the O K a XES to excitation energy can be attributed to the significant differences
between in plane @O~1!# and out of plane-apical @O~2!# 2p
DOS in Sr2 RuO4 . According to LDA band structure
calculations,1–3 the distribution of O~1! 2p DOS has an extended two-peak character, while the center of gravity of
O~2! 2 p states is shifted to the top of the valence band and is
much narrower ~Fig. 3!.
In Fig. 4 the experimental O K a XES of Sr2 RuO4 excited
at 529.2 and 534.2 eV are adjusted to the binding-energy
scale using O 1s XPS binding energy data. According to
XPS measurements of Sr2 RuO4 , the O 1s spectrum is split
into two lines (DE;0.8 eV! ~Ref. 8!, which exposes the
differences in O 1s binding energies ~be’s! of O~1! and O~2!
atoms occupying non-equivalent positions. A similar difference (DE51.45 eV! of O 1s be’s for O~1! and O~2! atoms is
predicted by band-structure calculations of Singh.2 It is observed that the experimental O K a XES of Sr2 RuO4 measured at E;534.2 is similar to the calculated O~2! 2p DOS
of Sr2 RuO4 ~Fig. 3!. On the other hand, the O K a XES of
Sr2 RuO 4 selectively excited at 529.2 eV show a splitting
(a2b) that can be attributed to the splitting O~1! 2 p DOS
~see features of a 8 2b 8 in Fig. 3!. At higher excitation energies @for instance, at E;543.7 eV ~Fig. 2!# O K a XES of Sr
2 RuO 4 can be simulated by a superposition of these spectra,
which corresponds to superposition of O~1! 2p and O~2! 2p
DOS.
In Fig. 5 O K a XES spectra of the Eu0.7Ca0.3MnO3 per-
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FIG. 4. The comparison of the experimental Ru N 2,3 XES ~measured at E5200 eV!, O K a XES ~measured at E5529.2 and 534.2
eV! with the UPS of Sr2 RuO4 excited at E521 eV.

ovskite are shown. No excitation energy dependence was
found even though the crystal structure of undoped orthorhombic EuMnO 3 has two inequivalent oxygen atoms: O~1!
in plane and O~2! interplane. According to XPS measurements 17 the O 1s line is not split in EuMnO 3 , which means
that these oxygens have very close binding energies. On the
other hand, the 2p density of states distribution is found to

FIG. 5. The O K a XES of EuMnO 3 recorded at different excitation energies.
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be similar for in-plane and interplane oxygens.17 This supports the above given interpretation of the high sensitivity of
O K a XES of Sr2 RuO4 to the variation of the excitation
energy near O 1s threshold as a result of selective excitation
of O~1! and O~2! atoms.
The comparison of Ru N 2,3 , O~1! and O~2! K a -emission
bands with the UPS spectrum of Sr2 RuO4 excited at E521
eV ~Ref. 8! is shown in Fig. 4 ~Ru N 2,3 is converted to the
binding-energy scale using XPS Ru 4p measurements (E
544.7 eV!. Taking into account the values of photoionization cross sections of O 2 p and Ru 4d states,18 one can
conclude that UPS spectra excited at 21 eV probe both Ru
4d and O 2 p states. On the other hand, O K a and Ru N 2,3
XES probes O 2 p and Ru 4d states directly because of the
dipole selection rules (2p→1s and 4d→4 p transitions, respectively!. It is necessary to point out that the energy position of the subband of O K a XES excited at E5529.2 eV
coincides with the peak of the UPS spectrum located at 5.7
eV ~Fig. 4!. The maximum intensity of O K a XES excited at
534.2 eV does not coincide completely with the UPS peak
located at 2.6 eV. This means that O K a XES excited at
534.2 eV has a high weight of O~2! 2 p states, but still has
some contribution of O~1! 2 p states.
The most intensive peak of Ru N 2,3 XES located at 6 eV
is very close to the subband of O K a XES excited at 529.2
eV. This means that Ru 4d states are mostly hybridized with
O~1! 2 p states, which is in accordance with band-structure
calculations.1–3 According to angle-resolved photoemission
measurements of Sr2 RuO4 ,4 these Ru 4d states are derived
from d xy , d xz , and d yz orbitals. Using classification, given
in Ref. 19, one can conclude that O~1! 2p states that are
mixed with Ru 4d xy,xz,yz states form p bonds, fully accord
with the results of LDA band-structure calculations.1–3 These
differences in electronic structure of Sr2 RuO4 and superconducting cuprates, where Cu 3d x 2 2y 2 –O 2 p s hybridization is
found,20 can be due to a different number of electrons in Ru
and Cu. In the case of the cuprates, the d x 2 2y 2 and d z 2 orbitals ~the s orbitals! are responsible for bonding, while in the
case of Sr2 RuO4 these two s orbitals are entirely empty with
d xy,xz,yz orbitals ( p orbitals! being responsible for bonding.
It is seen from Fig. 4 that Ru N 2,3 XES is split into two
subbands located at 1.2 and 6 eV. A similar two-peak distribution of Ru 4d DOS is found in band-structure
calculations,1–3 hovewer, with opposite peak ratio: Ru 4d
density of states at the vicinity of the Fermi level is 2–2.5
times greater than that of the bottom of the valence band.
The theoretical distribution of the Ru 4d states at the bottom
of the valence band is found to be more extended than the
width of the peak of Ru N 2,3 XES located at 6 eV. The
differences in intensity ratios and widths of the peaks between experimental ~Fig. 4! and theoretical Ru 4d DOS
~Refs. 1–3! can be attributed to the interaction of a core-level
hole with a valence-band hole that is stronger for Ru N 2,3
XES than for O K a XES because of strong overlapping of
Ru 4p and Ru 4d wave functions. For this reason a strong
super Koster-Kronig transition takes place and a nonradiative
decay process is more probable than a radiative one. Therefore, this interaction can distort the Ru 4d density of states
distribution in the valence band obtained from Ru N 2,3 XES.
According to band-structure calculations,1–3 the localization

E. Z. KURMAEV et al.

1562

of Ru 4d states in the vicinity of the Fermi level is higher
than at the bottom of the valence band, where they are hybridized with O~1! 2 p states. This means that the super
Koster-Kronig transition is stronger for Ru 4d states located
close to the Fermi level, which can be responsible for the
decrease of intensity of radiative transitions in this region.
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ratios and width of the peaks of Ru N 2,3XES. These differences are attributed to a decrease of intensity of radiative
4d→4 p transitions in the vicinity of the Fermi level ~where
the localization of Ru 4d states is higher than at the bottom
of the valence band! due to strong Koster-Kronig transition.
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4d(2 g )-states providing the formation of p bonds. While the
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