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Electronic structure of Sr,RuQ,: X-ray fluorescence emission study
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The results of measurements of @tbtal x-ray-fluorescence yield and Ry ;and OK,, x-ray fluorescence
emission spectra of FRuQ, and SpRuO, ,5are presented. An excitation energy dependence of tke ©ray
emission spectréXES) was observed in both compounds. The energy dependence of the spectra is attributed
to the excitation of inequivalent @) in-plane and @) apical oxygens. The @) 2p and Q2) 2p density of
states distribution in the valence band offuQ, was found to be different in accordance with the results of
band-structure calculations.(D 2p states are found to be mixed with Rul@,,) states providing the
formation of 7 bonds. While the @K, XES spectra are in fair agreement with band structure calculations, the
theoretical two-peak distribution of R, 3 XES is found to be different with respect to the intensity ratios and
widths of the peaks of RN, 3 XES. These differences are attributed to a decrease of intensity of radiative
4d—4p transitions in the vicinity of the Fermi levéWhere the localization of Rudtstates is higher than at
the bottom of the valence bandue to a strong Koster-Kronig transitiof80163-182@08)00704-§

[. INTRODUCTION and of theey type (dy2_,2) in copper oxidesiiii ) the density
of states at the Fermi level is four times greater fofR810,
The electronic structure of gRuQ, has been discussed than for YBgCu;O;_ 5, and (iv) S,RuQ, shows an en-
intensively during the last few yedrs due to the discovery hanced Pauli paramagnetism while,Cai0, is an antiferro-
of superconductivity T,=0.93 K)'° in this first copperless magnetic insulator. These differences and similarities in the
oxide superconductor having a layered perovskite structurgproperties of SIRuQ, compared with HTSC's stimulate a
This material has the same crystal structure a<Ciu&®), with deeper study of its electronic structure. In spite of several
RuG, planes replacing the Cuy(lanes. As with the cuprates band-structure calculations of RuO, (Refs. 1-3 only a
the resistivity in-plane and perpendicular to the plane isfew ultraviolet photoemission spectroscopyP9,® x-ray
highly anisotropic. On the other hand, some differences bephotoemission spectroscop¥PS),% and angle-resolved pho-
tween SsRuQ, and highT, superconductoreHTSC’s) have  toemission spectroscoppRPES*® spectral measurements
been observedi) SL,RuUQ, is superconducting without any are available. The unoccupied @ 3tates of SfRuQ, have
chemical doping, which is not typical for cupratéis) the d been investigated with the help of Os1NEXAFS
orbitals involved in hybridization with oxygenp@states are  spectroscopy and some features of the Os labsorption
different; they are of thé,q type (dyy, dy;, dy,) in SLRUOQ,  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 L I B L L L L B
emission spectroscopy with tunable excitation as was shown B |
for  La, SKLCuO,''  Bi,SLCaCyOg.s,  and (@)
Tl,Ba,CaCy0g.1 B D 4
In this paper, we present the first experimental spectral L 3 E
study of the selectively excited Ry, 3 (4d—4p transition B . :-l 3
and OKa (2p— 1s transition x-ray emission spectroscopy .y,
(XES) measurements for stoichiometric,BuQ, and over- - )
doped SyRuQ, 5. We have shown that one can selectively
excite specific oxygen sites by tuning the excitation energy ;
because the Oslabsorption cross section between in-plane - @ -
and apical oxygen atoms is different. In such a way, the o Ols-TFY
distribution of Q1) 2p and Q1)+0(2) 2p states in the va- ‘“"I"I Ly ]
lence band is determined. Our results show that thi€ © 530 535 540
XES spectra are in a good agreement with band-structure Photon energy(eV)
calculations whereas the intensity distribution of the NRis
XES does not coincide with the Rud4density of states
distribution in the valence band of &RuQ,. These differ-
ences are attributed to decreasing of intensity of radiative
4d— 4p transitions in the vicinity of the Fermi levéWhere (b)
the localization of Ru 4 states is higher than at the bottom
of the valence banddue to strong Koster-Kronig transition.

Intensity

Il. EXPERIMENT

The spectral measurements are performed using both O(1) 2p
single-crystal and ceramic samples. The single crystal of
SrL,RuQ, was prepared by the floating zone method as de-
scribed in Ref. 4. Ceramic gRuQ, ,5was synthesized using
high-purity Ru@ and SrCQ 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,R8IO,
was obtained by heating SRuG0, ,5to 900 °C in an argon
flow for 24 h followed by cooling in an argon flow. The
lattice parameters of the samples were 3.868 A andc FIG. 1. (a) The x-ray absorption spectrum of &u0, near the
=12.746 A for S;RUO, ;sanda=3.876 Aandc=12.732 A o K edge. (b) The results of band-structure calculations of the
for SL,RUG,. Resistivity measurements in the temperatureconduction band of SRuQ, [adapted from Ref. 2solid line) and
range 300 to 15 K indicate that HRuQ, ,5is semiconducting the O 2 DOS broadened for instrumental resolutiBr=0.1 eV
with the valuespg (300 K)=30 m() cm andpg (15 K) =90  (dotted ling].
m cm, whereas SRuQ, is degenerate with the values of
aboutpq (300 K) andpg (15 K) equal to 10 ri) cm. monochromator was about 0.1 eV for @ TFY and 0.03 eV
The measurements of Ra x-ray emission spectra near for RuN, 3 XES. The energy resolution of spectrometer was
the O 1s threshold were performed at the Advanced Light0.1 eV for O 1s TFY and RuN; 3 XES.
Source on beamline 8.0, which is described in detail O Ka XES of SpRuQ,, SrL,RUuG, 55 and reference sample
elsewherd?® The fluorescent radiation emitted from the EuMnO; were calibrated independently using electron-beam
sample was energy analyzed with a high-resolution gratingxcited spectral measurements from another grating spec-
spectrometer and a computer-interfaced multichannel detetrometer under experimental conditions similar to those de-
tor. The pressure in the sample chamber was below®10 scribed in Refs. 15 and 16.
torr during the measurements. The resolution of the beamline
monochromator was set to 0.5 eV for 530 eV photon energy. IIl. RESULTS AND DISCUSSION
The O Ka x-ray emission spectra were recorded using a
1500 lines/mm gratingR=10 m) in the first order of dif- The soft x-ray absorption spectrum of,BuO, measured
fraction with the spectrometer resolution set to 0.3 eV. near the OK edge using total fluorescence yidlGFY) de-
The measurements of R, 3 XES atE=200 eV and O tection is given in Fig. (@. The results are similar to O 1s
1s total fluorescence yiel@'FY) spectra were performed on NEXAFS measurements of $uQ,. According to band-
a BL-19B undulator beamlié of the Photon Factory lo- structure calculations of Singmeproduced in Fig. (b) one
cated at the National Laboratory for High Energy Physicscan attribute the origin of peak at E~528.5 eV to a tran-
(KEK). Synchrotron radiation was monochromatized by asition of O 1s electron to @1) 2p unoccupied statesA()
grazing incidence monochromator. The energy resolution ofust above the Fermi energy. From the calculations presented
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o ) lence band of SyRuQ, taken from local-density approximation
FIG. 2. The OK«a x-ray emission spectra of JuQ, at differ-  pand-structure calculations of Hu0, of Oguchi (Ref. 1), Singh
ent excitation energies. (Ref. 2, and HasgRef. 3. The O 2 DOS broadened for instru-
mental resolutioddM E=0.3 eV are shown by the dotted line.
in Fig. 1(b) the Q2) 2p density of state$DOS) contribution
is very small in the region extending a few eV above theSLRuQ, »5 is not detected most probably because of the
Fermi energy. We attribute featui2 andC of O 1s TFY  small level of overdoping with respect to that of the stoichio-
spectrum located d& ~530 and 531.5 eV, respectively, to a metric compound.
comparable mixture of @) and Q2) 2p state§ B’ andC'’ The extremely high sensitivity of the Ra XES to exci-
in Fig. 1(b)]. From Fig. 1b) we observe the increasing con- tation energy can be attributed to the significant differences
tribution to the @2) 2p state O’) and interpret the increas- between in plang¢O(1)] and out of plane-apicdlO(2)] 2p
ing fluorescence up to featuiz at E~533.5 eV in Fig. 1a) DOS in SpRuQ,. According to LDA band structure
to these states. As the excitation energy continues to incalculations:~3 the distribution of @1) 2p DOS has an ex-
crease, the @) 2p channel shows an increasing density oftended two-peak character, while the center of gravity of
states aE’ about 6 eV above the threshold. This increase i0(2) 2p states is shifted to the top of the valence band and is
described as a mixing of unoccupiediPand Q2) 2p states much narrowelFig. 3).
in O 1s TFY spectrum between 536 and 540 E¥ig. 1(a)]. In Fig. 4 the experimental ® « XES of S,RuQ, excited
Figure 2 shows the &K« XES (2p—1s transition of at 529.2 and 534.2 eV are adjusted to the binding-energy
Sr,RuQ, recorded at selected excitation energies indicatedcale using O & XPS binding energy data. According to
by the vertical lines in Fig. (B). O Ka x-ray emission probes XPS measurements of sRuQ,, the O Is spectrum is split
the valence-band states withsymmetry. As the excitation into two lines AE~0.8 eV) (Ref. 8, which exposes the
energy increases, the peak B&523 eV is reduced to a differences in O § binding energiegbe’s) of O(1) and 422)
shoulder. Increasing the excitation energy leads to a decreaatoms occupying non-equivalent positions. A similar differ-
ing of the intensity of OKa XES high-energy shoulder at ence AE=1.45 e\j of O 1s be’s for Q1) and 42) atoms is
E=528-530 eV. At excitation energ~534.2 eV, the O predicted by band-structure calculations of SiAdhis ob-
Ka XES valence spectrum is a narrower and more symserved that the experimental Ko XES of S,bRuQ, mea-
metrical band. This spectrum is quite different with respecisured atE~534.2 is similar to the calculated(®) 2p DOS
to that obtained aE~529.2 eV and 543.7 eV, and can be of SLRuUQ, (Fig. 3. On the other hand, the ®a XES of
taken as reference to show the dependence of the shape ®,RuQO, selectively excited at 529.2 eV show a splitting
the spectra on variation of excitation energy. (a—hb) that can be attributed to the splitting() 2p DOS
O Ka XES of Sp,RuUQ, ;s measured at different excitation (see features i’ —b’ in Fig. 3). At higher excitation ener-
are very similar to those of the stoichiometric compoundgies|for instance, aE~543.7 eV(Fig. 2] O Ka XES of Sr
Sr,RuQ, shown in Fig. 2. As in the case of JRuQ,, we  ,RuQ, can be simulated by a superposition of these spectra,
have found significant differences in the fine structure of Owhich corresponds to superposition ofiP2p and Q2) 2p
Ka XES excited atE=529.2 eV andE=533.2 eV. Evi- DOS.
dence of overdoped oxygen in ®a XES spectra of In Fig. 5 OKa XES spectra of the ByCa, ;MnO5 per-
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FIG. 4. The comparison of the experimental Ryi; XES (mea-
sured atE=200 eV), O Ka XES (measured dE=529.2 and 534.2
eV) with the UPS of SfRuQ, excited atE=21 eV.
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be similar for in-plane and interplane oxygérsThis sup-
ports the above given interpretation of the high sensitivity of
O Ka XES of SpRuUQ, to the variation of the excitation
energy near O 4 threshold as a result of selective excitation
of O(1) and 32) atoms.

The comparison of RN, 3, O(1) and G2) Ka-emission
bands with the UPS spectrum of,8uQ, excited atE=21
eV (Ref. 8 is shown in Fig. 4Ru N, 3 is converted to the
binding-energy scale using XPS Rup 4neasurementsE
=44.7 e\). Taking into account the values of photoioniza-
tion cross sections of O and Ru 4 statesi® one can
conclude that UPS spectra excited at 21 eV probe both Ru
4d and O 2 states. On the other hand, K and RuN, 3
XES probes O p and Ru 4l states directly because of the
dipole selection rules (2—1s and 4—4p transitions, re-
spectively. It is necessary to point out that the energy posi-
tion of the subband of &« XES excited atE=529.2 eV
coincides with the peak of the UPS spectrum located at 5.7
eV (Fig. 4). The maximum intensity of X « XES excited at
534.2 eV does not coincide completely with the UPS peak
located at 2.6 eV. This means that KQx XES excited at
534.2 eV has a high weight of (@ 2p states, but still has
some contribution of (1) 2p states.

The most intensive peak of RW, 3 XES located at 6 eV
is very close to the subband of IKa XES excited at 529.2
eV. This means that Rudistates are mostly hybridized with
o) 2p states which is in accordance with band-structure

ovskite are shown. No excitation energy dependence wagalculations:™> According to angle-resolved photoemission
found even though the crystal structure of undoped orthomeasurements of SRuQ,,* these Ru 4 states are derived

rhombic EuMnG; has two inequivalent oxygen atoms(Xp
in plane and @) interplane. According to XPS measure-
ments'’ the O 1s line is not split in EuMnQ, which means

from d,,, dy,, andd,, orbitals. Using classification, given
in Ref. 19, one can conclude that(X) 2p states that are
mixed with Ru 4, ,,, states formz bonds, fully accord

that these oxygens have very close binding energies. On trwith the results of LDA band-structure calculationdThese

other hand, the 2 density of states distribution is found to

EuMnO, S O Ka
........ 544 oV
.......... 539.50V
>
I T S
S T .5.:.1’.7 ev
2
<
Tl et et S e e 534.5eV
........... 533 eV
........... 531 eV
E, =529.5eV
: . '--.-.....I.
520 525 530
Photon Energy (eV)

FIG. 5. The OKa XES of EuMnO; recorded at different exci-
tation energies.

differences in electronic structure of;®u0, and supercon-
ducting cuprates, where Cul®_,2—0 2po hybridization is
found?® can be due to a dlfferent number of electrons in Ru
and Cu. In the case of the cuprates, the 2 andd,2 orbit-

als (the o orbitalg are responsible for bonding, while in the
case of SJRuQ, these twao orbitals are entirely empty with
dyy.xzyz Orbitals (mr orbitalg being responsible for bonding.

It is seen from Fig. 4 that RN, 3 XES is split into two
subbands located at 1.2 and 6 eV. A similar two-peak distri-
bution of Ru 4 DOS is found in band-structure
calculations;™ hovewer, with opposite peak ratio: Rul4
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 Ruldstates at the bottom
of the valence band is found to be more extended than the
width of the peak of RuN,3; XES located at 6 eV. The
differences in intensity ratios and widths of the peaks be-
tween experimentalFig. 4 and theoretical Ru d DOS
(Refs. 1-3 can be attributed to the interaction of a core-level
hole with a valence-band hole that is stronger for Rys
XES than for OKa XES because of strong overlapping of
Ru 4p and Ru 4 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. There-
fore, this interaction can distort the Rud 4density of states
distribution in the valence band obtained from Ryl3 XES.
According to band-structure calculatiohs,the localization
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of Ru 4d states in the vicinity of the Fermi level is higher ratios and width of the peaks of R\, ;XES. These differ-
than at the bottom of the valence band, where they are hyences are attributed to a decrease of intensity of radiative
bridized with Q1) 2p states. This means that the super4d—4p transitions in the vicinity of the Fermi levéivhere
Koster-Kronig transition is stronger for Rul4states located the localization of Ru d states is higher than at the bottom
close to the Fermi level, which can be responsible for theof the valence banddue to strong Koster-Kronig transition.
decrease of intensity of radiative transitions in this region.
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