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Nature of the electronic states in the layered perovskite noncuprate superconductor gFRuO,
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Near-edge x-ray-absorption and photoemission spectra of the noncuprate supercond&u@y, Sire pre-
sented. Holes close to the Fermi level are determined by &Ry, 44d,,, and 4l,, antibonding states. The
density of the occupied states at the Fermi level derived from photoemission is higher than in the cuprates and
these states have predominantly Rucharacter. Angle-resolved photoemission yields a width of the occupied
part of the conduction bands that is reduced by a factor of 2 in comparison to band-structure calculations. The
importance of electron correlations is also evident in the appearance of screened final states in the Ru 3
core-level spectrun{.S0163-18206)51422-7

In the past decade, following the discovery of the high- Experiments were carried out in three separate laborato-
T superconductor§HTSC’s),! there has been a vigorous ries. NEXAFS measurements were recorded in the total elec-
effort to determine their normal state electronic structureron yield (TEY) mode at the 5U.1 undulator beamline at the
considered essential for an understanding of superconductiynchrotron Radiation Source, Daresbury Laboratory
ity in these materials. The prevailing opinion is that the elec—(SRS'alo collecting the emitted electrons with a channel-
tronic structure close to the Fermi leveit{) is largely de-  ron and in the fluorescence yiel@Y) mode at beamline
termined by the Cu@ planes. U4B at the National Synchrotron Light Sour@eSLS), with

Recently, superconductivity below 0.93 K was observedan ultra-low energy Ge detector. The resolution for the

Vestiaation as t s he fre layeced perovkite superconductdylEXAFS O B specira taken at SRS was about 400 meV and
without Cu. Sp,RuQ, is isostructural to the high temperature at NSLS about 200 meV. The FY spectra were corrected for

phase of LaCuO,,° but contains RuQ planes. Thus, there self-absorption effects: Photoemission spectroscopy was

is the opportunity to study the electronic structure of thisperformed at SRS using a VSW 100 mm hemispherical ana-

compound and compare it to the HTSC's. As well as struclYZer With an angular acceptance of4°. The resolution

tural similarities, SgRuO, displays some other properties US€d for UPS was about 200 meV and for x-ray photoemis-
seen in the cuprates; for example, the approximately lineafion SpectroscopyXPS) about 400 meV. Sample surfaces
temperature dependence of the in-plane resistivity down t§uitable for UPS, XPS and NEXAFS at SRS were prepared
25 K (below 25 K the temperature dependence is quadratic PY in situ cleaving of SpRuO4(001) crystals at 160 K using

In a simple ionic picture the valence state of Ru is formallya tab technique in a vacuum better than ™1 mbar. Just
different to Cu. Copper is in a Cu (3d°) valence state with one hour after cleaving at this pressure, however, there were
S=1/2, whereas Ru is assumed to be in a*Ru4d*)  signs of contamination, which will be discussed later.
valence state withS=1, as suggested by studies of No surface preparation is necessary for NEXAFS using
Sr,Ir;_,Ru,0,.* The tetragonal distortion of the Ry®c-  the FY mode. Angle-resolved UPSARUPS spectra of
tahedron will lead to a splitting of the,; and eq levels.  Sr,RuQ4(001) crystals were performed at Karlsruhe with a
However, the Ru d orbitals are much more extended and discharge lamp using the Ne | line at 16.85 @d@ntributions
more strongly hybridized than Cuw3leading to large ligand from the satellite line at 16.67 eV were subtracted for the
field splittings and larger band dispersions, as can be seen spectra shown The angular acceptance of the hemispherical
a band-structure calculation for RyG While in La,CuO,  analyzer(VSW HA50) was +1° and the energy resolution
the t,4 levels are completely filled and the hole is in the was 100 meV. The samples were oriented using Laue dif-
antibonding Cu 8,2_2 orbitals, in S,RuQ, thet,y levels  fraction and then cleavemh situ at 10 K using a tab tech-
are only partially filled. Information on the unoccupied statesnique in a vacuum better thanx3 0~ ' mbar. Samples re-
and their symmetry can be obtained by near-edge x-raymained clean for about 12 hours. During the NEXAFS
absorption fine structureNEXAFS) spectroscopy using po- measurements we could not detect any changes due to con-
larized light. Furthermore, valence band photoemission sped¢amination. This behavior reflects the larger sampling depth
troscopy (UPS probes the occupied density of states, andof TEY (50-100 A and FY (1500-3500 A in comparison
may be compared to recent band-structure calculafiéns. to photoemissiori~10 A).

Here we present NEXAFS and UPS experimental data on Figure 1 shows the Oslx-ray-absorption spectra taken in
Sr,Ru0,4(001) single crystals. The samples were platelike FY and TEY mode of SRuQ,(001) for three orientations of
single crystalline SRuQ, grown by a floating zone melting the sample surface towards the polarization vector. At
method® The typical dimensions of the samples were 6,=0° the light polarization is parallel to the Ry@lane; in
2x1x0.1 mm?. T, measured on samples of the same batclthis orientation electrons are excited from the © dore
was about 1 K. level, due to the dipole selection rule, only into unoccupied
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T T T T perpendicular to the plane, while featubehas an in-plane
Sr,Ru0, (001) O 1s NEXAFS contribution twice as large as the out-of-plane contribution.
According to a band-structure calculation for Ru® the
crystal field splitting between orbitals with, ande, sym-
metry is about 4 eV. This result and the observed spectral
weight and angular dependence of the peak® lead us to
assign these peaks as follows: pe&kandB correspond to
orbitals witht,; symmetry and peak€ and D to orbitals
FY with e; symmetry. PealA is related to the apical oxygen
0O(2) whose core level binding energy according to the band-
structure calculation for SRuQ, is 1.5 eV smaller than for
the in-plane oxygen ).% An in-plane hybridization of (®)
holes with Ru 4, and 41, orbitals, which is according to
the band-structure calculation very small, could explain the
low intensity of featureA compared to featur8. We pre-
sume thatEg for O(1) corresponds to 529 eV. The large
contribution of holes perpendicular to the planes for peak
B B is due to 1) 2pw orbitals hybridized with Ru
? FY 4dy,,4d,,. The bands with Rud,,4d,, character should
crossEg and are therefore the main contribution to péak
perpendicular to the plane. The in-plane contribution of fea-
0° ture B is caused by Rudh,-O(1) 2p orbitals. This assign-
ment leads to the interesting conclusion that the number of
. L holes in the Ru d,,,,-O(1) 2p7 bands is twice as large as
S 530 535 in the Ru 4l,,-O(1) 2p band. PealC may be explained by
photon energy (eV) Ru 4dy (4d3,2_,2,4d,2_,2) states hybridized with O &r
states, since it has an in-plane and an out-of-plane contribu-
FIG. 1. O 5 NEXAFS of SL,RuUO,. The angled; denotes the tion. Spectral weight at higher photon energies is more dif-
angle between the incident beam and the surface normal. The spéécult to assign to certain orbitals. The in-plane contribution
tra labeled TEY are taken using the total electron yield methodOf featureD is located at 533.3 eV, while the out-of-plane
while for the spectra labeled FY we used the fluorescence yiel@ontribution is located at 533.8 eV, indicating that two dif-
mode. The 90° spectrum was deduced from the 0° and 75° spectrierent levels are involved. The in-plane contribution of fea-
The peaks labeled to D are discussed in the text. ture D is caused by Rudkz_,2 O(1) 2po states, while the
out-of-plane level is caused by the Rdz4_,2-O(2) 2po
O 2p, , orbitals. At an orientation of)=90° electrons are states. However, SrO bands may contribute to feauras
excited from the O 4 core level to unoccupied levels with O well. Coulomb interaction between electrons and holes at the
2p, symmetry. The 90° spectrum, which is experimentallyRu sites is expected to be smaller than in the cuprates, while
not accessible, was deduced from the 0° and 75° spectrthe bandwidth is larger. Thus a contribution from an upper
The spectra obtained by these two methods are remarkablubbard band, as observed in JGuO,,*>*3is unlikely for
similar including relative peak heights within one orienta- our spectra.
tion, indicating that there is a strong resemblance between Figure Za) shows the angle integrated photoemission
the electronic structure of the surface regi@kEY) and of  spectra at photon energies of 60 and 110 eV and the calcu-
the bulk (FY). One major difference is that the absolute lated density of statésThe spectra were obtained immedi-
height of the TEY spectra & = 75° and 90° is different to ately after cleaving the sample. The total valence band width
the FY spectra. This may be due to an extrinsic background around 9 eV, slightly larger than the calculated width. A
in the TEY spectra, which is absent in the FY spectra. In theShirley background was subtracted to account for secondary
following, quantitative estimates are deduced from the FYelectrons. A sharp peak & is observed with a width of
spectra. about 700 meV. However, since we cannot resolve indi-
Let us consider the angular dependence of the spectra widual bands, this is a poor estimate for the occupied part of
Fig. 1. FeatureA at a photon energy of 528.5 eV is very the conduction bands. Peaksand B are separated by an
pronounced a®;,=0° in comparison tog;=90°. However, intensity valley 1.3 eV wide. According to the band-structure
the spectral weight of this peak is very small in comparisoncalculation§” the states close tB¢ are the occupied part of
to the other features. The spectral weight of fearasso- the antibonding Rude (4d,,,4d,,,4d,,) and O D orbit-
ciated with the O P orbitals vertical to the planepf) ap-  als. The width of featuré as well as the intensity valley are
pears to be four times as high as the intensity of the orbitalen  qualitative agreement with the band-structure
in the plane p, ), but there, for a given light polarization calculationg,” although the intensity in the valley region is
only half of the holes wittp, andp, symmetry are detected. much lower in the calculations. Peakat E is very intense
Thus, spectral weight perpendicular to the planes is, in facior hv= 60 eV in comparison ttiv= 110 eV. To obtain a
twice as large as in the plane. Feat@eis not very pro- quantitative value for the density of states=at, N(Eg), we
nounced and has nearly equal contributions in the plane angsed the 60 eV spectra since there the photoionization cross
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FIG. 3. ARUPS data of SRuO, along thel'-M line using Ne

) | radiation (contributions from the satellite line at 16.67 eV were
FIG. 2. (8) UPS data of the valence-band region obRuO, g phiracted for the spectra showbifferent symbols are assigned to

recorded with a photon energy of 60 eV and 110 eV. The mainyeaks to denote individual bands as inspired by the band-structure
structures are labeledl to D. The total density of states from the 5 culation of SingHRef. 6.

band-structure calculation of SingRef.  is shown at the bottom.

The upper panglb) shows the XPS spectrum recorded with 400 eV 31 cqre |evels recorded with 400 eV photons. Each of the Ru
pho_tc_)n energy in the Rud3and Sr core level reglons._Th_e 3ds;, and Ru 8y, core levels shows a spliting. This
posmo.ns of s.creenedsx and unscreeneduj final states are indi- spectrum is very similar to the corresponding spectrum of
cated in the figure. SrRu0;.%® The splitting of the Ru 8 core levels may be
explained within the model of Kotani and ToyazalVdf the
sections of Ru @ and O 2 are quite simila’* The relative  core-valence Coulomb interaction is larger than the conduc-
ratio of the integrated area of featuketo the integrated area tion bandwidth, upon photoexcitation one of the valence or-
of the valence band is taken to be equivalent to the numbasitals will be disengaged from the conduction band. The re-
of electrons atEr divided by the total number of valence sulting localized atomic state lies beld® and may be filled
electrons, assuming the valence band is composed of Rwith an electron. Two different final states correspond to the
4d and O 2 states. We arrive aN(Eg)=1.4 stategeV  situation where this level is filled or unfilled, referred to as
cell). This value is a factor of 3 less than the prediction fromthe screened and unscreened final states.
band-structure calculatidhA correspondingN(Eg) derived We should also note that the XPS spectrum was obtained
in a similar way by Arkoet al. for YBa,Cuz;0,_ is four  three hours after cleaving and shows a shoulder at 290 eV
times smaller than in SRuO,.'® We can also estimate the binding energy, which is due to contamination of the sample
relative orbital contribution aEg in a similar way to Arko  surface. After another three hours this peak becomes even
et al. We arrive at 80% Rud and 20% O P states aE. stronger with the rest of the spectrum nearly unchanged.
This is in contrast to the cuprates exhibiting 20% Cu andHence we are confident that the small contamination feature
80% O states aE.*® Although our value is only a rough present in Fig. &) does not affect our conclusions.
estimate since we neglected final state effects, it demon- Direct information on the width of bands neag can be
strates that the states Bt in Sr,RuO, are mainly deter- obtained by angle-resolved photoemission. ARUPS data
mined by Ru 4 electrons in agreement with the band- shown in Fig. 3 are recorded along theM direction in the
structure calculation! While the feature®8 andC do not  projected Brillouin zone. The angle, ) displayed next to
show a large photon energy dependence, feduieat least each energy distribution curve denote the emission direction
a factor of 2 lower in intensity at 110 eV. This may be eitherof the collected photoelectrons towards the sample surface
due to the reduced cross section of RUi@r due to a final normal. High-resolution spectra, along the high symmetry
state effect. lines for a very narrow energy range withiy are presented
Figure 2b) presents an XPS spectrum of the RLghd St elsewheré® Band-structure calculatiofd predict three
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bands to cros€r and the bottom of these bands is Iat As already remarked above the surface of these crystals is

Movina alonal-M we are able to observe these bands. We'€" sensitive to contamination, which after several hours
9 9 2S: W8eads to extra peaks in the photoemission valence band spec-

can identify a broad peak at around 1 eV bel&w at . {ym The most pronounced change is the filling of the gap-
Another peak at 0.4 eV is more pronounced. If we compargike structure close t& , leading to a broad peak at 1.5 eV
these two peaKs leh the band.—structure calculation, we f'n%inding energy. At the same time a peak at 9.5 eV appears
that the bandwidth is rer_10rmallzed by more than a factor_ oknd the peak aEg vanishes. It should be noted that this
2. The peak at 0.4 eV is composed of two features whicthroad peak at 1.5 eV, which is related to a contaminated
become more clearly resolved as we move towdridsOne  surface, had previously been interpreted in terms of the pre-
band sharpens up and moves closeEfoas we go towards cursor of the lower Hubbard bard.

the M point. A crossing could be observed at around 18° in In conclusion, we observe the unoccupied density of
agreement with our high resolution ddfane also observe a  states close t& of Sr,RuO, to be mainly determined by
band staying at approximately 0.4 eV for the whdleV antibonding Ru de and O 2 orbitals. The holes close to
line. The dispersion of both bands is in qualitative agreemenkg are mainly determined by the Ral4, ,,-O 2p orbitals.

with the band-structure calculatiof$.The third band at 1 The states at higher energy are dominated by the antibonding
eV binding energy aF is dispersing towardgr as we move Ru 4dy and O Do orbitals, in agreement with a Rii va-
closer to theM point. Although we are not able to resolve !€nce and with band-structure calculations. The peak at
the dispersion of this band clearly, we believe by comparisofer, @s seen in the photoemission spectra, has an orbital
with the band-structure calculation that this band movegomposition of 80% Rudand 20% O P in contrast to the
towardsEg up until an angle of 22° at which point it re- cuprates vyhere it is oxygen dominated. The densny of states
mains atEg up to M. This flat band leads to an extended at E¢ is higher than in the cuprates. The conduction band-

van Hove singularity at then point!® An angle-resolved width is reduced by more than a factor of 2 in comparison to
photoemission study by Yokoyat él 19 \was not able to the band-structure calculations. The narrowed bandwidth of

resolve all three bands close E.. Other UPS and XPS the conduction bands shows that correlation effects are im-

studies performed on a series of ternary ruthenium oxideBOrtant in this compound.

including SrRuQ (Ref. 16 argued that the Rud4band- We thank W. R. Flavell, A. G. Thomas, V. Chakarian,
width is decreasing in the series f&u,0;_,>Bi,;Ru,0, and Y. J. Idzerda for experimental support and D. Singh for
>SrRuG;>CaRuO;>Y ,RuU,05. In Y ,RuU,05 the correla-  providing us with his band-structure calculation. We also
tion energyU exceeds the one-electron bandwidth, leadingappreciate stimulating discussions with M. Merz. The help
to a non-metallic material with a localizég, configuration. —and support of the staff at SRS and NSLS was greatly appre-
Our result suggests that JRuO, is in a region where cor- ciated, especially M. Roper, D. Teehan, and M. Surman.
relation effects are important, as can be seen by the narrowdelinding for travel and time at SRS, Daresbury was provided
bandwidth in comparison to band-structure calculationsby the European Large Scale Facility programme. The NSLS
However, it should be borne in mind that the valence bandis part of Brookhaven National Laboratory, which is oper-

width is still considerably larger than in the cuprates. ated by the U.S. DOE.
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