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Electronic structure of epitaxial „Sr,Ca…RuO3 films studied by photoemission
and x-ray absorption spectroscopy
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Electronic structures of epitaxial~Sr,Ca!RuO3 thin films are studied by photoemission and x-ray absorption
spectroscopy using synchrotron radiation. The Ru 4d spectral weights obtained by utilizing the Cooper mini-
mum phenomena of photoionization cross-section reveal a strong mixing between Ru 4d and O 2p states as
well as the signature of electron correlation effect near the Fermi level in both SrRuO3 and CaRuO3. However
the electron correlation effect seems more important in CaRuO3 than SrRuO3. The detailed shapes of the
valence band are found to depend on the sample cleaning methods, where the single-crystalline films cleaned
by in situ annealing show more enhanced structures in the spectra than the scraped polycrystalline samples.
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I. INTRODUCTION

One of the central themes of the condensed-matter p
ics nowadays is the understanding of the electron correla
effects in solids. Motivated by the discovery of high-Tc su-
perconductivity in cuprates and the colossal magnetore
tance effects in manganites, the research was initially
cused on 3d transition-metal compounds. However, as it h
become increasingly clear that interesting physical phen
ena of similar origin also happen in 4d and 5d electron
systems, they have been getting a fair amount of atten
recently. Among the 4d or 5d transition-metal compounds
ruthenium oxides probably have attracted most attention
cause of the discovery of superconductivity in Sr2RuO4 ~Ref.
1! and the potential of unique perovskite ferromagnetic me
SrRuO3 ~Ref. 2! for thin-film applications such as tunnelin
magnetoresistance or ferroelectric random access mem
These ruthenites also show diverse physical properties
pending on the composition or crystal structures. For
ample, when Sr is replaced by Ca in the above ruthena
the metallic and magnetic properties are significan
suppressed.3,4 Ca2RuO4 is known as a Mott insulator, an
CaRuO3 is barely metallic with the low-temperature condu
tivity very close to the Mott minimum value. And the cub
pyrochlore structure (Sr,Ca)3Ru2O7 system shows a typica
bandwidth-controlled metal-insulator transition~MIT !.5,6 The
Bi-based pyrochlore ruthenate is also well known to sh
MIT when doped with Y or rare-earth elements such as Gd
Nd.7 And Tl2Ru2O7 shows metal-insulator transition as
function of temperature.8

In this point of view, it is very natural to ask whethe
these critical phenomena can be described in terms of e
tron correlation effect in the same way as the 3d electron
systems,9–11 although 4d electrons of ruthenium oxides ar
more extended and the parent rutile RuO2 is regarded as a
good band metal. In the ternary ruthenium oxides,
0163-1829/2004/69~8!/085108~6!/$22.50 69 0851
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RuuOuRu bonding angle turns out to considerably devia
from 180° due to tilting of the RuO6 octahedron. For ex-
amples, the deviation of the bonding angle is as large as
in SrRuO3 and increases to be twice in CaRuO3, in spite of
the fact that both perovskite ruthenates have a pseudoc
crystal structure. The deviation even becomes larger in
pryrochlore ruthenate. Thus the bandwidth of the Ru 4d stats
is expected to be reduced accordingly, and the electron
relation may play a considerable role in their physical pro
erties. In addition, recent spectroscopic studies suggest
some ruthenium oxides should be considered as strongly
related electron systems. For example, Ca3Ru2O7 can be
thought of the typical Mott-insulator while Sr3Ru2O7 is
shown to be metallic from the high-resolution angle-resolv
photoemission spectroscopy.6 And, the recent optical spec
troscopic study revealed that SrRuO3 should be considered
as a non-Fermi liquid system.12–15Ultraviolet photoemission
data were also interpreted as indicating that Bi-based p
chlore ruthenitesAxB22xRu2O7 (A5Bi, B5Ln or Y! ex-
hibit a systematic transition in the valence region fro
simple metallic to localized insulatorlike behavior.3,16

In this paper, we report the synchrotron-radiation pho
emission ~PES! and x-ray-absorption spectroscopy~XAS!
data on the psuedocubic perovskite ruthenate epitaxial
(Sr,Ca)RuO3 to study their electronic structures of both o
cupied and unoccupied states, focusing in particular on
role of the Ru 4d electronic states. In the case of CaRuO3
only ultraviolet photoemission spectra of the valence ba
using He~I! source (hn521.2 eV) has been reported3(a) pre-
viously to the authors’ knowledge, and our work provides t
first extensive electron spectroscopic studies of occupied
empty states using synchrotron radiation. For SrRuO3 there
have been two previous electron spectroscopic studies17,18

using synchrotron radiation. But in these previous studies
Ru 4d partial spectral weights~PSW! were not determined
separately, and also it turned out that our sample clean
©2004 The American Physical Society08-1
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procedure gave different spectra from those previously
ported. Our data were taken from single-crystalline thin fil
of SrRuO3 and CaRuO3 grown epitaxially on the SrTiO3
substrate, which were annealedin situ under oxygen pressur
to obtain clean surfaces before PES and XAS measurem
while previous studies17,18 used polycrystalline sample
scrapedin situ. Since scraping19 tends to disrupt the surfac
region and our O 2p spectral weights are in much bett
agreement with band-structure calculations, we believe
spectra are more representative of the intrinsic valence b
We also obtained selectively the PSW of each element in
valence region by utilizing the large difference of the pho
ionization cross-sections between Ru 4d and O 2p orbitals
depending on the incident photon energy due to the Coo
minimum phenomenon of Ru 4d states.20,21 This enabled us
to test in detail the validity of the theoretical partial densi
of-states obtained from band-structure calculations. And
also report the x-ray absorption spectroscopy data at th
1s edge to reveal the unoccupied electronic states of th
ruthenium compounds.

II. EXPERIMENT

Epitaxial Sr12xCaxRuO3 (x50, 0.5, and 1! thin films
were grown on miscut~001! SrTiO3 substrates using 90
off-axis sputtering.22 And their surface morphology and crys
tal structure was confirmed to be single phase and stoic
metric in earlier surface-sensitive work by one of our a
thors. All the samples were found to be metallic from t
transport measurement. We performed photoemission s
troscopy measurement on these single-crystalline films
various photon energies ranging from 40 to 100 eV at
beam line 2B1 of Pohang Light Source, Korea. The be
line was designed for the study of photoemission and m
netic circular dichroism, and the total experimental reso
tion was better than 0.2 eV. The base pressure during
photoemission measurement was in the middle of 10210 torr
range. As is well known, the photoemission spectroscop
very sensitive to the surface condition of the sample, and
tried to clean the thin-film samples by moderately heat
them (T;450 °C) in situ under the O2 atmosphere of partia
pressure 1027 torr. We checked the cleanness of samples
surface-sensitive low-energy-electron-diffraction~LEED!
and observed a clear (131) pattern of the~001! plane of the
orthorhombic structure. The photoemission spectra w
measured at the normal emission angle allowing a large
ceptance solid angle, which corresponded to an an
integrated density of states. The XAS experiment at the Os
edge was carried out at the U4B beam line in National S
chrotron Light Source, Brookhaven National Laborato
USA. The total yield~sample current! was measured, and th
experimental resolution was better than 0.15 eV. All t
spectroscopic measurements were performed at room
perature.

III. DATA AND RESULTS

Figures 1 and 2 show the photoemission spectra take
various photon energies between 40 eV and 100 eV. All
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spectra are normalized to the maximum peak intensity.
first note that the spectra of SrRuO3 are somewhat differen
from the recently published data, where the spectra with
incident photon energy ofhn548, 52, and 100 eV were
reported.17 Our data show more structures between 3 eV a
8 eV binding energy compared with the previous data ta
on scraped sample surfaces. Since similar structures w
also seen in the previous He~I! (hn521.2 eV) ultraviolet
photoemission spectra on samples cleaned by annealing3 we
believe this difference of the spectra results from the diff
ent sample cleaning methods~scraping versus annealing!.
The fact that these structures are predicted by band-struc
calculations strongly suggests that annealed surfaces giv
valence-band spectra more suitable for studying intrin
electronic structures of these materials than scraped surfa
By comparing our data with the density of states~DOS! from
band-structure calculations,26–28 we can assign two peak

FIG. 1. ~Color online! Valence-band spectra of SrRuO3 taken at
various photon energies from 40 eV to 100 eV, the same show
inset.

FIG. 2. ~Color online! Valence-band spectra of CaRuO3 taken at
various photon energies from 40 eV to 100 eV, the same show
inset.
8-2
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(A,B) around 5–7 eV to O 2p-derived bonding states an
single peak~C! around 3 eV to nonbonding state of O 2p
orbital. And Ru 4d t2g state~D! mainly lies across the Ferm
energy above O 2p state. The small peak around the bindi
energy of 10 eV is due to the contamination, most like
carbon monoxide. Although we did get the sharp LEED p
tern through repeated annealing under O2 atmosphere inside
ultrahigh-vacuum~UHV! chamber, this feature could not b
removed completely, as was also the case for scra
samples.17 In our case some of this signal may have co
from the sample holder due to the rather large incident p
ton beam, but it seems likely that this contamination is e
bedded in the sample itself. In both SrRuO3 and CaRuO3
spectra we can observe clear Fermi edges in the vale
bands within the experimental resolution, in agreement w
the transport data showing metallic behaviors.

The photoionization cross-section of Ru 4d electrons is
well known to show strong dependence on the incident p
ton energy while that of O 2p electrons decreases monoton
cally as the photon energy increases.23 Especially around 100
eV, the Ru 4d cross-section changes drastically and go
through a local minimum, the so-called ‘‘Coope
minimum.’’20 In fact, such cross-section behaviors enable
to assign the peaksA–C to O 2p-derived states and the pea
D to Ru 4d-derived states in Figs. 1 and 2. For example,
intensity ratio of the peakD relative to the peakC does not
change much between 40 eV and 70 eV spectra, bu
clearly reduced at 100 eV spectrum. Also this relative ra
between peaksD and C is quite small in all photon energ
ranges, which agrees with the theoretical atomic cro
sections. The atomic calculation predicts that the rela
photoionization cross-section of Ru 4d to O 2p orbitals is
'2% at hn5100 eV. In solids, due to the hybridizatio
between O 2p and Ru 4d orbitals, this value is somewha
changed and the Cooper minimum energy of Ru 4d orbital
shifts toward higher energy.21 However, making use of this
energy dependence of the photoionization cross-section
can derive separately the Ru 4d and O 2p PSW in the va-
lence region, as will be shown in the following section.

Another interesting phenomenon such as Ru 4p→4d
resonance, which was reported to occur around 52 eV,17 can
in principle also be utilized to deduce the PSW. However,
previous attempt in this direction was not quite succes
partly because the resonance is not very strong comp
with the cross-section variation of O 2p level and the va-
lence region near Fermi energy is sensitive to the sam
cleaning method. We also observed the moderate enha
ment of the peakD relative to peakC around the photon
energy of 50–60 eV as shown in the inset. Although t
resonance effect was found to be rather broad and su
compared with the well-known 3d→4 f and 2p→3d cases,
we obtained the strongest spectral intensity ratio of peakD
to C around the photon energy of 52–54 eV, which is co
sistent with the previous report.17

The O 1s XAS data of Sr12xCaxRuO3 ~x50, 0.5 and 1!
are shown in Fig. 3. We can see the systematic changes i
unoccupied Ru 4d state along withx. The sharp structuret2g
around 530 eV becomes somewhat smaller, and the ra
broad featureeg state around 531–535 eV splits into tw
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narrower peaks as Sr is replaced by Ca. These two pe
come from the energy-level splitting ofeg state by the intra-
atomic exchange interaction between 4d electrons whose
magnitude is estimated to be about 1 eV, almost unchan
between samples. Theeg state has larger overlap with oxy
gen 2p state thant2g in the pseudocubic symmetry. There
fore, the sharpt2g state is more sensitive to the bondin
angle than the broadeg state. The RuuOuRu bonding
angle in CaRuO3 is much smaller than that in SrRuO3 and
lead to the less metallic behavior due to the smaller inten
of the t2g peak. This change in unoccupied state is ve
consistent with the results in PES which will be discussed
the following section.

IV. DISCUSSION

To understand the electronic structures of SrRuO3 and
CaRuO3, especially the role of electron correlations, it
important to extract PSW of Ru 4d and O 2p states sepa-
rately and compare them with the band-structure calcu
tions. For this purpose, we utilize the large difference
cross-sections depending on the incident photon energ
the following way. First, we regard the spectra around C
per minimum of Ru 4d at the incident photon energyhn
5100 eV as the O 2p PSW, since theoretically the intensit

FIG. 3. ~Color online! O 1s→2p x-ray absorption spectra o
(Sr,Ca)RuO3.
8-3
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ratio between Ru 4d and O 2p states should be negligible.23

And then, Ru 4d PSW can be obtained by subtracting th
spectrum from the one at lower photon energy where the
4d contribution is large. We tookhn5 52 eV spectrum for
this purpose because around this energy Ru 4p→4d reso-
nance occurs to enhance Ru 4d contributions. The results ar
shown in Figs. 4 and 5 for SrRuO3 and CaRuO3, respec-
tively. The normalization was taken to make adventitio
contamination peaks from carbon monoxide arou
;10 eV, the same intensity to give almost flat spect
weight in this region. This procedure is reasonable since
peak arises from the bonding state 5s of oxygen 2p and
carbon 2s/2p orbitals in CO, whose photon energy depe
dence of the cross-section is similar to that of oxyg
2p.23–25

To compare our experimental PSW’s with theoretic
band-structure calculations,26–28 we removed inelastic back
grounds from the spectra in a way of the Shirley method29

Figures 6 and 7 show the resulting Ru 4d PSW and Figs. 8

FIG. 4. ~Color online! Method to obtain Ru 4d partial spectral
weight of SrRuO3.

FIG. 5. ~Color online! Method to obtain Ru 4d partial spectral
weight of CaRuO3.
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and 9 do the O 2p PSW for SrRuO3 and CaRuO3, respec-
tively, in comparison with the corresponding theoretical p
tial DOS, which were the band calculation results26,28broad-
ened with a convolution of the Gaussian and an ener
dependent Lorentzian functions. Gaussian width was se
0.2 eV which was determined from the experimental reso
tion and Lorentzian width was fitted to a linear function
binding energy with no broadening at the Fermi level, sim
lating the lifetime broadening.

We can note a few things in the Ru 4d PSW shown in
Figs. 6 and 7. First, Ru 4d states spread over a wide ener
range, confirming very strong hybridization between Rud
and O 2p orbitals in these ruthenium compounds. This
consistent with the expectation that 4d orbital is quite ex-
tended and makes strong bonding, as predicted by the b
structure calculations. However, band calculation overe
phasizes the spectral weights around the Fermi level in b
SrRuO3 and CaRuO3. This apparent disagreement betwe
band calculation and experimental PSW in regards to Rud

FIG. 6. ~Color online! Comparison between experimentally d
duced Ru 4d partial spectral weights of SrRuO3 and the partial
density of states from band-structure calculation~Ref. 27!.

FIG. 7. ~Color online! Comparison between experimentally d
duced Ru 4d partial spectral weights of CaRuO3 and the partial
density-of-states from band-structure calculation~Ref. 28!.
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ELECTRONIC STRUCTURE OF EPITAXIAL . . . PHYSICAL REVIEW B 69, 085108 ~2004!
spectral weights around the Fermi level indicates the imp
tance of electron correlation effect in the valence band. T
disagreement might be attributed to the electron correla
effects which are neglected in the calculations. It is a
pointed out in recent studies that the correlation energy of
Ru 4d electrons play an important role in physical behavio
especially related to the states at the Fermi level, in the
nary ruthenium oxides.6,15,30

To address the correlation effect in the ruthenium co
pounds, the previous photoemission spectroscopic study17 on
SrRuO3 assigned the Fermi-edge emission and the;1.2 eV
peak to the coherent and the incoherent parts of the spe
function, respectively. They compared their data to the p
toemission spectra of Ti and V oxides although the disti
tion between the two parts in the perovskite ruthenate cas
less clear. Our data do not show a clear peak at;1.2 eV in
SrRuO3, and the detailed lineshape of the Ru 4d spectral
weights near the Fermi level is found to depend sensitiv
on the methods of surface cleaning as in the 3d systems.31,32

However, the comparison of the spectral weights near
Fermi level between SrRuO3 and CaRuO3 shown in Figs. 6

FIG. 8. ~Color online! O 2p partial spectral weight of SrRuO3
and its comparison with band-structure calculation~Ref. 27!.

FIG. 9. ~Color online! O 2p Partial spectral weight of CaRuO3

and its comparison with band structure calculation~Ref. 28!.
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and 7 indicates the stronger reduction of the coherent p
and larger shift of spectral weights to the incoherent par
CaRuO3. This change of the spectral weight betwe
SrRuO3 and CaRuO3 is generally observed independent
the sample cleaning methods.32 This fact implies that the
electron correlation effect is stronger in CaRuO3 than in
SrRuO3, consistent with the smaller effective mass
SrRuO3 than in CaRuO3 which explains the difference in th
metallic property of the samples.

As for the O 2p spectral weights, we note that the thre
peak features shown in Figs. 8 and 9 are very similar to
previous report,3 where they treated polycrystalline samp
via in situ annealing under oxygen atmosphere to get
clean surfaces. These three peaks correspond to the Op
nonbonding and the bonding states with Ru 4d levels. We
can see that the O 2p nonbonding states around 3 eV a
located at almost the same binding energy as the band th
calculation in both SrRuO3 and CaRuO3. In CaRuO3, the
overall features are quite consistent between theory and
periment for these oxygen-related features. In SrRuO3, how-
ever, the bonding states have larger intensity than nonbo
ing state unlike the band calculation, and the bindi
energies are lower by about 0.8 eV. This probably indica
stronger hybridization effect between O 2p and Ru 4d states
in SrRuO3 compared with CaRuO3. In both samples, the
narrow Ru 4d feature near the Fermi level is much su
pressed compared to the broad bonding states.

The O 1s XAS spectra shown in Fig. 3 are quite consi
tent with the above results of PES data. The prominent sp
tral changes of unoccupied state as Ca is substituted wit
are~a! the decrease of the intensity of the sharpt2g state and
~b! the narrowing of the broadeg states in CaRuO3 com-
pared with SrRuO3. These effects come from the structur
change leading to the substantial variation of the hybridi
tion of Ru 4d with O 2p states and the localization of Ru 4d
state in CaRuO3. Although we could not observe the spectr
transfer between coherent and incoherent states predicte
the Hubbard picture due to the strong O 1s core-hole effect,
the localization effect of Ru 4d state is clearly shown and
also supports our interpretation of the correlation effect
tween Ru 4d electrons.

V. CONCLUSION

We made a systematic study of electronic structu
of ternary ruthenium oxides by photoemission and x-r
absorption spectroscopy. We obtained clean surfaces
SrRuO3 and CaRuO3 by in situ annealing of epitaxial thin
films grown on SrTiO3, and made use of strong dependen
of the atomic cross-sections on the incident photon energ
obtain Ru 4d and O 2p PSW in the valence region. W
confirmed a very strong hybridization between Ru 4d and O
2p states in both ruthenium compounds as predicted
band-structure calculation, but found that this one-elect
hybridization effect alone cannot explain Ru 4d spectral
weights near the Fermi level where the electron correlat
effect seems to play a significant role. Our results are q
consistent with many studies which suggest the unique tra
port and magnetic properties of these ruthenates ca
8-5
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be explained by one-electron theory and the electron co
lation should be taken into consideration in a similar way
the more strongly correlated 3d electron systems.
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