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Electronic structure of epitaxial (Sr,Ca)RuO; films studied by photoemission
and x-ray absorption spectroscopy
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Electronic structures of epitaxi@br,CaRuO; thin films are studied by photoemission and x-ray absorption
spectroscopy using synchrotron radiation. The Rluspectral weights obtained by utilizing the Cooper mini-
mum phenomena of photoionization cross-section reveal a strong mixing betweeth &40 2 states as
well as the signature of electron correlation effect near the Fermi level in both SréwddCaRuQ@. However
the electron correlation effect seems more important in CaRh@n SrRu@. 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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. INTRODUCTION Ru—O—Ru bonding angle turns out to considerably deviate
from 180° due to tilting of the Rugoctahedron. For ex-
One of the central themes of the condensed-matter phygmples, the deviation of the bonding angle is as large as 8°
ics nowadays is the understanding of the electron correlatiop SrRuG, and increases to be twice in CaRyan spite of
effects in solids. Motivated by the discovery of hifh-su-  the fact that both perovskite ruthenates have a pseudocubic
perconductivity in cuprates and the colossal magnetoresigrystal structure. The deviation even becomes larger in the
tance effects in manganites, the research was initially fopryrochlore ruthenate. Thus the bandwidth of the Ritstats
cused on 8 transition-metal compounds. However, as it hasis expected to be reduced accordingly, and the electron cor-
become increasingly clear that interesting physical phenonrelation may play a considerable role in their physical prop-
ena of similar origin also happen ind4and & electron erties. In addition, recent spectroscopic studies suggest that
systems, they have been getting a fair amount of attentiosome ruthenium oxides should be considered as strongly cor-
recently. Among the d or 5d transition-metal compounds, related electron systems. For example;Ra0,; can be
ruthenium oxides probably have attracted most attention behought of the typical Mott-insulator while §Ru,O; is
cause of the discovery of superconductivity inuQ, (Ref.  shown to be metallic from the high-resolution angle-resolved
1) and the potential of unique perovskite ferromagnetic metaphotoemission spectroscopyAnd, the recent optical spec-
SrRuQ, (Ref. 2 for thin-film applications such as tunneling troscopic study revealed that SrRy®&hould be considered
magnetoresistance or ferroelectric random access memoms a non-Fermi liquid systefd-° Ultraviolet photoemission
These ruthenites also show diverse physical properties delata were also interpreted as indicating that Bi-based pyro-
pending on the composition or crystal structures. For ex€hlore ruthenitesA,B,_,Ru,0O; (A=Bi, B=Ln or Y) ex-
ample, when Sr is replaced by Ca in the above ruthenatesjbit a systematic transition in the valence region from
the metallic and magnetic properties are significantlysimple metallic to localized insulatorlike behavidf
suppressedt? CaRuQ, is known as a Mott insulator, and In this paper, we report the synchrotron-radiation photo-
CaRuQ is barely metallic with the low-temperature conduc- emission (PES and x-ray-absorption spectrosco}AS)
tivity very close to the Mott minimum value. And the cubic data on the psuedocubic perovskite ruthenate epitaxial film
pyrochlore structure (Sr,CgRu,O; system shows a typical (Sr,Ca)RuQ to study their electronic structures of both oc-
bandwidth-controlled metal-insulator transitiMIT).>¢ The  cupied and unoccupied states, focusing in particular on the
Bi-based pyrochlore ruthenate is also well known to showrole of the Ru 4l electronic states. In the case of CaRuO
MIT when doped with Y or rare-earth elements such as Gd oponly ultraviolet photoemission spectra of the valence band
Nd.” And TI,Ru,O, shows metal-insulator transition as a using Hél) source hv=21.2 eV) has been report&d pre-
function of temperatur@. viously to the authors’ knowledge, and our work provides the
In this point of view, it is very natural to ask whether first extensive electron spectroscopic studies of occupied and
these critical phenomena can be described in terms of eleempty states using synchrotron radiation. For SrRil@re
tron correlation effect in the same way as theé 8lectron  have been two previous electron spectroscopic stifdies
systems, ! although 4l electrons of ruthenium oxides are using synchrotron radiation. But in these previous studies the
more extended and the parent rutile Ru® regarded as a Ru 4d partial spectral weightsPSW were not determined
good band metal. In the ternary ruthenium oxides, theseparately, and also it turned out that our sample cleaning
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procedure gave different spectra from those previously re- SrRuO
ported. Our data were taken from single-crystalline thin films RRRAAI LS L 3
of SrRuG, and CaRu@ grown epitaxially on the SrTi© A

substrate, which were anneali@dsitu under oxygen pressure

to obtain clean surfaces before PES and XAS measurements,
while previous studig$® used polycrystalline samples
scrapedn situ. Since scrapiny tends to disrupt the surface
region and our O B spectral weights are in much better
agreement with band-structure calculations, we believe our
spectra are more representative of the intrinsic valence band.
We also obtained selectively the PSW of each element in the
valence region by utilizing the large difference of the photo-
ionization cross-sections between Rd dnd O 2 orbitals L ‘ .
depending on the incident photon energy due to the Cooper 15 10 5 0

minimum phenomenon of Rud4states’>?! This enabled us Binding Energy (eV)

to test in detail the validity of the theoretical partial density-

of-states obtained from band-structure calculations. And we FIG. 1. (Color onling Valence-band spectra of SrRy@ken at
also report the x-ray absorption spectroscopy data at the @arious photon energies from 40 eV to 100 eV, the same shown in
1s edge to reveal the unoccupied electronic states of thegaset.

ruthenium compounds.

Intensity (Arb. Units)

spectra are normalized to the maximum peak intensity. We
Il. EXPERIMENT first note that the spectra of SrRy@re somewhat different
from the recently published data, where the spectra with the
Epitaxial Sg_,CaRuO; (x=0, 0.5, and 1 thin films  incident photon energy ohv=48, 52, and 100 eV were
were grown on miscut001) SrTiO3 substrates using 90° reported'’ Our data show more structures between 3 eV and
off-axis sputtering” And their surface morphology and crys- g eV binding energy compared with the previous data taken
tal structure was confirmed to be single phase and stoichian scraped sample surfaces. Since similar structures were
metric in earlier surface-sensitive work by one of our au-also seen in the previous He (hr=21.2 eV) ultraviolet
thors. All the samples were found to be metallic from thephotoemission spectra on samples cleaned by annéaleg,
transport measurement. We performed photoemission spegelieve this difference of the spectra results from the differ-
troscopy measurement on these Single-crystalline films adnt samp|e C|eaning methodscraping versus annea“}]g
various photon energies ranging from 40 to 100 eV at theThe fact that these structures are predicted by band-structure
beam line 2B1 of Pohang Light Source, Korea. The beangalculations strongly suggests that annealed surfaces give the
line was designed for the study of photoemission and magvalence-band spectra more suitable for studying intrinsic
netic circular dichroism, and the total experimental resoluelectronic structures of these materials than scraped surfaces.
tion was better than 0.2 eV. The base pressure during thBy comparing our data with the density of statB©S) from
photoemission measurement was in the middle of'26orr  pand-structure calculatiod§;? we can assign two peaks
range. As is well known, the photoemission spectroscopy is
very sensitive to the surface condition of the sample, and we
tried to clean the thin-film samples by moderately heating CaRuog
them (T~450 °C)in situunder the Q atmosphere of partial A AR RARE AL
pressure 10’ torr. We checked the cleanness of samples by
surface-sensitive low-energy-electron-diffractiofLEED)
and observed a clear K1) pattern of th€001) plane of the
orthorhombic structure. The photoemission spectra were
measured at the normal emission angle allowing a large ac-
ceptance solid angle, which corresponded to an angle-
integrated density of states. The XAS experiment at thesO 1
edge was carried out at the U4B beam line in National Syn-
chrotron Light Source, Brookhaven National Laboratory,
USA. The total yield'sample currentwas measured, and the .
experimental resolution was better than 0.15 eV. All the g
spectroscopic measurements were performed at room tem- o '?” ‘.‘d .
perature. 15 10 5 0

Intensity (Arb. Unitg)

Binding Energy (eV)
Ill. DATA AND RESULTS ]
FIG. 2. (Color online Valence-band spectra of CaRgifken at
Figures 1 and 2 show the photoemission spectra taken &hrious photon energies from 40 eV to 100 eV, the same shown in

various photon energies between 40 eV and 100 eV. All thénset.

085108-2



ELECTRONIC STRUCTURE OF EPITAXIA . .. PHYSICAL REVIEW B 69, 085108 (2004

O 1s XAS

single peak(C) around 3 eV to nonbonding state of (2
orbital. And Ru 4l t,4 state(D) mainly lies across the Fermi
energy above O 2 state. The small peak around the binding
energy of 10 eV is due to the contamination, most likely —
carbon monoxide. Although we did get the sharp LEED pat-
tern through repeated annealing under &@mosphere inside
ultrahigh-vacuun{UHV) chamber, this feature could not be
removed completely, as was also the case for scrape8
samples.’ In our case some of this signal may have come ¢ 2}
from the sample holder due to the rather large incident phof.c:’
ton beam, but it seems likely that this contamination is em-
bedded in the sample itself. In both SrRu@nd CaRu@ . . ‘
spectra we can observe clear Fermi edges in the valenc< 530 540 550 560
bands within the experimental resolution, in agreement with Photon Energy (eV)

the transport data showing metallic behaviors.

The photoionization cross-section of Rual €lectrons is
well known to show strong dependence on the incident pho-S
ton energy while that of O 2 electrons decreases monotoni-
cally as the photon energy increasé&specially around 100 < s|
eV, the Ru 4l cross-section changes drastically and goes¢
through a local minimum, the so-called “Cooper
minimum.”?° In fact, such cross-section behaviors enable us:
to assign the peak&—C to O 2p-derived states and the peak
D to Ru 4d-derived states in Figs. 1 and 2. For example, the
intensity ratio of the peab relative to the peakC does not
change much between 40 eV and 70 eV spectra, but i
clearly reduced at 100 eV spectrum. Also this relative ratio
between peak® and C is quite small in all photon energy
ranges, which agrees with the theoretical atomic cross-
sections. The atomic calculation predicts that the relative
photoionization cross-section of Rud4o O 2p orbitals is FIG. 3. (Color onlin@ O 1s—2p x-ray absorption spectra of
~2% athr=100 eV. In solids, due to the hybridization (sr,ca)ruq.
between O p and Ru 4l orbitals, this value is somewhat

changed and the Cooper minimum energy of Ruatbital  narrower peaks as Sr is replaced by Ca. These two peaks
shifts toward higher enerdy.However, making use of this come from the energy-level splitting ef, state by the intra-
energy dependence of the photoionization cross-sections Wgomic exchange interaction between 4lectrons whose
can derive separately the Rul4nd O 2 PSW in the va-  magnitude is estimated to be about 1 eV, almost unchanged
lence region, as will be shown in the fO”OWiﬂg section. between Samp|e3_ Thfg state has |arger over|ap with oxy-
Another interesting phenomenon such as Ru—#d  gen 2 state thart,, in the pseudocubic symmetry. There-
resonance, which was reported to occur around 52’€8n  fore, the sharpt,, state is more sensitive to the bonding
in principle also be utilized to deduce the PSW. However, theyngle than the broag, state. The Ru-O—Ru bonding
previous attempt in this direction was not quite successfubngle in CaRu@is much smaller than that in SrRy@nd
partly because the resonance is not very strong comparggad to the less metallic behavior due to the smaller intensity
with the cross-section variation of Op2|eve| and the va- of the tZQ peak' This Change in unoccupied state is very

lence region near Fermi energy is sensitive to the samplgonsistent with the results in PES which will be discussed in
cleaning method. We also observed the moderate enhancgre following section.

ment of the pealD relative to peakC around the photon
energy of 50—60 eV as shown in the inset. Although this
resonance effect was found to be rather broad and subtle
compared with the well-known®8—4f and 20— 3d cases, To understand the electronic structures of SrRuwdd
we obtained the strongest spectral intensity ratio of p&aks CaRuQ, especially the role of electron correlations, it is
to C around the photon energy of 52—54 eV, which is con-important to extract PSW of Ruddand O 2 states sepa-
sistent with the previous repott. rately and compare them with the band-structure calcula-
The O Is XAS data of Sy_,CaRuQ; (x=0, 0.5 and 1  tions. For this purpose, we utilize the large difference of
are shown in Fig. 3. We can see the systematic changes in tloeoss-sections depending on the incident photon energy in
unoccupied Ru @ state along withx. The sharp structurg,  the following way. First, we regard the spectra around Coo-
around 530 eV becomes somewhat smaller, and the rathger minimum of Ru 4 at the incident photon energyr
broad featuregy state around 531-535 eV splits into two =100 eV as the O @ PSW, since theoretically the intensity

efficient
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FIG. 6. (Color online Comparison between experimentally de-
duced Ru 4 partial spectral weights of SrRyCand the partial

FIG. 4. (Color online Method to obtain Ru d partial spectral density of states from band-structure calculatigef. 27.

weight of SrRuQ.

ratio between Ru @ and O 2 states should be negligibfd. and 9 do the O @ PSW for SrRu@ and CaRu@, respec-
And then, Ru 4 PSW can be obtained by subtracting this tively, in comparison with the corresponding theoretical par-
spectrum from the one at lower photon energy where the Rtial DOS, which were the band calculation restfit€ broad-

4d contribution is large. We tookv= 52 eV spectrum for €ned with a convolution of the Gaussian and an energy-
this purpose because around this energy Ru-4id reso- dependent Lorentzian functions. Gaussian width was set to
nance occurs to enhance Rd dontributions. The results are 0-2 €V which was determined from the experimental resolu-
shown in Figs. 4 and 5 for SrRuyCand CaRu@, respec- tion and Lorentzian width was fitted to a linear function of
tively. The normalization was taken to make adventitiousPinding energy with no broadening at the Fermi level, simu-
contamination peaks from carbon monoxide aroundating the lifetime broadening. .
~10 eV, the same intensity to give almost flat spectral We can note a few things in the Rd4>SW shown in
weight in this region. This procedure is reasonable since thi§i9s.- 6 and 7. First, Rudistates spread over a wide energy
peak arises from the bonding state Bf oxygen 2 and  range, confirming very strong hybridization between Rl 4
carbon &/2p orbitals in CO, whose photon energy depen-and O 2 orbitals in these ruthenium compounds. This is

dence of the cross-section is similar to that of oxygenconsistent with the expectation thad 4rbital is quite ex-
2p.23-% tended and makes strong bonding, as predicted by the band-

To compare our experimental PSW’s with theoreticalStructure calculations. However, band calculation overem-
band-structure calculatiod8;?®we removed inelastic back- Phasizes the spectral weights around the Fermi level in both
grounds from the spectra in a way of the Shirley metffod. STRUG and CaRu@. This apparent disagreement between
Figures 6 and 7 show the resulting Rd #SW and Figs. 8 band calculation and experimental PSW in regards to &u 4

CaRuO,
CaRu0,
Ru 4d partial Spectral weight \
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= i, i Brow
% 1 " 1 " 1 " " 1 .E
8 || ——52V <;
g 1| —+—100ev =
= c
= 5
s E
[0} =
E L
N— T s s 4 2 o =
1 PR TR T SR T TR TR S S | PR
15 10 5 0 Binding Energy (eV)
Binding Energy (eV)

FIG. 7. (Color online Comparison between experimentally de-
duced Ru 4 partial spectral weights of CaRyQand the partial
density-of-states from band-structure calculatiBef. 28.

FIG. 5. (Color online Method to obtain Ru d partial spectral
weight of CaRuQ.
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and 7 indicates the stronger reduction of the coherent peak
and larger shift of spectral weights to the incoherent part in
CaRuQ@. This change of the spectral weight between
il e SrRuG, and CaRu@ is generally observed independent of
.'m;. the sample cleaning methotfsThis fact implies that the
electron correlation effect is stronger in CaRu@an in
“\ ‘ SrRu@,, consistent with the smaller effective mass in
‘ [ SrRuG, than in CaRu@which explains the difference in the
metallic property of the samples.

As for the O 2 spectral weights, we note that the three
peak features shown in Figs. 8 and 9 are very similar to the
previous reporf, where they treated polycrystalline sample
via in situ annealing under oxygen atmosphere to get the
clean surfaces. These three peaks correspond to the O 2
nonbonding and the bonding states with Rd Kvels. We
can see that the O@nonbonding states around 3 eV are
located at almost the same binding energy as the band theory
calculation in both SrRupQand CaRu@. In CaRuQ, the
overall features are quite consistent between theory and ex-
spectral weights around the Fermi level indicates the imporperiment for these oxygen-related features. In SIRUGwW-
tance of electron correlation effect in the valence band. Thigver, the bonding states have larger intensity than nonbond-
disagreement might be attributed to the electron correlatioing state unlike the band calculation, and the binding
effects which are neglected in the calculations. It is alsaenergies are lower by about 0.8 eV. This probably indicates
pointed out in recent studies that the correlation energy of thetronger hybridization effect between @ 2nd Ru 4l states
Ru 4d electrons play an important role in physical behaviors,in SrRuQ, compared with CaRu In both samples, the
especially related to the states at the Fermi level, in the tefmarrow Ru 4l feature near the Fermi level is much sup-
nary ruthenium oxide&*>*° pressed compared to the broad bonding states.

To address the correlation effect in the ruthenium com- The O 1s XAS spectra shown in Fig. 3 are quite consis-
pounds, the previous photoemission spectroscopic Stady  tent with the above results of PES data. The prominent spec-
SrRuQ, assigned the Fermi-edge emission andtHe2 eV tral changes of unoccupied state as Ca is substituted with Sr
peak to the coherent and the incoherent parts of the spectrate(a) the decrease of the intensity of the shgpstate and
function, respectively. They compared their data to the photb) the narrowing of the broaé, states in CaRu§com-
toemission spectra of Ti and V oxides although the distincpared with SrRu@. These effects come from the structural
tion between the two parts in the perovskite ruthenate case thange leading to the substantial variation of the hybridiza-
less clear. Our data do not show a clear peak &t2 eV in  tjon of Ru 4d with O 2p states and the localization of Ral4
SrRuQ;, and the detailed lineshape of the Rd 4pectral  state in CaRu@ Although we could not observe the spectral
weights near the Fermi level is found to depend sensitivelfransfer between coherent and incoherent states predicted in
on the methods of surface cleaning as in tidesystems™™**  the Hubbard picture due to the strong ® dore-hole effect,
However, the comparison of the spectral weights near théne localization effect of Ru d state is clearly shown and
Fermi level between SrRuCand CaRu@ shown in Figs. 6  also supports our interpretation of the correlation effect be-
tween Ru 4l electrons.

SrRuO,

Intensity (Arb. Unit)
-t

Binding Energy (eV)

FIG. 8. (Color onling O 2p partial spectral weight of STRuO
and its comparison with band-structure calculatiRef. 27).

CaRan V. CONCLUSION

—+—02p (100eV)

g2mt We made a systematic study of electronic structures
— LB+

of ternary ruthenium oxides by photoemission and x-ray
absorption spectroscopy. We obtained clean surfaces of

Intensity (Arb. Unit)

FIG. 9. (Color onling O 2p Partial spectral weight of CaRyO

12

10

8 6 4 2

Binding Energy (eV)

-2

and its comparison with band structure calculatiBef. 28.

SrRuG, and CaRu@ by in situ annealing of epitaxial thin
films grown on SrTiQ, and made use of strong dependence
of the atomic cross-sections on the incident photon energy to
obtain Ru 4 and O 2 PSW in the valence region. We
confirmed a very strong hybridization between Rliahd O

2p states in both ruthenium compounds as predicted by
band-structure calculation, but found that this one-electron
hybridization effect alone cannot explain Rud 4pectral
weights near the Fermi level where the electron correlation
effect seems to play a significant role. Our results are quite
consistent with many studies which suggest the unique trans-
port and magnetic properties of these ruthenates cannot
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be explained by one-electron theory and the electron correéNational University and electron Spin Science Ce@&SG
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