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We investigate the electronic structure af #ansition-metal oxides CaRuy@nd SrRuQ@. The analysis of
the photoemission spectra reveals significantly weak electron correlation sttehth-0.2) as expected in
4d systems and resolves the long-standing issue that arose due to the prediction &f/Mfgémilar to
systems. It is shown that the bulk spectra, thermodynamic parameters, and optical properties in these systems
can consistently be described using first-principles calculations. The observation of different surface and bulk
electronic structures in these weakly correlateldsgstems is unusual.
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A Hubbard model consisting of intersite hopping energyfor surface and bulk itbothcases. It is to note here that early
t(«cW=bandwidth and on-site Coulomb repulsion energy  3d TMOs, as well as rare-earth systems, are known to exhibit
has been widely accepted as the simplest model to captugifferent surface and bulk electronic structut&s® which
correlation effects in the electronic structure. Thus, effectivevas attributed to an enhancement WfW at the surface
electron correlation strength can be described by a singleompared to that in the bulk. It was necessary to employ the
parameter, U/W (U/W> 10 insulator J/W< 10 meta). dynamical mean-field theoretical approad®MFT) within
Correlation effects in @ transition-metal oxide§TMOs)  the limit of an infinite-dimensional Hubbard model to deter-
have extensively been studied using this model during thenine the bulk electronic structure in these $ystems? In-
past few decades following the discovery of many exoticterestingly, the bulk spectra in this study could be described
properties in these systerhdDespite the simplicity of the remarkably well usingab initio approaches. Present results,
model, the major difficulty arises from lardé¢ leading to a  thus, resolve three fundamental issues in these sysi@ns.
nonperturbative nature of the problem, and the presence d&flectron correlation is significantly weak ind4TMOs
various competing effects such as different types of long{U/W~0.2). (b) First-principles calculations are sufficient to
range order, interplay between localization and lattice cohersimulate the bulk photoemission and optical responses, and
ence, etc. to reproducem*/m, obtained from the specific-heat measure-

4d orbitals in 4 TMOs are more extended thaul 8rbit- ments.(c) The surface and bulk electronic structures can be
als in 3 TMOs. Thus, correlation effect is expected to bedifferent even in weakly correlated systems.
less important in these systems and provide a suitable testing High quality polycrystalline sampleglarge grain size
ground for the applicability of variouab initio approaches. achieved by long sintering at the preparation temperature
This is reflected by only a small mass enhancefient were prepared by the solid-state reaction method using ultra-
(m*/m,=3.0 in SrRuQ@; m*=effective massmy,=band high purity ingredients and characterized by x-ray diffraction
mas$ in the specific-heat measurements. However, pho(XRD) patterns and magnetic measurements as described
toemissiofi®> and opticdl data reported so far are signifi- elsewheré*! Sharp XRD patterns reveal pure GdReO
cantly different from theimb initio results. All these studies structure with similar lattice constants as observed for single-
predict a largdJ/W similar to that observed indSTMOs in  crystalline sample$.Magnetic susceptibility measurements
contrast to the behavior expected from the highly extende@xhibit a ferromagnetic transition in SrRy@t 165 K and
nature of 4l systems. It is thus believed that various approxi-the signature of antiferromagnetic interactions in CaRaD
mations(slave boson, techniques in the limit of infinite di- 180 K. The magnetic moment of 244 in SIRuG; and 3 ug
mensions, exact calculations for finite-size system) @@ in CaRuQ in the paramagnetic phase is close to their spin-
necessary to simulate the material properties of these sysnly value of 2.83ug for tgmt;gl configurations at Ru sites.
tems. In addition, tetravalent ruthenates have drawn signifiPhotoemission measurements were performedirorsitu
cant attention recently due to the discovery of interesting4 x 101! torr) scraped samplé&!®using the SES2002 Sci-
magnetisn?;® unconventional superconductivity,metal-  enta analyzer at room temperatumaramagnetic phasén
insulator transitiong? etc. order to avoid complications due to different long-range or-

In this paper, we present evidence for weak correlationslers. The experimental resolution was 7 meV, 0.8 eV, and 0.9
among 41 TMOs. We report the results of our investigation eV for measurements with monochromatic iHeMg Ka,
of the electronic structure of &4 TMOs, SrRu@ and and AlKa lines.

CaRuQ. SrRuGQ is a ferromagnetic metal. Isostructural and  Valence-band spectra obtained at iHeMg Ke, and
isoelectronic, CaRu® (with a slightly different Ru-O-Ru Al Ka excitation energies are shown in Fig. 1. The signature
bond angle; 150° in CaRu{and 165° in SrRug) exhibits  of three discernible features is evident in the figure. While
antiferromagetic behavidrt* Photoemission spectra at dif- the features appearing at binding energies5 eV are large
ferent photon energies reveal different electronic structurem He 11 spectra, the relative intensity between 2.5 and 0 eV
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FIG. 1. Valence-band spectra () SrRuG, and (b) CaRuQ. 8 6 4 2 E, 2 4
Subtraction of O B contributions from Hel spectrum of SrRu® Binding energy (eV)

is demonstrated in insél). Peaks 1 and 2 represent the nonbonding

and bonding features. These two peaks are broadened up to Xp FIG. 2. (@ TDOS, (b) Ru 4d PDOS, and(c) O 2p PDOS in
resolution to obtain O @ contributions in the XP spectrum of SrRUG and CaRu@ dyy, dy, andd,, bands are shown in the inset
SrRuQ; as shown in insetil). The relative intensity of the features in (b) for SrRuQ; and in(c) for CaRuQ.

Is obtained by a least-square error method. about 2.4 eV. Interestingly, the widths of tdg,, d,,, andd,,

binding energies is significantly enhanced in the x-ray phoPands vary betweed.3—2.4 eVwhich is similar to those in

toemission(XP) spectra. Considering strong dependence ofSrRluQ,. This reveals that the smallhchange in.RﬁJ—O—Ruﬂbond
the relative transition matrix elements on excitation9le between SrRu@nd CaRu@ has essentially no influ-

energies? the 0-2.5 eV feature can be attributed to essen<CE ON W (the bandwidth of the individual d bands) and

. o . S thus U/W in these system3he center of mass for thd,
tially Rg 4d electron excitations with the Op2contributions band appears very close Ep in both cases, while thel,,
appearing beyond 2.5 eV.

andd,, bands appear at lower energies.
yz
In order to understand these results, we calculated the It is now clear that the feature close Ea has primarily

electron density of state€DOS) of CaRuQ and SrRUQ gy, 44 character. High resolution in the Hespectra leads to
using full-potential linearized augmented plane-wave metho%.minimal overlap between the Qp2nd Rut,, bands(see
(FLAPW) within the local-density approximationd.DA)  Fig. 1). Hence, it is possible to delineate Ry contributions
for the experimentally obtained crystal structure in the paraguite reliably by subtracting the Op2tail as shown in the
magnetic phas&. The convergence was achieved usinginset (l) of Fig. 1 for SfRuUQ. Rut,, bands, thus extracted
512k points within the first Brillouin zone. Total DOS for both CaRuQ and SrRu@, are shown in Fig. @). Large
(TDOY) and partial DOS(PDOS corresponding to Rud  intensity atEg represents the extended states as also seen in
and O % states are shown in Fig. 2. No significant contri- the band-structure calculations and is commonly known as a
bution from Ca and Sr states are observed in this energicoherent feature.” Interestingly, the maximum intensity ap-
range. Three distinct groups of peaks are evident in the figurpears around 1.2 eV as observed befotahile the theoret-
in the occupied part. Nonbonding (p Ztates appear be- cal intensity peaks at about 0.5 eV with negligible contribu-
tween 2—4 eV and the bonding states with dominantpO 2 tions beyond 1 e\[see Fig. 80)]. Thus, this feature is often
contributions appear at higher binding energies. This is alsattributed to the signature of the electronic states essentially
manifested in Fig. 1 by an enhancement in intensity at 7 eVocalized due to electron correlations and is termed as an
in the XP spectra compared to the Hspectra. Hel spectra  “incoherent feature.” Spectral modifications observed in Fig.
exhibit a peak below 6 eV. The intensity Bt arises pri-  3(a) indicate larger correlation effects in CaRyi@mpared
marily due to Ru 4 split t,; bands. The broad and empty  to SrRuQ as predicted from the structure. While large inten-
bands appear beyond 1-eV abdze sity at E¢ indicates metallic character, the complete domi-
Small distortion of Ru@octahedra lifts the degeneracy of nance of this apparent incoherent feature was taken as evi-
the t,y band as shown in the insets of Fig. 2. While thedence of the presence of strong correlation effects in
dyy, dy, and dy, bands in SrRu@ have similar width(W  previous studie$:® We present our results below, establish-
=2.4 eV), the total bandwidth is about 3.1 eV due to theing that this feature essentially arises due to the contributions
splitting of thet,y band. In CaRug) the total bandwidth is from the surface electronic structure.
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FIG. 3. (a) Rutyy band extracted from He spectra for CaRu@ FIG. 4. Surface and bulk spectra(@ CaRuQ and(b) SrRuQ,.

and SrRuQ@. (b) Ru 4d PDOS convoluted with Fermi distribution The solid lines represent the simulated spectra from first-principles
function at 300 K. This represents the signature of coherent featuréalculations. The dashed and dot-dashed linejimepresent the
(0) Ru tyg band extracted from XP spectra for CaRud SrRuQ. simulated spectra fdd/W=0.12 and 0.36, respectively. The calcu-

The resolution-broadened Hie spectra are also shown for com- lated optical response is shown in the inset. The line shape is found
parison. to be similar to that observed experiment&lBef. 6.

Interestingly, the XP spectra in Fig. 1 exhibit highest in-andf(e) in these systems. We observe that a changi/in
tensity at 0.5 eV for the Rudiband even though the inten- Vvalues by more than 10% leads to unphysical intensities pro-
sities at higher energies contain contributions fromViding confidence in this procedure. The extractéd) and
resolution-broadened Op2band tails. In order to subtract f“(e) are shown in Fig. 4f%(e) in both the cases is domi-

these contributions from the XP spectra, we broadened peakited by the intensity centered at 1 é¥e) exhibit a large
1 and 2 in inset(l), representing the Op2features in the ~coherent feature with the peak at about 0.5 eV as observed in

He 11 spectra up to the resolution broadening of the XP meathe ab initio calculations. The feature around 2 eV indicates

surements, and the relative intensities of features 1 and 1€ presence of some degree of correlation effects, which is
were obtainedvia a least-square error fit. The subtracted®Stimated below. .

spectra shown in Fig.(8) clearly possess different line shape The spectral function can be expressed 'fa‘%(e)
compared to the solid lines representing resolution=-~1/7 IM=kGle), whereGy(e) is the retarded Green's func-
broadened He spectra. The x-ray photoelectrons has a sigHO" 'épresenting the many-electron system and is given by
nificantly larger escape depth compared to the ultraviolefx(€) =1/(e~2k(€) ~ €. 2i(e) is the self-energy of the sys-
photoelectrons, which leads to a significantly larger bulk sentem- For smallJ, 2(e) can be calculated using a perturba-
sitivity in XP spectroscopy compared to that in ultraviolet tion approach up to the second-order térmithin the local

photoemission spectroscopy at 40.8 eV. Thus, it is obviou%ﬁ%ﬁg'mrﬁgocnjél\ﬁ/aet:g\;e g;?gl %antli:z)crzss ;?é g]ﬁsv?/nczlci_oli d
that the bulk and surface electronic structures are signifi- : P y

. . lines in Fig. 4. The fit to the experimental spectra is remark-
cantly different in these system§Ve do not observe any .. Mogt interestingly,U/Wpis found tI(D) be signifi-

change in line shape of thggtband in the XP spectra of o v small (024 for CaRu@ and 0.21 for SrRu
CaRuQ and SrRuQ as expected from the band-structure u:o.)/6io.05 év in both casbél? sharp contrast to all ge-
results described above vious predictiond=® A small variation inU/W leads to sig-

Photoemission intensity can be expressed las) pjficantly large spectral weight transfer as shown in Fig).4
=[1-e9]f(e) +e ¥ f"(e), whered is the thickness of the e calculated the mass enhancement factor following the
surface layer andl is the escape depth of the photoelectrons relation,m’/m,=1-d/ 3{ReX(€)] g, - Interestinglym’/m,
fS(e) and f°(e) represent the surface and bulk spectral funcor SrRuQ, is almost the samé&=2.9) as that obtained
tions, respectively. Sincé and\ are expected to change in (=3.0) from specific-heat measurements. Whil&/W in
the same way due to the difference betwedrad 4 sites, CaRuQ is a little larger than that in SrRuQmM /my in
experimentally estimatedl/\ values in a similar system CaRuQ is found to be close to SrRyOand somewhat
CaSrVGQ (Ref. 12 are a good approximation to extrdct e) smaller than its experimental value.

161102-3



RAPID COMMUNICATIONS

K. MAITI AND R. S. SINGH PHYSICAL REVIEW B 71, 161102R) (2009

It is important to realize here that the optical responsehat small distortion of Rugoctahedra in the orthorhombic
(particularly in transmission mogleorresponds essentially structure lifts the degeneracy of the buj band(see insets
to the bulk electronic structufeThus, the description of in Fig. 2). Whether the surface layer consists of Sr/Ca-O or

weak correlation effects in the bulk electronic structurery-o |ayer, the absence of periodicity along the surface will
should also be reflected in the optical spectra. We thus Calsphance this distortion leading to a different crystal-field
culated the optical response by calculating the joint dens'“éymmetry presumably close t®,, symmetry (0] €,

4 29

of states using thavieEN program?® The calculated spectra } N
(correlation effects are not consideyesthown in the inset of +by); whered,, andd,, bands exhibie, symmetry and the

Fig. 4b) resemble the experimental spectra by A#tnal®  Oxy band had,; symmetry:* Thus, the peak around 1 eV in
remarkably well. This study, thus, establishes that thesethe surface spectra may be attributed to an essentially filled
weakly correlatedtd TMOs provide a model system for the € Pand with theb,, band appearing above:.
applicability of the first-principles approaches in de- In summary, correlation effects are found to be signifi-
termining the thermodynamic, optical, and spectroscopiccantly weak in these d systems. This resolves the long-
properties standing issue that arose due to the prediction of large elec-
Differences in the surface and bulk electronic structures irtron correlation in these systems similar td BMOs. We
3d TMOs, as well as in rare earths, were attributed to thefind that the photoemission and optical responses, and ther-
enhancement ofJ/W due to the band narrowing at the modynamic parameters, can be consistently described within
surfacet?18Thus, the observation of different(e) andf®(e)  the first-principles approaches. The observation of different
in these weakly correlatedd4TMOs is unusual. Most sur- surface electronic structure in these weakly correlatdd 4
prisingly, the surface peak appears at lower binding energiesystems may possibly be attributed to the change in symme-
than the incoherent peak in the bulk spectra. It is observetty at the surface.
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