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X-ray spectroscopic study of the electronic structure of the high-dielectric-constant material
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The element-specific valence- and conduction-band densities of states for the high-dielectric-material
CaCuyTi 04, have been measured using soft x-ray emission and absorption spectroscohigg. Cu L, g,
and OK soft x-ray emission spectra of Cagii,O,, were measured with monochromatic photon excitation on
selected energies above the Ti and IGy and OK absorption edges, respectively. X-ray absorption spectra
were recorded at the same edges. The electronic structure was also calculated using density functional theory
employing the full-potential linearized augmented plane-wave method. Excellent agreement is seen between
the results of these calculations and the measured x-ray emission and absorption spectra. This agreement is
particularly good at the ®& edge where the resonant behavior of the x-ray emission spectrum can be attributed
directly to o~ and =-state emission from valence-band @ 2tates when in resonance withi and o”
conduction-band O 2states. Resonant inelastic x-ray scattering is observed at thesEbsorption edge and
is compared to previous studies of Ti containing perovskite compounds. The role af €at8s in determin-
ing the band gap of this material is discussed.
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I. INTRODUCTION room temperature. These are bulk probes of the electronic
structuré and, in contrast to photoemission spectroscopy,

There is significant technological interest in the developcan be applied with ease to insulating samples such as high
ment of new materials with a relatively temperature independielectric material§. We have measured the element-
dent high static dielectric constaf,) for use in microelec-  resolved partial density of states for electrons associated with
tronic devices. One possible candidate material that ha%i, O, and Cu atoms in CCTO. We have also observed reso-
attracted much recent attention is CaliyO,;, (CCTO).1®  nantinelastic x-ray scattering features in the emission spectra
Single crystals of this material display an exceptionally highthat are associated with excitations across the band gap. Our
e of 8 10* at room temperature, ang remains essentially density-of-states measurements are compared directly to
constant from 100 K to 600 K2 Thin films of CCTO have theory.
recently been synthesized using pulsed laser deposition, and
these films show a temperature independgnof approxi- Il. EXPERIMENTAL METHOD
mately 1.5< 10°, above 100—150 K.

Much remains unknown about the basic physics of The experiments reported here were undertaken on soft
CCTO. First, the dielectric constant of the single crystalsx-ray undulator beamline X1B at the National Synchrotron
drops by a factor of when cooled below 100 K2 Sec-  Light Source(NSLS) at Brookhaven National Laboratory.
ond, while a highe, is often associated with either a ferro- This beamline is equipped with a spherical grating mono-
electric materialwith a permanent electric dipole momgnt chromator. Soft x-ray emission spectra were recorded using a
or a relaxor material, CCTO does not display a ferroelectrioNordgren-type grazing-incidence spherical grating spectrom-
lattice distortion in either x-ray or neutron diffractidéd.Re-  eter with a total energy resolution et0.4 eV at the OK
cent work points towards the possibility that the giaptis ~ edge’® The resolution of the monochromator for XAS mea-
partially due to internal barrier layer capacitance resultingsurements was set to 0.10 and 0.13 eV at the &dge and
from heavy twinning in the crystals>®It has also been sug- O K edge, respectively. XAS spectra were recorded both by
gested that the material contains regions that are either insthe sample drain current technigque to obtain the total electron
lating or semiconductin§However, to date there have been yield (TEY) and by measuring the total fluorescence yield
no detailed spectroscopic measurements of the valence- afiFY) with normal incidence of the incoming radiation. For
conduction-band electronic structure of CCTO. SXE measurements the resolution of the monochromator was

We present here the results of a soft x-ray emis¢®%E)  set t0~0.830.77) eV at the TiL edge(O K edge with the
spectroscopy and soft x-ray absorption spectrosdd#S)  spectrometer resolution set at0.570.53 eV leading to a
study of the electronic structure of thin-film CadiyO,, at combined spectrometer-monochromator resolution of 1.00
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(0.99 eV for the resonant SXE spectra presented here. In(a)
order to obtain reasonable statistical accuracy in the SXE
spectra the data were acquired for 60—120 min per spectrun
The energy scale of the monochromator was calibrated at thi
Ti L edge and K edge by comparison of the XAS spectra
of rutile TiO, to previously published result8.The energy
scales of the recorded emission spectra at thie &ilge and

O K edge were calibrated by reference to the known peak
emission energies of Cu and Zn metals, respectively, botr
observed in second order. All measurements were performe:
with the samples at room temperature. Vacuum pressure dui
ing the measurements was belowx307° Torr. The ¢
CaCuyTi,O,, samples were in the form of epitaxial thin films
produced by pulsed laser deposition onto LaflO
substrated.The thickness of the films was 12m.

The shape of observed x-ray emission spectra can be ai
fected by self-absorption where there is an overlap in energy
between the features in the emission spectra and the absor,
tion spectrum. This is particularly the case for excitation en-
ergies above the transition-metal edges. A correction fac-
tor can be given by:

FIG. 1. (Color online The conventional cubic cell showing the
| = 1 +ﬂ> tan(6,) crystal structure of CCTO witlia) all atoms in the conventional
corrected™ ' measure i v cubic cell comprising two formula unitgp) displaying 1/8 of the

) ) o ) ~ cell showing the octahedral coordination of the Ti atdm),show-
where ¢, is the grazing angle of incidence of the incoming ijng the local planar coordination of each O atom, &ddshowing
radiation onto the sample, and and u, are the absorption the planar coordination of each Cu atom.

coefficients for the incoming and outgoing photons, ) 5
respectively:112The surface of the sample is assumed to bdmplemented in theviEn2k code.> The recommended stan-

flat, and in our measurement geometry the incident and ougdard settings of the code were used as well as the generalized
going photon directions are at 90° to each other. The meddradient approximatiofGGA) of Perdewet al*® The radius
sured transition-metal edgk, 5 absorption spectrum can Of the muffin tin spheres was 1.0, 1.0, 1.0, and 0.95 A for
then be normalized to match the known values of the atomi&a, Cu, Ti, and O, respectively. The Brillouin zone was
photoabsorption cross section above and below th&éampled with 10(k points in order to obtain the DOS and
transition-metal edg® The derived values gf; andu, may =~ PDOS result_s presented here. The electronic structure was
then be used to correct the measured emission spectrum, tfk@mputed using the observed crystal structisgace group

ing into account the instrumental resolutions used in measutM3) and the experimentally determined lattice constant of
ing the emission spectrum. In our measurements with 7-384 A as inputs. Figure 1 presents a diagram of the crystal
~20° the correction factor is less than 2% for thelFj  Structure of CCTO, displaying the conventional cubic unit
emission features and can be up to 40% for théTemis-  Cell with eight TiQ; octahedra as well as the local coordina-
sion peak for comparable excitation energies. At excitatiorfion of the Ti, O, and Cu atoms. Titanium is octahedrally
energies above the main absorption features the selfoordinated, and the oxygen atoms are in a planar trigonal
absorption losses increase and the correction factor can grangement while the copper atoms are at the center of rect-
>2. All transition-metall edge spectra presented here haveahgular CuQ plaquettes which are mutually isolated from

the correction factor applied. each other. Figure 2 presents the total DOS as well as the
spin components of the Cu3Ti 3d, and O D PDOS. The
IIl. RESULTS: THEORY AND EXPERIMENT overall DOS agrees very well with the calculations of éte

al.'* except for slight differences in the positioning and dis-

As XAS and SXE spectroscopy probe the unoccupied andribution of the states just above and bel&y which are
occupied partial densities of statd@DOS respectively, itis  principally due to 8 orbitals localized on the Gt ions.
worthwhile to compare the measured spectra with the resulfShese are identified as Culg states and the calculated gap
of density-of-states calculations. Several band-structure cals due to the separation between the spin components of
culations for CCTO exist in the literature, and in particularthese state¥ This gap is much smaller than that estimated
He et al. have calculated the element specific PD®8ow-  from optical conductivity measurements of 1.5 &\&imi-
ever, their report presents the PDOS only for a very narrowarly to He et al* the conduction band exhibits a pro-
energy range around the Fermi levék.'# In order to make nounced double-peaked structure, with the primary features
a full comparison to our measurements, we performed a newmn the unoccupied PDOS separated by approximately 3 eV.
calculation based on density functional thedBFT). The  The conduction band is dominated by the Tisates, crystal
DFT calculations presented here employ the full-potentiafield split intot,; ande; components, while the valence band
linearized augmented plane-wavEP-LAPW) method as is dominated by O R states and Cudstates. From Fig. 2
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Energy (V) figure corresponds to absorption from the P2 and 25, states.

The SXE spectrum on the left was recorded with an excitation
FIG. 2. Total DOS(states/eV cell spinfor CCTO and site- and energy of 460.9 eV and corresponds to radiative transitions into
angular-momentum-projected PDQ@8ates/eV site spjrfor Cu d, holes on the Ti B3/, level. On the lower half of the figure a model
Ti d, and Op states. Arrows indicate direction of spin while the SXE spectrum is shown at the left based upon the calculated
vertical line indicates the valence-band maximum. Thed®DOS  valence-band Ti @ and 4 PDOS. At the lower right is the Ti@
is negligible except above an onset of 6.5 eV with a large peak justonduction band PDOS. The calculated SXE spectrum and calcu-
above that energy. lated conduction-band PDOS are both broadened by appropriate
lifetime and instrumental effects. Spectra and calculations are ver-

there is also a contribution to the valence band due todTi 3 tically offset for clarity. Experimental and theoretical energy scales
states especially considering from the expected formal va2re aligned by reference to thg, peak in the XAS spectrum.

lence states of the constituents that this is nominally d°Ti XAS spectrum for CCTO is similar to that measured in other
compound. The strong Op2and Cu &l hybridization indi-  itanium oxide perovskites such as SrEjCBaTiO; and
cates that there is a highly covalent €O bond. Charge g, g Ti0, 18 Four distinct absorption features are visible,
transfer excitations such as @2 Ti 3d play alarge role in- 55" ye|l as two small prepeak features at lower energies. As
the metal-edge SXE spectra in CCTO. the dipole-allowed transitions forp2XAS are 2— 3d and
2p—4s (with a higher probability for the @— 3d transi-
tions), it is tempting to compare the measured absorption
spectrum to the calculated Tid3DOS for the conduction
Figure 3 presents the Ti, 3 SXE and XAS spectra of band. However, some caution is required in this comparison
CaCuyTisO;,. The TiL, sedge XAS spectrum of is shown at since the DOS calculated by the DFT method above is ob-
the right of Fig. 3 and is measured in the TEY mode. Thetained in a single-particle approximation and does not in-
main features of the XAS spectrum are spin split intolthe clude the 8-3d and 2-3d two particle interactions neces-
and theL, components. The separation betweenlthend  sary to accurately reproduce the spectral shape of tHe Ti
L, edges is measured at 5.5 eV in close agreement with x-ragdge XAS'®20 Further the conduction-band DOS as calcu-
photoemission spectroscopgXPS) measurements of the Ti lated by DFT in this instance is a ground-state calculation
2p spin-orbit core-level splitting of 5.6 eV in BaTi3’ The  and the empty states are virtual states and not excited states.
SXE spectrum on the left of the figure was recorded with arln common with many other compounds containing Ti at
incident photon energy of 460.9 eV, below thgedge and octahedral sites the Ti-edge XAS exhibits small leading
corresponding to the second large peak in the XAS spectrunpeaks which may be modeled accurately through application
At this energy, only electrons from Tig,, states are excited, of atomic multiplet calculations which include the appropri-
so the SXE spectrum results from the deexcitation of elecate crystal-field splitting® The first main peak at 458.2 eV
trons with Ti 3 character into the Ti&,, hole. The TiL,3 is a 2, transition to at;g final state while that at

A. Titanium states

195111-3



McGUINNESSet al. PHYSICAL REVIEW B 71, 195111(2005

440 450 460 470 480 i
T L T T T
(@ Cul L
TiL TiL st
. ‘
456 458 460 462 464 466 468
Absorption Energy (eV)

FIG. 4. (a): Series of TiL-edge SXE spectra
as a function of excitation energgb) The same
series of TiL-edge SXE spectra plotted as a func-
tion of loss energy. Inset: Ti-edge XAS spec-
trum with markers indicating excitation energies
used in this series of emission spectra. The upper-
most emission spectrum in parie) was obtained
with a photon energy of 480 eV. The triangular
markers in the emission spectra indicate the exci-
tation energy used for each spectrum. The emis-
sion spectra are vertically offset for clarity with
the interval being proportional to the difference in
excitation energies between successive spectra.
The vertical lines are a guide to the eye to indi-
cate the location of PDOS featur&s or loss and
RIXS featuregb).
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~460.5 eV is a transition to ae, final state. Similarly the of CCTO are mainly twinned in nanoscale domains which
peaks at 463.6 eV and 466.1 eV arg,2 transitions tot2g differ in the sign of rotation of the TiQ octahedra. The
ande states, respectively. The splitting between t}g,eand measured giant dielectric effect may thus have an “extrinsic”
e@J states is in each case2.4 eV. Although in general the effect due to an internal barrier layer capacitance between
energy splitting in the XAS spectra is not equal to thethese twinned regiornis

crystal-field parameter Ty, by reference to the model cal- In contrast to the complex absorption spectra, the SXE
culations for T#* in O, symmetry of De Groott al, an  spectrum in Fig. 3 closely reflects the PDOS of the occupied
estimate can be made for the parameteDd®f, in fact, valence band states of TidXharacter. Here the excitation
2.4 eV?%In contrast to the published Ti-edge XAS spectra energy of 460.9 eV was chosen such that only {j,2states

of SrTiO;, BaTiO;, and SpsBay, sTi03,18 it can be seen that are ionized. This avoids recording overlapping emission due
thee peak at~460.5 eV is both broadened and reduced into Ti 3d electrons making transitions into both spin-orbit
|ntenS|ty in comparison to the lower- ener% peak and split Ti 2p core levels and simplifies the comparison to
clearly displays spectral features with components at enetheory. However, at this energy, elastic and inelastic scatter-
gies of ~460.2 and~460.9 eV. There is a lowered symme- ing in the SXE spectrum is significant, and in addition to
try of the T#** in CCTO in comparison to the octahed@),  simple PDOS fluorescence, the spectrum contains compo-
point-group symmetry in the aforementioned perovskites. Iments due to resonant inelastic x-ray scatteriR§XS) as
CCTO the octahedron around the*Tion is tilted with re-  will be discussed below. In RIXS, the incident photon, in
spect to the axis of the cubic cell by an angle of 19.5° withresonance with a core absorption, scatters from the system,
alternate octahedra in they plane canted in differing direc- losing energy to a valence excitation, and exits with a re-
tions as is clearly seen in Fig. 1, and the new point-grougluced energy. RIXS features can overlap with PDOS fluo-
symmetry of the Ti* site is C5. The g, orbitals of Ti are  rescence features, and this makes comparison to theory more
oriented towards the ligands in a Ti@ctahedron whereas challenging since typical electronic-structure calculations of
thet,y's are oriented towards the space between the ligandshe PDOS will not include RIXS excitations.

As a result the broadening of tt% feature comes from the Figure 4 shows a series of SXE spectra recorded as a
e, States being more strongly coupled to the lattice than aréunction of incident photon energy. The photon energies used
thet,, states. It has been observed that single-crystal samplese indicated on the XAS spectrum included as an inset in
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Fig. 4. As the incident photon energy is varied, two types ofand of earlier calculations to accurately give the gap of this
emission features can be identified: features that appear atraaterial where the on-site Cu Coulomb exchange integral
constant emission energy, independent of changes in the itJy4 must be underestimated and thus the splitting between
cident energy, and features whose emission energy changd®e Cu 3i,, states must be larger than anticipatéd.
at a constant offset or energy loss from the incident photon It should be noted that two new features can be seen in the
energy as the latter is varied. The first type is conventionaspectrum obtained at the highest excitation energy shown in
PDOS features, which appear at a constant emission enerdyg. 4@). The excitation energy used for this spectrum was
since the energy difference between the valence and core480 eV. These features are at seen at emission energies of
states is, to a first approximation, independent of the excita=~-465.2 eV and 475.0 eV and are not Ti emission features
tion energy. The second type of emission feature is due tbut are rather Ci., andL g emission features observed in
excitations of electrons in thealenceband and is best de- second-order emission and excited by second-order light
scribed in terms of RIXS. To more clearly distinguish be-from the monochromator.
tween these two types of emission features, the measured We now consider the RIXS features present in the Ti
SXE spectra are plotted both against emission enffiy. ~ emission spectra. As noted earlier, valence-band excitation
4(a)] and against energy loss with respect to the excitatiorRIXS features are distinguishable from simple DOS-related
energy[Fig. 4b)]. The PDOS features of the Ti, 3 SXE  fluorescence features in emission spectra by the fact that the
spectra can be broadly grouped into a_Tiemission feature RIXS features appear at a constant loss energy relative to the
centered at an emission energy of approximately 451 eV anexcitation energy, since the incident beam is losing energy to
a Ti L emission feature centered at an emission energy dcd valence excitation. In contrast, fluorescent features appear
approximately 458 eV as indicated in Figat The SXE at a constantemissionenergy since they are related to
spectrum shown in Fig. 3 is the fifth from the bottom in the valence-state to core-state transitions. Thus, if features ap-
series presented in Fig(a and is the last emission spectrum pear in emission spectra that change their energy in step with
before thelL, edge that does not have components due t@hanges in the excitation energy, they are identified as RIXS
excitation of the Ti »,,— 3d multiplet. Furthermore, the features. Figure @) plots the same data set from Figay}
principal L, component of this spectrum is least affected bybut on an energy loss scale relative to the incident photon
overlapping RIXS features. Thus this experimental spectrunenergy. Several possible RIXS features that persist at a con-
can most easily be compared to a calculated SXE spectrustant energy loss from the excitation energy are visible in
derived from the Ti 8 valence-band PDOS. Fig. 4(b). These occur at loss energies of approximately 7.0,
A model SXE spectrum based upon the calculateddri 3 5.5, 4.3, and 0.9 eV and are markagdB, C, andD, respec-
PDOS broadened by the core-hole lifetime, the valence-holévely in Fig. 4b). FeatureA is the RIXS feature with the
lifetime, and instrumental broadening is also depicted on théargest intensity, resonating when the excitation energy is
left in the lower part of Fig. 3. For the purposes of visual near thel ; edge(bottom two spectiaand near thé., edge
comparison and to align the model spectrum with the mea¢sixth and seventh from bottomThe photon energy depen-
sured spectrum, the Tid3conduction-band PDOS, broad- dence of the TiL-edge emission spectra in Fig. 4 is very
ened by both core-hole lifetime and instrumental broadeningsimilar to that measured from the perovskites
is also shown on the right in the lower part of Fig. 3. TheBa, S, TiO5,'® BaTiO;,'t and in the nonperovskite
energy scales between experiment and calculation ar€eTiO;,?! but differs from that measured in rutile T
aligned by thet; peak in the conduction band. The Ueharaet al. identify the primary RIXS excitatiorifeature
broadened conduction band PDOS does not take into accouA) as being due to a charge-transf&@T) excitation where
the L, edge, since as previously noted an atomic multiplethe incident photon scatters from the valence electrons, ex-
model is a more accurate way to model thelTi; XAS  citing an O 2 valence electron into an unoccupied Td 3
spectrum and thus a direct comparison with the present castate. Thus the final state of the scattering event is an
culation virtual conduction-band PDOS is unrealidfé®  electron-hole pair or valence exciton which is a nonbonding
However, comparing the measured SXE spectrum at this ex3d'L state where. is a ligand(O 2p) valence holé8?1 A
citation energy with the model SXE spectrum reveals closgrecise determination of the energy of this CT excitation is
agreement between theory and experiment, although it idifficult due to the large width of the hybridized 2Ti 3d
clear that the valence-band width is underestimated in thgalence band. Featurd and C appear to be fairly sharp
calculations. The high-energy part of this spectrum mosfeatures, whereas in general it is expected that Raman scat-
likely is due to resonant fluorescence. There is of courséering features should be broad, and further they are not
overlap in energy of the Ti @ states with the O 2 states clearly visible in all spectra. Finally, featuf@, which ap-
where the hybridization is largely confined to the lower partpears to be a RIXS feature with a very low loss energy of
of the valence band. Finally, it should be noted that there is-1 eV, is present in all spectra from the third from bottom
no evidence in the Ti-edge XAS spectrum of the low-lying upwards in Fig. &) (note that in the two uppermost spectra
peak in the conduction-band virtual PDOS states which ideatureD overlaps partly with the ClL,, emission. The ex-
primarily due to spin-down Cudg, states. Any such signa- act origin of these RIXS features has yet to be determined.
ture in the Ti XAS requires the Cu state to have a presenc€inally, at a zero loss energy, coincident with the excitation
on the Ti site, and although the site-projected local PDOS:nergy, is the elastically scattered or recombination peak and
shown in Fig. 2 appears to indicate that this is the case, theiig displays significant changes in intensity as the incident
is another already documented reason for the absence of suphoton energy goes in and out of resonance with features in
a feature. This absence is a consequence of the failure of thike unoccupied PDOS and in particular is enhanced at both
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corded with an incident photon energy of 551.2 eV, well
above the absorption threshold. The SXE spectrum is a direct
measure of the PDOS of the occupied P<2ates. Unlike the
case for the TiL,; edge the OK-edge XAS (and SXB

spectra can be directly compared to the @RPDOS calcu-
lated through single-particle scherfiésalthough strictly
speaking a DFT calculation gives empty virtual conduction-
band states. Thus in the lower half of Fig. 5 we present the O
K-edge SXE and XAS spectra based upon the calculated O
2p PDOS where these are broadened by the appropriate core-
hole and valence lifetimes and by the instrumental function.
The OK-edge XAS spectrum for CCTO is similar to that
of the perovskite SrTig?® with three discrete absorption
features visible within 10 eV of the ®&-edge absorption.
For CCTO, these occur at photon energies of 531.4 eV,
534.0 eV, and 537.5 eV, with a separation between the first
two peaks, which correspond to thg, and e, states, of
2.6 eV. This compares to SrTiOwhere the separation is
approximately 2.4 eV, while the intensity ratio and shape of
these features are very similar. In Srgithe features ob-
served immediately above the peak are due to Sr states,
. while in CCTO the single peak at 537.5 eV can be attributed,
by comparison with the calculated PDOS, as being due to Ca
3d states. This peak is observed at 6.1 eV above;gneak,
but the calculated Cad3PDOS peak lies at an energy of

FIG. 5. OK-edge XAS and SXE spectra from CCTO are shown 6:7 €V, only 4.0 eV above thg, peak coinciding with the
in the upper panel. The XAS spectrum on the right of the figureNigh-energy side of the calculated position of #epeak.
corresponds to absorption from the ® dtate. The SXE spectrum The measured unoccupied @ PDOS differs from the DFT
on the left was recorded with an excitation energy of 551.2 eV andcalculation presented in Fig. 2 and here in Fig. 5 inasmuch as
corresponds to radiative transitions into holes on thes@\el. The  the predicted O g PDOS feature just above threshold is not
lower panel shows the calculateddOSXE and XAS on the leftand seen. The absence of this feature was previously noted in
right, respectively. The calculated spectra are derived from thp O 2connection with the TL, 3 XAS. However, other than this
PDOS and broadened by the core-hole lifetime and instrumentahere is good agreement between theory and experiment for
broadening. Experimental and theoretical energy scales are aligneéte overall bandwidth. It should be noted that in a aero
by reference to thé,q peak in the XAS spectrum. cluster, thet,, orbitals normally give rise tor" states and the

e; orbitals give rise tar” states. The model ®-edge SXE

the L; and L, edges. Both Ueharat al. and Butorinet al. ~ spectrum derived from the valence-band @<2ates shown
note the resonant enhancement of this feature, as well as tlaé the lower left in Fig. 5 is calculated to be emission fram
resonant enhancement of featérghe CT excitation, at both states in the valence band.
theL; andL, edges. A more comprehensive discussion of Ti  Figure 6 presents a series of K3edge SXE spectra re-
L, 3 RIXS in nominallyd® compounds such as CCTO can be corded as a function of incident photon energy, with the ex-
found in Butorinet al?! In their analysis of such scattering in citation energy indicated on the XAS spectrum presented on
FeTiO; it was estimated that the onset of continuum states irihe inset. While some changes in the shape of the SXE spec-
FeTiO;, above which nonresonant normal fluorescence octra can be observed, there is no evidence of any RIXS exci-
curs, is at an energy of about 1 eV above thgpeak in the tations, in contrast to the Ti-edge spectra presented in Fig.
L, absorption edge. This estimate is based on the combing- Rather the change in shape of the SXE spectra is due to
tion of Ti 2p photoemission, valence-band photoemissionthe fact that at threshold the excitation energy is initially
and optical spectroscopies, not all of which are currentlycoincident with thes states in the conduction band and
available for CCTO. However, it is reasonable to assume thavhen increased coincides with the states. As is well
CCTO should be similar, and thus the Ti SXE spectrum inknown for resonant SXE from molecular systems, in a 90°
Fig. 3 will be dominated by the normal PDOS fluorescencemeasurement geometry, when excitmgstates, the resultant
measured emission is fronr states and vice verga.In
CCTO the oxygen atoms are surrounded by three metal at-
oms(two Ti and one Cy forming anM3O cluster with point

The OK-edge SXE and XAS spectra corresponding to thegroupC,. This local coordination of the oxygen atom can be
occupied and unoccupied @ 2PDOS are presented in Fig. seen clearly in Fig. 1. Th#13;0 cluster is almost perfectly
5. The XAS spectrum on the right of the figure results fromplanar with two identical bond angles of 109° and one of
the absorption of electrons from the G tore level into  141°, leading to asp? hybridization of the central O to form
unoccupied conduction-band states of primarily @char-  three o bonds and oner bond perpendicular to the plane.
acter. The SXE spectrum on the left of the figure was re-Thus in the lower part of Fig. 6 we present separately calcu-

SXE Intensity
XAS Intensity

P ISR SR S [T S T N SN T T S S T S S T S SO S [T S
-2 -8 4 0 4 8 12 16
Binding Energy (eV)

B. Oxygen states
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Binding Energy (eV) FIG. 7. CuL-edge XAS and SXE spectra from CCTO. The XAS

) ) ~ spectrum(solid) to the right of the figure corresponds to absorption
FIG. 6. Series of OK-edge SXE spectra as a function of exci- from the Cu Dy» and 2y, states. The SXE spectrufdots to the
tation energy. The photon energies used are indicated by the marksft was recorded with an excitation energy of 965 eV. The lower
ers and vertical lines in the XAS spectrum included in the uppemgif of the figure shows the calculated Cy SXE and XAS spectra
left. The topmost SXE spectrum is that shown in Fig. 2 with anpased on the CuBPDOS taking into account core-hole lifetime
excitation energy of 551.2 eV. The SXE spectra are vertically offselng instrumental broadening. The intensity of the calculated XAS
for clarity. The lower panel shows the calculated @SXE fromm  gpectrum is multiplied by 7 with respect to the calculated SXE

and o states as well as the calculated XAS spectrumrt@ndo  spectrum for ease of comparison with the measured spectra.
states. Experimental and theoretical energy scales are aligned by

reference to the,q peak in the XAS spectrum.

SVX paje[noed

valence-band feature would move to lower energies. The oc-
lations for the valence-band emission frenstates and from cupied O 2 o states would then have almost no component
o states. Also presented in the lower part of Fig. 6 aresthe close to the valence-band maximum and the observed shift in
ando” components in the conduction band. Hence at excitathe emission edge on going from threshold excitation at

tion energies at threshold and at the first absorption peak &29.5 eV to excitation at 531.4 eV would be well repro-
531.4 eV there is a mixture af- and 7r-state emissiorfr" duced.

ando” absorption. At higher energies it is emission from
states(c” absorption that tends to dominate. The K-edge
SXE spectra thus agree very well with these calculategO 2
PDOS, particularly for excitation far above threshold. Al-  Figure 7 presents Cl-edge XAS and SXE spectra. The
though the full width at half maximuntFWHM) of ~5.2 eV~ XAS spectrum on the right of the figure results from the
of the calculated emission is in good agreement with theexcitation of electrons from both the Cuyy, and Cu 2g),
measurement, the peak of the x-ray emission appears to Istates into unoccupied Cud3tates. The SXE spectrum was
farther away in energy from thigy peak in the XAS spec- recorded with an incident photon energy of 965 eV. The
trum than the equivalent energy separation in the calculatioSXE spectrum results from the deexcitation of electrons with
The peak in the calculated PDOS for thestates is coinci- primarily Cu 3 character into the Cug®,, (L3 edge or Cu
dent with the peak in the Cud3PDOS and corresponds to 2py;, (L, edge hole, both of which can be seen in the spec-
strong hybridization between them. A greater value of therum. For the purposes of comparison the lower half of Fig.
on-site CuUyy may result in this peak moving to lower en- 7 depicts the calculateld, SXE and XAS spectra which are
ergies in the calculated spectra. The occupied component diased on the CuBPDOS shown in Fig. 2.

the O 2 PDOS which is closest to the valence-band maxi- The Cul,; XAS spectrum for CCTO is similar to that
mum is that which is hybridized with the Cudg orbital. ~ measured in other CuO compounds such as
These states in fact hybridize with the @ & states which  La; gsSip 1<Cu0,,%° but differs somewhat from simple Cu®.
are directed toward the Cu atom. Thus, if these predicted Ciihe energy scale shown for the XAS spectrum was deter-
3d,, features close to and on either side &f were more  mined from comparing to Cu-edge XAS of Cu metal and
greatly separated, then the conduction-band feature woultdhe error in energy is estimated to be £0.5 eV. The XAS
move to higher energies and become part of the first obspectrum was measured in TEY mode and following back-
served peaks in both the Ti, 3 and OK XAS while the  ground correction is very similar to that obtained in TFY

C. Copper states
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mode (not shown. A number of discrete absorption features common with other Cu-O charge-transfer systems, it can
are visible. The two most intense features, at 930.7 eV antle assumed that there is one hole shared between thel Cu 3
950.6 eV, result from absorption from the spin-orbit split Cuand O 2 states. This state is then a linear superposition of
2pz, and Py, states—i.e., the; andL, edges. In each case the 3° and 3'°L configurations. In the case of the @y
almost all the intensity in the near-edge region is concenspectrum, due to core ionization, the valence electron moves

trated in a narrow peak at an energy lower than the XP$om the ligand atom to the Cu atom. Thus the dominant
thresholck® This shift of the XAS threshold to lower energies yansition should be CapdL — d°L for the CuL,, line.2°

is the result of core-hole effects in such cuprates resulting in
an excitonic peak immediately below the conduction-band
minimum. The information concerning the unoccupied Cu
3d PDOS is contained in the weak structures that follow  First the experimental results of this x-ray spectroscopic
these excitonic peaks, though this information may bestydy of CaCyTi,O;, are in close agreement with the theo-
masked by polaronic effect$as well as charge-transfer sat- yetical results presented both here and elsewHeTie Ti
ellites. The CU., 3 XAS spectra is a good indicator of the Cu L, ;edge XAS spectra reflect the reduced symmetry of the
valence and in this case appears to indicate d1£80M-  canira| Ti jon as compared to the other perovskite com-
pound as would be anticipaté®iThe energy difference be- pounds BaTiQ and SrTiQ.8 Ti L, ; SXE spectra at and
tween the two spin-orbit split excitonic features in the XAS 5,4ye theL; and L, edges show s?hﬁilar RIXS features and
spectrum is 19.9 eV and is the separation of the 84b2Nnd | osonant behavior as other Ti° perovskites such as
2p,, states, which is_ in gopd agreement \_/vi_th XPS measuregy. S TiO,18 as well as nonperovskites such as FeJio
ments of the Cu @ spin-orbit core-level splitting of 20 eV'in - 1he"principal RIXS excitation observed is a charge-transfer
CuO?28 Comparing to the calculated XAS spectrum based Ofbycitation to a nonbonding Tidd O 2p! state. OK-edge

the Cu 3l PDOS, it can be seen that two features labéled gxE gpectra are in excellent agreement with calculations,
and B are predicted in the absorption spectrum. In this in- articularly as the resonant behavior of theKGSXE spec-
stance the energy scales of the calculated and experimental, iy, can be explained in terms of and m-state emission
spectra are set by aligning the emission peak in the respegym valence-band O @states when in resonance witH

tive spectra. Note that both the lardéy) and the smalle(B) and ¢ conduction-band O 2 states. Comparison of ®
calculated XAS features are assigned to @y, States where  xAg spectra with calculations indicates that the calculated
these orbitals are in the plane of the Guilaquette pictured  position of the Ca @ states in the conduction band is at least

in Fig. 1 and the copper atoms have point grdbp. The 3 eV Jower than is observed. Furthermore, a consistent prob-
position in energy of the larger pedR), assigned to spin-  em in hoth this and previous calculations is the treatment of
down Cu 3, states immediately aboveg, has previously the Cu 3, states at the center of the Cu@laguette. The
been questionedsee above This question is not resolved experimental results presented here, as well as the measured
here, since only a single feature following the excitonic peakphand gap of the material, do not indicate that these states are
at about 933.7 eV, is discernible in the measured XAS speqp be found immediately abovEs and a more thorough

trum. The separations between the calculated peak in thgnalysis of how to account for this in calculations is needed.
emission spectrum and the calculated peaks in the absorption
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