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The element-specific valence- and conduction-band densities of states for the high-dielectric-material
CaCu3Ti4O12 have been measured using soft x-ray emission and absorption spectroscopies. TiLa,b, Cu La,b,
and OK soft x-ray emission spectra of CaCu3Ti4O12 were measured with monochromatic photon excitation on
selected energies above the Ti and CuL2,3 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 OK edge where the resonant behavior of the x-ray emission spectrum can be attributed
directly to s- and p-state emission from valence-band O 2p states when in resonance withp* and s*

conduction-band O 2p states. Resonant inelastic x-ray scattering is observed at the TiL2,3 absorption edge and
is compared to previous studies of Ti containing perovskite compounds. The role of Cu 3d states in determin-
ing the band gap of this material is discussed.
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I. INTRODUCTION

There is significant technological interest in the develop-
ment of new materials with a relatively temperature indepen-
dent high static dielectric constants«0d for use in microelec-
tronic devices. One possible candidate material that has
attracted much recent attention is CaCu3Ti4O12 sCCTOd.1–3

Single crystals of this material display an exceptionally high
« of 83104 at room temperature, and«0 remains essentially
constant from 100 K to 600 K.1,2 Thin films of CCTO have
recently been synthesized using pulsed laser deposition, and
these films show a temperature independent«0 of approxi-
mately 1.53103, above 100–150 K.4

Much remains unknown about the basic physics of
CCTO. First, the dielectric constant of the single crystals
drops by a factor of 103 when cooled below 100 K.1–3 Sec-
ond, while a high«0 is often associated with either a ferro-
electric materialswith a permanent electric dipole momentd
or a relaxor material, CCTO does not display a ferroelectric
lattice distortion in either x-ray or neutron diffraction.1,2 Re-
cent work points towards the possibility that the giant«0 is
partially due to internal barrier layer capacitance resulting
from heavy twinning in the crystals.1,5,6 It has also been sug-
gested that the material contains regions that are either insu-
lating or semiconducting.6 However, to date there have been
no detailed spectroscopic measurements of the valence- and
conduction-band electronic structure of CCTO.

We present here the results of a soft x-ray emissionsSXEd
spectroscopy and soft x-ray absorption spectroscopysXASd
study of the electronic structure of thin-film CaCu3Ti4O12 at

room temperature. These are bulk probes of the electronic
structure7 and, in contrast to photoemission spectroscopy,
can be applied with ease to insulating samples such as high
dielectric materials.8 We have measured the element-
resolved partial density of states for electrons associated with
Ti, O, and Cu atoms in CCTO. We have also observed reso-
nant inelastic x-ray scattering features in the emission spectra
that are associated with excitations across the band gap. Our
density-of-states measurements are compared directly to
theory.

II. EXPERIMENTAL METHOD

The experiments reported here were undertaken on soft
x-ray undulator beamline X1B at the National Synchrotron
Light SourcesNSLSd at Brookhaven National Laboratory.
This beamline is equipped with a spherical grating mono-
chromator. Soft x-ray emission spectra were recorded using a
Nordgren-type grazing-incidence spherical grating spectrom-
eter with a total energy resolution of,0.4 eV at the OK
edge.7,9 The resolution of the monochromator for XAS mea-
surements was set to 0.10 and 0.13 eV at the TiL edge and
O K edge, respectively. XAS spectra were recorded both by
the sample drain current technique to obtain the total electron
yield sTEYd and by measuring the total fluorescence yield
sTFYd with normal incidence of the incoming radiation. For
SXE measurements the resolution of the monochromator was
set to,0.83s0.77d eV at the TiL edgesO K edged with the
spectrometer resolution set at,0.57s0.53d eV leading to a
combined spectrometer-monochromator resolution of 1.00
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s0.94d eV for the resonant SXE spectra presented here. In
order to obtain reasonable statistical accuracy in the SXE
spectra the data were acquired for 60–120 min per spectrum.
The energy scale of the monochromator was calibrated at the
Ti L edge and OK edge by comparison of the XAS spectra
of rutile TiO2 to previously published results.10 The energy
scales of the recorded emission spectra at the TiL edge and
O K edge were calibrated by reference to the known peak
emission energies of Cu and Zn metals, respectively, both
observed in second order. All measurements were performed
with the samples at room temperature. Vacuum pressure dur-
ing the measurements was below 5310−9 Torr. The
CaCu3Ti4O12 samples were in the form of epitaxial thin films
produced by pulsed laser deposition onto LaAlO3
substrates.4 The thickness of the films was 1.2mm.

The shape of observed x-ray emission spectra can be af-
fected by self-absorption where there is an overlap in energy
between the features in the emission spectra and the absorp-
tion spectrum. This is particularly the case for excitation en-
ergies above the transition-metalL2 edges. A correction fac-
tor can be given by:

Icorrected= ImeasuredF1 +
mo

mi
tansuidG ,

whereui is the grazing angle of incidence of the incoming
radiation onto the sample, andmi andmo are the absorption
coefficients for the incoming and outgoing photons,
respectively.11,12 The surface of the sample is assumed to be
flat, and in our measurement geometry the incident and out-
going photon directions are at 90° to each other. The mea-
sured transition-metal edgeL2,3 absorption spectrum can
then be normalized to match the known values of the atomic
photoabsorption cross section above and below the
transition-metal edge.13 The derived values ofmi andmo may
then be used to correct the measured emission spectrum, tak-
ing into account the instrumental resolutions used in measur-
ing the emission spectrum. In our measurements withui
,20° the correction factor is less than 2% for the TiL3
emission features and can be up to 40% for the TiL2 emis-
sion peak for comparable excitation energies. At excitation
energies above the main absorption features the self-
absorption losses increase and the correction factor can be
.2. All transition-metalL edge spectra presented here have
the correction factor applied.

III. RESULTS: THEORY AND EXPERIMENT

As XAS and SXE spectroscopy probe the unoccupied and
occupied partial densities of statessPDOSd respectively, it is
worthwhile to compare the measured spectra with the results
of density-of-states calculations. Several band-structure cal-
culations for CCTO exist in the literature, and in particular
He et al. have calculated the element specific PDOS.14 How-
ever, their report presents the PDOS only for a very narrow
energy range around the Fermi level,EF.14 In order to make
a full comparison to our measurements, we performed a new
calculation based on density functional theorysDFTd. The
DFT calculations presented here employ the full-potential
linearized augmented plane-wavesFP-LAPWd method as

implemented in theWIEN2k code.15 The recommended stan-
dard settings of the code were used as well as the generalized
gradient approximationsGGAd of Perdewet al.16 The radius
of the muffin tin spheres was 1.0, 1.0, 1.0, and 0.95 Å for
Ca, Cu, Ti, and O, respectively. The Brillouin zone was
sampled with 100k points in order to obtain the DOS and
PDOS results presented here. The electronic structure was
computed using the observed crystal structuresspace group
Im3d and the experimentally determined lattice constant of
7.384 Å as inputs. Figure 1 presents a diagram of the crystal
structure of CCTO, displaying the conventional cubic unit
cell with eight TiO6 octahedra as well as the local coordina-
tion of the Ti, O, and Cu atoms. Titanium is octahedrally
coordinated, and the oxygen atoms are in a planar trigonal
arrangement while the copper atoms are at the center of rect-
angular CuO4 plaquettes which are mutually isolated from
each other. Figure 2 presents the total DOS as well as the
spin components of the Cu 3d, Ti 3d, and O 2p PDOS. The
overall DOS agrees very well with the calculations of Heet
al.14 except for slight differences in the positioning and dis-
tribution of the states just above and belowEF which are
principally due to 3d orbitals localized on the Cu2+ ions.
These are identified as Cu 3dxy states and the calculated gap
is due to the separation between the spin components of
these states.14 This gap is much smaller than that estimated
from optical conductivity measurements of 1.5 eV.3 Simi-
larly to He et al.14 the conduction band exhibits a pro-
nounced double-peaked structure, with the primary features
in the unoccupied PDOS separated by approximately 3 eV.
The conduction band is dominated by the Ti 3d states, crystal
field split into t2g andeg components, while the valence band
is dominated by O 2p states and Cu 3d states. From Fig. 2

FIG. 1. sColor onlined The conventional cubic cell showing the
crystal structure of CCTO withsad all atoms in the conventional
cubic cell comprising two formula units,sbd displaying 1/8 of the
cell showing the octahedral coordination of the Ti atom,scd show-
ing the local planar coordination of each O atom, andsdd showing
the planar coordination of each Cu atom.
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there is also a contribution to the valence band due to Ti 3d
states especially considering from the expected formal va-
lence states of the constituents that this is nominally a Tid0

compound. The strong O 2p and Cu 3d hybridization indi-
cates that there is a highly covalent CuuO bond. Charge
transfer excitations such as O 2p→Ti 3d play a large role in
the metal-edge SXE spectra in CCTO.

A. Titanium states

Figure 3 presents the TiL2,3 SXE and XAS spectra of
CaCu3Ti4O12. The TiL2,3-edge XAS spectrum of is shown at
the right of Fig. 3 and is measured in the TEY mode. The
main features of the XAS spectrum are spin split into theL3
and theL2 components. The separation between theL2 and
L3 edges is measured at 5.5 eV in close agreement with x-ray
photoemission spectroscopysXPSd measurements of the Ti
2p spin-orbit core-level splitting of 5.6 eV in BaTiO3.

17 The
SXE spectrum on the left of the figure was recorded with an
incident photon energy of 460.9 eV, below theL2 edge and
corresponding to the second large peak in the XAS spectrum.
At this energy, only electrons from Ti 2p3/2 states are excited,
so the SXE spectrum results from the deexcitation of elec-
trons with Ti 3d character into the Ti 2p3/2 hole. The TiL2,3

XAS spectrum for CCTO is similar to that measured in other
titanium oxide perovskites such as SrTiO3, BaTiO3, and
Ba0.5Sr0.5TiO3.

18 Four distinct absorption features are visible,
as well as two small prepeak features at lower energies. As
the dipole-allowed transitions for 2p XAS are 2p→3d and
2p→4s swith a higher probability for the 2p→3d transi-
tionsd, it is tempting to compare the measured absorption
spectrum to the calculated Ti 3d DOS for the conduction
band. However, some caution is required in this comparison
since the DOS calculated by the DFT method above is ob-
tained in a single-particle approximation and does not in-
clude the 3d-3d and 2p-3d two particle interactions neces-
sary to accurately reproduce the spectral shape of the TiL
edge XAS.19,20 Further the conduction-band DOS as calcu-
lated by DFT in this instance is a ground-state calculation
and the empty states are virtual states and not excited states.
In common with many other compounds containing Ti at
octahedral sites the TiL-edge XAS exhibits small leading
peaks which may be modeled accurately through application
of atomic multiplet calculations which include the appropri-
ate crystal-field splitting.20 The first main peak at 458.2 eV
is a 2p3/2 transition to a t2g

* final state while that at

FIG. 2. Total DOSsstates/eV cell spind for CCTO and site- and
angular-momentum-projected PDOSsstates/eV site spind for Cu d,
Ti d, and Op states. Arrows indicate direction of spin while the
vertical line indicates the valence-band maximum. The Cad PDOS
is negligible except above an onset of 6.5 eV with a large peak just
above that energy.

FIG. 3. Ti L-edge XAS and SXE spectra from CCTO are shown
in the upper part of the figure. The XAS spectrum on the right of the
figure corresponds to absorption from the Ti 2p1/2 and 2p3/2 states.
The SXE spectrum on the left was recorded with an excitation
energy of 460.9 eV and corresponds to radiative transitions into
holes on the Ti 2p3/2 level. On the lower half of the figure a model
SXE spectrum is shown at the left based upon the calculated
valence-band Ti 3d and 4s PDOS. At the lower right is the Ti 3d
conduction band PDOS. The calculated SXE spectrum and calcu-
lated conduction-band PDOS are both broadened by appropriate
lifetime and instrumental effects. Spectra and calculations are ver-
tically offset for clarity. Experimental and theoretical energy scales
are aligned by reference to thet2g peak in the XAS spectrum.
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,460.5 eV is a transition to aneg
* final state. Similarly the

peaks at 463.6 eV and 466.1 eV are 2p1/2 transitions tot2g
*

andeg
* states, respectively. The splitting between thet2g

* and
eg

* states is in each case,2.4 eV. Although in general the
energy splitting in the XAS spectra is not equal to the
crystal-field parameter 10Dq, by reference to the model cal-
culations for Ti4+ in Oh symmetry of De Grootet al., an
estimate can be made for the parameter 10Dq of, in fact,
2.4 eV.20 In contrast to the published TiL-edge XAS spectra
of SrTiO3, BaTiO3, and Sr0.5Ba0.5TiO3,

18 it can be seen that
the eg

* peak at,460.5 eV is both broadened and reduced in
intensity in comparison to the lower-energyt2g

* peak and
clearly displays spectral features with components at ener-
gies of,460.2 and,460.9 eV. There is a lowered symme-
try of the Ti4+ in CCTO in comparison to the octahedralOh
point-group symmetry in the aforementioned perovskites. In
CCTO the octahedron around the Ti4+ ion is tilted with re-
spect to the axis of the cubic cell by an angle of 19.5° with
alternate octahedra in thex-y plane canted in differing direc-
tions as is clearly seen in Fig. 1, and the new point-group
symmetry of the Ti4+ site is C3i. The eg orbitals of Ti are
oriented towards the ligands in a TiO6 octahedron whereas
the t2g’s are oriented towards the space between the ligands.
As a result the broadening of theeg

* feature comes from the
eg states being more strongly coupled to the lattice than are
the t2g states. It has been observed that single-crystal samples

of CCTO are mainly twinned in nanoscale domains which
differ in the sign of rotation of the TiO6 octahedra.1 The
measured giant dielectric effect may thus have an “extrinsic”
effect due to an internal barrier layer capacitance between
these twinned regions.1,6

In contrast to the complex absorption spectra, the SXE
spectrum in Fig. 3 closely reflects the PDOS of the occupied
valence band states of Ti 3d character. Here the excitation
energy of 460.9 eV was chosen such that only Ti 2p3/2 states
are ionized. This avoids recording overlapping emission due
to Ti 3d electrons making transitions into both spin-orbit
split Ti 2p core levels and simplifies the comparison to
theory. However, at this energy, elastic and inelastic scatter-
ing in the SXE spectrum is significant, and in addition to
simple PDOS fluorescence, the spectrum contains compo-
nents due to resonant inelastic x-ray scatteringsRIXSd as
will be discussed below. In RIXS, the incident photon, in
resonance with a core absorption, scatters from the system,
losing energy to a valence excitation, and exits with a re-
duced energy. RIXS features can overlap with PDOS fluo-
rescence features, and this makes comparison to theory more
challenging since typical electronic-structure calculations of
the PDOS will not include RIXS excitations.

Figure 4 shows a series of SXE spectra recorded as a
function of incident photon energy. The photon energies used
are indicated on the XAS spectrum included as an inset in

FIG. 4. sad: Series of TiL-edge SXE spectra
as a function of excitation energy.sbd The same
series of TiL-edge SXE spectra plotted as a func-
tion of loss energy. Inset: TiL-edge XAS spec-
trum with markers indicating excitation energies
used in this series of emission spectra. The upper-
most emission spectrum in panelsad 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 featuressad or loss and
RIXS featuressbd.
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Fig. 4. As the incident photon energy is varied, two types of
emission features can be identified: features that appear at a
constant emission energy, independent of changes in the in-
cident energy, and features whose emission energy changes
at a constant offset or energy loss from the incident photon
energy as the latter is varied. The first type is conventional
PDOS features, which appear at a constant emission energy
since the energy difference between the valence and core
states is, to a first approximation, independent of the excita-
tion energy. The second type of emission feature is due to
excitations of electrons in thevalenceband and is best de-
scribed in terms of RIXS. To more clearly distinguish be-
tween these two types of emission features, the measured
SXE spectra are plotted both against emission energyfFig.
4sadg and against energy loss with respect to the excitation
energyfFig. 4sbdg. The PDOS features of the TiL2,3 SXE
spectra can be broadly grouped into a TiLa emission feature
centered at an emission energy of approximately 451 eV and
a Ti Lb1 emission feature centered at an emission energy of
approximately 458 eV as indicated in Fig. 4sad. The SXE
spectrum shown in Fig. 3 is the fifth from the bottom in the
series presented in Fig. 4sad and is the last emission spectrum
before theL2 edge that does not have components due to
excitation of the Ti 2p1/2→3d multiplet. Furthermore, the
principal La component of this spectrum is least affected by
overlapping RIXS features. Thus this experimental spectrum
can most easily be compared to a calculated SXE spectrum
derived from the Ti 3d valence-band PDOS.

A model SXE spectrum based upon the calculated Ti 3d
PDOS broadened by the core-hole lifetime, the valence-hole
lifetime, and instrumental broadening is also depicted on the
left in the lower part of Fig. 3. For the purposes of visual
comparison and to align the model spectrum with the mea-
sured spectrum, the Ti 3d conduction-band PDOS, broad-
ened by both core-hole lifetime and instrumental broadening,
is also shown on the right in the lower part of Fig. 3. The
energy scales between experiment and calculation are
aligned by the t2g

* peak in the conduction band. The
broadened conduction band PDOS does not take into account
the L2 edge, since as previously noted an atomic multiplet
model is a more accurate way to model the TiL2,3 XAS
spectrum and thus a direct comparison with the present cal-
culation virtual conduction-band PDOS is unrealistic.19,20

However, comparing the measured SXE spectrum at this ex-
citation energy with the model SXE spectrum reveals close
agreement between theory and experiment, although it is
clear that the valence-band width is underestimated in the
calculations. The high-energy part of this spectrum most
likely is due to resonant fluorescence. There is of course
overlap in energy of the Ti 3d states with the O 2p states
where the hybridization is largely confined to the lower part
of the valence band. Finally, it should be noted that there is
no evidence in the Ti-edge XAS spectrum of the low-lying
peak in the conduction-band virtual PDOS states which is
primarily due to spin-down Cu 3dxy states. Any such signa-
ture in the Ti XAS requires the Cu state to have a presence
on the Ti site, and although the site-projected local PDOS
shown in Fig. 2 appears to indicate that this is the case, there
is another already documented reason for the absence of such
a feature. This absence is a consequence of the failure of this

and of earlier calculations to accurately give the gap of this
material where the on-site Cu Coulomb exchange integral
Udd must be underestimated and thus the splitting between
the Cu 3dxy states must be larger than anticipated.14

It should be noted that two new features can be seen in the
spectrum obtained at the highest excitation energy shown in
Fig. 4sad. The excitation energy used for this spectrum was
,480 eV. These features are at seen at emission energies of
,465.2 eV and 475.0 eV and are not Ti emission features
but are rather CuLa and Lb1 emission features observed in
second-order emission and excited by second-order light
from the monochromator.

We now consider the RIXS features present in the Ti
emission spectra. As noted earlier, valence-band excitation
RIXS features are distinguishable from simple DOS-related
fluorescence features in emission spectra by the fact that the
RIXS features appear at a constant loss energy relative to the
excitation energy, since the incident beam is losing energy to
a valence excitation. In contrast, fluorescent features appear
at a constantemission energy since they are related to
valence-state to core-state transitions. Thus, if features ap-
pear in emission spectra that change their energy in step with
changes in the excitation energy, they are identified as RIXS
features. Figure 4sbd plots the same data set from Fig. 4sad,
but on an energy loss scale relative to the incident photon
energy. Several possible RIXS features that persist at a con-
stant energy loss from the excitation energy are visible in
Fig. 4sbd. These occur at loss energies of approximately 7.0,
5.5, 4.3, and 0.9 eV and are markedA, B, C, andD, respec-
tively in Fig. 4sbd. FeatureA is the RIXS feature with the
largest intensity, resonating when the excitation energy is
near theL3 edgesbottom two spectrad and near theL2 edge
ssixth and seventh from bottomd. The photon energy depen-
dence of the TiL-edge emission spectra in Fig. 4 is very
similar to that measured from the perovskites
Ba0.5Sr0.5TiO3,

18 BaTiO3,
11 and in the nonperovskite

FeTiO3,
21 but differs from that measured in rutile TiO2.

22

Ueharaet al. identify the primary RIXS excitationsfeature
Ad as being due to a charge-transfersCTd excitation where
the incident photon scatters from the valence electrons, ex-
citing an O 2p valence electron into an unoccupied Ti 3d
state. Thus the final state of the scattering event is an
electron-hole pair or valence exciton which is a nonbonding
3d1L state whereL is a ligandsO 2pd valence hole.18,21 A
precise determination of the energy of this CT excitation is
difficult due to the large width of the hybridized O 2p/Ti 3d
valence band. FeaturesB and C appear to be fairly sharp
features, whereas in general it is expected that Raman scat-
tering features should be broad, and further they are not
clearly visible in all spectra. Finally, featureD, which ap-
pears to be a RIXS feature with a very low loss energy of
,1 eV, is present in all spectra from the third from bottom
upwards in Fig. 4sbd snote that in the two uppermost spectra
featureD overlaps partly with the CuLa emissiond. The ex-
act origin of these RIXS features has yet to be determined.
Finally, at a zero loss energy, coincident with the excitation
energy, is the elastically scattered or recombination peak and
it displays significant changes in intensity as the incident
photon energy goes in and out of resonance with features in
the unoccupied PDOS and in particular is enhanced at both
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the L3 and L2 edges. Both Ueharaet al. and Butorinet al.
note the resonant enhancement of this feature, as well as the
resonant enhancement of featureA, the CT excitation, at both
theL3 andL2 edges. A more comprehensive discussion of Ti
L2,3 RIXS in nominallyd0 compounds such as CCTO can be
found in Butorinet al.21 In their analysis of such scattering in
FeTiO3 it was estimated that the onset of continuum states in
FeTiO3, above which nonresonant normal fluorescence oc-
curs, is at an energy of about 1 eV above thet2g peak in the
L3 absorption edge. This estimate is based on the combina-
tion of Ti 2p photoemission, valence-band photoemission,
and optical spectroscopies, not all of which are currently
available for CCTO. However, it is reasonable to assume that
CCTO should be similar, and thus the Ti SXE spectrum in
Fig. 3 will be dominated by the normal PDOS fluorescence.

B. Oxygen states

The OK-edge SXE and XAS spectra corresponding to the
occupied and unoccupied O 2p PDOS are presented in Fig.
5. The XAS spectrum on the right of the figure results from
the absorption of electrons from the O 1s core level into
unoccupied conduction-band states of primarily O 2p char-
acter. The SXE spectrum on the left of the figure was re-

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 O 2p states. Unlike the
case for the TiL2,3 edge the OK-edge XAS sand SXEd
spectra can be directly compared to the O 2p PDOS calcu-
lated through single-particle schemes23 although 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 SrTiO3,

23 with three discrete absorption
features visible within 10 eV of the OK-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 thet2g

* and eg
* states, of

2.6 eV. This compares to SrTiO3, where the separation is
approximately 2.4 eV, while the intensity ratio and shape of
these features are very similar. In SrTiO3 the features ob-
served immediately above theeg

* 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 thet2g

* peak,
but the calculated Ca 3d PDOS peak lies at an energy of
6.7 eV, only 4.0 eV above thet2g

* peak coinciding with the
high-energy side of the calculated position of theeg

* peak.
The measured unoccupied O 2p PDOS differs from the DFT
calculation presented in Fig. 2 and here in Fig. 5 inasmuch as
the predicted O 2p PDOS feature just above threshold is not
seen. The absence of this feature was previously noted in
connection with the TiL2,3 XAS. However, other than this
there is good agreement between theory and experiment for
the overall bandwidth. It should be noted that in a TiO6

8−

cluster, thet2g
* orbitals normally give rise top* states and the

eg
* orbitals give rise tos* states. The model OK-edge SXE

spectrum derived from the valence-band O 2p states shown
at the lower left in Fig. 5 is calculated to be emission fromp
states in the valence band.

Figure 6 presents a series of OK-edge SXE spectra re-
corded as a function of incident photon energy, with the ex-
citation energy indicated on the XAS spectrum presented on
the inset. While some changes in the shape of the SXE spec-
tra can be observed, there is no evidence of any RIXS exci-
tations, in contrast to the TiL-edge spectra presented in Fig.
4. Rather the change in shape of the SXE spectra is due to
the fact that at threshold the excitation energy is initially
coincident with thep* states in the conduction band and
when increased coincides with thes* states. As is well
known for resonant SXE from molecular systems, in a 90°
measurement geometry, when excitings* states, the resultant
measured emission is fromp states and vice versa.24 In
CCTO the oxygen atoms are surrounded by three metal at-
omsstwo Ti and one Cud, forming anM3O cluster with point
groupCs. This local coordination of the oxygen atom can be
seen clearly in Fig. 1. TheM3O cluster is almost perfectly
planar with two identical bond angles of 109° and one of
141°, leading to ansp2 hybridization of the central O to form
threes bonds and onep bond perpendicular to the plane.
Thus in the lower part of Fig. 6 we present separately calcu-

FIG. 5. OK-edge XAS and SXE spectra from CCTO are shown
in the upper panel. The XAS spectrum on the right of the figure
corresponds to absorption from the O 1s state. The SXE spectrum
on the left was recorded with an excitation energy of 551.2 eV and
corresponds to radiative transitions into holes on the O 1s level. The
lower panel shows the calculated OK SXE and XAS on the left and
right, respectively. The calculated spectra are derived from the O 2p
PDOS and broadened by the core-hole lifetime and instrumental
broadening. Experimental and theoretical energy scales are aligned
by reference to thet2g peak in the XAS spectrum.
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lations for the valence-band emission fromp states and from
s states. Also presented in the lower part of Fig. 6 are thep*

ands* components in the conduction band. Hence at excita-
tion energies at threshold and at the first absorption peak at
531.4 eV there is a mixture ofs- and p-state emissionsp*

ands* absorptiond. At higher energies it is emission fromp
statesss* absorptiond that tends to dominate. The OK-edge
SXE spectra thus agree very well with these calculated O 2p
PDOS, particularly for excitation far above threshold. Al-
though the full width at half maximumsFWHMd of ,5.2 eV
of the calculated emission is in good agreement with the
measurement, the peak of the x-ray emission appears to be
farther away in energy from thet2g peak in the XAS spec-
trum than the equivalent energy separation in the calculation.
The peak in the calculated PDOS for thep states is coinci-
dent with the peak in the Cu 3d PDOS and corresponds to
strong hybridization between them. A greater value of the
on-site CuUdd may result in this peak moving to lower en-
ergies in the calculated spectra. The occupied component of
the O 2p PDOS which is closest to the valence-band maxi-
mum is that which is hybridized with the Cu 3dxy orbital.
These states in fact hybridize with the O 2p s states which
are directed toward the Cu atom. Thus, if these predicted Cu
3dxy features close to and on either side ofEF were more
greatly separated, then the conduction-band feature would
move to higher energies and become part of the first ob-
served peaks in both the TiL2,3 and O K XAS while the

valence-band feature would move to lower energies. The oc-
cupied O 2p s states would then have almost no component
close to the valence-band maximum and the observed shift in
the emission edge on going from threshold excitation at
529.5 eV to excitation at 531.4 eV would be well repro-
duced.

C. Copper states

Figure 7 presents CuL-edge XAS and SXE spectra. The
XAS spectrum on the right of the figure results from the
excitation of electrons from both the Cu 2p1/2 and Cu 2p3/2
states into unoccupied Cu 3d states. The SXE spectrum was
recorded with an incident photon energy of 965 eV. The
SXE spectrum results from the deexcitation of electrons with
primarily Cu 3d character into the Cu 2p3/2 sL3 edged or Cu
2p1/2 sL2 edged hole, both of which can be seen in the spec-
trum. For the purposes of comparison the lower half of Fig.
7 depicts the calculatedLa SXE and XAS spectra which are
based on the Cu 3d PDOS shown in Fig. 2.

The CuL2,3 XAS spectrum for CCTO is similar to that
measured in other CuO compounds such as
La1.85Sr0.15CuO4,

25 but differs somewhat from simple CuO.26

The energy scale shown for the XAS spectrum was deter-
mined from comparing to CuL-edge XAS of Cu metal and
the error in energy is estimated to be ±0.5 eV. The XAS
spectrum was measured in TEY mode and following back-
ground correction is very similar to that obtained in TFY

FIG. 6. Series of OK-edge SXE spectra as a function of exci-
tation energy. The photon energies used are indicated by the mark-
ers and vertical lines in the XAS spectrum included in the upper
left. The topmost SXE spectrum is that shown in Fig. 2 with an
excitation energy of 551.2 eV. The SXE spectra are vertically offset
for clarity. The lower panel shows the calculated O 2p SXE fromp
ands states as well as the calculated XAS spectrum top* ands*

states. Experimental and theoretical energy scales are aligned by
reference to thet2g peak in the XAS spectrum.

FIG. 7. CuL-edge XAS and SXE spectra from CCTO. The XAS
spectrumssolidd to the right of the figure corresponds to absorption
from the Cu 2p1/2 and 2p3/2 states. The SXE spectrumsdotsd to the
left was recorded with an excitation energy of 965 eV. The lower
half of the figure shows the calculated CuLa SXE and XAS spectra
based on the Cu 3d PDOS taking into account core-hole lifetime
and instrumental broadening. The intensity of the calculated XAS
spectrum is multiplied by 7 with respect to the calculated SXE
spectrum for ease of comparison with the measured spectra.
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modesnot shownd. A number of discrete absorption features
are visible. The two most intense features, at 930.7 eV and
950.6 eV, result from absorption from the spin-orbit split Cu
2p3/2 and 2p1/2 states—i.e., theL3 andL2 edges. In each case
almost all the intensity in the near-edge region is concen-
trated in a narrow peak at an energy lower than the XPS
threshold.26 This shift of the XAS threshold to lower energies
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
these excitonic peaks, though this information may be
masked by polaronic effects,27 as well as charge-transfer sat-
ellites. The CuL2,3 XAS spectra is a good indicator of the Cu
valence and in this case appears to indicate a CusII d com-
pound as would be anticipated.26 The energy difference be-
tween the two spin-orbit split excitonic features in the XAS
spectrum is 19.9 eV and is the separation of the Cu 2p3/2 and
2p1/2 states, which is in good agreement with XPS measure-
ments of the Cu 2p spin-orbit core-level splitting of 20 eV in
CuO.28 Comparing to the calculated XAS spectrum based on
the Cu 3d PDOS, it can be seen that two features labeledA
and B are predicted in the absorption spectrum. In this in-
stance the energy scales of the calculated and experimental
spectra are set by aligning the emission peak in the respec-
tive spectra. Note that both the largersAd and the smallersBd
calculated XAS features are assigned to Cu 3dxy states where
these orbitals are in the plane of the CuO4 plaquette pictured
in Fig. 1 and the copper atoms have point groupD2h. The
position in energy of the larger peaksAd, assigned to spin-
down Cu 3dxy states immediately aboveEF, has previously
been questionedssee aboved. This question is not resolved
here, since only a single feature following the excitonic peak,
at about 933.7 eV, is discernible in the measured XAS spec-
trum. The separations between the calculated peak in the
emission spectrum and the calculated peaks in the absorption
are ,2.1 eV and,4.1 eV for featuresA andB in the con-
duction band, respectively.

Finally, the SXE spectrum in Fig. 7 does not necessarily
reflect the PDOS of the occupied states of Cu 3d character in
the valence band. At the excitation energy of 965 eV, holes
are created on both Cu 2p3/2 and 2p1/2 states. The peak in the
observedLa emission is at,930.3 eV and is measured in
second order with an effective energy resolution of 1.3 eV.
Thus there is a separation of,3.2 eV between the peak in
the emission and the possible PDOS-associated peak in the
absorption spectra, which would is in good agreement with
calculations. Considering the SXE spectrum in detail, in

common with other CuuO charge-transfer systems, it can
be assumed that there is one hole shared between the Cu 3d
and O 2p states. This state is then a linear superposition of
the 3d9 and 3d10LI configurations. In the case of the CuLa

spectrum, due to core ionization, the valence electron moves
from the ligand atom to the Cu atom. Thus the dominant
transition should be Cu2pd10LI →d9LI for the CuLa line.29

IV. CONCLUSIONS

First the experimental results of this x-ray spectroscopic
study of CaCu3Ti4O12 are in close agreement with the theo-
retical results presented both here and elsewhere.14 The Ti
L2,3-edge XAS spectra reflect the reduced symmetry of the
central Ti ion as compared to the other perovskite com-
pounds BaTiO3 and SrTiO3.

18 Ti La,b SXE spectra at and
above theL3 andL2 edges show similar RIXS features and
resonant behavior as other Tid0 perovskites such as
Ba0.5Sr0.5TiO3,

18 as well as nonperovskites such as FeTiO3.
21

The principal RIXS excitation observed is a charge-transfer
excitation to a nonbonding Ti 3d1 O 2p−1 state. OK-edge
SXE spectra are in excellent agreement with calculations,
particularly as the resonant behavior of the OK SXE spec-
trum can be explained in terms ofs- and p-state emission
from valence-band O 2p states when in resonance withp*

and s* conduction-band O 2p states. Comparison of OK
XAS spectra with calculations indicates that the calculated
position of the Ca 3d states in the conduction band is at least
2 eV lower than is observed. Furthermore, a consistent prob-
lem in both this and previous calculations is the treatment of
the Cu 3dxy states at the center of the CuO4 plaquette. The
experimental results presented here, as well as the measured
band gap of the material, do not indicate that these states are
to be found immediately aboveEF and a more thorough
analysis of how to account for this in calculations is needed.
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