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Broadband dielectric response of CaCu;Ti;Oq,: From dc to the electronic transition regime
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We report on phonon properties and electronic transitions in CaCu3TizO;,, a material which reveals a
colossal dielectric constant at room temperature without any ferroelectric transition. The results of far- and
midinfrared measurements are compared to those obtained by broadband dielectric and millimeter-wave spec-
troscopy on the same single crystal. The unusual temperature dependence of phonon eigenfrequencies, damp-
ings, and ionic plasma frequencies of low-lying phonon modes is analyzed and discussed in detail. Electronic
excitations below 4 eV are identified as transitions between full and empty hybridized oxygen-copper bands
and between oxygen-copper and unoccupied Ti 3d bands. The unusually small band gap determined from the
dc conductivity (~200 meV) compares well with the optical results.
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I. INTRODUCTION

After first reports of very large dielectric constants of the
order of up to 10° in CaCu;Ti,O;, (CCTO) in ceramic
samples,! single crystals,? and thin films,? experimental evi-
dence has been provided that these colossal values have their
origin in Maxwell-Wagner-like relaxation phenomena, char-
acteristic of inhomogeneous media. Planar defects in single
crystals or grain boundaries in ceramics* as well as contact
phenomena and surface effects’” were considered as pos-
sible sources for the unconventional dielectric response in
CCTO. However, also an intense search for intrinsic mecha-
nisms is still ongoing, an example being a recent report on
nanoscale Ca/Cu disorder.®

In addition to this unsettled dispute about the origin of
colossal dielectric constants in CCTO, another interesting
phenomenon was detected: The dielectric constant as mea-
sured by far-infrared (FIR) spectroscopy is as large as 80 at
room temperature and increases with decreasing
temperature,>” contrary to what is expected for a normal
anharmonic solid. This effect was investigated in some detail
by Homes et al.® and explained in terms of charge-transfer
processes.

The present investigation deals with the following topics:
(i) The complete phononic response, which has been mea-
sured by FIR spectroscopy as a function of temperature, is
analyzed in full detail: eigenfrequencies, dampings, and ionic
plasma frequencies are determined for all modes to study
their unusual temperature dependence. Our results are com-
pared to published results>® and to model calculations of the
lattice dielectric response of CCTO from first principles.'%-12
(ii) Within the low-frequency reflectivity spectrum, which is
dominated by phonon modes, we detect an unusually large
number of crossing points in the reflectivity (dR/JIT=0),
which seems to be too significant to be ignored or to be
explained by accidental effects. (iii) Electronic excitations
for energy transfers up to 4 eV are studied via the dynamic
conductivity and are compared to ab initio band structure
calculations.'? (iv) The dynamic conductivity and dielectric
constant from infrared and millimeter-wave spectroscopy are
directly compared to broadband dielectric results to visualize
the full dielectric response of CCTO to electromagnetic
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fields over 15 decades in frequency. (v) Finally, we derive
the band gap from the dc conductivity obtained from the
dielectric results and find a good agreement with the theo-
retically predicted optical band gap, which is in accord with
the IR results.

II. EXPERIMENTAL DETAILS

Single crystals were grown by the floating-zone technique
using a growth furnace equipped with two 1000 W halogen
lamps, with the radiation focused by gold-coated ellipsoidal
mirrors.” Polycrystalline bars, prepared as reported in Ref. 6,
cold pressed, and sintered in air for 12 h at 1000 °C, served
as seed and feed rods. The rods were rotated with a speed of
30 rpm, while the feed was kept still. The growth rate was
adjusted to 5 mm/h. Crystal growth was performed in oxy-
gen (flow rate of 0.2 1/min) at a pressure of 4 bar to avoid
thermal reduction of copper. High purity single crystals with
a lattice constant of 0.7391 nm and free of impurity phases
were obtained. CaCu;Ti4O;, belongs to a unique class of
perovskite derived structures in which the TiOg4 octahedra are
strongly tilted to form an ideal square planar coordination for
the Cu cations.'® The tilting of the octahedra and the con-
comitant noncubic site symmetry of Ti** strongly reduces the
possibilities for off-center displacements and rules out the
long-range polar order of the Ti ions. Thus, this class of
compounds does not usually display ferroelectricity.'

For the dielectric measurements, silver paint contacts
were applied to opposite faces of the disklike single crystals.
The complex dielectric permittivity as function of tempera-
ture was measured over nine frequency decades from 1 Hz
up to 1.3 GHz (for experimental details, see Ref. 14). Addi-
tional measurements using a quasioptic spectrometer in a
Mach-Zehnder configuration were performed in a frequency
range from 60 to 120 GHz."> In the far- and midinfrared
range, reflectivity measurements were carried out using the
Bruker Fourier-transform spectrometers IFS 113v and IFS
66v/S, which are both equipped with He bath cryostats. In
most cases, the reflectivity spectra were directly analyzed
using a generalized oscillator model with four parameters per
phonon mode.'®!” To calculate the dielectric loss from the
experimentally obtained reflectivity, we used a smooth w™
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FIG. 1. (Color) Dielectric constant and dynamic conductivity of
CCTO over 15 decades in frequency for various temperatures. The
symbols and the lines at v>10'> Hz show experimental data.
Dashed lines are fits of the data beyond the relaxation, taking into
account dc and ac conductivities, the latter described by sub- and
superlinear power laws »* and ", respectively (dash-dotted lines,
see text).

extrapolation to high frequencies. The low-frequency ex-
trapolation was based on the measured dielectric data.

III. RESULTS AND ANALYSIS

A survey of the dielectric constant &'(w) and the dynamic
conductivity o’ (w) over 15 decades in frequency is shown in
Fig. 1 for temperatures between 40 and 300 K. Figure 1
impressively documents how, at least at room temperature,
the “relaxational” dielectric response for frequencies below
10 GHz is decoupled from the ionic (v=1X10"2-2
X 103 Hz) and from the electronic (v>2X 103 Hz) pro-
cesses. The upper frame indicates that the relatively high
intrinsic dielectric constant of the order of 100 detected at
the higher frequencies and lower temperatures of the dielec-
tric experiments!>*>7 can be ascribed to the ionic polariz-
ability. e, defined as &’ beyond the phonon modes and de-
termined by the electronic polarizability only, is well below
10. The intrinsic conductivity of CCTO in the lower frame of
Fig. 1, specifically at 40 K, follows a universal behavior
where the dc conductivity with 1° at low frequencies is fol-
lowed by Jonscher’s universal dielectric response with 1%’
(Ref. 18) and by a superlinear power law with v'? at even
higher frequencies. Fits using this approach are indicated as
dashed lines for ¢’ and ¢’ in Fig. 1. This sequence of dc, as
well as sublinear and superlinear ac conductivity regimes,
has been observed in a number of disordered semiconductors
and transition-metal oxides."”

A. Phonon excitations

Figure 2 shows the measured reflectivity of CCTO at
295 K, including the results of a fit using ten oscillators de-
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FIG. 2. (Color online) Reflectivity spectrum of CCTO at 295 K.
The solid line is the result of a fit using ten oscillators, as described
in the text. Inset: dielectric loss obtained by a Kramers-Kronig
analysis. The arrows indicate the positions of expected loss peaks
according to Ref. 11. Note that the predicted resonance at 471 cm™!
is completely absent.

scribed by four parameters each!® according to the following
equation:

2 2 .
wLO-—w —l’yLO-w
o) =e]] S—F—". (1)
j @roj— @ —1Y¥roj®

For the fits, from the dielectric function €(w) the reflectivity
was calculated using standard optical formulas. This theoret-
ical modeling is outlined in detail in Ref. 20. For each pho-
non mode j, the fit parameters are the transverse optical (TO)
and longitudinal optical (LO) eigenfrequencies wy, and w;(
and the damping functions vy, and 7y;,. In addition, the elec-
tronic polarizability is taken into account by &., which is
treated as a free parameter. This model yields an almost per-
fect description of all eigenmodes as observed in the reflec-
tivity spectrum (Fig. 2). Similar results have been obtained
for a series of measurements at different temperatures down
to 5 K. From fits up to 2000 cm™', &, which is due to elec-
tronic polarizability only, has been determined. &, obtained
from these fits was found to scatter between 6 and 7, with no
systematic temperature variation. Hence, for all further
analysis, we used an average value of 6.5 for all tempera-
tures. A list of the LO and TO mode frequencies and damp-
ings as well as the effective ionic plasma frequencies ) and
the dielectric strengths A are given in Table I. The dielectric
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FIG. 3. (Color) Dielectric loss of mode 1 (left panel) and mode
7 (right panel) as a function of wave number for various
temperatures.
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TABLE 1. Eigenfrequencies @ and dampings y of both transverse (TO) and longitudinal optical (LO)
phonon modes of CCTO at 5 K. Additionally, the plasma frequencies () and dielectric strengths Ae are
provided for each mode. The second column contains the frequencies of IR-active phonon modes calculated

by He er al. (Ref. 11).

o Y

Mode (cm™) (cm™") Q

(5 K) LSDA®? TO LO TO LO (em™) Ae
1 125 119.2 129.8 11.8 1.3 478.2 16.1
2 135 134.5 152.7 5.2 2.5 591.1 19.4
3 158 158.1 181.1 4.2 24 630.7 15.9
4 199 195.1 216.1 52 4.7 599.3 9.4
5 261 250.4 303.9 11.9 34 914.6 133
6 310 307.7 352.9 4.5 4.3 799.9 6.8
7 385 382.9 407.7 8.8 55 608.7 25
8 416 421.3 487.3 9.1 12.2 920.6 4.8
9 471

10 494 506.9 542.4 13.2 10.2 677.9 1.8
11 547 551.6 760.3 10.2 322 1333.8 5.8

4Reference 11.

strength of mode j, in the case of nonoverlapping modes, is
given by?"
2 2 2
@roj~ P10; Droi
Ae¢i=e,—5 T o (2)
Wroj

i=j+1 @T10;
The plasma frequency () is obtained via
2 2
Qj = A€jwrg;- (3)

The experimental results documented in Table I compare rea-
sonably well with first-principles calculations of the TO
eigenfrequencies of CCTO within local spin-density approxi-
mation (LSDA) by He et al.,"! which are shown in the sec-
ond column of Table I. All experimentally observed eigen-
frequencies lie in a frequency range of approximately
+10 cm™' when compared to the theoretical predictions.
However a mode of moderate strength, predicted to occur at
471 cm™!' (Ref. 11) is fully missing in the reflectivity data.
Indeed, while the symmetry of the crystal allows for 11 IR-
active modes, only ten are observed experimentally. A closer
look in Fig. 2 shows that fit and experimental result almost
coincide, and it is hard to believe that an extra mode of
considerable strength can be hidden in this reflectivity spec-
trum if not two eigenfrequencies are accidentally degener-
ated within =5 cm™. To check this possibility in more de-
tail, the inset of Fig. 2 shows the dielectric loss vs wave
number in the frequency range from 400 to 530 cm™'. The
arrows in the inset indicate the eigenfrequencies as theoreti-
cally predicted. While theory meets the modes close to 420
and 500 cm™!, there is not the slightest indication of an ad-
ditional mode close to 471 cm™'. Two possibilities exist to
settle this disagreement: The missing mode is much closer to
the mode at 500 cm™' than predicted by LSDA or its inten-
sity is so weak that it is not detected in the reflectivity
spectrum.

In the following, we will address the different phonon
modes with numbers, as indicated in Table I. A closer inspec-
tion of this table reveals rather unusual details. Specifically,
for modes 1 and 5, y7o is much larger compared to 7y;,
contrary to what is expected in a canonical anharmonic solid.
In conventional solids, the damping will be of the order of
1%-5% of the eigenfrequencies at low temperatures. In the
case of CCTO, where TO and LO eigenfrequencies are not
too different, one could expect similar damping constants.
However, for mode 1, y is almost a factor of 10 larger than
v10- This may be at least partly related to the unconventional
temperature dependence of eigenfrequencies and damping
(see below). In what follows, we will give a detailed descrip-
tion of the temperature dependence of some of the polar
phonon modes in CCTO. The modes can be grouped into two
fractions: The first five modes reveal an unusual temperature
dependence that cannot be explained by normal anharmonic
effects.>! Phonons 6-11 can be classified as phonon excita-
tions of a classical anharmonic solid. As prototypical ex-
amples, Fig. 3 shows the dielectric loss of phonons 1 and 7
as a function of wave number for a series of temperatures.
With decreasing temperature, phonon 1, which lies close to
120 cm™" at room temperature, broadens, shifts to lower fre-
quencies, and strongly increases in dielectric strength. On the
contrary, phonon 7, which appears close to 380 cm™' at
295 K, becomes narrow and shifts to higher frequencies on
lowering the temperature, a behavior reflecting anharmonic-
ity due to phonon-phonon scattering processes. As will be
shown later, in this case the dielectric strength almost re-
mains constant, which is expected in a purely ionic solid
with no charge-transfer processes and no ferroelectric insta-
bility.

The results of a detailed four-parameter analysis are docu-
mented in Fig. 4: LO and TO eigenfrequencies (upper
frames) and dampings (middle frames), as well as the ionic
plasma frequencies (lower frames) are shown for phonon 1
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FIG. 4. (Color online) Eigenfrequencies, dampings, and plasma
frequencies for mode 1 (left frames) and mode 7 (right frames) as a
function of temperature. The lines are drawn to guide the eyes.

(left frames) and phonon 7 (right frames). For mode 1, the
TO mode softens considerably and its damping is unusually
large and increases on decreasing temperature. As has been
documented already by Homes et al.,> the plasma frequency
increases by as much as 60% when the temperature is low-
ered from room temperature down to 5 K. On the other hand,
mode 7 shows a conventional behavior. LO and TO eigen-
frequencies slightly increase, and the inverse lifetimes de-
crease when temperature is lowered. The plasma frequency
almost remains constant at a value of (609 =2) cm™!, which
is certainly within the experimental uncertainties. As the
ionic plasma frequency, which corresponds to the effective
charges, is proportional to the difference of the squared LO
and TO eigenfrequencies, it is obvious that the increase of
the plasma frequency ) of mode 1 predominantly corre-
sponds to the softening of the transverse optic mode (see the
upper left frame in Fig. 4). At present, it is unclear whether
this observation indicates an underlying ferroelectric insta-
bility or points toward charge-transfer processes as driving
forces.

As documented in Table I for 5 K, we calculated the di-
electric strength for all modes and determined these values as
a function of temperature. The lower frame in Fig. 5 shows
the static dielectric constant &, which corresponds to &, plus
the sum over the dielectric strengths of all modes. According
to this FIR result, &, increases from 83 at room temperature
to approximately 100 at low temperatures. This has to be
compared to measurements of the dielectric constant at GHz
frequencies, which corresponds to the intrinsic static dielec-
tric constant. These results are documented in the upper
frame of Fig. 5. The GHz dielectric constant indeed roughly
follows the FIR results; especially, it shows similar tempera-
ture dependence. The strong increase of &’ as detected at
lower frequencies corresponds to Maxwell-Wagner-like
effects.>”’
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FIG. 5. (Color online) Upper panel: dielectric constant for vari-
ous frequencies as a function of temperature obtained by dielectric
spectroscopy. Lower panel: static dielectric constant derived from
FIR experiments.

In discussing the phonon properties, we would like to
point toward another interesting phenomenon, whose nature
and origin are unclear at present. Each pair of TO and LO
modes creates a rectangular shaped band in the reflectivity:
In an ideal harmonic solid, one would expect that the reflec-
tivity R is close to unity between the TO and the LO modes.
The decrease of R(w) with increasing temperature follows
from an increasing anharmonicity. In the temperature depen-
dent reflectivity spectra of CCTO, each band exhibits two
striking crossing points. In optical spectroscopy of chemical
species, a so-called isosbestic point usually defines a point
on the wavelength scale, where two species have exactly the
same absorption. Isosbestic points have sometimes also been
identified in the dynamical conductivity of transition-metal
oxides and were explained in terms of spectral weight trans-
fer driven by strong electronic correlations.?”> Quite gener-
ally, it can be stated that whenever a system can be described
by a superposition of two components with dynamic quanti-
ties, which only depend linearly on density, isosbestic points
are expected to occur.?? In particular, this also applies to the
temperature dependence as long as the total density is con-
stant. In our case, each reflectivity band exhibits two wave-
lengths where the reflectivity is exactly temperature indepen-
dent, i.e., JR/dT=0. As an example, Fig. 6 shows the
reflectivity at around 140 and 390 cm™!. Close to each TO
and LO mode, we find these crossing points where, indeed,
the reflectivity is temperature independent within experimen-
tal uncertainty. Again, we would like to stress that similar
observations can be made for each reflectivity band of
CCTO. At present, however, it is unclear how the reflectivity
of CCTO can be described by the interaction of light with
two components. One could think of microscopic (elec-
tronic) phase separation. Indeed, reports on nanoscale disor-
der of Cu and Ca sites from x-ray absorption fine structure
measurements® and reports of the coexistence of strained and
unstrained domains by scanning electron microscopy?* pro-
vide some arguments in favor of this explanation. One could
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FIG. 6. (Color) Raw reflectivity data for mode 2 (left panel) and
mode 7 (right panel) for various temperatures. Note the isosbestic
points, i.e., points of temperature independent reflectivity.

also speculate that in CCTO the CuO, planes and the TiOg¢
octahedra behave like two independent components being
responsible for the occurrence of isosbestic points in all ab-
sorption bands.

B. Electronic excitations

Finally, we studied the low-lying electronic transitions up
to 30 000 cm™!, corresponding to an energy of 3.8 eV. The
results are documented in Fig. 7, which shows the real part
of the dynamic conductivity vs wave number on a double-
logarithmic scale. The spectral response below 700 cm™' is
dominated by the phonon response. Beyond the phonon re-
gime, the conductivity gradually increases up to 10 000 cm™!
and then shows a stronger increase with a peak close to
24000 cm™! corresponding to 3.0 eV. We would like to
stress that the conductivity below 1eV (=8000 cm™) is
relatively small (note the double-logarithmic scale of Fig. 7)
and slightly depends on the extrapolation scheme beyond
4 eV, used for the Kramers-Kronig analysis. However, all
reasonable extrapolations yield similar results with only
slight differences in the tail toward the lowest frequencies.
When comparing our results to first-principles density-
functional theory within the LSDA from He et al.,'® we iden-
tify the continuous increase of the conductivity from about

CCTO
295 K

-
o
w
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SN

A

N
OA
T

25

_
o
EN

107 10° )
wave number (cm)

FIG. 7. (Color online) Dynamic conductivity of CCTO at
295 K. The spectral response can be divided into three major con-
tributions: a phonon part (shaded area), transitions into empty
Cu 3d-0 2p orbitals (left hatched area) and transitions into unoc-
cupied Ti 3d states (right hatched area).
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FIG. 8. (Color online) Dynamic conductivity over nine decades
of frequency for CCTO for various temperatures. Solid lines repre-
sent the results of an equivalent-circuit analysis (see text). The inset
shows the resulting dc conductivity at 7=100 K in an Arrhenius-
type representation.

2000 to 10 000 cm™" with transitions between the empty and
filled strongly hybridized Cu 3d and O 2p orbitals. The filled
bands are located just below the Fermi level, while the empty
states extend up to 0.7 eV, with a maximum close to 0.5 eV
and an onset at about 0.25 eV, which corresponds to ap-
proximately 2000 cm™'. According to theory, the dominant
peak close to 24 000 cm™' (~3.0 eV), observed in Fig. 7,
can be identified with transitions into predominantly
d-derived empty states from the Ti ions. In the LSDA calcu-
lations, this Ti 3d band of mainly 7,, character extends from
1.5 to 3.5 eV, with a peak maximum close to 2.8 eV. Thus,
overall, the dynamical conductivity at high frequencies could
be determined by the superposition of two electronic transi-
tion bands located at around 0.75 and 3.0 eV, as schemati-
cally indicated by the hatched areas in Fig. 7. It should be
noted that the conductivity tail due to transitions between the
hybridized copper-oxygen bands extends to rather low fre-
quencies. In the chosen double-logarithmic plot, the band
gap should be read off at a limiting vertical decrease of o’ (v)
at low frequencies. This is not observed in the data, most
likely due to the mentioned uncertainties at very low conduc-
tivity values or possible phonon tails as expected for indirect
transitions. Clearly, while our results are not a proof of the
band structure of CCTO, they are at least compatible with
the LSDA calculations, especially concerning the predicted
small band gap.'”

It can be expected that this optical band gap also deter-
mines the dc conductivity. In Fig. 8, we show the conductiv-
ity of CCTO deduced from the dielectric experiments over
nine decades of frequency for a series of temperatures.” At
high frequencies and low temperatures, o’ (v) of CCTO is
dominated by ac conductivity, resulting in a power-law in-
crease toward the highest frequencies. At the highest tem-
peratures, the conductivity in the MHz to GHz range is
purely of dc type and independent of frequency. Toward
lower frequencies, the well-known Maxwell-Wagner relax-
ation leads to a steplike decrease of ¢’. The dc plateaus for
each temperature can easily be identified. At 40 K, the dc
plateau is located between 50 Hz and 10 kHz and shifts to
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higher frequencies with increasing temperature. It is located
beyond 10 MHz for 300 K. These dc conductivity plateaus
also show up in the lower frame in Fig. 1.

The complex frequency-temperature dependence of the
conductivity can only be exactly analyzed utilizing an
equivalent-circuit analysis including elements for the bulk
sample and surface layers. The solid lines in Fig. 8 result
from fits assuming two RC circuits for two types of barriers
(e.g., external and internal) and one RC circuit including ac
conductivity for the bulk sample. For details, see Refs. 5-7.
The resulting dc conductivity at 7= 100 K is indicated in the
inset of Fig. 8 in an Arrhenius type of presentation. The
energy barrier derived from the Arrhenius fit is of the order
of 200 meV, in good agreement with the theoretical band
gap and consistent with the optical results (see Fig. 7). Here,
we assumed an intrinsic semiconductor with constant
mobility and a charge-carrier density proportional to
exp[—E,/(2kgT)]. At lower temperatures, deviations from an
Arrhenius behavior show up, which may be ascribed to hop-
ping conductivity of localized charge carriers, as will be dis-
cussed in a forthcoming paper.?’

IV. CONCLUDING REMARKS

In summary, our detailed optical characterization of
CCTO and the comparison with broadband dielectric spec-
troscopy performed on the same single crystal revealed a
number of unusual properties of this material, in addition to
the well-known colossal dielectric constants.

We analyzed in detail the temperature dependence of the
phonon modes and determined LO and TO eigenfrequencies
and dampings as well as the ionic plasma frequencies. The
low-lying modes (numbers 1-3, see Table I) do not behave
like phonons of normal anharmonic solids. The TO modes
soften and the plasma frequencies strongly increase. At
present, it is unclear if this is due to an underlying ferroelec-
tric instability, which, however, does not lead to a transition
even for lowest temperatures or if this indicates significant
charge-transfer processes, as has been assumed by Homes et
al.’ The phonon modes that are higher in frequency (num-
bers 6-11) exhibit a canonical behavior; i.e., eigenfrequen-
cies and dampings reveal a temperature dependence charac-
teristic of an anharmonic solid, which is dominated by
phonon-phonon interactions. The damping of the TO mode at
120 cm™! shows a cusp close to the antiferromagnetic phase
transition. In CCTO, the Cu?* 3d electrons constitute almost
localized S=1/2 spins, which undergo Néel ordering close to
Ty=24 K. In strongly correlated electron systems, a strong
spin-phonon coupling is often observed.?’ In CCTO, how-
ever, only mode 1 shows an anomaly at T, and, overall, it
seems that the phonons are not strongly coupled to the spin
system.

The static dielectric constant arising from the phonon
modes as derived from the measurements of this work in-
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creases from roughly 80 at room temperature to approxi-
mately 100 at 5 K. It nicely scales with the dielectric con-
stants measured at 1 GHz by dielectric spectroscopy. The
purely electronic polarizability leads to £,=6.5.

As a function of temperature, each reflectivity band ex-
hibits significant crossing points. At these “isosbestic”
points, the reflectivity is completely independent of tempera-
ture. The implications for eigenfrequencies, dampings, and
strengths are unclear. These crossing points are too signifi-
cant and too well defined to be explained by trivial effects of
the temperature dependence of the phonon modes. Isosbestic
points are usually explained as being due to two components
with constant total density. An identification of two compo-
nents in CCTO is not straightforward, and these crossing
points await a deeper theoretical analysis.

Finally, we summed up the effective plasma frequencies
for all modes, which must correspond to the ratio of the
squared effective charges and the mass of all ions in the unit
cell (see, e.g., Ref. 20). Experimentally, we find a value of
0=2500 cm™!, compared to the theoretical value of
2700 cm™!, which assumes ideal ionicity for all atoms. In
calculating the ionic plasma frequency of CCTO, the main
contributions result from Ti** and 02, while Ca?* and Cu®*
ions contribute less than 1%. The fact that the experimentally
observed plasma frequency is so close to that calculated for
an ideal ionic solid demonstrates that, at least, the TiOg4 oc-
tahedra are purely ionically bonded while the Cu-O sub-
system can reveal partly covalent bonds. This seems to be in
accord with the LSDA calculations.'*!!

The strong ionicity and the weak hybridization between
the oxygen 2p levels and the titanium 3d states!® indicate
that the underlying nature of the anomalies in CCTO are
different from the origin of ferroelectricity in perovskite ox-
ides: These model ferroelectrics require strong hybridization,
charge distortion, and covalency.27 However, also alternative
routes to ferroelectricity were proposed, taking into account
the strong polarizability of the 02 ion,?® and, recently, an
attempt has been made to explain the optical response of
CCTO utilizing these ideas.?

The dynamic conductivity beyond the phonon modes is
consistent with two electronic excitations as theoretically
predicted from LSDA band structure calculations.'” They can
be ascribed to transitions from the filled hybridized O 2p and
Cu 3d bands to the empty O 2p/Cu3d states and to the
empty Ti3d orbitals, arising close to 0.75 and 3.0 eV, re-
spectively.
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