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Abstract
The doping dependence of the optical properties of La1−yCayTiO3.4±δ crystals
was studied by polarization-dependent infrared reflectivity measurements at
room temperature. For y < 0.2 the optical conductivity spectra reveal a
quasi-one-dimensional conducting character, and the phonon spectra suggest
small changes in the crystal structure and effective charge induced by the
substitution of trivalent lanthanum with divalent calcium. The pronounced
mid-infrared absorption band observed along the conducting direction shifts
to lower frequencies with increasing electron concentration. The possible
origin of the band is discussed in terms of polaronic excitations, Mott–Hubbard
excitations, phonon-assisted Ti t2g d–d transitions, and charge-transfer (2p–
3d) transitions. Among these interpretations the polaron model is most likely.
La1−yCayTiO3.4±δ with y = 0.2 and δ = 0 exhibits an insulating character and
a less anisotropic optical response. The observed differences in the electronic
and vibrational excitations in La0.8Ca0.2TiO3.40 compared to the other studied
titanates could be due to local changes of the crystal structure.

                                                              

1. Introduction

The interplay of the various degrees of freedom in perovskite titanates leads to interesting
ground states [1–6]. As an example, the compound LaTiO3.0 is intensively studied and the
possibility of an orbitally ordered versus an orbital liquid state is under debate. LaTiO3.0

belongs to the titanate series (La, Ca)TiO3.5−x with 0 � x � 0.5, which comprises compounds
with a wide range of properties, including the antiferromagnetic Mott–Hubbard insulator

3 Present address: Lehrstuhl für Experimentalphysik II, Universität Augsburg, Universitätsstr. 1, 86159 Augsburg,
Germany.
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Figure 1. Crystal structure of LaTiO3.41 viewed along the a axis (top) and along the b
axis (bottom), illustrating the anisotropic character with chains of TiO6 octahedra along the
a axis [17].

LaTiO3.0, the ferroelectric band insulator LaTiO3.5, and (semi)conducting compounds for
intermediate oxygen contents, 0 < x < 0.5 [7]. In particular, LaTiO3.41 is a quasi-one-
dimensional (quasi-1D) conductor according to dc resistivity [7] and infrared reflectivity
measurements [8]. The optical conductivity spectrum of LaTiO3.41 for the polarization along
the conducting a axis contains a pronounced absorption band in the mid-infrared (MIR)
frequency range with a strong temperature dependence. It was proposed that this MIR band is
due to the excitation of vibrational polarons [8], and thus suggests the importance of electron–
phonon coupling in this series of compounds. On the other hand, electronic correlations in
general play an important role in the conduction mechanism of 3d transition metal oxides, and
also need to be considered. The dominant mechanism determining the electronic properties of
LaTiO3.41 is still an open issue [9, 10].

As demonstrated in other low-dimensional systems, like the 1D metal β-
Na0.33V2O5 [11, 12], the 2D organic conductor κ-(BEDT-TTF)2Cu(NCS)2 [13], and the 2D
cuprates [14–16], the MIR absorption band contains significant information about the conduc-
tion mechanism. Besides the temperature dependence, the doping dependence of the MIR band
was shown to be an important criterion to unravel its character. Hence, also in the case of the ti-
tanate series (La, Ca) TiO3.5−x the effect of electron doping on the MIR band is expected to give
further indications for the possible existence of polaronic carriers. Therefore, we studied the
optical properties of various crystals La1−yCayTiO3.4±δ with 0 � y � 0.2 and 0 � δ � 0.05,
i.e., with different electron densities, in the infrared frequency range.

The investigated systems are AnBnO3n+2 perovskite-related compounds of the type n =
5 [7]. As an example, we show in figure 1 the monoclinic crystal structure (belonging to space
group P21/c) of LaTiO3.41, which consists of slabs of vertex-sharing TiO6 octahedra [17]. The
slabs are five octahedra wide along the c direction, and neighbouring slabs are offset by half
an octahedron along the a axis. Furthermore, the octahedra are rotated around the a axis and
tilted. Due to the complex crystal structure, the number of formula units in the monoclinic unit
cell is large (20); therefore, the unit cell comprises altogether 108 atoms.

In this manuscript we present the polarization-dependent optical response of
La1−yCayTiO3.4±δ compounds with different electron doping levels. Of particular interest is
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Table 1. Lattice parameters of the studied La1−yCayTiO3.4±δ crystals [7, 17, 18]. Also listed is the
nominal number Nnominal of Ti 3d electrons for each compound together with the effective number
Neff of free electrons per formula unit for each compound, calculated according to the sum rule
given by equation (1), and the ratio of the effective number of electrons Neff to the nominal number
of electrons Nnominal.

Single crystal a (Å) b (Å) c (Å) β Nnominal Neff Neff/Nnominal

La0.965TiO3.35 7.86 5.53 31.47 97.1 0.195 0.110 16 0.565
LaTiO3.41 7.86 5.53 31.45 97.2 0.18 0.102 32 0.568
La0.89Ca0.11TiO3.36 7.84 5.52 31.09 96.1 0.17 0.093 54 0.550
La0.9Ca0.1TiO3.38 7.83 5.52 31.1 96.2 0.14 0.080 52 0.575
La0.87Ca0.13TiO3.39 7.83 5.52 31.05 96.2 0.09 0.058 6 0.651
La0.8Ca0.2TiO3.40 7.79 5.52 31.5 97.0 0 — —

the doping dependence of the MIR absorption band, which gives insight into its character.
Besides excitations of polaronic character, purely electronic excitations—like Mott–Hubbard
inner-gap states, local crystal field excitations, and charge-transfer excitations—are considered
as an explanation for the MIR band. Furthermore, differences in phonon spectra are briefly
discussed.

2. Experiment

La1−yCayTiO3.4±δ crystals were synthesized by a floating zone melting process and their
compositions were determined by thermogravimetric oxidation [7]. In table 1 the investigated
La1−yCayTiO3.4±δ crystals are listed with their lattice parameters [7, 17, 18]. They all have
comparable lattice parameters, with the most significant differences in the c axis parameter and
monoclinic angle β . The nominal number Nnominal of Ti 3d valence electrons is calculated
assuming an ionic picture and valences −2 and +3 of the oxygen and lanthanum ions,
respectively.

The investigated titanate samples were polished on a polishing disc using diamond paste
with a grain size of 1 μm to obtain flat and shiny surfaces. The polarization-dependent
reflectivity spectra of La1−yCayTiO3.4±δ for the electric field E of the incident radiation along
the a and b axes were measured at room temperature in the frequency range 50–12 000 cm−1

using a Fourier-transform spectrometer (Bruker IFS 66v/S) in combination with an infrared
microscope. The infrared microscope enables the study of spots on the sample with a diameter
of only a few tens of micrometres. Thus, we could probe several positions on the sample
and verify its homogeneity. In order to obtain the absolute reflectivity, the intensity spectrum
reflected from an aluminium mirror was used as reference. All reflectivity spectra were fitted
with the Drude–Lorentz model. Based on these fits, the spectra were extrapolated to low
(ω = 0) and high frequencies (ω = 100 000 cm−1), thereby also taking into account the high-
frequency data (up to 36 000 cm−1) of LaTiO3.41 recorded with a variable angle spectroscopic
ellipsometer [19]. By the subsequent Kramers–Kronig transformation the frequency-dependent
optical conductivity σ1 was calculated.

3. Results

The polarization-dependent reflectivity and optical conductivity spectra of the studied titanates
are shown in figures 2 and 3, respectively. For E ‖ a the La1−yCayTiO3.4±δ compounds with
y < 0.2 show a metallic-like increase of the reflectivity with decreasing frequency in the
low-frequency range (�110 cm−1) and a Drude-like contribution, superimposed by phonon
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Figure 2. Reflectivity R of La1−yCayTiO3.4±δ crystals for the polarizations E ‖ a and E ‖ b at
room temperature. The nominal number Nnominal of Ti 3d electrons is given in parenthesis for each
compound.

lines, in the corresponding optical conductivity spectra. A characteristic feature of the E ‖ a
optical conductivity is a pronounced absorption band centred at around 2500 cm−1. For E ‖ b
the overall reflectivity is lower, and in the optical conductivity spectra only strong phonon
excitations are found in the far-infrared range, indicating an insulating character; at higher
frequencies (≈6000 cm−1) an absorption band is observed, which we assign to charge-transfer
excitations.

The most pronounced changes with electron doping are seen in the E ‖ a spectra: for
low doping levels (Nnominal = 0.09, 0) the low-frequency (�200 cm−1) reflectivity is
significantly reduced, and for La0.8Ca0.2TiO3.40 it even decreases with decreasing frequency,
indicating an insulating character. Correspondingly, in the optical conductivity spectra the
Drude term is gradually suppressed with decreasing electron doping and has disappeared for
La0.8Ca0.2TiO3.40. Pronounced changes are also found in the MIR range, where the broad
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Figure 3. Optical conductivity σ1 of La1−yCayTiO3.4±δ crystals for E ‖ a and E ‖ b at room
temperature, obtained from Kramers–Kronig transformation. The nominal number Nnominal of Ti
3d electrons is given in parenthesis for each compound.

absorption band is located (see figure 3). The position and intensity of the band depends on
the electron doping level. The MIR band shifts to lower frequencies and its intensity increases
with increasing electron density. For La0.8Ca0.2TiO3.40 (Nnominal = 0), the absorption bands in
the optical conductivity for both E ‖ a and E ‖ b are absent.

The optical conductivity spectra along both a and b axes contain several phonon modes
below 1000 cm−1. The phonon spectra are shown in figure 4. For E ‖ a they were obtained
by subtracting the MIR absorption band and the Drude contribution, obtained from the Drude–
Lorentz fits, from the total optical conductivity. The phonon modes belong to three groups
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Figure 4. Phonon spectra of La1−yCayTiO3.4±δ crystals for E ‖ a and E ‖ b. The spectra are shifted
for clarity.

located in the following ranges: 100–200 cm−1, 200–400 cm−1, and 400–850 cm−1. Based on
a comparison with typical perovskite materials like LaTiO3 [20] and BaTiO3 [21], they can be
assigned to external vibrational modes of the TiO6 octahedra against the cations (La3+/Ca2+
ions) and the TiO6 octahedral bending and stretching modes, respectively. The resonance
frequencies of the phonon modes were extracted from the optical conductivity spectra by fitting
with the Drude–Lorentz model and are listed in table 2.

The phonon spectra for the titanates La0.965TiO3.35 (Nnominal = 0.195) and LaTiO3.41

(Nnominal = 0.18) are very similar, with small differences in the oscillator strengths. However,
doping causes changes which are illustrated in figure 5: here we compare the phonon modes
with those of La0.965TiO3.35, i.e., the studied titanate with the highest electron doping level. The
relative shifts �ω j/ω j,La0.965TiO3.35 , with �ω j = ω j –ω j,La0.965TiO3.35 , of the phonon modes with
respect to La0.965TiO3.35 are presented as a function of calcium content y. For the polarization
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Table 2. Frequencies of the main phonon modes in cm−1 of the La1−yCayTiO3.4±δ crystals for
E ‖ a and E ‖ b, obtained from the Drude–Lorentz fits of the spectra shown in figure 4. The strongest
modes are indicated by (s).

La0.965TiO3.35 LaTiO3.41 La0.89Ca0.11TiO3.36 La0.9Ca0.1TiO3.38 La0.87Ca0.13TiO3.39 La0.8Ca0.2TiO3.40

E ‖ a

162 161 163 164 165 165
174 173 176 176 175 182
— 209 208 205 206 208 (s)
239 (s) 237 (s) 237 (s) 237 (s) 238 (s) 237
300 (s) 299 (s) 302 (s) 301 (s) 301 303
325 324 321 320 318 318
571 570 569 566 558 547

E ‖ b

— — 143 145 147 145
167 (s) 167 (s) 170 (s) 171 (s) 172 (s) 177
282 282 281 283 283 282
333 (s) 330 (s) 328 (s) 327 (s) 321 (s) 304 (s)
353 355 357 358 361 364
385 386 391 392 394 397
463 464 465 466 467 468
509 509 510 513 513 512
540 (s) 540 (s) 539 (s) 539 (s) 541 (s) 541 (s)
795 795 796 800 801 800

E ‖ a some changes with increasing calcium content are observed for the modes at 174
and 571 cm−1, which shift to higher and lower frequencies, respectively. The strong phonon
mode around 300 cm−1 is gradually damped (see figure 4). Moreover, there seems to be a
redistribution of oscillator strength between the phonon modes located at 237 and 208 cm−1

for the compound La0.8Ca0.2TiO3.40.
Changes in the phonon spectra due to calcium doping are most pronounced along the b

axis: regarding the external vibrational modes, the strongest line at 167 cm−1 shifts to higher
frequencies and its intensity decreases with increasing calcium doping y. Furthermore, an
additional phonon mode gradually develops at around 145 cm−1. The TiO6 bending modes
(200–400 cm−1) also show considerable changes: the main phonon mode at 333 cm−1, which
is almost constant for the titanates La0.965TiO3.35 and LaTiO3.41, shifts to lower frequencies,
while the phonons at 353 and 385 cm−1 harden with increasing calcium content. The octahedral
stretching modes are almost unaffected by the doping; only the relatively weak mode at
509 cm−1 is gradually damped.

4. Discussion

Information about subtle differences in the crystal structure of the different La1−yCayTiO3.4±δ

compounds can be inferred from a comparison of the phonon spectra. Calcium doping causes
changes in the phonon spectra, in particular for E ‖ b, as illustrated in figure 5. With increasing
calcium doping the strong phonon line centred at 167 cm−1, which is related to the external
vibrational modes, shifts to higher frequencies by nearly 6% and its intensity decreases.
Also the external vibrational modes for E ‖ a, located at 162 and 174 cm−1, exhibit shifts
to higher frequencies. The shifts of the phonon modes for the polarization E ‖ a are smaller
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Figure 5. Relative shifts �ω j /ω j of the E ‖ a and E ‖ b phonon modes for La1−yCayTiO3.4±δ

crystals with respect to La0.965TiO3.35 (see text) as a function of calcium content y and electron
density. The frequencies in the legend correspond to the phonon modes in La0.965TiO3.35.

compared to those for E ‖ b. The largest changes (>4%) are found for the insulating material
La0.8Ca0.2TiO3.4 with the highest calcium content. In general, the frequency ω j of a vibrational
mode is related to the reduced mass m of the ions involved in the vibration according to
ω j = √

k j/m j , where k j is the force constant of the mode [22]. Accordingly, the external
vibrational modes, where the TiO6 octahedra oscillate against the anion, are expected to shift to
higher frequencies when heavier La3+ ions are substituted by lighter Ca2+ ions, in agreement
with our findings.

Although the simple mass consideration qualitatively explains the shift in frequency of
the vibrational mode, it cannot explain the damping of the strongest phonon as well as the
appearance of a new phonon in the lower frequency range around 145 cm−1 for E ‖ b. The
calcium doping furthermore causes frequency shifts and changes in oscillator strengths for
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several other modes, and the appearance of new lines in the bending and the stretching
modes of the TiO6 octahedra. In particular, the central group of phonons which corresponds
to the bending mode of the TiO6 octahedra splits into several lines along both studied
directions. Since the crystal structure parameters are only slightly altered by calcium doping
(see table 1), these changes in the phonon modes could be attributed to small distortions of
the TiO6 octahedra and changes in the bond lengths, which were found to greatly influence the
vibrational modes in several rare-earth and alkali-metal titanates [21, 23–25]. Furthermore, the
role of effective charge cannot be neglected as we substitute La3+ by Ca2+, since it generally
influences the force constant of the vibrational modes [21]. The study on titanate perovskites
(especially ferroelectric titanates) has also shown that the amplitude of effective charge is
dependent on the particular interatomic distance and crucially affected by the anisotropy of
Ti environment along the Ti–O chains [26].

An interesting feature in the optical conductivity spectra of La1−yCayTiO3.4±δ with y <

0.2 for the polarization along the conducting a axis is a pronounced MIR band. In the case
of LaTiO3.41 it was proposed that this band is due to the photoionization of polaronic charge
carriers [8–10]. From the temperature dependence of the MIR band position in LaTiO3.41,
which is—within a polaronic scenario—directly linked to the polaron binding energy [27], a
picture of independent small polarons appeared less probable; rather, a model of interacting
polaronic quasiparticles seemed to apply [8]. In this case, the position of the MIR band
should depend on the density of the charge carriers, i.e. the doping level: with increasing
electron doping the effective electron–phonon coupling is decreased due to increasing electron–
electron interactions, thus decreasing the polaron binding energy [28, 29]. This fact was
for example used to identify the nature of the polaronic band in the cuprate superconductors
Nd2−x CexCuO4−y [16]. Therefore, the study of the doping dependence of the MIR band could
provide an insight into the conduction mechanism in the La1−yCayTiO3.4±δ compounds as well.
From the optical properties of La1−yCayTiO3.4±δ with y < 0.2, a dependence of the position
of the MIR band on the carrier doping level is obvious: with increasing 3d electron number
the MIR band shifts to lower frequencies. The MIR band of the studied La1−yCayTiO3.4±δ

compounds, extracted from the Drude–Lorentz fit of the optical conductivity, is shown in
figure 6. Such a redshift of the MIR band is indeed compatible with an interacting polaron
model [28–31].

Assuming that in the titanates La1−yCayTiO3.4±δ polarons exist, a further open issue is
their nature, i.e., whether they are small or large. A first hint can be inferred from the mobilities
of the charge carriers, which are expected to be quite different for small and large polaronic
quasiparticles. Large polarons move with large mobilities, μ > 1 cm2 V−1 s−1, in contrast
to small polarons with μ < 1 cm2 V−1 s−1 [27]. The mobility μ of charge carriers can be
roughly estimated from the dc conductivity σdc and the number n of electrons per unit volume
according to μ = σdc/(n · e), with e being the electron charge. From the dc conductivity σdc at
300 K (1149 �−1 cm−1) [8], the nominal number of electrons per unit cell (3.6 electrons/unit
cell), and the volume of the unit cell (1357 Å

3
), the mobility μ of the compound LaTiO3.41 was

estimated to be 2.7 cm2 V−1 s−1. This value lies close to the limit between the large and small
polaron regimes.

In order to check the reliability of this estimation based on the nominal number of
electrons, the effective number of carriers obtained from the optical conductivity data was used
in the calculation of the mobility. According to the sum rule, the effective number of valence
electrons per formula unit, Neff, is obtained by integrating the optical conductivity:

Neff = 2meV

πe2 Z

∫ ωm

0
σ1(ω) dω, (1)



9182

0

100

200

300

400

500

600

700

800

0.09 0.12 0.15 0.18 0.217.5x10
4

1.5x105

2.3x105

3.0x105

3.8x105

1.5x106

2.3x106

3.0x106

3.8x106

4.5x106

Drude peak

Nnominal

Spectral weight  

MIR band

La0.965TiO3.35 (0.195) 

LaTiO3.41 (0.18)

La0.89Ca0.11TiO3.36 (0.17)

La0.9Ca0.1TiO3.38 (0.14)

La0.87Ca0.13TiO3.39 (0.09)

σ 1 (
Ω

-1
cm

-1
)

Frequency (cm-1)
3000 6000 9000 12000 15000 18000

Figure 6. MIR absorption band of La1−yCayTiO3.4±δ for E ‖ a extracted by Drude–Lorentz fits
of the optical conductivity spectra. Inset: spectral weights of the Drude term and MIR band as a
function of the nominal number of electrons Nnominal.

where me is the free electron mass, V is the volume of the unit cell, and Z is the number of
formula units per unit cell. The upper integration limit ωm was set to be 15 000 cm−1, which
is the approximate onset frequency of the interband transition. The phonon contribution was
subtracted from the integrated total conductivity. Neff calculated according to equation (1)
qualitatively agrees with Nnominal: it follows the same tendency with calcium doping and is
of the same order of magnitude as Nnominal, differing by a factor of about 0.6 for all studied
compounds (see table 1). Using the so-obtained Neff we estimate a mobility of 4.8 cm2 V−1 s−1

for LaTiO3.41. Furthermore, taking into account the low-frequency limit (ω → 0) of the optical
conductivity in the calculation of mobility gives a value of 1.0 cm2 V−1 s−1, which still lies
in the limit between the large and small polaron regimes. Thus, based on estimation of the
mobility of the titanate compounds, a distinction between the small and large polaron regimes
is not possible.

Further insight into the nature of the polarons is given by the shape of the MIR absorption
band [32, 33]. For large polarons the optical conductivity due to the photo-ionization of the
charge carriers from self-trapped into free-carrier states is described by [27, 32]

σ1(ω) = np
64

3

e2

m

1

ω

(k(ω)R)3

[1 + (k(ω)R)2]4
, (2)

where np is the polaron density, R is the polaron radius, and m and k are the mass and
wavevector of the photoionized carrier, respectively. The wavevector is defined as k =√

2m(h̄ω − 3Ep)/h̄, where Ep is the ground state energy of a large polaron. The threshold
energy for the photoionization amounts to 3Ep.

Explicit analytical expressions for the frequency dependence of the optical conductivity
due to photo-assisted hopping of small polarons were obtained in [34]. At temperatures
T � ω0/2kB, where ω0 is the average frequency of the phonons to which the electrons couple,
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the optical conductivity σ1 is described by [34, 35]

σ1(ω, β) = σ(0, β)
sinh( 1

2ωβ)

1
2ωβ

exp

[
− βω2

16Ea

]
, (3)

where β = 1/(kBT ), and Ea is the activation energy for hopping conduction of the carrier
across the potential barrier and equals Eb/2, with Eb being the polaron binding energy.

The MIR bands in the optical conductivity spectra of the studied titanates were fitted with
equations (2) and (3) for large and small polarons, respectively. The fitting parameters are the
polaron density nP, the polaron radius R, and the polaron energies Ep and Ea. The effective
large polaron mass m was assumed to be equal to the free electron mass. As an example, the fits
of the optical conductivity of La0.965TiO3.35 with the large and small polaron models together
with the measured spectrum are shown in figure 7. For the large polaron model the parameters
nP = 9.18 × 1020 cm−3, Ep = 284.5 cm−1, and R = 2.23 Å, give the best fit. The so-obtained
value of the polaron density nP is in good agreement with the effective number Neff of carriers
given by the sum rule3, indicating that our assumption of the effective large polaron mass being
approximately equal to the free electron mass is reasonable. The polaron binding energy Eb and
the dc conductivity σ(0, β) from the small polaron fit amounts to 1499 and 226.5 �−1 cm−1,
respectively. Obviously, the large polaron model describes the asymmetric line-shape of the
MIR band reasonably well, while for the small polaron model large discrepancies exist in the
high-frequency part of the band. The radius, density, and ground state energy of the large
polarons extracted from the large polaron fit are shown in figure 8 as a function of the nominal
number of carriers Nnominal. The polaron density increases with increasing carrier doping as
one would expect; the values obtained from the fits have the same order of magnitude as the
nominal carrier density. The ground state polaron energy Ep, which indicates the threshold
energy for the photoionization of the large polarons, decreases with increasing electron doping.

3 For La0.965TiO3.35 the number of carriers per formula unit amounts to 0.11 (see table 1), which corresponds to a
carrier density of 1.6 × 1021 cm−3.
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Figure 8. Parameters obtained from fitting the E ‖ a MIR absorption band of La1−yCayTiO3.4±δ

crystals with the large polaron model (equation (2)) as a function of the nominal number of carriers,
Nnominal: polaron radius R normalized to the lattice parameter a, polaron binding energy Ep, and
polaron density np.

This would be consistent with a picture of interacting large polarons. However, a discrepancy
with a polaronic scenario remains: the polaron radius obtained from the large polaron fits of
the MIR band is smaller than the lattice constants. This is in disagreement with the picture of
large polarons, whose radii should extend over multiple lattice sites [27]. Interestingly, such a
discrepancy was also found in the case of La2/3Sr1/3MnO3 [32], where it could be reconciled by
a more sophisticated description taking into account large polarons with finite mass and a finite
density of charge carriers. For the present titanate compounds similar modelling is proposed.

In principle, purely electronic excitations could also account for the observed MIR band. It
is intriguing to compare our experimental results with the optical response of the closely related
perovskite LaTiO3.0, which is a Mott–Hubbard insulator with a Ti 3d1 electron configuration.
For LaTiO3.0 the onset of excitations from the lower to the upper Hubbard band was found
at around 700 cm−1 by optical measurements [20, 36–39, 6]. Upon calcium doping, i.e.,
hole doping, one observes a transfer of the spectral weight to the region inside the Mott–
Hubbard gap, forming a Drude contribution and inner-gap excitations in the form of a MIR
band [38, 40, 41], as theoretically predicted [42–44]. Furthermore, for very high doping levels
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the initial growth of the inner-gap excitations is expected to be followed by a decrease [43], and
the system crosses over from a hole-doped regime to an electron-doped regime [41, 44, 45]. The
inset of figure 6 shows the spectral weights of the Drude term and the MIR band for the studied
titanates as a function of electron doping. The MIR band shifts towards lower frequencies with
increasing electron concentration. The spectral weight of the Drude term and the MIR band
increases linearly with increasing electron doping.

Within the picture of the Hubbard model, the studied La1−yCayTiO3.4±δ materials are
in a highly hole-doped regime, and the spectral weight evolution is indeed compatible
with the Hubbard model in this regime. However, the shift of the MIR band to higher
frequencies with decreasing electron (increasing hole) concentration is not consistent with
the behaviour expected for the hole doping in Mott–Hubbard systems [40, 41, 44]. One
could speculate that this discrepancy is due to the importance of interactions of the charge
carriers with the underlying lattice, as was recently suggested for strongly correlated electron
systems [46, 47].

In addition to the excitations across the Mott–Hubbard gap, an extremely weak absorption
feature in the optical conductivity of LaTiO3.0 was found at 0.3 eV (2400 cm−1) [6]. This
feature was interpreted in terms of phonon-assisted transitions between the crystal field split
Ti t2g levels [6]. In the present La1−yCayTiO3.4±δ compounds, the MIR band in the optical
conductivity for E ‖ a lies in the same range of 0.2–0.4 eV. However, it has a much higher
spectral weight than expected for an infrared-forbidden orbital excitation which appears due
to broken symmetry. Therefore, such an explanation can be ruled out in the case of the
La1−yCayTiO3.4±δ compounds.

Also, an interpretation of the MIR absorption band in terms of 2p–3d charge-transfer
transitions should be considered. In other rare-earth titanates the absorption bands due to
charge-transfer excitations are observed at around 4 eV [37, 39, 48], i.e., at much higher
energies compared to the frequency position of the absorption band in La1−yCayTiO3.4±δ. On
the other hand, recently the one-electron approach to the charge-transfer states was pointed
out to be an insufficient, oversimplified picture, and energies for many-electron charge-transfer
transitions were obtained using a cluster approach [49]. It was shown that the charge-transfer
transitions can occur at much lower energies, and could thus in principle serve as a possible
explanation for the observed MIR bands along the a and b direction. Within this picture,
shifts of the charge transfer transitions with calcium doping are expected, since the induced
changes of the crystal structure (see discussion of the phonon spectra) alters the electronic band
structure. However, the temperature dependence of the MIR band in the optical conductivity of
LaTiO3.41 is relatively strong [8], which renders an interpretation of the MIR band in terms of
charge-transfer excitations less likely.

Thus, among the possible explanations for the MIR band in the La1−yCayTiO3.4±δ

compounds, purely electronic excitations—like Mott–Hubbard inner-gap states, local crystal
field excitations, and charge-transfer excitations—appear to be unlikely. The observed shift of
the MIR band with doping is best explained within a polaronic model.

Finally, we want to comment on the optical properties of the insulating material
La0.8Ca0.2TiO3.40. In contrast to the other studied La1−yCayTiO3.4±δ compounds, the E ‖ a
optical conductivity spectrum does not contain a MIR absorption band. Also, the absorption
feature located at around 6000 cm−1 for E ‖ b is not observed and La0.8Ca0.2TiO3.40 appears
to be less anisotropic concerning its optical response. These findings suggest significant
differences in the crystal structure compared to the other studied titanates. This is corroborated
by the observed differences in the phonon spectra. Since among all studied titanates no major
differences in the lattice parameters exist (see table 1), the structural differences should be on a
local scale; for example, the degree of distortion of the TiO6 octahedra might be altered.
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5. Summary

In conclusion, the effects of doping on the polarization-dependent optical properties of
La1−yCayTiO3.4±δ crystals were studied at room temperature. The optical conductivity of all
studied titanates with y < 0.2 demonstrates a quasi-1D conducting character. The optical
conductivity spectra along the chain direction consist of a Drude-like peak superimposed by
phonon lines and a strong MIR band. The vibrational modes exhibit small changes with
calcium doping, suggesting small changes in the effective charge, bond lengths, or octahedral
distortions induced by the substitution of trivalent lanthanum with divalent calcium. The MIR
band observed along the conducting direction exhibits a shift to lower energies with increasing
electron density. Among various models (polaronic, Mott–Hubbard, crystal field, and charge-
transfer excitations), this band is best described in terms of a polaron model.
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