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SUMMARY

The reflectance spectra of Co- and Nb-doped BaTiO3 crystals have

been measured for photon energies from 1.8 to 70 eV. For both types of

crystal, structures observed in the 1.8 to 2.3 eV range can be attributed

to the presence of residual impurities. Between 2.3 and 3.2 eV the peaks

in the reflectance of the Co-doped crystal are found to be cf an acceptor

charge transfer type. For Nb-doped crystals structures appear at the

bottom of the conduction band. For energies larger than 3.2 eV the

spectra are characteristic of pure BaTiO- crystals, in reasonable agreement

with those determined by Bauerle et al. and calculated by Michel-Calendini

and Moretti.
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§1. Introduction

In recent years, there have been numerous investigations of the

physical properties of perovskite-like oxides, particularly BaTiO_ due to the

1) 2)

connection with ferroelectricity and superconductivity. The effects of

doping on their properties have been extensively studied

theoretically ' ' but so far, few experimental data have been available.

In the present paper, the reflectance spectra of Co- and Nb-doped

crystals are reported and discussed in comparison with the predicted data
4 5)of Michel-Calendini and Moretti. ' The determination of the optical

constants of these crystals by Kramers-Kronig analysis will be described

in a further paper.

§2. Experiment

BaTiO3 doped crystals were prepared by the the Czochralski method

described by Belruss et al. and Von Hippel et al. Preparation and
9)doping techniques have already been published. Near-normal-incidence

reflectance measurements have been obtained using Seya-Namioka and

grazing incidence monochromators with air or hydrogen discharge sources

to cover the whole spectral range from 1.8 to 70 eV.

§3. Reflectance of a Co-doped BaTiO, crystal

The reflectance spectrum of a polished, etched Co-doped BaTiO,

crystal is shown in Figs. 1 and 2 which show, respectively, the structures

measured in 1.8 to 12 eV region anc* the higher energy region. The

spectrum can be divided into three regions: 1.8 to 2.3 eV, 2.3 to 3.1 eV,

and 3.1 to 70 eV.

The structures observed in the 1.8 to 2.3 eV range have been

observed also for Fe- and Nb-doped crystals (Fig. 3) and are

attributed to residual impurities such as traces of Fe, Cr or other 3d

9)elements as revealed by chemical analysis.



In the energy region from 2.3 eV to the experimental band gap of

3 eV in BaTiO,, peaks appear at photon energies which are in agreement

with the theoretical optical transitions calculated previously by Calendini

and Moretti using the transition strte procedure described by Slater

with the spin-polarized option of the Xa method. ' In this theory, many

centers can be responsible for the observed structures through charge

transfer processes, the most significant being associated with the

high-spin (HS) or low-spin (LS) configurations of Co( l l l ) oxides and

oxygen vacancies (Vo): LS C o l l ! + - Vo, HS Co3+ - Vo, LS Co I V + , HS

Co2+ - Vo, HS Co2+ , HS T i 4 + - Vo and Co l l l + . 5 )

The peak at 2.4 eV is in good agreement with the acceptor-charge

transfer transition of Co reported by Blazey and Weibel. The

structure located at around 2.7 eV is mostly due to the contribution of

2+Co as confirmed by the EPR spectrum.

In the energy region from 3.2 to 70 eV transitions from the valence

to the conduction bands dominate the spectrum. Single peaks or shoulders

in the spectrum are labeled by B on Fig. 2. In Table I, the energies of

these structures are listed together with the energies of similar structures

measured by Bauerle et al. J on BaTiC> pure crystals in the 3.9 to 25 eV

range. We note that the structures occur at about the same energies. The

12)amplitudes of the peaks are different , and a band, probably due to the

presence of a localized defect, appears at 4.27 eV.

§4. Reflectance of Nb-doped BaTiO- crystals

The reflectance spectra of two Nb-doped BaTiO3 pulled crystals are

shown in Figs. 3 and 4. For Nb-doped crystals in the 6.2 to 12.4 eV

range, the dependence of the reflectance on the polarization of the

incident light has been determined with a vacuum UV transmission polarizer

made of cleaved LiF plates.



Three regions are observed in the spectra corresponding to different

wavelengths of the incident l ight: 1.8 to 3.1 eV, 3.1 to 6.2 eV, and 6.2

to 70 eV. The structures in the 1.8 to 3.1 eV range appear at

approximately the same energies as the structures observed in the

reflectance of Co-doped BaTiO3 crystals and are attributed to residual

impurities, as mentioned previously. In the 3.1 to 6.2 eV region the

spectra are in disagreement with those obtained previously for pure

12}BaTiO3 crystals. The presence of Nb introduces localized levels Just

above the conduction band. For Co-doped BaTiO, crystals the localized

levels are in the band gap and their influence on the structures observed

for energies larger than 3.1 eV can be neglected. We have already

14^shown that Nb pulled crystals have several absorption bands and a

vanishing activation energy in that range. The absorption bands exist

only in crystals with Ti ions, which consequently contain free electrons

in the conduction band (3d electrons as calculated by Michei-Calendini and

13}Mesnard). J The calculated orbitally-allowed transitions from the valence

bands are at 3.3, 3.52, 3.66, 3.9, 4.19, and 6.19 eV for the [100]

polarization. These theoretical values are in reasonable agreement with the

structures observed in Figs. 3 and 4.

The effects of polarization on the reflectance spectra shown in Fig. 3

are pronounced to a higher energy than those shown in Fig. 4. The

effects of polarization are indeed more pronounced in regions where

localized defects exist which is the case for the crystal with the higher

concentration of Nb. The splitting of levels (0.1 eV) due to the

polarization (Fig. 4) at. about 3.81 eV R agrees with the theoretical Xa

calculations and the experimental absorption measurements.



§5. Conclusion

We have measured reflectance spectra of Co- and Nb-doped BaTiCU

crystals. Most of the structures in the reflectance curves can be explained

by assuming certain energy levels in or near the conduction band.

Structures are in reasonable sgreement with the theoretical assumptions of

4 5")Michel-Calendini and Moretti. ' J
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Labeling

B1

B2

B3

B4

B5

B6

B7

B8

B9

Energy
Our Data

3.92

4.27

4.54

4.76

5.04

6.2

8.16

10.07

11.5

(eV)
Ref. 12

3.91

4.45

4.85

5.25

6.10

8.10

10.3

11.8

Labeling

B10

B11

B12

B13

B14

B15

B16

B17

B18

Energy
Our Data

13.4

15.2

16.3

16.7

17.5

18.7

19.9

21.8

24.6

(eV)
Ref. 12

13.7

15.1

16.1

16.7

17.3

18.6

19.8

20.3

25.2

Table 1. Energies of peaks in reflection spectrum of Co-doped BaTiO3

crystal. First column: our data. Second column: data from Ref. 12.



Figure Captions

Fig. 1. Near-normal-incidence reflectance spectrum for a Co-doped BaTiO_

crystal as a function of the wavelength of the incident ';ght

showing the structures in 1.8 to 12 eV photon energy region.

The corresponding energy scale in eV is also shown.

Fig. 2. Near-normal-incidence reflectance spectrum of a Co-doped BaTiC>

crystal as a function of the energy of the incident light showing

the structures in the high energy range.

Fig. 3. Near-normal-incidence reflectance spectrum of Nb-doped crystal

(concentration >0.19%) for two polarizations of the incident light.

Fig. 4. Near-normal-incidence reflectance spectrum of Nb-doped crystal

(concentration >0.1%) for two polarizations of the incident light.
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Figure Captions

Fig. 1 . Near-normal-incidence reflectance spectrum for a Co-doped BaTiO_

crystal as a function of the wavelength of the incident light

showing the structures in 1.8 to 12 eV photon energy region.

The corresponding energy scale in eV is also shown.

Fig. 2. Near-norma'-incidence reflectance spectrum of a Co-doped BaTiO_

crystal as a function of the energy of the incident light showing

the structures in the high energy range.

Fig. 3. Near-normal-incidence reflectance spectrum of Nb-doped crystal

(concentration >0.19%) for two polarizations of the incident light.

Fig. 4. Near-norma!-incidence reflectance spectrum of Nb-doped crystal

(concentration >0.1%) for two polarizations of the incident light.
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