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Charge Compensation in Gd-Doped CaTiO3
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(1 2 x/2) or (1 2 x/4)21, rather than unity (which would
Ca(12x)Gd(x)TiO3 samples prepared by sintering in air at be the value if charge compensation occurred by reduction

15508C exhibit a primary perovskite-structured solid solution of Ti41 to Ti31), so precise chemical analysis of the Gd-
for x up to about 0.2. It is concluded from quantitative X-ray doped perovskite should enable us to distinguish between
microanalysis using a scanning electron microscope that charge these models. We have prepared samples of composition
compensation in these solid solutions takes place via the forma- Ca(12x)Gd(x)TiO3, which would be expected to be single
tion of one formula unit of Ti31 per formula unit of Gd. High- phase if charge compensation occurs by reduction of
resolution transmission electron microscopy showed that the

Ti41 to Ti31. A further series of samples of compositionx 5 0.15 sample consisted of a pure perovskite structure, with
Ca(123x/2)Gd(x)TiO3, which would be single phase if com-no observable stacking faults and only a few dislocations. Micro-
pensation occurs by Ca vacancies, was also prepared. Theanalysis showed that Gd31 substituted for Ca21 can be charge
compositions of individual grains in these samples werecompensated by Al31 substituted for Ti41, as expected. Micro-
determined by analytical electron microscopy. Measure-analysis also indicated that charge compensation can take place

in air-fired Ca(123x/2)Gd(x)TiO3 by x/2 formula units of Ca vacan- ments were also made on further samples, of composition
cies per formula unit of Gd for compositions in which x , Ca(12x)Gd(x)Ti(12x)Al(x)O3, where the ratio (Ca 1 Gd)/
0.3.  1996 Academic Press, Inc. (Ti 1 Al) should be unity.

The crystallinity of samples of nominal Ca0.85Gd0.15TiO3

and Ca0.85Gd0.10TiO3 stoichiometry was checked using
INTRODUCTION transmission electron microscopy. We have also measured

the density and unit cell parameters of the Ca0.85Gd0.15TiO3Larson et al. (1) have studied Gd-doped perovskite of
sample, which should indicate, in principle, if there are

nominal composition Ca0.925Gd0.075TiO3, fired in air at
vacancies on both the Ca and Ti sites, and, having con-

14008C. They found from electron paramagnetic resonance
cluded from the microanalysis studies that Ti31 was the

that Gd31 was incorporated on the Ca21 site, as would be
charge compensator for Gd, have made efforts to detect

expected from the similarity of ionic sizes of Ca21 and
Ti31 in this sample directly by a variety of techniques.

Gd31. The X-ray structure was found to be very similar to
that of undoped perovskite, and they argued that charge

EXPERIMENTALcompensation for the aliovalent Gd31 ions arose via Ca
and/or Ti vacancies.

While the ABO3 perovskite structure is well known for Samples of nominal composition Ca(12x)Gd(x)TiO3 (x 5
0.0–0.5), Ca(123x/2)Gd(x) TiO3 (x 5 0.0–0.3), and Ca(12x)its ability to accommodate A-site vacancies, cation vacan-

cies are still costly in terms of free energy relative to aliova- Gd(x)Ti(12x)Al(x)O3 (x 5 0.0–0.8) were made by the oxide
route, in which the relevant oxides and carbonates werelent charge compensators. Reduction of Ti41 to Ti31 would

allow vacancy-free charge compensation, so although Lar- used as the starting materials, with the desired reaction
taking place during sintering of cold-pressed, calcined ma-son et al. (1) rejected this mechanism we decided to seek

further evidence. terial. Pellets were sintered at 13008C for 2 h, reground
and pressed, and refired for 1 week at 15508C. All heatingIf charge compensation occurs by vacancies on a single

set of sites, the formula would be of the form Ca(123x/2) was performed in an air atmosphere.
Polished sections of epoxy-impregnated pellets were ex-Gd(x)[ ](x/2)TiO3 or Ca(12x)Gd(x)[ ](x/4)Ti(12x/4)O3, depending

on whether the cation vacancy [ ] was a Ca or Ti species, amined with a JEOL JSM-6400 scanning electron micro-
scope (SEM). The perovskite crystals in the sintered sam-respectively. The (Ca 1 Gd)/Ti ratios would then be
ples were well-formed, with grain sizes p20–50 em.
Quantitative analyses of individual grains were performed1 To whom correspondence should be addressed.
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using a Tracor Northern MICRO-ZII energy-dispersive sured on p0.1 mm thick powder samples of TiO2, Ti2O3,
CaTiO3, and Ca0.85Gd0.15TiO3 at the Australian NationalX-ray detector and Series II TN5502 analyzer attached

to the SEM. An accelerating voltage of 15 kV and a Beamline Facility on the Photon Factory synchrotron lo-
cated at Tsukuba, Japan. Cathodoluminescence spectraconstantly monitored beam current kept at 1 nA were

used. The analyzer was calibrated using TiO2, Al2O3, were recorded on a system composed of a JEOL 35C
scanning electron microscope fitted with an Oxford Instru-CaF2, and Gd metal as standards, and the calibration was

checked using pure CaTiO3 and Gd2Ti2O7 as reference ments cathodoluminescence attachment.
materials during analysis of the Gd-doped perovskites.
The standards and the full range of compositions from

RESULTSall three sets of perovskites were mounted in a single
epoxy block, carbon coated, and analyzed in a single

Compositioncombined calibration and analytical session. Acquisition
live times of 500 s were used on the standards and The X-ray results showed that the solid solution limit
perovskites in order to achieve a high degree of analytical of Gd in air-fired Ca(12x)Gd(x)TiO3 perovskite preparations
precision for preparations containing only small amounts is given by x p 0.2; pyrochlore-structured Gd2Ti2O7 ap-
of Gd. In a bid to also ensure accuracy, five sets of 500 peared as the second phase at higher values of x. SEM
s X-ray spectra were obtained from each standard during showed that in samples with x $ 0.25 the composition of
calibration, and these were combined and averaged for the perovskite phase was substantially constant at about
use as reference spectra. The X-ray spectra were pro- Ca0.81Gd0.19TiO3. However, in a sample with x 5 0.2 the
cessed on-line using the Tracor Northern MICROQ ana- composition of the perovskite phase was pCa0.83Gd0.17
lytical software and PRZ matrix correction procedure. TiO3, with a corresponding amount of Gd2Ti2O7. The rea-
The output consists of nonnormalized weight percentage son for the smaller amount of Gd in the perovskite in this
analyses of individual cations and oxygen. specimen is not known.

High-resolution transmission electron microscopy and In some samples with x , 0.15, SEM revealed the pres-
selected area diffraction were performed with a JEOL ence of Gd2TiO5, Gd2O3, and TiO2 in addition to the perov-
2000FX transmission electron microscope, using small skite, but the amounts were only quite small (,1% abun-
fragments of perovskite mounted on a holey carbon film. dance). The overall perovskite stoichiometry was in good
Powder X-ray diffraction was carried out with a Siemens agreement with the starting composition, but there was
D500 diffractometer, using CoKa radiation. Density mea- some variation in composition of individual grains from
surements were made by helium gas pycnometry with a the mean, with x varying from the nominal composition
Quantrachrome Multipycnometer on samples which were by up to 20%. However, for all grains examined the compo-
finely powdered (,38 em), to avoid errors due to closed sition was of the form Ca(12x)Gd(x)TiO3 (Fig. 1). This
pores. Calibration measurements were made on Si powder strongly suggests that, in this series of air-fired specimens,
and undoped perovskite, CaTiO3. the charge compensation mechanism for x formula units

X-ray photoelectron spectroscopy (XPS) was carried out
in ultrahigh vacuum (,1 3 1029 Torr) with a Kratos XSAM
800 pci system. The main analysis chamber is attached to
a preparation chamber where samples can be fractured in
situ (p1 3 1027 Torr). The Ti 2p XPS spectra were mea-
sured using a MgKa X-ray source (1253.6 eV) operated
at 15 kV and 15 mA. The analyzed sample area was approx-
imately 0.2 mm2. The spectrometer pass energy was set to
20 eV to provide adequate resolution. In order to correct
for the energy shift caused by steady-state charging, the
electron binding energies (EB) were calibrated against the
Ti 2p3/2 emission at EB 5 458.8 eV (4). Linear backgrounds
were subtracted from the XPS spectra. Sintered samples of
CaTiO3 and Ca0.85Gd0.15TiO3 were cleaned ultrasonically in
acetone and methanol before measurements. The Ti 2p
XPS spectra of both as-sintered (i.e., in its air-exposed
state) and fractured Gd-doped surfaces were measured,
and the as-sintered CaTiO3 surface was measured to serve FIG. 1. Compositions of perovskite grains in the Ca(12x)Gd(x)TiO3
as a standard. series. The ordinate gives the number of atoms of Ca, (Ca 1 Gd), and

Ti per formula unit of perovskite.X-ray absorption spectra near the Ti K edge were mea-
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of Gd31 is partial replacement of Ti41 by x formula units
of Ti31.

The Ca(123x/2)Gd(x)TiO3 samples were essentially single-
phase perovskite for x , 0.3 but became two-phase with the
development of pyrochlore for x . 0.3. Detailed analysis by
SEM of the compositions of individual perovskite grains
(Fig. 2) showed that they corresponded to those expected
for Ca vacancies. The compositions were very close to the
starting compositions for x , 0.3. For x $ 0.3 the perovskite
composition remained at x 5 0.29.

The Al-containing samples gave perovskite composi-
tions in good agreement with the nominal composition,
Ca(12x)Gd(x)Ti(12x)Al(x)O3, i.e., the numbers of formula
units of Gd and Al were always equal (Fig. 3) even though
the compositions of individual grains varied somewhat
from the average value. Thus we conclude that, as ex- FIG. 3. Compositions of perovskite grains in the Ca(12x)Gd(x)Ti(12x)
pected, the Al in the Ti site compensates Gd in the Ca Al(x)O3 series. The ordinate gives the number of atoms of Ca, (Ca 1
site via Ca21 1 Ti41 rR Gd31 1 Al31. Gd), Al, and (Al 1 Ti) per formula unit of perovskite.

Unit Cell Parameters

would be expected from the substitution of 0.3 formulaMeasurements of unit cell parameters of a number of
units of Gd31 for the same amount of Ca21, so presumablyGd-doped perovskites are shown in Table 1. There is a
Ca vacancies partially compensate the effect of Gd substi-small but significant increase in unit cell volume in the
tution. Qualitatively, the parameter decrease in the Al-Ca(12x)Gd(x)TiO3 series with increasing x. The radius of
containing samples is expected, since Al31 is a substantiallyGd31 is less than that of Ca21 (by about 0.06 Å, Shannon
smaller ion than either Ti41 or Ti31.(2)), so substitution of Gd31 for Ca21 would be expected

to lead to a decrease in unit cell volume. However, the
ionic radius of Ti31 is larger than that of Ti41 (again by TEM Studies
about 0.06 Å (2)), and this may explain why the unit cells

The only lattice defects observed in high-resolutionof the Ca(12x)Gd(x)TiO3 samples are larger than that of
transmission electron micrographs of the Ca0.85Gd0.15TiO3CaTiO3. The cell volume of Ca0.55Gd0.3TiO3 was less than
sample were the occasional dislocation, and no evidencethat of CaTiO3, by p0.1%. This is a smaller decrease than
of superstructures was observed in the diffraction pattern.
This shows that the structure of the sample is the basic
perovskite structure, which is consistent with the idea that
charge compensation of Gd takes place by reduction of
Ti41 to Ti31. Also there was no evidence for stacking faults
or microscopic deviation from the perovskite structure in
high-resolution micrographs of Ca0.85Gd0.1TiO3, so the Ca

TABLE 1
Unit Cell Parameters of Some Gd-Substituted Perovskites

Composition a (Å) b (Å) c (Å) V (Å3)

CaTiO3
a 5.44052 7.64365 5.38123 223.8

Ca0.925Gd0.075TiO3
b 5.4491 7.6471 5.3811 224.2

Ca0.85Gd0.15TiO3 5.45304 7.65045 5.38535 224.7
Ca0.55Gd0.3TiO3 5.4421 7.6421 5.3771 223.6
Ca0.75Gd0.25Ti0.75Al0.25O3 5.4102 7.6092 5.3532 220.3
Ca0.5Gd0.5Ti0.5Al0.5O3 5.3722 7.5612 5.3242 216.2

FIG. 2. Compositions of perovskite grains in the Ca(123x/2)Gd(x)TiO3

series. The ordinate gives the number of atoms of Ca, (Ca 1 Gd), and a Ref. (12).
b Ref. (1).Ti per formula unit of perovskite.
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vacancies deduced to be present in this composition are To ensure the validity of the curve fitting, several con-
straints were imposed: (i) the fitting parameters fromevidently randomly distributed, and not condensed in the

form of ordered vacancy-containing structures. the CaTiO3 Ti 2p XPS spectrum were used to fit the
Ti41 peaks; (ii) the Ti31 peak positions were fixed at 1.7
eV lower binding energy than those of the Ti41 peaksXPS
(4); (iii) the intensity ratio I(Ti31 2p3/2)/I(Ti31 2p1/2) was

The Ti 2p XPS spectrum of the CaTiO3 surface con- also constrained at 2; and (iv) the FWHM of the Ti31

firmed that only Ti41 cations are present, as shown by the peaks were taken to be equal to those of the correspond-
Ti41 2p3/2 and 2p1/2 peaks in Fig. 4a. The spin-orbit ing Ti41 peaks. From the curve fitting results, the Ti31/
splitting is 5.7 eV, which is consistent with the results Ti41 ratio in Ca0.85Gd0.15TiO3 was found to be approxi-
obtained from a stoichiometric TiO2 h110j surface (3). mately 8%.
The full width half maxima (FWHM) of the Ti41 2p3/2 The Ti 2p XPS spectrum of as-sintered Ca0.85Gd0.15TiO3
and 2p1/2 peaks are 1.36 and 1.97 eV, respectively, deter- did not show a shoulder on the lower binding energy side
mined by fitting the spectra with two 50% Gaussian/50% of the Ti41 2p3/2 XPS peak. This suggests that the concentra-
Lorentzian curves. The intensity ratio I(2p3/2)/I(2p1/2) was tion of Ti31 in the surface of this sample was negligible. The
constrained at 2, as given by the ratio of the occupation difference between the as-sintered and fractured surfaces
numbers of the subshell state (2j 1 1). The spectrum might arise from adsorbed species on the as-sintered sur-
of the fractured Ca0.85Gd0.15TiO3 surface shows the pres- face, e.g., O2

2 , O22
2 , O2, and O22. During the adsorption

ence of a small amount of Ti31, as indicated by the small process electrons could be transferred from the surface
shoulder on the lower binding energy side of the Ti41

Ti31 ions to the adsorbed species, resulting in the absence
2p3/2 XPS peak (Fig. 4b). In order to determine the Ti31/ of Ti31 in the surface region. For the surface fractured in
Ti41 ratio, the same curve fitting procedure was used. situ much less adsorption could occur, due to the high-

vacuum environment, and therefore a fractured surface
should be a better representative of the bulk than an as-
sintered surface. Finally it should be borne in mind that
some limited adsorption can occur even under high-
vacuum conditions, which may be why the experimentally
determined Ti31/Ti41 ratio (p8%) was less than the p18%
predicted for Ca0.85Gd0.15TiO3.

Other Evidence for Ti31 in Ca0.85Gd0.15TiO3

Other attempts to confirm the presence of Ti31 were
inconclusive. X-ray absorption near-edge spectroscopy
(XANES) using synchrotron radiation may give a shift of
a few electron-volts for Ti31 relative to Ti41 (5), but the
absorption edges themselves are strongly affected by pre-
edge phenomena arising from octahedral site distortion,
making it very difficult to identify a small fraction of Ti31

in a majority of Ti41. The Ti K edge absorption spectra of
CaTiO3 and Ca0.85Gd0.15TiO3 are shown in Fig. 5, together
with a spectrum from Ti2O3. Although it is difficult to draw
definite conclusions, the arrowed feature near the bottom
of the Ti edge for the Gd-doped sample, i.e., within the
energy interval of 4.988–4.992 keV, may indicate the pres-
ence of some Ti31, since this kind of feature is observed
for Ti2O3 but not for TiO2 (5) or CaTiO3. Also, the general
slight shift to lower energy of the absorption edge as a
whole for Ca0.85Gd0.15TiO3 relative to CaTiO3 may reflect
the presence of Ti31. The results for TiO2 (not shown in Fig.
5) and Ti2O3 were in good agreement with data published
previously (5).

FIG. 4. XPS spectra from (a) CaTiO3 and (b) Ca0.85Gd0.15TiO3. Cathodoluminescence of the Gd–perovskite (x 5 0.15)
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Ti31-bearing clinopyroxene, NaTiSi2O6, as having only a
light-green color, and following the work of Bunker (11)
we have prepared a ceramic containing a substantial pro-
portion of a Cs analog of this compound that was white
in color. It follows that absence of strong violet/black color-
ation in Gd-bearing perovskites should not be taken as
conclusive evidence against a Ti31 mechanism of charge
compensation. However the question of color remains un-
resolved.

Within the framework of an ionic model for perovskite,
the microanalysis measurements on Ca(12x)Gd(x)TiO3 per-
ovskite samples fired in air provide strong evidence
that charge compensation in these materials occurs by
reduction of Ti41 to Ti31, and this is partly confirmed
by the XPS observations. Though at first sight the exis-
tence of Ti31 seems incompatible with a firing atmosphere

FIG. 5. XANES spectra from CaTiO3, Ca0.85Gd0.15TiO3, and Ti2O3. of air, crystal-chemical stabilization forces provide a
mechanism: a good example is the well-known existence
in an air atmosphere of CePO4 (Ce31) and CeO2 (Ce41).
In the present work it appears that in Ca-deficientyielded no evidence of Ti31, which would have been ex-
conditions charge compensation occurs through Ca vacan-pected in the vicinity of 750–850 nm (6), but this is not
cies. This may explain the smaller range of compositionsconclusive since no evidence of Ti31 was seen from cath-
within the nominal Ca0.7Gd0.2TiO3 sample than of theodoluminescence in the titanate phases of a Synroc (7)
Ti31- and Al31-compensated preparations; cation diffusionsample either (8), and these certainly contain some Ti31

would be expected to be faster in samples with a highbecause Synroc is fabricated under very reducing condi-
concentration of vacancies.tions (7).

Charge compensation for Gd substituted for Ca is alsoDensity measurements were also inconclusive, because
possible in principle through the formation of oxygen inter-we were unable to measure the composition sufficiently
stitials, but this seems unlikely since the close-packed na-accurately. The calculated density differences between
ture of the perovskite structure would not seem to haveTi31- and vacancy-compensated preparations with x 5 0.15
room for significant populations of such interstitials. Also,are only p1%, and a change in x of p0.015 would produce
the presence of interstitial oxygen would reduce the mea-a similar change in density. As noted earlier, SEM showed
sured amounts of Ca, Ti, and Gd present and result, con-that the compositions of individual grains frequently dif-
trary to experiment, in analytical totals expressed as weightfered from the nominal composition, and from each other,
percentages of CaO, TiO2 (here all Ti would be tetrava-by more than this value.
lent), and Gd2O3 systematically adding to less than 100%.A referee has pointed out that if the samples could be
Generally the analytical totals fall within the range of 99.5dissolved, redox titration could be employed to verify the
to 100.5% in all members of the three compositional seriespresence of Ti31. However no significant dissolution was
examined. For a perovskite of composition Ca0.8Gd0.2TiO3observed even when the samples were finely powdered
the totals expressed as weight percentage oxides would beand boiled for long periods in (nonoxidizing) HCl. Of
expected to lie around 99.0% due to p2 At% of interstitialcourse this was not surprising since perovskite is known
oxygen, not 100%.to be very chemically durable, which is why it is a key

We conclude that charge compensation in air-fired Gd-phase in Synroc (7).
substituted perovskites occurs by reduction of Ti41 to Ti31

and/or by Ca vacancies, depending on the (Ca 1 Gd)/Ti
DISCUSSION ratio in the starting materials.

Larson et al. (1) considered charge compensation by
reduction of Ti41 to be unlikely mainly because of lack of
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