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The investigation of the solid solution Ce;_,A,TiO; (A = Sr, Ba) was undertaken with the aim
to understand the magnetic and electronic properties as a function of alkaline earth doping.
The solid solutions Ce;-.A, TiO; (A = Sr, Ba; 0.0 < x < 0.8) have been prepared by arc melting
stoichiometric amounts of CeTiO;and ATiO; under argon. Single-phase samples of Ce;_.Sr, TiO;
can be made for the entire stoichiometry range. However, there is phase separation in samples
of Ce;-.Ba,TiOs for high values of x. The polycrystalline samples have been characterized using
microprobe, thermal gravimetric analysis, powder X-ray diffraction, Ce L-edge X-ray absorption
fine structure, temperature- and field-dependent magnetization, and dc electrical resistivity.
The Ce;-.Sr,TiO; samples crystallize in the orthorhombic space groups Pbnm (x < 0.4) and
Ibmm (0.4 < x < 0.8). The Ce;-,Ba,TiO; samples crystallize in the orthorhombic space groups
Pbnm (x < 0.2) and Ibmm (0.2 < x < 0.6). The Ce(2BaosTiO; sample is biphasic containing
an orthorhombic phase (/bmm) and a hexagonal BaTiO;_, phase. Ce XANES (X-ray absorption
near-edge structure) data show that in all samples the Ce valence is 3+. Thesamples Ce;_,Sr,TiO;
(x = 0.0, 0.2) exhibit a ferromagnetic component below 135 K due to coupling between Ce and
Ti moments. The temperature dependent resistivity measurement on polycrystalline CeTiO;
shows it to be a small gap (0.005 eV) semiconductor. The Ce;-,Sr,TiO; samples are metallic

up to x = 0.8 while the Ce;-.Ba,TiO; samples are metallic for x = 0.2, 0.4.

Introduction

Since the discovery of high-temperature superconduct-
ing oxides, there has been a renewed interest in the study
of structure—property relationships in metallic transition
metal oxides. This group and others have studied the
magnetic and electronic properties of La;-,A,TiO; (A =
Sr,Ba) with an aim to prepare an n-type superconductor.!2
The metal-insulator boundary for a series of compounds,
Ln;-,Ba.TiO; (Ln = La, Nd, Gd, Er, Y), has also been the
subject of arecentstudy.? Although notsuperconducting,
these oxides are metallic over a large value of x which is
dependent upon the identity of the alkaline earth cation.
These materials do not exhibit long-range magnetic
ordering for the majority of compositions (x = 0.05 (Sr);
x > 0.00 (Ba)). The investigation of the Ce;_ A, TiOs
system is of interest since the rare earth ion (Ce!!) orders
magnetically and is not associated with the conduction
band. Although superconductivity was not observed in
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the La,_.A,TiO3 system, the study of these solid solutions
provides fundamental information that is important for
understanding why superconductivity exists in some oxides
and not others.

The coexistence of long-range ferromagnetic order and
superconductivity has been a long standing question in
superconductivity physics.® The Chevrel phases which
are molybdenum chalcogenides of the formula A,MogXs
(X = 8§, Se, Te; A = almost any metal ion) are one type
of compounds that display ferromagnetic order and
superconductivity.?® With the discovery of high-T. su-
perconductivity in oxide materials, there is a large potential
for discovering new ferromagnetic superconducting com-
pounds. The study of the solid solution where one end
member is ferromagnetic (La,Sr;-,MnOs) and the other
is a high- T, superconductor (La,Sr;-,CuQ;) is an attempt
to prepare a ferromagnetic, superconducting compound.’
Many of the high-temperature superconductors are an-
tiferromagnets, and currently none are known to exhibit
long-range ferromagnetic behaviour.?

The structure and properties of CeTiO; have been
studied in some detail.>'* This compound has two
unpaired electrons: the Ti(III) 3d! electron and the Ce-
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Table I. Lattice Parameters for Ce,_;A,TiO; (A = Ba, Sr)
Determined from Guinier X-ray Powder Diffraction

x a b ¢ space group
CeHSr,TiOa
0.0 5.604 (5) 5.589 (2) 7.870 (3) Pbnm
0.2 5.566 (5) 5,632 (2) 7.870 (1) Pbnm
0.4 5.544 (4) 5.519 (3) 7.842 (4) Pbnm
0.6 5.5662 (1) 5.522 (2) 7.821 (1) Ibmm
0.8 5.540 (2) 5.521 (3) 7.810 (2) Ibmm
Ce;-,Ba,TiO;.
0.0 5.604 (5) 5.589 (2) 7.870 (3) Pbnm
0.2 5.587 (3) 5.583 (1) 7.902 (6) Pbnm
04 5.610 (6) 5.582 (2) 7.901 (1) Ibmm
0.6 5.504 (4) 5.583 (3) 7.918 (3) Ibmm
0.8 5.641 (5) 5.572 (3) 7.924 (4) Ibmme

¢ Two-phase mixture.

(III) 4f! electron. The magnetic structure of CeTiO;
consists of a noncollinear ferromagnetically ordered Ce-
(III) sublattice and a canted antiferromagnetic (G-type)
Ti(III) sublattice.l4 The ferromagnetic ordering of the
Ce(III) is induced by the Ti(III) moments.* There is no
significant Ce—Ce interaction as evidenced by the anal-
ogous compound CeScQ3.15 CeTiO; and LaTiQ; are the
only metallic rare earth titanates, each having room-
temperature resistivities on the order of 10-2-10-3 @ cm.!!
The conductivity of this compound is the result of
delocalization of the 3d electron through a conduction
band of # symmetry. The unpaired electrons in this
compound exist in two different environments. The 4f1
electron associated with cerium is capable of exhibiting
localized, ferromagnetic behaviour while the titanium 3d!
electron can be delocalized causing metallic and possibly
superconducting properties. Observation of ferromag-
netism and superconductivity may be possible in this
system due to these two different electron environments.

The determination of the valence of cerium in oxides
is a matter of intensive effort in catalysis'®8 and
corrosion!®-2! gciences. It is now common practice to use
cerium L-edge X-ray absorption fine structure (XAFS) to
provide direct information about cerium valence in so-
lutions?? and solids.2? Cerium Ls-edge XAFS has been
successfully applied to many systems, such as CeO, (for
1.5 < x < 2.0) and alloys. The oxidation state of cerium
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Figure 1. (a) Powder X-ray diffractometer traces of Ce;-.Sr, TiO;
for (from top to bottom) (1) x = 0.0, (2) x = 0.2, (3) x = 0.4, (4)
x=0.6. (b) Powder X-ray diffractometer traces of Ce;-.Ba,TiO;
for (from top to bottom) (1) x = 0.0, (2) x = 0.2, (3) x = 0.4.

in Ce;4A,TiO3 (A = Sr, Ba; 0.0 < x £ 0.8) has been
determined by cerium L-edge XANES, X-ray absorption
near edge structure. With this information about cerium
in Ce;-.A,TiO3, the effects of the alkaline earth cations on
the magneticand electronic properties can be determined.

Experimental Section

Materials. TiO, (99.999%), SrCO; (99.999%), and BaCQ;
(99.99%) were purchased from Johnson Matthey. They were
dried for 24 h at 120 °C prior touse. Timetal (20 mesh granules,
99.99%) was used as purchased from Johnson Matthey. CeO,
was heat treated at 1300 °C for 24 h prior to use.

Synthesis. ATiO; (A = Sr, Ba) was prepared by standard
ceramic methods. Three grinding and firing cycles were usually
needed to obtain pure SrTiO; (Pm3m, a = 3.905 A)2¢ and BaTiO,
(P/4mm, a = 3.994 A, ¢ = 4.037 A).25

Stoichiometric amounts of Ti metal and TiO, were arc melted
under argon to make TiO. The oxygen content of the TiO was
determined by oxidation to be 1.00 £ 0.05 using thermal
gravimetric analysis. CeQ, and TiO and then arc melted under
argon in a 1:1 stoichiometric ratio to form CeTiO; (Pbnm, a =
5570 A, b = 5.584 A, ¢ = 7.865 A).14 All CeTiO; samples used
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for synthesis in the solid solutions have a O:Ti ratio of 3.00 £
0.02.

Solid solutions of Ce;-.A;TiO3 (A = Sr, Ba; 0.0 < x <0.80) were
prepared by arc melting stoichiometric quantities of CeTiOz and
ATiO; (A = Sr, Ba) under an argon atmosphere.

Structure. X-ray powder diffraction data were obtained using
an Enraf-Nonius Guinier camera equipped with a Johannson
monochromator. Typical procedures have been described
previously.!2 Calculated powder patterns for CeTiO; (Pbnm),
SrTiO; (Pm3m), and BaTiO; (P4mm) were made using the
computer program POWDER.? A standard least-squares fitting
program was used to calculate lattice parameters for the series
(TableI). Thelattice parametersfor CeTiO;, SrTiO3, and BaTiO;
are in agreement with their respective literature values.

A second set of X-ray diffraction data was obtained on a
Siemens D-500 with Cu Ka radiation. The diffractometer traces
shown in Figure 1, were examined to check peak splitting, peak
shapes, and intensity values.

Oxygen Content Analysis. Oxygen stoichiometry was
determined using a Du Pont 2100 thermal analyzer. The
microbalance on the thermal gravimetric unit was calibrated
before every experiment. Approximately 100 mg of sample was
placed in a platinum boat hung from the microbalance. The
samples were heated from 25 to 1000 °C at 5 °C/min in 50 cm?/
min flowing O;. The furnace was allowed to isotrack at 900 °C
for 6 h during the run to ensure complete oxidation.

Elemental Analysis. Cation (Ce, Sr, Ba, Ti) stoichiometries
were determined using a Cameca SX50 electron microprobe on
alumina polished samples. Ce and Ti stoichiometry for the
CeTiO; sample were determined using CeO; and SrTiO; as
standards. The CeTiQ; sample was then used as a standard to
determine Ce concentration in the solid solutions. The other
standards used for the solid solutions were SrTiO; (Sr and Ti)
and BaSO, (Ba).

XAFS Measurements. Cerium L-edge XAFS data were
obtained on beam line X-18B at the NSLS (National Synchrotron
Light Source), Brookhaven National Laboratory, operating at
2.5 GeV with ca. 110-220 mA of stored current. A double-crystal
Si(220) monochromator was used for the Ce L;-, Lo-, and Ls-
edge scans at 6548, 6164, and 5723 eV, respectively. The X-ray
beam size on the samples was 1 X 17 mm2 All cerium L-edge
X-ray absorption data were collected at ambient temperature
with the electron-yield technique in order to avoid thickness
effects and to provide accurate edge resonance intensities and
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peak positions.?’-® Each specimen (in the form of irregularly
shaped black “beads™) was stuck on metalized polyester film tape
(3M No. 850) and then taped to the back plane of a flow-type
electron-yield detector (The EXAFS Co.). Helium was used as
an ionization detector for the electron-yield signal, I.. The
incident X-ray intensity, I,, was measured with a sealed ion
chamber proportional counter filled with nitrogen to provide an
absorbance of ca. 0.1 at 6000 eV. To minimize the harmonic
content of Iy, the orientation of the crystals was adjusted to pass
ca. 50% of the maximum incident photon intensity at every
wavelength throughout the scan. The relative energy calibration
was maintained to *0.1 eV throughout the course of data
collection. For reference purposes, the Cr K-edge XANES and
first differential XANES for a chromium film (500 &) on glass
were used for absolute energy calibration. The energy of the
inflection point in the first differential Cr XANES data was
observed at 5995.2 = 0.1 eV (cf. supplementary material). All
data were obtained with integration times of 2 s/point for the Ce
L.-and Ly-edge XANES and 3 s/point for the Ce L;-edge XANES.
Each spectrum was obtained at uniform energy steps of 2 eV/
point for the pre- and postedge regions and 0.5 eV/point for the
XANES regions. As described elsewhere,!5% the primary X-ray
absorption data, I./I,, were normalized by use of least-squares
approximations (two-term linear functions) to the pre- and
postedge signals. The Ce L;-, L,-, and Ls-edge data were
independently normalized to provide edge jumps of unity.
Interferences from the barium L;- and L;-edge resonances (5624
and 5989 eV, respectively) for Ce;-.Ba,TiO; (x = 0.6 and 0.8)
prevented an accurate normalization of the Ce L;- and Lz-edge
XANES. Although the Ba L;- and L;-edge peaks were observed
in the Ce XANES for Ce;-.Ba,TiO; (x = 0.4 and 0.2), their low
intensities did not adversely affect the normalization. To obtain
the Ce L3- and L;-edge resonance widths and positions, the data
were fit with the program (EDGFIT) and procedure of Lytle et
al3® The XANES was adequately modeled with the sum of
Lorentz and arctangent functions convolved with a 2.5-eV
Gaussian line-broadening function.!®

Magnetic Measurements. A Quantum Design SQUID
magnetometer was used to make magnetic measurements.
Samples were powdered and placed into evacuated quartz tubes
for measurement. The samples were measured using an applied
field of 1 T from 10 to 300 K. Magnetization vs field data
(hysteresis loops) were measured for the CeTiOj3, CeqsSro 2 TiO3,
and CegsBag;TiO; samples from -5 to 5 T at 10 K. In addition,
all samples were screened for the Meissner effect at 5 K.

Electrical Resistivity. Temperature-dependent dc resis-
tivity was measured using a standard four-probe technique.
Sample preparation has been described previously.!? Samples
were measured from 15 to 300 K. Reversal of current bias was
used to minimize thermal voltages.

Results and Discussion

Synthesis. The study of a conducting Till/IV-0O
octahedral network and its interaction with the magnetic
Ce sublattice requires control of the Ce(III) and Ti(IIL,-
IV) valences. Ce;-A;-;TiO; (A = Sr, Ba) can be readily
synthesized by formation of solid solutions of CeTiQO; and
ATiO3. Because there are structural similarities between
the end members of the solid solution, the enthalpy of
mixing is low and most of the compositional range can be
made. To obtain the starting material, CeTiO3, with Ce
and Ti in their reduced trivalent state, it is necessary to
reduce CeQ; with TiO under argon. It is also possible to
obtain Ce(III) by the reduction of CeO; to Ce;0; and use

(27) Lytle, F. W. In Applications of Synchotron Radiation; Winick,
H., Xian, D.; Ye, M. H,, Huang, T, Eds.; Gordon and Breach: New York,
1988; Vol. 4, p 135.
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93, 188.
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Figure 2. Thermal gravimetric analysis data of Ce;-,Ba,TiO;
heated under flowing O, (50cc/min) (from top to bottom) (1) x
= 0.0, (2) x = 0.6, (3) x = 0.8. Inset: expanded view of Ceg.-
BagTiO3 which shows oxygen weight gain beginning at 100 °C.

Table II. Cation Stoichiometries Determined from
Microprobe Analysis and Oxygen Stoichiometries
Determined from Thermal Gravimetric Analysis

Ce1.024TiO2.9
Ceo.872Bao 201, TiO2.99 Ceo 185810236 Ti03.00
Ceo.113Bag 424 TiOs.00 Ceo.575)ST0.434 Ti03.01
Ceos9mBag 586 TiOs.00 Ceo.4028r0.56( TiO3.01

Ceo.419)Baosr10Ti02,91 Ceo.183Sr0.802 Ti02.96

ceramic methods to produce CeTiOs;, but this requires
high temperature (1450 °C) and a reducing atmosphere
(H; or NH3).81 The absence of Ce(IV) is important in
order to obtain Ce;-,A,TiO3; with Ti in the B site of the
perovskite structure. CeQ;is similarinreactivity to TiOs,
and it is possible to form BaCeO332 and/or CeTiy04.33
Previous studies of the CeOs-BaO-Ti0; phase diagram34
indicate that BaCeQj is quite soluble in BaTiOs. In the
compound BaCeO;, Ce(IV) is octahedrally coordinated
by oxygen. However, based on radius ratios, Ce(III) is too
big to have octahedral coordination with oxygen and
BaCeQ3should not form inthe absence of Ce(IV). Diluting
the CeTiO; with ATiO3 permits the study of a partially
oxidized Ti-O framework without oxidation of the Ce from
+III to +IV. No evidence for BaCe,Ti;-,03 or CeTiy0g is
seen in samples prepared in this manner.

Oxygen Content. The oxygen content determined by
TGA for each composition is summarized in Table II. The
TGA traces for three samples (CeTiO;, Ceg4Bag¢TiOs,
Ceo2BagsTi0O3) heated under flowing O, are shown in
Figure 2.

It has been proposed that the oxidation of CeTiO3 occurs
in two stages: formation of a poorly crystalline CeOq.5
TiO,.; intermediate phase, and second-stage oxidation of
Ce03-gTi0ss occurring with crystallization of CeQ,.35
These two steps account for the large weight gain at 500
°C and the smaller weight gain at 700 °C, respectively.
Our TGA data for CeTiOj is in good agreement with the
previous result.3%

The oxygen content for Ce;—.A,TiO; is 3.00 + 0.01 for
x £0.6. The x = 0.8 samples are oxygen deficient for both

(31) Leonov, A. L; Piryutko, M. M.; Keler, E. K. Izv. Akad. Nauk
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Russ. J. Inorg. Chem. 1976, 21, 1447.
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Figure 3. Plot of cell volume vs composition of Ce;_ A, TiO;
(top A = Ba, bottom A = Sr) for compositions x < 0.8.

the Sr- and Ba-doped CeTiO; compounds. We have
previously proposed that because oxygen is in the coor-
dination sphere of the A cation in the ABO3; compounds,
it will be easier to create oxygen vacancies around a +2
alkaline earth than a +3 rare earth based on electrostatic
attraction. Another possible explanation for the oxygen
deficiency at high molar concentrations of ATiO; is
attributed to the arc melting technique. Asthe conducting
CeTiOs is diluted with the insulating ATiO3, much longer
arc melting times and higher temperatures are required
for complete reaction. The oxygen content in these
samples can be reduced by long arc melting times.
Evidence for oxygen deficiency in the alkaline-earth-rich
samples can be seen in the TGA traces where the oxygen
uptake temperature increases to about 600 °C with x until
x = 0.6. This oxygen weight gain is due to oxidation of
Ce and Ti to their tetravalent oxidation states. For Cego-
Bay sTiO3, the sample begins to uptake oxygen at 100 °C
and then again at 700 °C (Figure 2). This indicates that
there are oxygen deficiencies in the structure which appear
to be associated with the 2+ cation so that the A-rich
materials are better represented by a two-phase mixture,
ATiO;.,~CeTi0;. The initial weight gain at 150 °C is due
to oxygen vacancies being filled and the second weight
gain at 700 °C is due to oxidation of the Ce and Ti from
the trivalent state to the tetravalent state. Two phases,
one which crystallizes in the hexagonal BaTiOs-, struc-
ture3® and the other which crystallizes in the orthorhombic
Ibmm perovskite structure can also be detected in the
X-ray powder diffraction.

Elemental Analysis. The structure and properties of
RETiO; (RE = rare earth) have been shown to vary with
cation stoichiometry.3” The microprobe results and stan-
dard deviations for the compounds studied are shown in
Table II. The compounds will be referred to by the as-
prepared stoichiometries in the remainder of the text. The
CeTiOssample, which was used to make all the compounds,
is on stoichiometry within the standard deviation. The
standard deviations for the Ce;_,Sr,TiO; and Ce;_.Ba, TiO;
samples are based on a sampling of 8-10 points on the
sample, and give some indication of homogeneity in the
samples. The standard deviations of the Ce;-.Sr,TiO;
indicate the samples are fairly homogenous. The Ce;_,-

(36) Burbank, R. D.; Evans, H. T. Acta Crystallogr. 1948, 1, 330.

(37) (a) Bazuev, G. V.; Makarova, O. V.; Shveikin, G. P. Izv. Akad.
Nauk SSSR, Neorg. Mater. 1988, 19, 108. (b) Bazuev, G. V.; Makarova,
0. V.; Shveikin, G. P. Zh. Neorg. Khim. 1978, 23, 1451. (c) Kestigian, M.;
Ward, R. J. Am. Chem. Soc. 1955, 77, 6199.
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Ba,TiO; samples are homogeneous for the x = 0.2, 0.4
samples. The x = 0.6 shows heterogeneity and the x = 0.8
isbiphasic. Inefficient mixing of CeTiO3and BaTiO3; may
be attributed to the large size difference between the Ce3*
and Ba?* cations. Oxygen deficient BaTiO; crystallizes
in a hexagonal structure type which consists of TiOg
octahedra which are partially edge shared. This hexagonal
structure may not be amenable to mixing with the LnTiO;
structure type (GdFeO3).

The microprobe data for the Ce; .Ba,TiO3 (ABO3)
samples show excess cations in the A site. For example,
the Ceo Bag¢Ti0O; samples contains almost a 20% excess
of Ce/Ba cations on the A site giving rise to the stoichi-

ometry of Ceg 50 Bag.sseTiOs.00. However, an additional
phase cannot be detected by X-ray powder diffraction
and it is not possible to achieve an A site stoichiometry
of greater than 1 in the perovskite (ABO;) structure type.
The excess of Ce/Ba cations on this site gets larger with
increasing BaTiO; concentration and is probably due to
the choice of standards used for analysis (BaSO,). The
standard SrTiO; was used for the microprobe data in the
case of the Ce;_,Sr,TiO; samples whose stoichiometries
are in agreement with the expected stoichiometry.
Structure. The lattice parameters for Ce;—,A, TiO3 (A
= Sr, Ba; 0.0 £ x <0.8) aresummarized in TableI. CeTiOs
has been indexed in the orthorhombic space group Pbnm.
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For CeTiOs, ¢/a < V2 which means it is designated O’-
orthorhombic because of a superimposed Jahn-Teller
distortion. The Jahn—Teller distortion is not present in
the x = 0.2 sample of Ce;—,Sr,TiO; or Ce;-,Ba,TiO;. The
Goldschmidt tolerance factor®

t =R, + Ro/V2(Rg + Ry)

is less than 0.9 for compounds in the Pbnm space group
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(Ra, R, and Rp are the radii for the A cation, B cation,
and oxygen; respectively, in ABO3; compounds). Using
Shannon-Prewitt radii (Ce3*, 1.285 A; Ba2*, 1.50 A; Sr?+,
1.40 A; Ti3+, 0.81 A; Ti*t, 0.745 A; 0%, 1.21 A),3 the
Goldschmidt factor predicts the Ce;-,Sr,TiO3 and Cej-,-
Ba, TiO; compounds will retain the Pbnm structure type
until x = 0.39 and x = 0.26, respectively. Parts a and b
of Figure 1 show the X-ray powder diffraction patterns
for0 <x <0.6 (Sr) and 0 < x < 0.4 (Ba), respectively. The
weak reflections attributed to the Pbnm structure type
are clearly absent for the x = 0.6 (Sr) and x = 0.4 (Ba)
samples in agreement with the prediction based on the
Goldschmidt tolerance factor. The x = 0.4 sample is still
the Pbnm structure type for the Ce;-,Sr;TiO3 compound
but not for the Ce;-,Ba,TiOs compound. The remaining
Ce1-.Sr,TiO3 samples (x = 0.6, 0.8) and Ce;-,Ba,TiO3 (x
= 0.4, 0.6, 0.8) could be indexed in the orthorhombic space
group Ibmm which is a subgroup of the Pm3m (cubic) and
supergroup of the Pbnm (orthorhombic) space groups.4°
Figure 3 shows the cell volume vs composition for both
the Ce;-,Sr, TiO3and Ce,;..Ba, TiOzseries. The cell volume
decreases for the Ce;-,Sr,TiO; series with increasing x
but increases slightly for the Ce;—.Ba,TiO3 series. The
average oxidation state and average radius of the Ti3*/
Ti** cation should be the same for any given composition
x for both Ce;_Sr,TiO; and Ce;-.Ba,TiO3. The volume
expansion in the Ce;,Ba,TiO; series can therefore be
attributed to the larger average size of the Ce3*/Ba2* cation.
In the Ce;-,Sr,TiOj; series, the size of the Ce3*/Sr2* cation
becomes less important than the contraction of the Ti-O
framework due to the smaller average radius of the Ti%*/
Ti** cation. This leads to a decrease in cell volume with
increasing x in Ce;-,Sr, TiO;. The same general trend was
noted for the La;-,A,TiO3 (A = Sr, Ba) series.la¢
Biphasic regions at low x have been proposed based on
HREM studies of Ln; .Ba,TiO; (Ln = La, Nd).? X-ray
diffraction studies were not able to confirm this, and there
isno evidence of a biphasicregion at low x in these samples.
Ce XANES Data. The normalized XANES for the
cerium Ls-, Lo-, and L;-edges of CeTiO3, Ce;-,Ba,TiO; (x
= 0.2, and 0.4) and Ce;Sr,TiO3 (x = 0.4 and 0.8) are
displayed in Figure 4. As shown, intense, narrow reso-
nances are found at the Ls- and Ly-edges (5726.2+ 0.1 and
6177.8 £ 0.1 eV, respectively) of the Ce XANES for every
phase of the Ce;-.A,TiO; (A = Ba, Sr and 0.0 < x <0.8)

(38) Goodenough, J. B.; Longo, J. M. In Landolt-Bérnstein Tabellen,
New Series I1I/4a; Springer-Verlag: Berlin, 1970.

(39) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr. 1969, B25, 925.
(40) Bérnighausen, H. Acta Crystallogr. A 1975, S3, 31.
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solid solution. These edge resonance profiles are typical
of trivalent cerium, Celll,15-182122acfh4l  A]l compounds
with formally trivalent cerium jons (e.g., Ce,Bis>_,[M00Q,l3
for 0.025 < x < 1.5,15Cey(CO3)3:6H20,15 Ce(NO3)snH-0,18
Ce20;,16 Ce(OH);,1617 CeCls- TH0,18 CePOy,*! etc.) exhibit
similar single resonances. In comparison, the Ce Ls- and
L;-edge XANES of compounds with formally quadrivalent
cerium ions (e.g., CeQ,,15-18:22a¢,6408,42 [NH ] ,Ce(NOj3)e,15
Ce(S04)4H,0,222 etc.) exhibit two strong edge resonances.
Hence, the use of Ce Ls- and Ls-edge XANES provides an
excellent fingerprint of Ce valence. The Ls- and Ls-edge
peaks correspond to electronic (dipole) transitions from
the Ce 2p3/s and 2p; . initial states, respectively, to the
empty Ce 5d orbital manifold, i.e., 5d3/; and 5ds,. for the
Ls-edge and 5d3/2 for the Lo-edge. The descriptive ground
state configuration of Ce(IIl) is [Xe]4f'5d?, and the excited-
state configuration is [Xe]4f15d! with a “hole” in the 2p
manifold, i.e., 2p. The Lo- and Ls-edge XANES for each
phase in Ce;_.A,TiO; (A = Ba, Sr and 0.0 < x < 0.8) are
almost identical, cf. Figure 4a,b. This indicates that the
excited state is an admixture of overlapping 5d3/; and
5ds, states, and the splitting of the final 5d states due to
spin—orbit coupling is negligible in comparison to the 5d
bandwidth.*34¢ A rough estimate of the 5d bandwidth is

(41) (a) Bauchspiess, K. R.; Boksch, W.; Holland-Moritz, E.; Launois,
H.; Pott, R.; Wohlleben, D. In Valence Fluctuations in Solids; Falicov,
L. M., Hanke, W., Maple, M. B., Eds.; North-Holland: New York, 1981;
p 417. (b) Ravot, D.; Godart, C.; Achard, J. C.; Lagarde, P. Ibid.; p 423.

(42) Lytle, F. W,; van der Laan, G.; Greegor, R. B.; Larson, E. M,;
Violet, C. E. Phys. Rev. B: Condens. Matter 1990, 41, 8955.

(43) Mannsour, A. N.; Cook, J. W.; Sayers, D. E. J. Phys. Chem. 1984,
88, 2330.

(44) Sham, T. K. J. Am. Chem. Soc. 1983, 105, 2269.
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provided by the fwhm line widths of the Lz-edge and Lo-
edge resonances, 4.0-4.9 and 3.6-4.2 eV, respectively. The
range in line widths (and intensities) is attributed to
differences in band structure of Ce;- A, TiO; as a function
of A content, x. Although the Ls- and Ls-edge resonances
do not change with either x or A in Ce;_,A,TiO;3, the two
higher energy peaks at ca. 5738 and 5760 eV (Ls-edge,
Figure 4a) and 6190 and 6211 eV (L;-edge, Figure 4b), due
to photoelectron backscattering (i.e., EXAFS), reveal
subtle changes in shape through the Pbnm-Ibmm struc-
tural transition. These peaks in the spectra for CeTiOs,
Ceo.sBag2Ti0Os, and CegSrg 4Ti0; with the Pbnm structure
type (top three spectra in Figure 4a,b) are sharper and
more pronounced than those for CeggBag 4TiO3 and Cego-
SrysTiO; with the Ibmm structure type (bottom two
spectra in Figure 4a,b). A similar effect is observed in the
Li-edge XANES data, Figure 4c, as a difference in the
relative intensities of the two edge peaks at ca. 6583 and
6595 eV. For the phases with the Ibmm structure (e.g.,
CeogBag.4TiO3 and Ceq 251 sTiO3, bottom two spectra in
Figure 4c), the low-energy peak is ca. 20% more intense
than the high-energy peak, whereas for the phases with
the Pbnm structure (e.g., CepsBag2TiO3 and CeqgSro 4-
TiO3), the low energy peak is ca. 10% more intense than
the high energy peak. For CeTiO; (Pbnm, top spectrum,
Figure 4c), the two peaks are of nearly equal intensity.
These Ce L-edge data illustrate the general result of the
so-called “join” between L;- and Lo 3-edge XANES and
EXAFS, wherein the inverted L;-edge EXAFS matches
the Lo- and Lg-edge EXAFS*.45 (c¢f. supplementary
material). The absence of well-resolved peaks on or before
the Ce L; absorption edge centered at ca. 6578 eV for
Ce 1A, TiO3 (A = Ba, Sr and 0.0 < x < 0.8) indicates that
the Ce!ll ions are in a site of high symmetry. Cerium L;-
edge XANES involves an electronic (dipole) transition
from the Ce 2s initial state to the empty 6p orbital manifold.
Electronic transitions from the 2s to 5d manifold have
also been identified in L;-edge XANES as preedge
peaks.4146 The cross section for 2s — 5d transitions
depends upon, in large part, the site symmetry of the
absorbing atom. That is, preedge peaks are very weak for
atoms in a site with inversion symmetry and increase in
intensity as the site is distorted or the inversion symmetry
is removed. For a tetrahedral coordination environment,
the 2s — 5d transition is intense and well-resolved, whereas
for an octahedral coordination environment, it is weak
and unresolved. The Ce L;-edge data of Figure 4c reveal
a slight bulge on the edge near 6572. This is consistent
with the slight distortion of the Ce(III)-Og polyhedra in
CeTiOs*and Ce;—A,TiOs. The presence of Ce3* and Sr2+
for all x in Ce;-,Sr,TiO;3 is analogous to that of La3* and
Sr2* in La;-,.Sr.TiO; for 0.0 < x < 1.0. The oxidation
states of lanthanum and strontium in La;_,Sr.TiO; are
constant with increasing Sr content, x: high-resolution
titanium 2p X-ray absorption spectra reveal that the formal
valence of titanium increases with x in La;-,Sr,TiO3 from
Till (x = 0) to Ti!V (x = 1).2 Similarly, the oxidation
states of cerium (Ce!”!) and strontium (Sr2+) and barium
(Ba?*) in Ce;_,A,TiO; are constant as a function of A (Sr,
Ba) content for 0.0 < x < 0.8. Titanium 2p X-ray

(45) (a) Lytle, F. W.; Greegor, R. B. Appl. Phys. Lett. 1990, 56, 192,
(b) Chaboy, J.; Garcia, J.; Marcelli, A. Solid State Commun. 1992, 82,
939.

(46) Horsley, J. A.; Wachs, L. E.; Brown, J. M.; Via, G. H.; Hardcastle,
F. D. J. Phys. Chem. 1987, 91, 4014.
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absorption data are not available for Ce;-,A,TiO;3 for
comparison with those data for La;-,Sr,TiOs.

Magnetic Properties. Parts a and b of Figure 5 show
the 1/xm vs temperature data for all compositions of
Ce1-+Sr,TiO; and Ce;-.Ba,TiO;, respectively. Figure 6
shows the hysteresis loops of Ceg sSrp 2 TiO3 and Ceo sBay o-
TiO; along with the hysteresis loop of CeTiO;. The
polycrystalline CeTiO3 sample has a ferromagnetic com-
ponent due to Ce-Ti coupling with a Curie temperature
of 125 K and a saturation moment of 0.97 (1) ug: both
values are slightly higher than previously reported.!! As
with LaTi03,4748 the magnetic and electronic properties
of CeTiO; strongly depend on the oxygen stoichiometry.
Our data are on polycrystalline samples with the oxygen
stoichiometry of 2.99, whereas Greedan’s single-crystal
sample is slightly oxidized with an oxygen stoichiometry
of 3.013.1! Inthe Ce;_.Sr,TiOzseries, the x = 0.2 compound
still shows ferromagnetic ordering at a lower 7', of 100 K.
The hysteresis loop for the Ce(sSro2TiO; sample shows
that the sample does not saturate up to 5 T. The hysteresis
loop for the CegsBag : TiO; sample shows a slight depen-
dence on field indicating that there is a small ferromagnetic
component to the magnetism (see Figure 6). However,
compared with CeosSrp2TiOs, CeosBagsTiO; does not
exhibit magnetic order. Since the Tilll/TilV (4:1) ratio
is the same for both the CeSr(2TiO3 and CeygBag 2 TiO;
samples, this indicates that the destruction of magnetic
order depends on either the identity or size of the alkaline

(47) Crandles, D. A.; Timusk, T.; Greedan, J. E. Phys. Rev. B 1991,
44, 13250.

(48) Lichtenberg, F.; Widmer, D.; Bednorz, J. G.; Williams, T.; Reller,
A. Z. Phys. Rev. B: Condens, Matter 1991, 82, 211,

earth cation. In the case of La;..A,TiOs, the destruction
of magnetic order occurs when the Pbnm structure changes
from O’ to O orthorhombic structure.’®¢ The absence/
presence of magnetic ordering in Ce;_,A.TiO3 (A = Sr,
Ba) does not coincide with the loss of Jahn-Teller
distortion. Both CesSroTiOs and CeggBag2TiO; are
predicted to be the O-orthorhombic structure based on
lattice parameter ratios (co/ao) less than v/2 and magnetic
ordering is observed for the Ce( gSrq s TiO3sample. Barium
is larger than strontium, giving rise to longer Ti-0O and
Ce-0 distances. Ba is also more electropositive than Sr
and may give rise to better Ti(8d)-O(2p) 7 overlap. Either
effect could lead to destruction of magnetic order for the
Ba sample.

Partsa and b of Figure 5 show that Tcuric is lowered (125
K) for Ce( gSro.2Ti03 and that the remaining compositions
for Ce;—A,TiOs are paramagnets. The paramagnetism of
the higher compositions is from a combination of Ti(III)
3d! and Ce(IIl) 4f! moments. It is difficult to resolve the
contributions of both Ce(III) and Ti(III) to the magnetism
as was noted for CeTi03.1! The data can be fit to a simple
Curie-Weiss law:

XM = C/(T-0)

which neglects the xTip term (TIP = temperature-
independent paramagnetism). The fits to the simple
Curie-Weiss show a decrease in the Curie constant (C)
and effective moment (u.s) with increasing ATiO; (A =
Sr, Ba) concentration. The Weiss constant (6) for CeTiOs
is —50.7 K and decreases with increasing alkaline earth
concentration. Thisis consistent with the dilution of both
the Ti! and Ce!l magnetic cations. However, these
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materials are metallic and have been shown to have a large
xtip contribution to the magnetism.11! If the temperature
independent term is included in the Curie-Weiss fits for
metallic compositions, a variety of C, 6, and xrrp values
are obtained without any apparent trends. Significant
curvature is present even in the high-temperature (160-
300 K) data (see Figure 5). Since crystal-field effects can
contribute and the contributions due to Ce and Ti cannot
be quantified, no further attempt to fit the magnetic data
was pursued.

Figure 7 shows the room-temperature molar suscepti-
bilities plotted as a function of composition. The room
temperature susceptibilities decrease in a smooth fashion.
In the La;_,A,TiO; (A = Sr, Ba) series, the high-
temperature susceptibilities (180-300 K) exhibit temper-
ature independent paramagnetism from the delocalized
Tilll 3d! electrons. There are discontinuities in the
La;_.A,TiO; (A = Sr, Ba) compound x,(300 K) values as
a function of temperature which we have attributed to
changes in the DOS (density of states) that are a result of
structural changes in the series.! In the Ce;-,A,TiO; (A
= Sr, Ba) compounds, the xm(300 K) values are a
combination of a the localized 4f! electron (large effect)
and a temperature independent term from the Ti 3d!
electron (small effect). The smooth decrease in the room
temperature susceptibilities as a function of increasing
alkaline earth metal doping is a consequence of the dilution
of the localized Ce!! 4f! moment. x(300 K) is slightly
smaller for Ba-doped samples vs Sr-doped samples and is
most likely due to differences in stoichiometry rather than
identity of the cation.

Electrical Properties. Figure 8ashows resistivity (p)
vs temperature data for polycrystalline CeTiOs. Thedata

indicate the sample is semiconducting from 10 to 300 K.
Figure 8D is a plot of In p vs temperature (200-300 K) for
the CeTiO; sample. A bandgap of 0.005 eV is calculated
by fitting these data to a semiconductor model. Our result
differs from resistivity results previously published on
single-crystal CeTiO; which indicated that CeTiO; is
metallic down to 60 K and then becomes semiconducting.!!
We have seen reproducible results on a number of samples
whose composition is well-known and close to CeTiOj3 0.
The room-temperature resistivity of polycrystalline Ce-
Ti0;is 0.17 @ cm which is two orders of magnitude higher
than the single-crystal study.!! Although the magnitude
of the polycrystalline CeTiOj3 resistivity also includes some
unknown contribution from grain boundary resistance,
the conductivity is clearly an activation type and not
metallic. Two recent studies on LaTiO3.+, indicate that
slight changes in oxygen stoichiometry can greatly affect
the electrical properties.*647 This appears to also be the
case for CeTiO;. The polycrystalline samples prepared in
our study are slightly reduced (chemical formula Ce; g2¢4)-
TiO299) and remained semiconducting over the entire
temperature range studied. The previous result which
showed the metal-semiconducting transition at 60 K was
done on a slightly oxidized sample (chemical formula
CeTi03013).1! An electronic property phase diagram was
proposed by Lichtenberg et al. for LaTiO,.4” This phase
diagram shows that stoichiometric LaTiO; is semicon-
ducting over the entire temperature range, whereas slightly
oxidized samples show a metal-semiconducting transition.
The CeTiO; resistivity data collected in this study and
the previous study!! indicate that a similar phase diagram
may be appropriate for CeTiO,.



Ce;,A,TiO;

Figure 9 shows the resistivity vs temperature plots for
the Ce;_,Sr,TiOs (x =0.2,0.4, 0.6, 0.8) samples. The Cegs-
Sr;oTiO3sample shows a metallic temperature dependence
down to 50 K then becomes semiconducting. The metal-
semiconducting transition temperature in CeggSrg2TiO3
is lower than its Tcurie of 125 K. For x = 0.4, 0.6, 0.8, the
Ce;-.Sr,TiO; samples have a metallic temperature de-
pendence.

Figure 10 shows the resistivity vs temperature (10-300
K) plots for the four compositions of Ce;-.Ba,TiO;. The
x = 0.2, 0.4 samples have a metallic temperature depen-
dence. The x = 0.6 sample shows a semiconducting
temperature dependence. Heterogeneity in the x = 0.6
sample may be the cause of the semiconducting behavior.
Regions which are more BaTiOj3 rich should have higher
resistivity than CeTiOgs-rich areas. The x = 0.8 sample
shows a metallic temperature dependence. Again, het-
erogeneity will play a role in the x = 0.8 sample. The x
= (.8 sample is oxygen deficient, which will make the
BaTiO; rich domains more amenable to conduction.

Summary

Compounds with the composition Ce;-.Sr,TiO; can be
made through the entire stoichiometry range. Cej-,-
Ba,TiO; has phase separation with high concentrations of
BaTiO; (x = 0.6) probably due to the widely different
radii of Ba?* and Ce®* or structural imcompatibility
between hexagonal BaTiO;_, and CeTiO; (GdFeQO; struc-
ture). The compositions were found not to superconduct
down to 5 K. These materials fit well into the phenom-
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enological phase diagram proposed by Goodenough.4?
Prediction of magnetic and electrical properties is based
on a quantity b, the transfer integral, which increases as
the Ti-O-Ti angle gets closer to 180°. With increasing
ATiO; (A = Sr, Ba) concentration, the transfer integral
becomes larger and metallic properties predominate in
the compounds. By use of cerium L-edge XANES, the
oxidation state of cerium was found to be trivalent, Celll,
for all phases in the Ce;—,A,TiO3 (A = Ba, Sr and 0.0 <
x < 0.8) solid solution.
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