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Titanates containing 0.05-7.5 mole% gadolinium(III) in the CaTiO; perovskite lattice have been pre-
pared and characterized by X-ray diffraction and absorption, electron paramagnetic resonance, and
Raman methods. The structural studies confirm the predicted site substitution of Gd** ions into the
Ca?* sites and suggest charge compensation by a cation deficiency mechanism (Ca?* and/or Ti4*
vacancies). Evidence is presented for a significant difference between local Gd**-substituted sites and
the average Ca(Gd) sites, resulting from the difference in charge and size of the two ions. A least-
squares refinement of single-crystal X-ray data was carried out on (Cagg55Gdy 075)TiO3, with resulting
cell parameters and major structural features within three standard deviations of those previously
found for stoichiometric CaTiO;: space group Pbnm, a = 5.381(1), b = 5.449(1), c = 7.647(1) A, Z = 4,

R = 4.1% for 236 reflections with I = 20([).

Introduction

Calcium titanate, CaTiO;, is one constit-
uent of several titanate ceramic composites
which have been proposed as hosts for
long-term disposal of high-level nuclear
wastes (I, 2). Originally, transuranic and
fission product elements (including lan-
thanides) were expected to enter these
phases by random substitution, with spe-
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cific site selectivity being determined by
ionic size. Charge balance would be
achieved through appropriate substitution
by coexisting charge-compensating cations.
However, recent studies on several calcium
titanates and on related phases have shown
that this model is no doubt overly simplis-
tic, particularly at the desired high waste
loadings (10% or greater) (3-8). A variety
of structural techniques have been used to
show that complicated cation ordering,
shear effects, and even twinning on a unit
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cell basis can occur, in addition to forma-
tion of distinct but closely related phases.
In an actual nuclear waste matrix, the situa-
tion is likely to be even more complex be-
cause of radiation effects and the wide
range of ions present to compete for lattice
sites, provide charge compensation, and
generally drastically different phases (9).
In this paper we describe the results of
structural studies on a simple model system
in which varying amounts of Gd3* are
doped into the CaTiO; perovskite lattice.
Because of the similarities of the ionic radii
of Ca?" and trivalent/tetravalent actinides
and lanthanides, for many titanate waste
formulations the calcium site in CaTiO; is
expected to be a major host site for fission
product and transuranium elements (/-3,
9-11). Calcium titanate containing gadoli-
nium, which occupies the middle position
of the lanthanide series, thus affords an
ideal site substitution model not only for
the lanthanide fission products but also for
tri- and tetravalent transuranic elements.

Experimental

Synthesis. Reagent-grade Ca0O from
MCB Chemical Co., Ultrex TiO, (rutile)
from J. T. Baker Chemical Co., and high-
purity Gd,Os (C-type) from Lindsay Chemi-
cal Co. were used as starting materials. The
gadolinium-doped perovskites were pre-
pared by ballmilling the desired stoichio-
metric ratios of the oxides (Gd for Ca) in a
plastic container for about 1 hr, followed by
coldpressing at 0.103 GPa (15,000 psi) and
firing in air at 1450°C for 2 weeks. When the
resulting products were gradually cooled
over a period of 2 weeks, highly crystal-
lized pale-brown samples suitable for sin-
gle-crystal X-ray study were obtained.

X-ray diffraction studies. The perovskite
products were the only phases detected by
X-ray powder diffraction (Debye—Scherrer
technique). After examining many twinned
crystals from the product prepared with 7
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mole% Gd starting materials, a single crys-
tal was selected whose diffraction pattern
could be indexed with the orthorhombic
(GdFeOs-type) perovskite cell (12, 13). The
space group is Pbnm with the cell ¢ =
5.381(1), b = 5.449(1), ¢ = 7.647(1) A,
based on the observed systematic absences
and the refinement of 24 diffractometer-in-
dexed reflections (8.5° = 20 = 28°) (MoK«
radiation, A = 0.70930 A). Diffraction data
for a hemisphere of reflections (1392 total)
were collected at ambient temperature
using an Enraf-Nonius Cad4 automated
diffractometer (20, = 60°). Following
Lorentz polarization and absorption cor-
rections, equivalent reflections were aver-
aged to give 236 unique reflections with I =
20(I) (Ryon averaging = 2.7%). Scattering
factors including anomalous dispersion
terms were taken from Ref. (I4). The struc-
ture was refined using the published posi-
tions for CaTiO; (I3) as a starting point.
The CaTiO; atoms were refined anisotropi-
cally, with corrections for secondary ex-
tinction (15), to give R = 8.3% and R,, =
12.2% and unreasonably small thermal pa-
rameters for calcium. A difference Fourier
synthesis showed substantial excess elec-
tron density at the calcium site. When the
calculation was repeated, refining the cou-
pled occupancy factors of gadolinium and
calcium at the calcium site, the refinement
converged with Ca and Gd occupancies of
92.5(2) and 7.5(2)%, respectively. The final
agreement factors were R = 4.1% and R,, =
5.0%. A difference Fourier synthesis at this
point was quite flat, the principal features
being several peaks with heights of about
1.2 e/A (about one-fifth the height of the
oxygen atoms in observed Fourier maps for
this structure) scattered randomly through-
out the structure. Details of the data
workup and refinement procedures, includ-
ing the computer codes used, may be found
in Ref. (15) and Table I. Table II gives the
final unit cell and atomic parameters from
the least-squares refinement, compared
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TABLE 1

DETAILS OF THE SINGLE-CRYSTAL X-RAY DATA
COLLECTION AND STRUCTURE SOLUTION FOR

(Cay 525G dy.075)TiO3

Temperature (°K) 298
Crystal size (mm) 0.10 x 0.10 x 0.10
Space group Pbnm
z 4
Diffraction type Enraf-Nonius Cad4
Wavelength 0.70930
20max (deg) 60
Number of reflections for refining

lattice parameters 24
Scan range (deg) 0.90
Scan rate (deg/min) Variable, 16.48°/(3 to 10 min)
ad) 5.381(1)
b(A) 5.449(1)
c(A) 7.647(1)
V(A% 224.22
Pealc (8/cm?) 4.097
Unique reflections 262
Contributing reflections 236
Variables 31
Linear absorption coefficient 59.0 cm~!
Range of transmission factors 0.424-0.436
R (I = 2a(I)) 0.041
R, (I = 20(D)) 0.050
Extinction parameter (as defined in

Ref. (15)) 2.6 X S

Weighting scheme: w = 2Fyla(F2)P

with the values for pure CaTiO; as deter-
mined by neutron powder diffraction. Table
III contains selected interatomic distances
for (Cag.sGdyg75)CaTiO;. Final aniso-
tropic thermal parameters and observed/
calculated structure factors are contained
in supplementary Tables I and II.

X-ray absorption measurements. EXx-

TABLE II
FINAL UNIT CELL AND ATOMIC PARAMETERS FOR
(Cag52sGdy ¢75TiO3)

a (&) b (&) cAd vy

CaTiOy* 5.38293)  S5.44583)  7.64533) 224.12

(Caos2sGdo rs)TiOs  5.381(1) 5.449(1)  T.64%(1) 22422

x y z Bis®

Ca(Gd) 0.00662)  0.0350(2) i 0.97

Ti i 0 0 0.46

ot 0.5689(9)  —0.0150(8) 3 0.46

02 0.2870(6)  0.2870(5) 0.0350Q2) - 0.76

@ Reference (13).
bBio =12 3 By aigji By = 2w wjarar;
tJ

u;; = atom displace-

ment (A2).
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TABLE III
INTERATOMIC DISTANCES AND ANGLES FOR
(Cag g75Gdy 075)TiO;3
Ti-O (&)  Ca(Gd)-0 (&)  O-Ti-O ()
01 1.949(1) x 2 2.371(5) 89.2(1)-90.5(1)
ot’ 2.485(5)
02 1.9523) x2 2.614(4) x 2
02" 1.9593) x 2 2.394(4) x 2
02 2.670(4) x 2

tended X-ray absorption fine structure
(EXAFS) data were collected at room tem-
perature to k values of about 13 in both the
absorption and the fluorescence modes on
powdered samples contained in plastic en-
velopes at the Stanford Synchrotron Radia-
tion Laboratory. Perovskite with doping
levels of 0.5 and 7.5% were examined. De-
tails of the data workup procedures were as
described in earlier publications (16). The
EXAFS curves were obtained after applica-
tion of a cubic spline fitting routine to the
raw gadolinium Ly edges. Gadolinium ses-
quioxide (C-type) was used as a model
compound for phase extraction. Figure 1
exhibits the EXAFS results for the 7.5%
Gd-doped perovskite as well as for the
Gd,0, standard. EXAFS curves for the
0.5% doped samples had a poorer signal-to-
noise ratio, but were otherwise essentially
identical, showing that the Gd site environ-
ment is the same at these two doping levels.

Raman spectra. Raman data were ob-
tained on powdered samples contained in
glass capillaries. Spex Model 1403 spec-
trometers and Kr and Ar ion lasers (6471,
5145, and 4880 A lines) were employed.
Figure 2 shows the spectra obtained for the
perovskites doped at the 0.0, 0.5, and 7.5%
doping levels and Table IV summarizes the

-observed frequencies for undoped CaTiOs.

Due to the complexity of the spectra, band
assignments were not attempted.

Electron paramagnetic resonance spec-
tra. Electron paramagnetic resonance
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Fi1G. 1. Phase-corrected radial distribution curves
for C-type GdzO; (a) and (Cao_925Gdo.o75)Ti03 (b), de-
rived from Gd L;;; EXAFS data. Transforms were cal-
culated with k! weighting and Gd—O phases were ob-
tained from the first-neighbor distance (2.32 A as
determined by X-ray diffraction (24)) in the Gd,0,
model compound. The labeled peaks represent Gd-O
distances in the first coordination shell. The peak near
4 A is due to many overlapping second-neighbor dis-
tances (Gd—Ca, Gd-Ti) at 3.2-4.5.

(EPR) data were obtained on powdered
samples at room temperature and at 77°K.
The spectra were obtained using an IBM
ER200D spectrometer coupled to an ER041
MR microwave bridge and an ER4102ST
cavity. Microwave frequencies were moni-

TABLE IV

OBSERVED RAMAN FREQUENCIES FOR
UNDOPED CaTiO,

cm™! Relative peak intensity
155.8 0.20
182.2 0.52
225.6 0.36
246.8 1.00
285.9 0.24
337.3 0.15
471.3 0.25
494.6 0.08
640.1 0.09
676.1 0.09
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F1G. 2. Raman spectra of (Ca;-,Gd,)TiO4, for x = 0,
0.005, and 0.075.

tored using a Hewlett-Packard HP 5248-L
counter and a HP 5257 transfer oscillator.
The magnetic field was calibrated with a
Bruker BNM-12 tracking magnetometer.
Figure 3 shows the spectra for (Cag.gos
Gdy.005) TiO3 and (Cag 925Gdp.075)TiO; at 77°K
for magnetic fields between 0.03 and 0.67 T.
The line positions in these spectra generally
agree with those reported by Koopmans for
gadolium-doped CaTiO;, but our linewidths
are somewhat broader (17).

T T 1 N T
(Ca_gg5Gd o5 TIO3
>
=4
)
2
iu
E  |(Cag2569,075)Ti05
H(T)
. [
0.0 0.2 0.4 0.6

TESLA

FiG. 3. Electron paramagnetic resonance spectra at
9.403 GHz and 77°K of (CaoggsGdoms)Tl()g and
(Cap525Gdyg 075)THO;.
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X-ray fluorescence and scanning elec-
tron microscopy studies. X-ray fluores-
cence (XRF) data were obtained on pow-
dered samples using a Rigaku Model 3064
wavelength dispersive instrument. Scan-
ning electron micrographs (SEMs) were
taken of powdered samples using an ISI
Model DS-130 instrument. XRF analysis,
EXAFS, electron paramagnetic resonance
(EPR), and direct current emission spectra
(Schwarzkopf Laboratories) showed the
most abundant impurities to be Al, Fe, Mg,
Si, and Sn at 0.01 t0 0.10% levels. No impu-
rity phases except a trace of rutile were de-
tected by SEM. SEM also confirmed that
approximately 7% Gd was present in the
structure and uniformly distributed through
the sintered matrix.

Discussion

Structural studies. The single-crystal X-
ray refinement shows conclusively that, as
expected, Gd** predominantly if not exclu-
sively enters the Ca?* site of CaTiO; under
our preparative conditions. The final unit
cell parameters (Table II) are within three
standard deviations of those determined by
powder neutron diffraction for pure Ca
TiOs, consistent with the similarity of the
ionic sizes of Ca’* and Gd** (1.12 and 1.05
A, respectively, in eight coordination) (10,
11). The detailed geometry within the struc-
ture of the doped perovskite is also essen-
tially unchanged from that of pure CaTiO;,
the most important structural parameters
differing by no more than about three stan-
dard deviations between the two struc-
tures. Using the precise structural data for
undoped CaTiO; and Zachariasen’s bond
length—bond strength formulation, one can
calculate a summed bond strength for Gd**
of about 2.6 (ideally 3.0) for the 12 nearest-
neighbor Gd—O bonds. This result indicates
that the calcium site in CaTiO;, as ex-
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pected, is slightly too large to ideally ac-
commodate Gd**.

The single-crystal X-ray study shows
that the Ca(Gd) site is surrounded by eight
near-neighbor oxygens (2.37-2.67 A, mean
2.53 A) and four next-neighbor oxygens
(3.02-3.21 A, mean 3.12 A). For each
Ca(Gd)-O distance the X-ray diffraction
method, of course, gives the average over
the structure.

The first-shell Gd—-O distance as deter-
mined by EXAFS (Fig. 1) ranged from
about 2.40 to 2.46 A, depending upon how
the transforms were weighted, the maxi-
mum value of k£ used, and the precise way
in which the Gd-O phase was extracted
and applied. The mean of these Gd-O dis-
tances is about 2.43 A, shorter than the av-
erage diffraction derived distance by very
nearly the difference in ionic radii of Ca?*
and Gd3* in eight coordination (I@). Since
the EXAFS technique gives the Gd-O dis-
tance only at specific Gd-substituted sites
averaged within each coordination shell,
the difference between the X-ray diffrac-
tion Ca(Gd)-O and absorption Gd-O dis-
tances suggests that in (Cag gsGdy.g75)TiO;
the coordination shell is slightly more con-
tracted about the Gd3* ions than about the
Ca?* ions. This result is understandable on
the basis of the slightly smaller size and
higher charge of Gd** compared to Ca?*.
Contraction about the dopant ions, in con-
junction with charge-compensating cation
vacancies, apparently produces local struc-
tural inhomogeneities which are especially
prominent at high doping levels. At the
7.5% doping level, the gadolinium concen-
tration is about 2 M and on average each
gadolinium is within one unit cell of about
two other gadoliniums. Unfortunately,
since the EXAFS data was quite noisy at
high wavevector (k) values, quantitative in-
formation regarding local disorder about
Gd was not obtainable.

The Raman spectra support the hypothe-
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sis of significant local structure modifica-
tion at high doping levels (Fig. 2). The line
shapes progressively broaden as the doping
levels increase. Also, an additional broad
band grows in near 780 ¢m~! which most
likely corresponds to a Ti-O stretching
mode. Similar changes in Raman spectra as
a result of dopant-induced defects have
been noted earlier in related oxide struc-
tures (18, 19). Such effects also are seen in
the EPR spectra (Fig. 3), presumably re-
flecting the consequences of site inhomoge-
neity as well as paramagnetic interactions
between gadolinium sites.

Charge compensation mechanism. A va-
riety of mechanisms were considered to ac-
count for the required charge compensation
accompanying the substitution of Gd** into
the Ca?* sites.

1. Reduction of Gd** to Gd** could oc-
cur. However, Gd?* has never been ob-
served in any chemical system, in accord
with the extremely unfavorable gadolinium
III — II reduction potential (—3.9 V, esti-
mated) (20). Furthermore, the nearly color-
less nature of the highly doped samples, as
well as the direct observation of Gd** by
EPR, are consistent with the gadolinium
being present predominantly, if not exclu-
sively, as the trivalent ion.

2. Reduction of 7.5% of the Ti** ions to
Ti>* could occur. The lack of significant
color in the highly doped samples and the
failure to observe a Ti** EPR signal
strongly argue against this possibility.
However, the absence of a Ti** EPR signal
cannot be taken as incontrovertible proof
that this ion is not present in the doped
samples. When Ti3* is present in highly
symmetric environment, it can have a rapid
spin lattice relaxation time and not be ob-
served under the experimental conditions
described here or those described by Koop-
mans (17, 21). However, in the CaTiOs lat-
tice, the titanium site has only approximate
octahedral symmetry and the symmetry is
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expected to be reduced even further in the
doped samples. The high-temperature, air-
firing conditions of the synthesis also are
not favorable for titanium reduction. For ail
the above reasons, charge compensation by
Ti** reduction is considered an extremely
unlikely possibility.

3. Charge compensation could be accom-
plished by substitution of low valent impu-
ritics. However, the purity of the starting
materials and our analytical results on
products suggest that the impurity levels
are not nearly high enough for this mecha-
nism to be important, at least for the highly
doped products.

4. Excess oxygen could be present in in-
terstitial sites. However, in CaTiO; the
largest interstitial vacancies (centers of the
[100] faces of the idealized cubic cell, diam-
eter ca. 1.1 A) are too small to accommo-
date an oxide ion (ionic radium 1.35 A in
two-coordination) (I0). Therefore this
model also seems unlikely.

5. Titanium vacancies (7.5%/4) could oc-
cur. A test refinement of the diffraction
data in which the titanium occupancy pa-
rameter was varied did converge with a
slightly reduced titanium occupancy of
97(1)%. However, the difference .between
the refined value and full occupancy is
practically within experimental error.
Neither this result nor our other measure-
ments positively confirm the presence or
absence of this mechanism. B-site-deficient
perovskites are, however, well known
(22, 23).

6. Calcium vacancies could occur. Again
none of our measurements confirm or deny
this possibility. A-site-deficient perovskites
are well known, an outstanding example
being ReO; in which the A-site is com-
pletely vacant (22, 23).

From the above considerations, we pro-
pose that the most likely charge compensa-
tion mechanism in (Cag 5;5Gdg.075)TiO; is by
cation deficiency (Ca?* and/or Ti**).
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Conclusions

This study conclusively shows that Gd3*
enters the CaTiO; lattice under our prepar-
ative conditions by direct replacement of
Ca?*. The charge compensation mechanism

is not established beyond doubt, but proba-

bly is accomplished by cation (Ca?* and/or
Ti**) vacancies. Evidence is presented
that, although the average CaTiO; structure
is virtually unaffected by high Gd** doping
levels, there is considerable structural per-
turbation about sites substituted by gado-

linium. This effect is ascribed to the slightly

smaller size and higher charge of Gd*>* com-
pared to Ca?*, and possibly to charge com-
pensation effects as well. Under compara-
ble synthesis conditions other similarly
sized trivalent (and possibly tetravalent)
lanthanide and transuranic elements would
be expected to enter the CaTiO; host in a
similar way. Since trivalent frans-neptu-
nium elements are slightly larger than Gd**
(Ca?* and Pu?* have essentially identical
sizes (10)), local site inhomogeneity might
be somewhat less for these elements.
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