M. ICHIKAWA, T. GUSTAFSSON AND I. OLOVSSON

three equivalent positions around the hexagonal
¢ axis (Baranov, Makarova, Muradyan, Tregub-
chenko, Shuvalov & Simonov, 1987; Merinov et al.,
1990). This implies that the H atom also jumps from
one site to another, following the O(2) atom, i.e. one
hydrogen bond breaks and another is formed. The
transition at T, can thus can be characterized as an
order—disorder transition not only of hydrogen but
also of the donor-oxygen atom in the hydrogen-
bonded system.

In phase (II), where as stated earlier the space
group is the same (A42/a) as that in the RT phase of
the other members, all H atoms are disordered
around the center of symmetry (see Fig. 2a). At the
T, transition, half of the H atoms break hydrogen
bonds and form alternative hydrogen bonds so as to
form a dimer between two different adjacent selenate
groups. As a result of this, non-H atoms shift their
positions slightly, all atoms except O(l) lie in a
mirror plane, and H atoms become disordered
around a twofold axis in phase (III) (see Fig. 1). On
passing through T, the proton becomes ordered, as
a result of which the twofold axis and the C base
centering disappear and the primitive cell becomes
doubled in phase (IV).
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Abstract

Multiple data sets for strontium titanate SrTiO;:
M, =183.51, cubic, Pm3m, a=3.9092(4) A, V=
59.740 3) A%, Z=1, D, = 5.101 Mg m™?, A(Mo Ka)
=0.71069 A, u =26.489 mm ', F(000)=284, T=
298 K, refinement indices range R = 0.013-0.028,

0108-7681/92/050639-06$06.00

wR =0.012-0.028 for 91 unique reflections. Seven
structure refinements from five different flux-grown
crystals of SrTiO; are compared. The specimens
selected showed mild to modest extinction. In all
cases the mean-square vibration amplitude for the Ti
atom along the Ti—O bond markedly exceeds that
for the O atom. The amplitudes of the cations are

© 1992 International Union of Crystallography
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low for the two data sets most affected by extinction.
The atomic charges determined for these data sets
are also outliers, but their values are not concordant
with each other — a result attributable to the erratic
extinction for the 011 reflection and its equivalents.

Introduction

The perovskite series with the ideal formula ABX;
(Roth, 1957) includes several compounds with tech-
nological applications. The series is noted for its
wide range of structural distortions and phase transi-
tions, exemplified in the alkaline-earth titanates
ATiO,.

SrTiO;, a well known substrate for thin-film
preparations (Chen, Kwo & Hong, 1988), undergoes
a phase transition from the ideal cubic Pm3m struc-
ture to tetragonal I4/mecm at 106 K (Unoki &
Sakudo, 1967) with further transitions to ortho-
rhombic (65 K) and a possible rhombohedral struc-
ture below 35 K (Commercial Crystal Laboratories
Inc., 1991). At a transition temperature between 0.2
and 03K SrTiO; becomes superconducting
(Schooley, Hosler & Cohen, 1964). It has been a test
structure for modelling displacive transitions (Fleury,
Scott & Worloch, 1968), in lattice dynamics (Stirling,
1972), and was studied spectroscopically by Barker
& Tinkham (1962). The intensities of the stronger
X-ray reflections from typical SrTiOj; crystals are
strongly attenuated by extinction, providing a test
for extinction theories (e.g. Becker & Coppens, 1974,
1975; Hutton, Nelmes & Scheel, 1981).

The electron density and vibration tensors in the
archetypal cubic compounds KMF,, where M is a
transition metal, were studied by several authors
whose work was reviewed by Maslen & Spadaccini
(1989). Maslen & Spadaccini (1992) recently sug-
gested that the reliability of the extinction correc-
tions limits the accuracy of measurements of the
electron density in lattice-type structures. The degree
of perfection in small single SrTiO; crystals prepared
by flux growth varies. The consistency of electron
densities measured from different samples provides
an opportunity to check the reliability of both the
densities and the extinction corrections — a desirable
step if electron density studies are to deepen our
understanding of the properties of matter.

Experimental

Small (<0.001 mm?®) well-faceted crystals of SrTiO;
were prepared by the flux-growth method described
by Sugi, Hasegawa & Ohara (1968). 10g of
KF:KMo00O,:SrTi0O, in the molar ratio 60:30:10 was
pressed into a pellet and heated in a 5 ml platinum
crucible. To reduce the loss of flux this was capped
with an inverted second crucible and the gap sealed

SrTiO,

with a small amount of the mixture. After heating to
1473 K the sample was cooled at 15K h~'to 1246 K
and at 30 K h™! to room temperature. The volumes
of the crystals released from the mixture by washing
with nitric acid and water ranged from 107° to
1072 mm®. The smaller specimens were transparent
and apparently colourless, but the larger ones had a
pale-yellow tinge characteristic of trace Fe impurities
as reported by Scheel (1976).

Preliminary studies indicated that diffraction from
many of the crystals was strongly attenuated by
extinction, particularly for larger specimens. It is the
norm for the intensities of strong Friedel-related
reflections from SrTiO; crystals with a centro-
symmetric habit to differ - indicating that the mosaic
distribution in most crystals is not uniform, to a
degree that varies from specimen to specimen.

Using five crystals differing in size and with
varying but at most mild differences between Friedel
equivalents seven data sets were measured at 298 K
and refined. The measurements were made on a
Syntex P2, diffractometer with graphite-monochro-
matized Mo Ke radiation (A = 0.71069 A). Unit-cell
dimensions were obtained from six equivalent {004}
reflections  (~42.62 <26 <42.63°). Background
measurements were made for one-third of the total
time in an /26 scan at 4.88° min~"', (Sin€/A)p.. =
1.08 A7, -8<h=<8, -8=<k=<8, -8=<I/<8. Six
standards (+400, =040, +004) were measured every
100 reflections [ =033 replaced +004 in data set (1)}.
Lorentz, polarization and absorption (Alcock, 1974)
factors were corrected analytically. To first order
each crystal’s habit was determined by {100} faces
with dimensions listed in Table 1. Minor {110} and
{111} face development, although included in the
absorption calculations to improve the accuracy of
the corrections for individual reflections, had little
effect on the mean intensities averaged over the
equivalent reflections, presumably because of the
large number of equivalents for the cubic structure.
The results of the analysis were also insensitive to
modest (~3 wm) changes to the dimensions for the
{100} faces. Variances in the measured structure
factors from counting statistics were modified to
allow for fluctuations of the primary beam intensity
as indicated by the standards, and where necessary
from comparison of equivalents using the Fisher test
option in the program SORTRF (Hall & Stewart,
1989). The merging R, values are higher than those
for the KMF; perovskite data sets. There were pro-
nounced (10-25%) discrepancies between the
absorption-corrected intensities of equivalents for the
strong 011 reflection for data sets (1), (2), (3), (4), (5)
and (7), which could not be eliminated by physically
reasonable adjustments to crystal shape. As this
phenomenon was less marked for data set (6), meas-
ured with the smallest crystal, this was attributed to
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Table 1. Experimental and refinement data for SrTiO;
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Data set No.
1) (2) (3) @ ) (6) )]
37 46 52 52 52 10 32
4 35 44 44 44 19 29
27 35 27 27 27 41 28
3911 (1) 3.9103 (8) 3.908 (3) 3.907 (3) 3.907 (3) 3.9092 (4) 3911 (1)
59.822 (7) 59.790 (5) 59.68 (2) 59.63 (2) 59.63 (2) 59.740 (3) 59.822 (1)
5.095 5.096 5.11 S.11 S.11 5.101 5.095
26.466 25.463 26.520 26.534 26.534 26.489 26.466
1.75, 0.70 1.75, 0.70 1.65, 0.70 1.65, 0.70 1.75, 0.70 2.00, 0.70 1.70, 0.70
0.013 0.006 0.008 0.005 0.014 0.017 0.015
2691 2516 2516 3532 2726 2516 2549
0.18-0.35 0.18-0.28 0.09-0.20 0.09-0.20 0.09-0.20 0.37-0.60 0.25-0.34
0.149 0.059 0.112 0.114 0.118 0.106 0.073
0.105 0.039 0.077 0.081 0.079 0.037 0.079
0.020 0.013 0.015 0.028 0.017 0.015 0.028
0.024 0.012 0.017 0.024 0.023 0.012 0.021
1.6 (1) 29(2) 19 (2) 25(2) 2.7(2) 2.78 (1) 3.1Q2)
3.0 (2) 0.59 (7) 09 (1) 1.6 (1) 0.8 (1) 1.2 (1) 1.1(1)
1.4 (2) -1.65(7) -2.1(1) -2 =20(1) -24(1) =3.1()
0.99 0.63 093 0.98 0.95 0.88 0.60
* | is the distance in pm from a common origin.
Table 2. Thermal parameters for StTiO; (U x 10° A?)
Temperature factor T = exp[ — 2m%a**(h*U,, + K*Uy, + I’Uyy)).
Data set No.
) @ 3) @ (5) (6) ¥
680 (14) 617 (13) 710 (10) 643 (12) 669 (14) 683 (13) 580 (21)
547 (12) 503 (9) 575 (10) 533 (13) 535 (14) S514.(11) 416 (13)
336 (58) 274 (42) 295 (39) 315 (59) 293 (63) 362 (60) 235 (60)
924 (43) 957 (31) 913 (28) 858 (38) 878 (44) 975 (42) 869 (44)

secondary extinction. Atomic form factors and the
dispersion correction cross-sections were taken from
International Tables for X-ray Crystallography (1974,
Vol. IV). Refinement weights w = 1/0*(F,) applied
for all 91 independent reflections. That is, in accord
with good statistical practice, no reflections were
classified arbitrarily as ‘unobserved’. Least-squares
residual Xw|F, — F.i> minimized by adjusting one
scale and the four independent vibrational param-
eters, along with r* in the Zachariasen (1969) iso-
tropic secondary-extinction corrections

y=(01+2x)""2=1+2r*FQ)" "2,
where for unpolarized X-rays
Q = (e*/m*c*V?)(A%/sin26)
x [(1 + cos*26)/(1 + cos20)]T,

following the notation of Larson (1970). Finai shift/
e.s.d. <0.0001. Other experimental and refinement
details are listed in Table 1.+ Computer programs
STARTX, DIFDAT, ABSORB, ADDATM,
ADDREF, FC, SFLSX, BONDLA, FOURR,

+ A list of structure factors for data set (5) has been deposited
with the British Library Document Supply Centre as Supplemen-
tary Publication No. SUP 55165 (3 pp.). Copies may be obtained
through The Technical Editor, International Union of Crystal-
lography, 5 Abbey Square, Chester CH1 2HU, England.

CHARGE, CONTRS, SLANT and PLOT from the
XTAL2.6 system (Hall & Stewart, 1989) installed on
a SUN 280 computer, were used in the analysis.
Anisotropic vibration parameters, listed in Table 2,
are significantly below the mean for the cations in
data sets (2) and (7), which are affected more
strongly by extinction that data sets (1), (3), (4), (5)
and (6). This may indicate that extinction could be
better described with the Zachariasen (1969) expres-
sion modified by a sinf-dependent term resembling a
temperature factor. Alternatively, it may reflect the
increasing inaccuracy of the perturbation expansion
underlying that expression as the extinction correc-
tion deviates further from unity.

Atomic charges

Atomic charges, determined by projecting the elec-
tron difference density onto atomic density basis
functions following the method of Hirshfeld (1977)
are listed in Table 3. The values for data sets (1), (3),
(4) and (5) with modest extinction are broadly con-
sistent. The outlying extinction-affected data sets (2)
and (7) correspond to the least and most polar
charge determinations respectively. The small
charges for data set (2), indicated by the reliability
indices to be the most accurate, reflect a trend
reported by Maslen & Spadaccini (1992), i.e. extinc-
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SrTiO,

Table 3. Atomic charges (e)

(1 (2) (3)
Sr 1.0 (1) 041 (4) 0.95 (8)
Ti 05(1)  ~0.02() 1.16 (8)
o} -05(1)  -013(2) -0.70(8)

tion determined by minimizing F, versus F, discrep-
ancies can erroneously reduce polarity for structures
containing cations heavier than the anions.

In that context the strong polarity indicated by the
data set (7) analysis appears anomalous. Test calcu-
lations showed that the anomaly is related to the
strong 011 reflection for which the intensity measure-
ments of equivalents for this data set were erratic.
With its multiplicity of 12 the residual of this reflec-
tion, with values —0.16 and —2.88 ¢ for data sets
(2) and (7) respectively, strongly influences the
polarity measured for this structure. The F,— F.
values for this reflection for the less strongly
extinction-affected data sets (1), (3), (4), (5) and (6),
range from —0.65 to —1.42e. The inconsistency in
the intensities measured for this extinction-affected
structure factor is thus responsible for the wide range
of polarities observed.

The crystal for data set (6) was an elongated
prism. A comparison of the intensities measured for
the stronger intensities as a function of path length
confirmed that the effects of extinction for this crys-
tal were small. The charges determined for a struc-
ture refinement without extinction correction of
1.06 (6), 0.97 (6) and —0.68 (4)e for Sr, Ti and O
respectively are closer to the results for sets (1), (3),
(4) and (5) than are the data set (6) values given in
Table 3. Although the extinction in this structure is
not severe enough to cause a breakdown of the
perturbation expression for the extinction correc-
tions, it appears unlikely that those corrections have
been determined accurately. The limitations of the
method for determining extinction corrections used
in this analysis are addressed by Maslen &
Spadaccini (1992).

Structural parameters

The structural geometry of SrTiO; is isomorphic
with those of the cubic KMF, perovskites. With Ti
at the cell origin and Sr at the centre there are O
atoms at the centres of all cell edges.

The U,, value for O, corresponding to motion
along the Ti—O bond, is 0.002 A? less than that of
the Ti atom, in marked contrast with the behaviour
in the KMF; series, where U, for F typically exceeds
that of M by 0.0001 A2, Error in the experimental
measurements can be excluded as a cause, because
the same phenomenon is observed for all data sets.
Larger anion amplitudes are more common for

Data set No.
4) (&) (6) @)
091 (8) 0.90 (7) 0.59 (6) 1.74 (9)
091 (7) 0.78 (6) 0.29 (6) 1.47 (8)
=0.61 (9) ~0.56 (8) —0.30 (4) = 1.1(1)

strong cation—anion interactions, for which bond-
stretch amplitudes are small, and the motions for
light atoms are larger than those for heavy cations.
Scott (1974) pointed out the near ferroelectric
nature of SrTiO,, substitution of Sr by only a small
percentage of Ba being enough to induce a ferroelec-
tric transition. The large difference between the U,,
values for O and Ti along the Ti—O bond assumes
high significance, because a large Ti—O vibration
amplitude implies that SrTiO; is to some extent
dynamically unstable. That is, the large vibrational

(b)

Fig. 1. 4p for SrTiO,, data set (5): (a) (100) plane, map borders
5.0 x 5.0 A; (b) (01 1) plane, map borders 7.0 x 5.0 A. Contour
intervals 0.25 A=, positive, zero and negative contours — solid,
long and short dashes respectively.
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amplitude for Ti is the counterpart in SrTiO; of the
static displacement of the Ti atom responsible for the
ferroelectric properties of BaTiO;. Mild doping of Sr
with Ba changes the equilibrium from the dynami-
cally unstable ideal structure to the tetragonally dis-
torted structure with Ti displaced from the ideal
position.

It is difficult to understand that phenomenon on
the basis of the ideal atomic model for SrTiO,
with Sr and Ti having electron configurations
1522522p°3523p®3d'°4s?4p°Ss* and  1572s%2p®3s73p°
3d?4s® respectively. In this context a reduced
population of the 3d subshell for Ti would be
important. In the ionic model that population for a
Ti** ion would be zero, but it is difficult to reconcile
a two-electron reduction in the 3d subshell
population with the charges in Table 3. The lesser
reduction to a one-electron occupation of the 3d
subshell suggested by the charges in Table 3 would
result in a dynamically unstable system due to the

Fig. 2. 4p for SrTiO,, (011) plane, map borders 7.0 x 5.0 A: (a)
data set (2), (b) data set (3). Contouring as in Fig. 1.
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degeneracy of the 34" state. This follows from the
Jahn-Teller (Jahn & Teller, 1937) theorem, which
states that for an octahedral field the degeneracy of a
34" state would be removed by small perturbations
to the system, lowering the symmetry. It is well
known that thermal parameters tend to be higher for
Jahn-Teller systems. For Ti in SrTiO; the effect must
be small since the average symmetry is maintained.
Nevertheless this is relevant when assessing the ther-
mal parameters listed in Table 2.

Difference density

Difference densities for the (001) and (011) planes for
data set (5) are depicted in Figs. 1(a) and 1(b). The
degree of consistency with those for the other data
sets can be gauged by comparing Fig. 1(b) with Figs.
2(a) and 2(b), the difference densities in the (011)
plane for data sets (2) and (3) respectively. The
difference density for data set (2) differs strongly
from those for data sets (3), (4) and (5) near the
nucleus position, as expected because that data set is
affected strongly by extinction. The quality of data
set (4) is degraded slightly compared with the
remainder due to a minor equipment malfunction.
The distribution of errors among the structure fac-
tors is most nearly uniform for data sets (3) and (5),
for which the difference densities show the highest
degree of correspondence. The density maps for data
set (5) shown in Fig. 1 closely resemble those in the
electron difference density for BaTiO; (Buttner,
1990).

The mild degree of anisotropy of the density near
the Ti nucleus in these maps is consistent with that
expected for a 3d subshell which is lightly populated.
The distribution near the Sr nucleus is somewhat
more anisotropic than that near Ti, as would be
expected if there is some electron transfer from the Ss
subshell to the 4d subshell for this atom. There is a
marked depletion of electron density at the structural
cavity midway between the Sr atoms, similar to that
which occurs for some members of the KMF, series
(Maslen & Spadaccini, 1989).

The contributions of computer programs by their
authors R. Alden, G. Davenport, R. Doherty, W.
Dreissig, H. D. Flack, S. R. Hall, J. R. Holden, A.
Imerito, R. Merom, R. Olthof-Hazekamp, M. A.
Spackman, N. Spadaccini and J. M. Stewart to the
XTAL2.6 system (Hall & Stewart, 1989), used exten-
sively in this work, is gratefully acknowledged. This
research was supported by the Australian Research
Council.
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Abstract

Calcium titanate, CaTiO;, M, =135.98, ortho-
rhombic, Pbnm, a=5388 (1), b=5447(1), c=
7.654 (1) A, V=2463()A3, Z=4, D.=
402Mgm~3, A(Mo Ka) =0.71069 A, u=
5778 mm~', F(000) =264, T=298 K, R=0.043,
wR =0.028 for data set (1) and R=0.037, wR=
0.026 for data set (2) for 1240 and 1241 unique reflec-
tions respectively. Structural parameters and
difference electron densities for CaTiO; were
determined from two sets of X-ray diffraction data
measured independently. There was close agreement
between the analyses. The topography of 4p near the
Ti atom resembles that frequently observed for d® or
d° systems, with a change of sign, indicating that its
3d subshell is partly filled. There are indications of
slight Jahn-Teller distortion in the structural geom-
etry, in the vibration parameters and in the electron
density.

Introduction

The first perovskite mineral CaTiO; was assigned
that name by Gustav Rose in 1830 (Hazen, 1988).
Naray-Szabo (1943) determined its structure to be
monoclinic but Megaw (1946) pointed out that an
orthorhombic cell could be derived from the mono-
clinic lattice. Single-crystal structure analysis by Kay
& Bailey (1957) confirmed the orthorhombic cell,
having space group Pcmn. The volume of the ortho-

0108-7681/92/050644-06306.00

rhombic cell is approximately four times that of an
ideal cubic perovskite (Pm3m symmetry), and is
analogous to tetragonal KCuF, (Buttner, Maslen &
Spadaccini, 1990). Structural parameters for CaTiO,
have been determined accurately by Sasaki, Prewitt,
Bass & Schulze (1987).

The electron distributions for ideal cubic KMF,
perovskites with M = Mn, Fe, Co, Ni and Zn have
been studied by Kijima, Tanaka & Marumo (1981,
1983), by Miyata, Tanaka & Marumo (1983) and by
Buttner & Maslen (1988). The effect of Jahn-Teller
(Jahn & Teller, 1937) distortion of the M atom was
examined by Buttner, Maslen & Spadaccini (1990),
their results for KCuF; being broadly consistent with
those re-derived from earlier data by Tanaka &
Marumo (1982). These studies of the perovskites are
now extended to CaTiO;, and thus to the effect on
the electron density of structural distortions due to
the atomic radii differing from the ideal cubic struc-
ture values.

Experimental

Crystals were prepared by the flux-growth method
used by Sugi, Hasegawa & Ohara (1968) to crystal-
lize SrTiOs. 10 g of a mixture of KF:KMo00,:CaTiO,
in the molar ratio 60:30:10 was pressed into a pellet
and placed in a platinum crucible with a small
quantity of the mixture sealing the gap to a capping
crucible. The assembly was heated to 1323 K and
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