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The structures of the two isostructural compounds Cs
(TiAs)Os (CTA) and Cs(TiP)O,; (CTP) were solved and refined
by application of the Rietveld profile technique to high-resolu-
tion synchrotron X-ray and neutron powder data. The struc-
tures are cubic, space group Fd3m with a = 10.23415(5) A
(CTA) and a = 10.08733(2) A (CTP), and are characterized
by an unusual framework cousisting of randomly disordered
TiQ; octahedra and XO, (X = As, P} tetrahedra with the Cs*
cation occupying large cavities within this framework. The
lack of long-range order between octahedra and tetrahedra
simulates partially occupied octahedra shared by Ti and X with
large displacement parameters for both cations and oxygens.
The Ti,X-site can be resolved as a split-atom position where
the tetrahedral metal is shifted from the center toward the edge
formed by the octahedral oxygens. Split-oxygen positions were
refined from a combination of X-ray and neutron data for CTA.
The cubic structure is related to the orthorhombic KTiOPO,-
type structure in that the latter can be derived from the former
by ordering of the TiQ; octahedra and PO, tetrahedra. Since
different ordering schemes applied to the cubic CTA/CTP
structure lead to other known ordered structures of the same
stoichiometry such as K(Mg;:Nb;;)OPO, and y-NaTiOPO,, cu-
bic CTA/CTP can be viewed as the “mother of all ABOCO,-
structures.” The elucidation of the cubic structure allows us to
propose a quantified *‘threatened structure model,” which helps
in the understanding of the mechanism of this phase transi-
tion.  © 1995 Academic Press, Inc.

INTRODUCTION

CsTiOAsO, (CTA) crystallizes at room temperature in
space group Pna2; (1) and is isostructural with the well-
known nonlinear optical compound KTiOPO, (KTP) (2).
Like K'TP, it also exhibits strong nonlinear optical behavior
and its Jow absorption in the midinfrared range makes it

! Present address: High Pressure Group, ESRF, BP-220, Av. des Mar-
tyrs, F-38043 Grenoble Cedex, France.

a desirable material for both frequency sum generation and
optical parametric oscillation in this frequency range (3).

Cheng et al. (3, 4) found CTA to undergo a phase transi-
tion to a cubic phase at 963°C, which could be retained
at room temperature either by heating the orthorhombic
phase to 970°C and subsequently quenching, or by flux-
growth. The X-ray powder pattern of this cubic phase is
similar 1o the one reported in (5) for CsTiPO; (CTP) and
an analogous cubic phase is also observed for RbTiOPO,
{(RTP) and TITiOPO4 (TTP) (2). The first-order nature of
the phase transition as well as the powder pattern of the
cubic phase are clearly different from the ferroelectric
high-temperature phase transition observed for KTP at its
Curie temperature (6).

In order to fully explore the possible technological appli-
cations of the strongly nonlinear optical properties of or-
thorhombic CTA, it is essential to grow large single crystals
of high quality. This goal, however, is hampered by the
phase transition from the cubic phase at 963°C, which leads
to extended twinning and domain growth. Determination
of the cubic structure is a necessary step toward the under-
standing of this phase transition and the design of alterna-
tive synthesis routes which avoid the transition. In this
paper, we report the crystal structures of cubic Cs{(TiAs)Os
and Cs(TiP)Os, which were sclved and refined using high-
resolution synchrotron X-ray and neutron-powder diffrac-
tion data in combination with the Rietveld profile tech-
nique.

EXPERIMENTAL PROCEDURE

Small crystals of cubic CsTiXOs, with X = (P or As),
were grown by the spontaneously nucleated slow-cooling
technique using a CsXO; flux. Reagent grade materials
were used in all preparations, Colorless crystals of cubic
Cs(TiAs)Os (ca. 0.5—1 mm?®) were obtained by cooling a
solution of 41 mole% Cs,0, 19 mole% TiO,, and 40 mole%
As;0;5 from 1000 to 750°C. For cubic Cs(TiP)Os;, the As, 05
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TABLE 1
Chemical Composition of Cs(TiAs)Os and Cs(TiP)O;

Oxides Cs(TiAsYOs (wit) Cs(TiP)Qs (wit%)

Cs, 0 41.7(12) 47.7(14)

TiO, 24.6(9) 29.2(9)

X205 35.4(12) 23.2(4)

Total 101.7 100.1

Eilements
Normalized atom-fraction Normalized atom-fraction
{based on 5 oxygens) {based on 5 oxygens)

Cs 0.96(5) 0.99(4)

Ti 1.00(1) 1.06(2)

X (X = As, P) 1.00(1) 0.95(1)

Sum of cations 2.96(7) 3.00(7)

in the above solution was replaced with P,Os, and the
melt cooled from 1050 to 800°C. Unlike Cs(TiAs)Os, only
microcrystals (<50 um) of Cs(TiP}Qs were obtained.

Chemical analyses of the two compounds were made
with a Camebax eleciron microprobe in wavelength disper-
sive mode operating at 10kV accelerating voltage and
10 nA beam current. CsI, apatite (Cas(PQ.,):(OH, F)), ru-
tile {Ti0,), and InAs were used as standards, and the data
corrected using the ¢(pZ)-procedure of (7). Table 1 gives
the average of 18 (CTA) and 10 (CTP) determinations on
difterent grains.

Preliminary experiments with an optical microscope con-
firmed the cubic crystal system for CTA and CTP by their
isotropic optical behavior under crossed polarizers. Long-
term precession photographs as well as TEM diffraction
pictures showed satellite reflections at (4, k, jn/3 (n = 0,
1, 2}, Fig. 1, which can be explained by either a triple
supercell or (multiple) twinning through {111} as the twin
plane (Spinel-law) (8). Spinel twin-domains are related to
each other by a mirror operation through {111} planes,
which generates additional reflections at (&, &, )n/3 (n =
1, 2). If these satellite reflections are ignored, there are
two possibie space groups, Fd3 or Fd3m, determined from
precession photographs on the basis of systematic ab-
sences. Attempts to solve an average structure of a hypo-
thetical triple-superstructure with single-crystal X-ray dif-
fraction data failed. Single-crystal data sets showed high
disagreement between symmetry equivalent reflections, in-
dicating that the reflections were affected by twinning.
In order to solve the structure of these strongly twinned
materials, high resolution powder data were collected at
beamlines X3B1 (CTA) and X7A (CTP) at the Brookha-
ven National Synchrotron Light Source (NSLS). In addi-
tion, a dataset from CTA was collected at the high-resolu-
tion neutron powder diffractometer (HRNPD) at beamline
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FiG. 1.

TEM diffraction picture of CTA along [111]. Note the satel-
lite reflections at (k, &, n/3 (n = 1, 2) indicative of multiple twinning
along the {111} plane (Spinel-law).

H1A at the Brookhaven High Flux Beam Reactor
(HFBR). The absence of any satellite reflections in all of
these powder diffraction experiments confirms the assump-
tion that the satellites observed during single-crystal dif-
fraction are caused by twinning.

For the X-ray experiment on CTA, a wavelength of
0.6993(2) A was selected from a double-crystal Si(111)
monochromator. A Nal scintillation detector was used to
record the diffracted beam from a flat plate sample. The
resolution was additionally increased by placing a Ge(111)
crystal with neglectable mosaic spread in front of the detec-
tor. Data were collected over an angular range of 20 be-
tween 10.0° and 50.0° at step intervals of 0.005° and a
counting time of 2 sec for each step, yielding a total of 63
reflections. A 6-scan revealed significant intensity varia-
tions. This is caused by a 6-dependent variation of grain
volume under diffraction conditions due to irregular grain
size distribution even after extensive grinding. The sample
was therefore rocked over 5° to minimize this effect, The
peak FWHM ranged between 0.015° and 0.051° 20, The
apparently high increase of FWHM with 20 is caused by
the high resolution e¢xcluding most of the instrumental
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broadening at low angles and therefore revealing the whole
range of sample broadening at high angles.

The neutron data were collected at a wavelength of
1.886(2) A. The monochromator consisted of a 30-cm verti-
cal and 5-cm horizontal array of 24 Ge(511) crystals at a
take-off angle of 120°, providing a beam cross section of
4.5 X 2.5 ecm?. Five-foot collimators were used before the
monochromator and in the detector bank, which consists
of 64 3He counters covering a range of 160°. A detailed
description of the diffractometer and the monochromator
has been given elsewhere (9-11). A free-standing pellet,
1cm in diameter and 2 cm in length was placed at the
sample position and a scan was carried out at 0.02° steps
with a counting time of roughly 5 min per step. The data
were corrected for both detector efficiency and positional
error and yielded 40 reflections between 10° and 155° 20.
The peak FWHM ranged between 0.21° and 0.44° 20,

X-ray data from CTP were collected at a wavelength of
0.7005(2) A selected from a channelcut Ge(111) mono-
chromator with a linear position-sensitive multiwire detec-
tor operating in the escape mode under a krypton gas
pressure of 43 psi. The detector was moved in steps of
0.25° 20, yielding a pattern containing 102 reflections over
an angular range between 5.5° and 60.0° 20, The peak
FWHM ranged between 0.036° and 0.07° 26.

STRUCTURE SOLUTION AND REFINEMENT

For all three datasets, the observed spectra were first
fitted using LeBail’s method of intensity extraction (12)
while varying peak-profile parameters, lattice constants,
and a 20 zero-offset correction. Background was interpo-
lated between selected points well-removed from peaks.
Peak-profile functions were modeled using a multiterm
Simpson’s rule integration {13) of the pseudo-Voigt func-
tion described by (14) as implemented in GSAS (15). The
peak asymmetry at low angles in the CTA X-ray dataset
was very pronounced due to the 5° rocking angle. Since
these peak shapes could not be modeled with the available
profile functions, the low-angle section of the CTA X-ray
dataset was excluded below 15° 20. After convergence of
the LeBail fit, the peak profile parameters and zero-point
corrections were fixed before proceeding with the structure
refinement, Further refinement details are given in Table 2.

The structure was solved in space group Fd3m (Nr, 227)
from the CTA X-ray data by direct methods using the
program package SIRPOW (16). The solution initially
yielded one Cs position in 8%, one oxygen position in 48/,
and an apparently octahedrally coordinated second metal
positioned in 16c sites. The latter showed an electron den-
sity corresponding to 0.5 Ti + 0.5 X (X = As, P). Since
difference Fourier maps did not show any significant resid-
ual peaks, a random mixture of Ti and X was assigned to
the 16¢ position. This model was subsequently refined with
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TABLE 2
Rietveld Refinement Details for Cs(TiAs)O, and Cs(TiP)O,

CS(T[AS)OS CQ(TIAS)OS Cb(TlP)Oq

{neutrons)®  (X-ray)* {X-ray)®
Refinement software GSAS GSAS GSAS
Number of intensities extracled 45 69 _ 9
Spacegroup Fd3m(227y  Fd3m(227) Fd3m(227)
Wavelength (A) 1.886(2) 0.6993(1)  0.7005(2)
7(A) 10.23415(5)  10.23415(1) 10.08733(2)
R, (%) 5.06 6.63 365
Rup (%) 7.41 972 5.80
R(F% 11.18 12.98 13.22
R(F) 7.91 10.62 9.48

“Oxygen atoms split.
4 Average oxygens.

the Rietveld technique using the program package
GSAS (15).

All structure refinements were carried out with scatter-
ing factors for neutral atoms. The scattering densities in the
{(TiAs) and (TiP) positions were initially refined, yielding
values of 27.8(2Z) and 18.8(2) electrons, respectively. The
occupancy of this position was therefore fixed at 0.5 Ti
and 0.5 As for CTA and 0.53 Ti and 047 P for CTP, in
accordance with the microprobe results, Table 1. The oxy-
gen occupancy refined to a value of 0.827(5) and was there-
fore fixed at 5/6 in the initial refinements, this value also
being in accordance with the stoichiometry obtained from
microprobe data, Table 1. Refinements based on this disor-
dered model gave average coordinate values for the metal
and oxygen positions, not surprisingly with large displace-
ment parameters.

It is obvious that a model in which Ti and X occupy

TABLE 3 .
Coordinates and Displacement Parameters Uy; (A2 x 100)
for Cs(TiAs)O; and Cs(TiP)O;

Atom x ¥ z Ui Occupancy
Cs(TiAs)Os (neutron and X-ray combined)
Cs i H 3 4.31(8) 1.0
Ti 0.0 0.0 0.0 2.9(2) 3
As —0.0402(5) 0.0 0.0402(5) 2.9(2) 3
O(la) —0.0604(6) 3 8 3.29(9) &
O(1b)  —0.0696(7) 0.0872(7) 0.1400(7)  3.29(9) %
02} =0.100(1)  0.0256(9) —0.016%7) 3.29(9) o
Cs(TiP)Os (X-ray)
Cs i 3 2.53(2) 1.0
Ti 0.0 0.0 0.0 1.9(1) 0.53
P —0.0389(7) 0.0 0.0389(7)  1.9(1) 0.47
o) —00585(2) 3 } 6.51) 3
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TABLE 4

Selected Bond Lengths for Cubic
Cs(TiAs)Os and Cs(TiP)O;

Cs{TiAs)Os Cs{TiPYO;
Cs-0(6x) 3.192(3) 3.184(5)
Cs-Of12x) 3.673(2) 3.627(5)
Ti-0(1a)} 1.921(4) 1.881(1)
Ti-O(1#) 1.832(7) Not refined
Ti-O(18) 2.133(7) Not refined
As-0O(1h) 1.541(7) Not refined
As-O(1b} L711(8) Not refined
As—0O(15) 1.803(9) Not refined
As-0(2) 1.592(9) Not refined

Nore. All values except the As—O bonds are derived
from the disordered model refined with X-ray data.
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an octahedron represents an average not only over two
different metal sites but also aver two different coordina-
tion polyhedra, since Ti is expected to be octahedrally
coordinated and X is presumably in tetrahedral coordina-
tion. To characterize these different coordination polyhe-
dra, an attempt was made to refine the metal and oxygen
sites as split-atom positions. Starting models were obtained
by geometric reasoning and by maximum entropy methods,
based on the assumption that the octahedra and tetrahedra,
although randomly distributed, have to be mutually con-
nected in order to maintain a coherent framework. This
implies that at least two oxygens of each coordination
pelyhedron have to be coordinated to both, Ti and X, and
the models were assumed to have split Ti, X positions as
well as two oxygen positions. O(1) was assumed to be
common to both the Ti and X coordination polyhedra,
with O(2) completing the tetrahedron. The expected occu-
pancies are therefore such that, out of the 40 oxygens per
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FiG. 2. Powder diffraction pattern of (a) cubic CTP (X-rays), (b) cubic CTA (X-rays) and (c} cubic CTA (neutrons). Observed pattern, plus
marks; calculated pattern, solid line; difference curve given below. Note that due to the high resolution of the pattern and the limited resolution

of the printer, not all observed points are plotted,
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unit cell, 32 are O(1) and only 8 are O(2). The isotropic
temperature factors for Ti and X were constrained to be
equal as were those of O(1) and O(2).

For CTP, attempts to refine various split-atom models
were hampered by convergence problems, for example,
while the off-center tetrahedral cation refined readily into
a stable positon toward one edge of the O(1)-octahedron,
the tetrahedra oxygen O(2) position remained ill-defined
and oscillated wildly. Possible O(2) positions extracted
during the refinements all yielded unreasonable crystal-
chemical geometries, and we therefore abandoned a split-
oxygen model for CTP in favor of an average model with
a split-metal site. The failure to refine a plausible split-
oxygen position can be explained by the low occupancy of
these sites due to the strong disorder.

Attempts to refine a split model for CTA using both
the neutron and X-ray data pointed clearly toward a split
model. A refinement based on 2 oxygen positions con-
verged to a neutron-R{F?) of 11% compared to 30% for a
disordered mode! with only 1 oxygen. However, the iso-
tropic displacement parameter U, of the oxygens re-
mained large (0.06 A?) and the refined positions did not
form an acceptable coordination sphere around As. A re-
finement based on 3 oxygens was therefore carried out
with the O1 position split into two sites, Although this did
not produce a significant improvement in R(F?), the refined
oxygen positons were consistent with both TiO, octahedra
and AsQ, tetrahedra. In addition, U, for the oxygens
refined to reasonable values of about 0.035 A2. For CTA,
a split-atom model with 3 oxygens was therefore favored
over a disordered model with only one oxygen position.

RESULTS

Refined coordinates and displacement parameters are
given in Table 3 and selected bondlengths are listed in
Table 4. Fig. 2 shows the Rietveld profile fits and difference
plots for the two structures.

The structure is characterized by a corner-linked frame-
work consisting of a disordered array of TiO; octahedra
and XO, tetrahedra. The Cs* cations are located in large
cavities within the framework, each Cs being coordinated
on average to 5 + 10 oxygens. Over the coherence length
of the X-ray experiment, the long-range disorder of tetra-
hedra and octahedra over a set of equivalent positions
simulates a single octahedron occupied by either Ti** or
X3* with a partially occupied oxygen position forming the
octahedral corners. The different local coordination
around Ti** and X°* is, however, already strongly sug-
gested in the average model by a splitting of the Ti** and
X5* position, where the tetrahedral metal partially occu-
pies symmetrically equivalent positions displaced from the
octahedral center towards the edges.

KUNZ ET AL.

In the split model refined for CTA from the combined
neutron and X-ray data sets, two additional oxygen posi-
tions were resolved, consistent with a tetrahedral oxygen
arrangement around the As-atom. The tetrahedra are
formed by 3 O1b and one O2 atoms, whereas the regular
TiOy octahedra are formed from 6 Ola oxygens. If locally
a TiQg octahedron is connected to an AsQ, tetrahedron,
however, the bridging oxygen is O1b rather than Ola,
leading to a slightly distorted TiOg octahedron similar to
those observed in the orthorhombic phase, Table 4. How-
ever, it was not possible to bootstrap the split-atom CTA
model with the CTP X-ray dataset. This is not too surpris-
ing, since a combination of neutron and X-ray data sets was
needed to resolve the O-splitting in CTA. It is important to
note that this should not be interpreted as an indication
of 6-coordinated phosphorous in cubic CTP, but rather
that the disorder in CTP is such that it is not possible to
unambiguously resolve split-oxygen positions in the pres-
ence of heavy scatterers like Cs with an X-ray data set
only. The collection of a neutron data set with CTP has
not been possible so far due to the small amount of sample
available, Further investigations using NMR are under way
in order to explore the local tetrahedral coordination of
P>t in CTP.

In the final stages of refinement, various moedels were
tried with Cs and Ti placed on lower symmetry sites in
order to investigate possible split-atom positions caused
by the high degree of disorder in this structure. Only a
few attempts did not diverge, and these showed only a
slight improvement in all agreement factors and were re-
jected on the basis of a Hamilton significance test applied
to R(F?) (17).

The very pronounced and irregular background in
the neutron data set can be explained by short-range
carrelations within the disordered structure which show
up in the neutron pattern as broad bumps in the back-
ground. This is confirmed by a radial distribution calcula-
tion (GSAS) carried out on the neutron background
revealing strong peaks at distances corresponding to
observed O-0 (2.87 A) and metal-metal distances (4.2
A, 51 Ay

DISCUSSION

The disordered CTA/CTP structure can be described as
consisting of “octahedral” layers parallel {111} equivalent
to those in hexagonal tungsten bronze (HTB) layers (18,
19), Fig. 3, {“octahedral” here meaning the disordered
array of octahedra and tetrahedra as described above).
These layers are stacked along (111) directions. While in
HTB the individuval layers are stacked directly on top of
each other and are symmetrically related via a mirror plane
{(ABABAB...); neighboring HTB-type layers in cubic
CTA/CTP are separated by an additional layer consisting
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(a) HTP-type layer of cubic CTA/CTP cut paralle] {111}. (b} Layer of isolated octahedra on top of HTB-layer. (c) Two HTB-type

layers separated by isolated octahedra. Note the shift of (3) [1 2 1] between alternating HTB-type layers.

of isolated ““octahedra™ placed on top of the centers of
the characteristic HTB-type “octahedral” triangles, Fig.
3b. Each two equivalent (HTB-type or isolated octahedra)
layers are shifted by {1/3)[121] relative to each other, caus-
ing an (A1B1A2B2A3B3A181. .)-type Stackiﬂg, Fig 3,

The disordered structure of cubic CTA and CTP has a
very straightforward relationship to that of the orthorhom-
bic Pna2,-phase and can be transformed into the latter
by ordering of the octahedra and tetrahedra, Fig. 4. The
transformation matrix between the two cells is a, —

[110)cut; 2 - Porm — [110]cub; Corth — Cep- The characteristic

octahedral chains of the orthorhombic phase are found in
the cubic structure as chains of mixed polyhedra. In the
disordered model, where these polyhedra are depicted as
octahedra, these chains appear almost identical to the or-
dered chains in the orthorhombic phase, Fig. 4.

A similar relationship can also be found between the
CTP/CTA structure and the tetragonal structure of
K(Mg,,sNby,2)PO;s (KMNP) (20), where a different order-
ing scheme imposed on the cubic CTA/CTP structure leads
to a tetragonal structure with corner-linked cis—cis Ti
chains arranged in a screw-like fashion around a 4, screw
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FIG. 4. Comparisen of (a) cubic CTA/CTP structure with (b) orthorhombic KTP-type structure. The “octahedra™ in (a) represent a disorder
of octahedra and tetrahedra. The orthorhombic structure (b) is related to the cubic structure (a) by a simple tetrahedra—octahedra ordering. The
characteristic cis—trans—cis chains of (b) can also be found in {a) (arrows).
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FIG. 5. Comparison of (a) cubic CTA/CTP with {b) K(Mg,sNb,,;3)OPQ, (KMNP). “*Octahedra® in (a) represent a disorder of octahedra and
tetrahedra. The tetragonal structure (b) is again an ordered version of the cubic parent structure (a). The “octahedra” labeled 2 in {a) represent

the tetrahedra in (b).

axis, Fig. 5. In this case, the tetragonal cell can be trans-
formed into the cubic CTA/CTP cell as axmee —
1/2[110]cub, Ckmne — [001] ey,

Another structure type consisting of cis—cis linked Ti-
chains is found in y-NaTiOPQ, (v-NTP) (21). Based on the
figure shown in the original publication (22) this structure
again appears to be an ordered derivative of cubic CTA/
CTP. Unfortunately the peometry reported in (22) cannot
be reconstructed from the unit cell, spacegroup, and coor-
dinates given therein. Nevertheless it can be deduced from
the picutre shown in (22} that the cubic cell is transformed
directly into an orthorhombic cell by a distortion of the
cubic parent cell.

In contrast to KTP, KMNP, and y-NTP, the structural
relationship between CTP/CTA and sphene (CaTiOSi0,)
cannot be deduced in terms of pure octahedra—tetrahedra
ordering in the cubic structure. Although kinked trans—
trans octahedral chains characteristic for sphene are easily
found in cubic CTA/CTP, Fig. 4a, the structural topology is
different. Whereas in sphene, each orthophosphate group
links three Ti-chains, the trans—trans chains in cubic CTA/
CTP are arranged such that any ordering scheme must
result in only two trans—trans chains connected by a
orthoarsenate/phosphate group. It can be speculated that
this different polyhedral network topology is one of the
reasons why in KTP, KMNP, and y-NTP, neighboring
chains have approximately parallel Ti-displacement vec-
tors, whereas in sphene the orientation of off-center Ti

atoms in neighboring chains is antiparallel, resulting in
a centrosymmetric structure and therefore inhibiting any
nonlinear optic and ferroelectric effects.

As recently shown by X-ray topography (23), the ortho-
rhombic KTP phase frequently contains inversion twin la-
mellae parallel to (100)y., and (011)g. Since (100)o,
transforms into a mirror-plane in the cubic phase ({110}.,),
orthorhombic twinning along (100}, becomes indistin-
guishable from regular lattice planes in the cubic phase,
Twinning along (011),.,, however, transforms into cubic
{111}-twinning, which is consistent with the observation of
the satellite reflections at (h, k, H)n/3 (n = 1, 2). Topologi-
cally, this twinning is caused by the insertion of true HTB-
stacking into the stacking of the cubic CTA/CTP structure.
Thus the strong twinning in the cubic phase, which makes
it impossible to solve the structure from single-crystal data,
is related to the twins and demains of the orthorhombic
phase.

The simple relationship between orthorhombic and cu-
bic CTA suggests that the phase transition occcurs through
dynamic exchange between Ti and As on the cation sites.
This implies that at the phase transition the cations are
very mobile and exchange randomly while the oxygen
framework undergoes only minor changes. The phase tran-
sition reduces the two different, highly stressed Cs-posi-
tions in the orthorhombic phase to one single site in the
cubic structure. The differences in coordination stress for
the Cs cation can be quantified with the bond-valence
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model (24). In this approach, the strength of each bond
can be determined from two basic assumptions, (i} that
the sum of all bond valences incident at any given atom in
the structure (bond-valence sum) must equal the respective
atomic valence and (ii) that the sum of the bond valences
around any closed loop in the structure must be zero. The
bond valences calculated from these rules correlate with
observed bond lengths such that for any given cation-anion
pair bond lengths and bond valences are directly transfer-
able into each other. This therefore allows us to compare
actual “observed” bond valences (derived from observed
bond lengths) with their ideal values as calculated from
the topology using the above-mentioned rules in individual
structures. In the absence of any electronic effects and
systematic errors in the structural data, deviations of the
observed bond valences from their ideal value reflect steric
strain within the structure. In particular, it is the bond-
valence sum which can be used to reveal any steric stress
in the structural arrangement, for example, a compressed
structural unit will exhibit bond-valence sums which are
too high, whereas an atom subject to tensional stress will
show negative deviations of the bond-valence sum from
the atomic valence. A rough bond-valence sum estimated
by weighting each Cs-O bond by the occupancy of the
respective oxygen site of the disordered model and noting
that the deviation of the Cs bond valence sum from 1 is
an indication of its coordination stress, clearly shows that
the Cs coordination in the cubic phase is much less stressed
(bond-valence sum = 0.96 v.u.) than in the orthorhombic
phase (average bond-valence sum = 1.87 va.). Cheng et
al. {4) hypothesized that the phase transition from the
orthorhombic to the cubic CTA-structure might be trig-
gered by this mismatch between the ideal size of the Cs*-
ion and the available space in the orthorhombic structure
(“threatened structure model”). To extend the predictive
possibilities of this model, an attempt was made to place
the threatened structure model onto a more quantitative
basis using again the bond-valence model. In order to also
compare the bond-valence sums of alkali cations in hypo-
thetical KTP-type compounds (e.g., orthorhombic CTP)
on a common basis, the sums were all calculated using the
fractional coordinates of KTP (25) for titanyl-phosphates
and KTA (26) for titanyl-arsenates and cell parameters
obtained from the following functions:

a = 1.706- IR (alkali-cation) + 2.610- IR (octahedral site}
+ 1.640- IR (tetrahedral site) + 8.274.

b = 1.282 - IR(alkali-cation) + 0.980- IR(octahedral site)
+ 1.077 - IR(tetrahedral site) + 3.594.

¢ = 4254 - IR(octahedral site)
+ 0.994 - IR(tetrahedral site) + 7.834.
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TABLE 5
Bond Valence Deviation of Alkali Cation and Orthorhombic-
to-Cubic Phase Transition Temperatures for Various KTP-
Type Compounds

Compound Abvs? (v.u.) IR(™alk.cat) (A) 74P (°C)
KTiOAsO, 0.09 1.55 mm? stable
TITIOASQ, 0.19 1.60 rnm?2 stable
KTiOPO, 0.21 155 mm2 stable
TITIOPO, 0.31 1.60 1048
RbTIOAsO, 0.43 1.63 mm?2 stable
RbTiOPO, 0.59 1.63 110
CsTiOAsO, 0.90 1.78 963
CsTiOPO,~ 1.11 1.78 No mm?2

7 Abvs, average bond-valence sum of alkali cations minus 1.

* Temperature of orthorhombic-to-cubic phase transition. Transition
temperatures as given in {1).

¢ Orthorhombic structure hypothetical.

These functions were obtained from a least-square fit to
a plot of observed cell parameters versus ionic radii (27)
of cations of the first seven compounds listed in Table 5.

Bond-valence sums for the alkali cations obtained by
this procedure are therefore automatically corrected for
inherent differences of the framework size due to different
framework—cation and alkali—cation sizes. Deviations of
the calculated bond valences from their ideal values are
givenin Table 5, together with the corresponding transition
temperature if applicable. Despite the small size of the
data set, it is apparent that the transition temperature
correlates inversely with the bond-valence deviation, ex-
cept for TITiOPOs (TTP), which seems to lie outside the
general trend. This can however be explained by a lone
pair effect characteristic of TI* which causes additional
electronic effects not allowed for in the bond-valance ap-
proach (28). Disregarding the TTP outlier, one may predict
that any KTP-type structure with an average bond-valance
deviation (Abvs = observed bond-valance sum minus
atomic valence) of 0.90 v.u. or less for the alkali cations
has a finite stability field for the orthorhombic phase. On
the other hand, it can be seen that the threshold for the
cubic-phase field in terms of the bond-valence misfit is
somewhere between .43 and 0.59 v.u.

In addition to the equilibration of the two Cs-sites, Ti**
and As®® start to disorder until they are randomly distrib-
uted over a single set of sites. In order to satisfy crystal
chemical requirements, the disorder between Ti** and As®*
must be accompanied by rearrangement of the oxygens
around As*". Although this effect is assumed to occur
dynamically near the phase transition, it is not expected
to be still dynamic at lower temperatures but rather to be
in the form of a frozen-in static disorder.

A final striking result of this study is the apparent dis-
agreement between the present chemical composition as
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FIG. 6. Combined TGA/DTA (DSC inset). Only the second DTA event is accompanied with a weight loss in the TGA curve. This is in
accordance with the observed stoichiometric phase transition before melting.

determined from both microprobe data and refinement
results, and the report of a Cs deficiency in cubic CTA in
{4) as deduced from ICP experiments. Thus, we undertook
a careful reexamination of the orthorhombic-to-cubic
phase transition using both DTA/TGA and DSC. As can
be seen in Fig. 6, the DTA/TGA experiment showed an
endothermic event with no associated weight loss at 935°C,
correlating with the orthorhombic-to-cubic phase transi-
tion, Thus the lack of any loss of Cs is consistent with
the present finding of a stoichiometric content. A second
endotherm which is accompanied by weight loss occurs at
1050°C, interpreted as incongruent melting of the cubic
phase (4). However, since it is not known whether the
early stages of the weight loss are associated with cesium
loss while the structure is still cubic, we cannot at present
rule out the possibility of some degree of nonstoichiometry
in cubic CTA. Morcover, we have some preliminary evi-
dence (based on unit cell volume and reaction chemistry
observations) that strongly suggesis the cubic phase is in
fact not a line phase and has an appreciable degree of
nonstoichiometry. This observation and the difficulties of
obtaining an accurate determination of Cs-content in these
crystals using ICP most likely account for the apparent
compositional inconsistencies between the present and
previous results. Work is in progress to resolve these issties.
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