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Single crystals of the new reduced strontium titanate SrTi,;O,, (space group P1, a = 7.1252(8) A, b =
7.6644(8) A, ¢ = 13.1577(16) A, @ = 90.21(1)°, B = 92.79(1)°, ¥ = 103.94(1)°) are formed by slowly
cooling SrTiO, 5 in moiten SrO-2B,0; flux in high vacuum. The compound crystallizes in a new
structure type based on sheared double and single rutile chains of TiO4 octahedra. Formation of a new
monoclinically distorted reduced Ti-hollandite, La, ;,TigO; (space group I12/m, a = 9.946(2) A, b =
2.9668(4) A, ¢ = 10.280(2) A, B = 91.09(2)°), was observed upon dissolving LaTiO; in a molten
La,0; - 3B,0; flux. The crystal structures of both compounds were determined by single crystal X-ray

diffraction. © 1991 Academic Press, Inc.

Introduction

The reduced ternary oxides of titanium
form a class of compounds that can exhibit
interesting electronic properties as well as
intriguing structural features. Some species
are superconductors, such as SrTiO,_, (/,
2) and the spinel Li,, ,Ti, O, for x < 0.16
(3, 4). Often, complex ternary titanates
adopt structures based on sheared chains of
TiOg octahedra as in Na,TigO;; (5), Na,
Ti;05 (6), and K;TigOy, (7). Other represen-
tatives of this class have tunnel structures,
e.g., related to the hollandite structure as in
A, Tig0y6 (A = K, Rb, Cs) (8), or the calcium
ferrite structure as in NaTi,0, (9). Recently,
more complicated tunnel structures have
been observed in the reduced Na-Ti-O
compounds Na,Ti,Oy (10), and Na, ;Ti;Oy,
(11). While investigating the use of borate
fluxes for the crystallization of reduced ter-
nary transition metal oxides under inert at-
mosphere we attempted recrystallization of
the Ti** perovskites SrTiO, s and LaTiO,
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from SrO - 2B,0; and La,0; - 3B,0;, respec-
tively. It was observed that these fluxes can
buffer the amount of SrO or La,0; in the
solid phase that crystallizes, producing new
reduced ternary phases with a lower SrO or
La,0, content than in the original ceramic
precursors. We report the formation and
crystal structure of two new reduced ternary
titanates, SrTi;;O0,, and La, ;;TigOy4.

Experimental

Sample Preparation

A mixture of SrTiO, s and SrO - 2B,0; (in
1:2 molar ratio) was placed in a Mo-foil cup
with a Mo-foil lid, and heated in vacuo (in a
Centorr high-vacuum furnace) to 400°C to
remove adsorbed water, and then to 1100°C
(1 hr, 107%-10"7 Torr), after which the mix-
ture was slowly cooled (6°C/hr) to 940°C.
The heater was subsequently turned off,
allowing the sample to reach room tempera-
ture in 1 hr. The flux was removed using a
dilute aqueous HF solution. The product
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contained small purple crystals of up to 0.5
mm of SrTi,;0, (as determined by single
crystal X-ray diffraction), together with
very thin blue needles of an as yet unidenti-
fied species (also with low Sr-content, as
indicated by EDAX).

A mixture of LaTiO, and La,0O;-3B,0,
(in 3 : 2 molar ratio) was similarly heated to
1250°C and cooled (6°C/hr) to 1140°C. The
product proved moisture-sensitive, and the
mixture had to be broken up mechanically.
The reaction resulted in a solidified melt on
top of which alayer of greenish-blue crystal-
line material had formed. Dark needles of
a new lanthanum titanate, La, 1;TigO¢ (as
determined by single crystal X-ray diffrac-
tion), extended from this layer. Addition-
ally, flattened crystals of Ti,O; were
present.

So far, attempts to prepare these new
phases as ceramics (mixing SrO or La,0,
with Ti,0O, and TiO, in the correct stoichiom-
etry, with some borate mineralizer added,
and heating the mixtures in vacuo at
1100-1150°C for 24 hr) have been unsuc-
cessful. Recrystallization of the ceramic
with nominal composition ‘‘La,;;3TigO4"
from a K,B,0, flux in purified Ar atmo-
sphere (cooling from 1000 to 800°C at 15°C/
hr) yielded well-formed needles of the te-
tragonal potassium hollandite K, ,3Ti30,¢ (as
determined by EDAX and unit cell data
from single crystal diffraction).

Ceramic SrTiO, s and LaTiO; were syn-
thesized by heating pressed pellets of SrO
or La,0, and Ti,0; in the appropriate stoi-
chiometry, together with 3—5 mole% of B,0,
as a mineralizer, wrapped in Mo-foil in
vacuo to 1100°C for 24 hr. The Sr-Ti perov-
skite thus synthesized was cubic (¢ =
3.9058(1) A). TGA in oxygen resulted in a
slightly higher weight gain than calculated
for pure SrTiO, s, due to some leaching of
SrO by the mineralizer: the X-ray powder
pattern of the oxidized product showed
some TiO, impurity. The borate SrO - 2B,0,
was prepared by heating SrO, and B,O; in a

307

TABLE 1
CRYSTALLOGRAPHIC AND EXPERIMENTAL DATA

Formula SrTi; Oy La, 33TigOy

Space group P1 2/m
Crystal size (mm) 0.17 x 0.11 x 0.05 0.14 x 0.04 x 0.04
a (A) (at 25°C) 7.1252(8) 9.946(2)
b (A 7.6644(8) 2.9668(4)
c(A) 13.157(2) 10.280(2)
a(®) 90.21(1)
B8O 92.79(1) 91.09(2)
Yy 103.94(1)
V(&%) 696.4(2) 303.3()
z 2 1
D, (g/cm?) 4.456 4.516
u (MoKa, cm~1) 51.8 91.8
Scan type ) @
Reflections measured 5461 1985
Independent reflections 4047 504
Observed reflections 2400 448

> 2.50()
Refined parameters 190 43
R 0.065 0.037
R, (w = laXFy) 0.073 0.052

1:2 ratio to 900°C for 24 hr in an alumina
crucible, and La,O,-3B,0; was prepared
analogously from La(OH); and B,0;ina2:3
ratio.

Structure Determinations

The crystals were measured at 23°C on an
Enraf-Nonius CAD-4 diffractometer using
graphite-monochromatized MoKa radiation
and the NRCCAD program package (12).
All calculations were carried out on an Alli-
ant FX/80 computer, using the NRCVAX
structure package (13). Lattice parameters
were determined from the absolute 26 val-
ues of reflections at high angle (SrTi;;O,: 36
reflections with 40° < 26 < 50°, La, 4, TigO¢:
20 reflections with 41° < 20 < 52°). The
metal atom positions were obtained by di-
rect methods. A Gaussian absorption cor-
rection was applied, and anisotropic tem-
perature factors for the metal atoms (and
oxygen atoms in La, ;;TigO¢) were included
in the refinement. Further experimental and
crystallographic data are listed in Table I,
atomic coordinates and isotropic thermal
parameters in Tables II and III.



308

TABLE II

ATOMIC POSITIONAL PARAMETERS AND ISOTROPIC
TEMPERATURE FACTORS FOR SrTi;;Oy
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TABLE III

ATOMIC POSITIONAL PARAMETERS AND ISOTROPIC
TEMPERATURE FACTORS FOR La, 33TigO 4

x y z B,.(AY Occ. x y z B,(A?)
Sr 0.53721(21)  0.18786(20)  0.23932(11)  0.84(4) La 0.334(3) 0.0 0.1531(7) 0.0 1.68(6)
Ti(l)  0.00713)  0.9301(3)  0.2050818) 0.37(7)  Ti(L) 0.66880(13) 0.0 0.14655(12) 0.70(5)
Ti(2)  0.6670(3)  0.5688(3)  0.07131(18) 0.337)  Ti(2) 0.34734(13) 0.5 0.16409(13) 0.68(5)
Ti(3) 0.9664(4)  0.5697(3)  0.29135(18) 0.508)  O(1) 031925 0.0 0.0395(5)  0.87(20)
Tid)  0.6776(4)  0.4218(3)  0.48722(18) 0.37(7)  OQ) 0.1507(5) 0.5 0.2034(5)  0.69(18)
Ti(5)  0.3159(3)  0.0760(3)  0.0017718) 0.38(7)  O(3) 0.8047(5) 0.5 0.1593(5)  0.67(19)
Ti(6)  0.6966(4)  0.7978(3)  0.41610(19) 0.508)  O(4) 0.5395(5) 0.5 0.1545(5)  0.86(19)
Ti(7)  0.3552(4)  0.6355(3)  0.28647(18) 0.45(8)
Ti8) 0.3185(4)  0.9321(3)  0.43617(19) 0.42(8)
Ti®)  0.31563)  0.7101(3)  0.08457(18) 0.41(8)
Ti(10) 0.0064(3)  0.2943(3)  0.12667(18)  0.39(8)
Ti(11) 0.0170(3)  0.2094(3)  0.36817(18) 0.38(8)) chains (I4) of edge-sharing TiO-octahedra
O(1)  0.8766(14)  0.1189(13)  0.2333(7)  0.42(13 . : .
0@) 0.155(4) 07380013 020167 03903 Tunning along the [010] dlrec.tlon that are
0()  0.8320(14)  0.1739(13)  0.0233(8) 0.5904 sheared after every block of six octahedra.
0@ 0833%(14)  0819(13)  0.0%0(7)  0.4%14) The A layer is shown separately, viewed
0()  0.1731(14)  0.465%13)  0.04728)  0.61(14) . R
06 08es(14) 0376703 037s7) 04314 2PProximately along the a-axis, in Fig. 2a.
O(7)  0.4959(14)  0.8783(13) 0.3313n 04514 The first octahedron of each individual
O@®  0.1756(14)  0.1153(13)  0.1239(7)  0.5004)  block shares one edge with each of the two
00)  0.4969(15)  0.1762(13)  0.4691(8)  0.59(14) - . .
0U0) 0.1747015)  0.3264(14)  0.4795(8) 0.65(15) !ast octahedra pf the previous block, form-
01y 0.1773(14)  0.6688(13) 0.4034®)  0.5214) ing a double zig-zag chain. There are two
0(12)  0.8488(15) ~ 0.7656(14) ~ 0.3046(8)  0.63(14)  crystallographically independent double
0(13)  0.8355(14)  0.0475(13)  0.4456(7)  0.44(14)
O(14) 0.8345(13)  0.4468(12)  0.1671(7)  0.31(13)
O(15) 0.4843(14)  0.9521(13)  0.0955(7)  0.45(14)
O(16) 0.1485(14)  0.4018(13)  0.2677(7)  0.52(14) 8 A B
o7  0.1756(14)  0.0449(13)  0.3326(7)  0.51(14)
O(18)  0.4947(16)  0.5936(14)  0.1732(8)  0.88(16)
O(19)  0.5014(14)  0.3178(13)  0.030%7)  0.43(13)
O(20) 0.5083(15)  0.5481(14)  0.3989(8)  0.72(15)

Description of the Structures

SrTi11020

The compound SrTi;O,, crystallizes in
the triclinic space group P1, and its unit cell
contains eleven crystallographically inde-
pendent octahedrally coordinated Ti-atoms.
A polyhedral representation of the crystal
structure is shown in Fig. 1, viewed along
the b-axis. Selected interatomic distances
are listed in Table IV. The structure can be
considered as being built from two types of
layers of TiOg-octahedra parallel to [100],
connected by oxygen sharing. One layer (A
in Fig. 1) consists of parallel ‘‘double rutile”’

Fi1G. 1. Polyhedral representation of the structure
of SrTi;;Oy, viewed along the b-axis. Sr-atoms are
represented by circles.
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TABLE IV

SELECTED INTERATOMIC DISTANCES (A) FOR
SiTi; Oy, WITH ESTIMATED STANDARD DEVIATIONS
IN PARENTHESES

Sr-0(1) 2.60(1) Ti(6)-O(7) 1.99(1)
-0() 2.766(9) -009) 2.13(1)
-0(7) 2.63(1) -0(10) 1.99(1)
-0(8) 2.86(1) -0(12) 1.92(1)
-0(14)  2.74109) -0(13) 1.96(1)
-0(15)  2.56(1) -0(20)  2.06(1)
=017y  2.88(1) Ti(7)-0(2) 2.06(1)
-0(19)  2.95(1) -0(7) 1.96(1)

Ti(1)-0(1) 1.94(1) -0 2.09(1)
-0@) 2.02(1) -0(16)  2.03(1)
-0(4) 1.90(1) -0(18) 1.90(1)
-0(®) 1.98(1) -0(200  2.01(1)
-0(12)  2.011) Ti(8)-0O(7) 2.02(1)
-0(17)  2.08(1) -09) 2.02(1)

Ti(2)-0(4) 2.02(1) 2.08(1)
-0(5) 2.03(1) -0(11)  2.06(1)
-0(14)  2.07(1) -0(13) 1.97(1)
-0(18) 1.90(1) -0 1.98(1)
-0(19)  2.05(1) Ti(9)-0(2) 2.00(1)

2.08(1) -0(3) 2.06(1)

Ti(3)-0(2) 2.05(1) -0(5) 1.95(1)
-0(6) 1.94(1) -0(15) 1.95(1)
-0(1)  2.06(1) -0(18)  2.05(1)
-0(12) 1.90(1) -0(19)  2.09(D)
-0(14) 1.964(9) -0 2.04(1)
-0(16)  2.07(1) -0(3) 1.88(1)

Ti(4)-0(6) 1.95(1) -0(5) 1.90(1)
-0(9) 2.01(1) -0(8) 2.03(D
-0(10)  2.00(1) -0(14) 1.97(1)
-0(11) 1.96(1) -0(16)  2.13(1)
-0(20)  2.04(1) Ti(11)-0O(1) 2.03(1)

2.09(1) -0(6) 2.08(1)

Ti(5)-0(3) 1.97(1) -0(10) 1.89(1)
-04) 1.93(1) -0(13) 1.90(1)
-0(8) 1.99(1) -0(16)  2.07(1)
-0s5)  2.07(1) -0(17) 1.95(1)

2.01(1)
-019)  2.02(1)

chains in the structure (around z = 0, Ti(2,
5,9), and z = 1/2, Ti(4, 6, 8), respectively),
and they are interconnected by a single
TiOg-octahedron (Ti(7)). This caps three oc-
tahedra of the z = 1/2 chain by sharing three
edges, while sharing only one edge with one
octahedron in the z = 0 chain. In this way
a 2D-network is formed with cavities for the
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Sr-atoms. The B layer (shown in Fig. 2b)
consists of parallel single chains of edge-
sharing TiO4-octahedra (Ti(1, 3, 10, 11)) that
are sheared after every block of four octahe-
dra. The first two octahedra of a block share
edges with the two last octahedra of the
previous block. These chains also run paral-
lel to the b-axis and are centered around z =
1/4, 3/4, thus ‘‘capping’’ the Sr-containing
cavities in the A layer.

An alternative description of the structure
is based on the presence of close-packed
layers of ions parallel to [100]. Around x =
1/6, 5/6 oxygen atoms form a close-packed
layer (Y), while around x = 1/2 the O and
Sr ions form a distorted SrO¢ layer (Z). The
layer stacking sequence is [YYZ].., and the
A layer of octahedra is associated with or-
dering of Ti-ions in octahedral holes in the
YZY sequence, the B layer of octahedra
with ordering of Ti-ions in octahedral holes
in the YY sequence.

The Sr-ion occupies a somewhat distorted
cuboctahedral site that appears to be too
large for a regular 12-coordination of the
cation. The average Sr—O distance is 2.95
A, significantly larger than, e.g., the 2.76 A
for cuboctahedral Sr in SrTiO; (15). The Sr-
ion is clearly positioned off-center in the
site, and three of the Sr—O distances exceed
3.3 A. The average of the remaining nine
Sr-O distances in 2.78 A.

As is to be expected in structures com-
posed of multiply edge-sharing octahedra,
the TiOg-octahedra in SrTi;; O, are all more
or less distorted due to the mutual repulsion
of the Ti-ions. All diagonal O-Ti—O angles
are smaller than 175° (180° for an undistorted
octahedron), and for three of the four Ti-
atoms in the B layer (Ti(3, 10, 11)) even
smaller than 170°. The strongest distortion is
exhibited by Ti(10), with O-Ti-O diagonal
angles of 168.2°, 165.8°, and 164.7°, and
Ti-O distances ranging from 1.88 to 2.13 A.

In the ionic limit, the compound can be
formulated by charge compensation as
S+ Tig* Tid+ O3y, giving an average Ti oxi-
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FiG. 2. (a) Layer A in the structure of SrTi;;O,, viewed approximately along the a-axis; (b) layer B
of the structure, viewed along the same direction as (a). The TiOg octahedra are labeled with the number

of the Ti-atom in the center of the octahedron.

dation state of 3.45+. The average Ti-O
distance is 2.006 A, which lies between the
values generally observed for compounds
containing only Ti** (1.97 A, as, e.g., in
TiO, (16)), or Ti3* (2.05 A, as in Ti,0; (17)).
The average Ti-O distances for the TiO4
octahedra in the A layer (overall 2.014 A)
are all slightly larger than for those in the B-
layer (overall 1.992 A), but this difference is
on the borderline of significance, and does
not allow any conclusions with respect to
possible site preference for either Ti** or
Ti** in the structure.

Attempts to perform single-crystal resisti-
vity measurements on SrTi;;O,, have failed
so far due to the high contact resistance of
Ag/epoxy or evaporated silver contacts on
the crystal surface as obtained after etching
away the flux, and the small size of the crys-
tals, which precludes cleavage to obtain a
fresh contact surface.

La, 5;TigO6

This phase crystallizes in the hollandite-
type tunnel structure, which is slightly mo-

noclinically distorted for the La-compound
(K, 3sTigO;4, the other known reduced Ti-
hollandite, is tetragonal I14/m, a = 10.188(2)
A, ¢ = 2.9661(7) A (18)). Although rarely
observed for Ti-hollandites, monoclinic de-
formation of hollandite-type oxides occurs
quite commonly, e.g., in the minerals cryp-
tomelane and hollandite itself (19). This ap-
pears to be related to the ratio ry/r, of the
ionic radii for the octahedrally coordinated
cations and the tunnel site cations, respec-
tively. Monoclinic distortion is generally ob-
served for rg/r, > 0.48 (19), and the value
of 0.64 for La, ,;Ti;O,¢ easily meets this re-
quirement.

The structure of La, ;;TigO;6 is shown in
Fig. 3, projected along the b-axis. Selected
interatomic distances are listed in Table V.
The hollandite structure is based on linear
“double rutile’” chains of edge-sharing
TiO¢-octahedra that run parallel to the
unique axis, and are linked together to form
a framework of parallel tunnels. The A-cat-
ion resides in the tunnel, and ordering and
correlation of occupied and vacant sites of-
ten form commensurate or incommensurate
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Fi1G. 3. Polyhedral representation of the structure
of Lay;;Ti;04, viewed along the b-axis. The La-atom
positions, represented by circles, are partially oc-
cupied.

superstructures. This phenomenon has been
extensively studied, e.g., by X-ray and elec-
tron diffraction (see for example (20) and
references cited therein). As observed in
other hollandite-type oxides with a rela-
tively small cation occupying the tunnel
sites (19), the La-ion in La, ;;TigO4 is dis-
placed from the special position along the
tunnel direction and thus occupies an acen-

TABLE V

SELECTED INTERATOMIC DISTANCES (A) FOR
La, ;;TigO, WITH ESTIMATED STANDARD DEVIA-
TIONS IN PARENTHESES

Ti(1)-0(1)
-0(3)

1.919(5)

2.010(3) 2x
2.008(5)

1.966(4) 2x
3.225(5) 2x
2.749(5) 2x
3.202(4) 2x
2.763(5) 2x
3.214(4) 2x
3.609(5) 2x

Ti(2)-0(1) 1.976(3) 2x
-0(2) 2.005(5)

2.014(3) 2x

—0W) -04) 1.916(5)

La-0(1)

-0Q2)

-003)

-04)
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tric position in the distorted cuboctahedral
site. Although the ordering of the La-ions in
La, 5;Ti30,4 has not been explicitly investi-
gated, the presence of some weak superlat-
tice reflections with indices (h, k + 2/3, 1)
suggest a commensurate or near-commen-
surate tripling of the b-axis.

An interesting feature of La, ;;TizO¢ is
that it appears to be the first hollandite with
atrivalent cation occupying the tunnel sites.
As its stoichiometry is similar to that of the
well-known K, ;5TigO6, it implies that
La;;;Tig0y¢ is much more reduced than
other reduced Ti-hollandites (although re-
cently some strongly reduced hollandites
with the general formula Li Tl, MTi,O
(M = Al, Fe, Mg, Ni; x < 6) have been
prepared by Li-intercalation (21)). In the
ionic limit, it can be formulated as La}%;
Ti3*Tij* 0% , corresponding to an average
Ti oxidation state of 3.5+. The average
Ti-O distance in La, ,TizO,s of 1.983 A is
somewhat longer than in K 3TizOy (1.975
A).

As it proved difficult to prepare
La, 3;TigO,4 crystals in quantity or as a ce-
ramic, an attempt was made to recrystallize
a ceramic with a corresponding nominal
composition from a borate flux with a lower
melting point, K,B,0, (mp 815°C). This re-
sulted, however, in partial oxidation and
formation of a large quantity of deep blue
needles of the tetragonal potassium titanate
hollandite K ,TizgO,¢ (cell parameters from
single crystal X-ray diffraction: a =
10.170(1) A; ¢ = 2.9649(2) A; x = 1.28(2),
from semiquantitative EDAX).

Conclusions

As we observed previously in the crystal-
lization of reduced ternary niobate species
(22-24), borate fluxes are useful media for
obtaining single crystals of reduced ternary
transition metal oxides. It appears, how-
ever, that reduced titanates are consider-
ably more susceptible to partial oxidation
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through oxygen or water gettering than re-
duced niobates, even under high-vacuum
conditions. In this case, starting from Ti**
ceramics, it has led to the formation of new
mixed-valence phases. The buffering ability
of the borate fluxes for alkaline-earth or lan-
thanide oxides allows formation of solid
phases with metal ratios different from the
starting material. Here the products are con-
siderably depleted in SrO and La,0,, re-
spectively, relative to the starting material
(borates can also act as an oxide source,
e.g., in the reaction between NbO, and
BaO-3B,0; (22, 24)).

As it has been impossible so far to prepare
the new phases separately by ceramic pro-
cedures, it may well be that the flux plays a
very important role in the thermodynamics
of the product formation. In the reduced
Sr—Ti-O phase diagram (studied on ceram-
ics at 1350°C), Roy et al. observed a Sr-poor
phase, tentatively identified as SrTi;;O;
(25). It is likely that this phase is not related
to SrTi;;0,, as the reported X-ray powder
diffraction pattern for ‘‘SrTi,,O;,”’ and the
calculated pattern for SrTi;, O, are very dif-
ferent. The reaction between reduced ter-
nary transition metal oxides and borate
fluxes provides an interesting means to ob-
tain new reduced ternary phases.
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