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The mixed valence compound Cs, TigO4 has been studied by X-ray and eiectron diffraction. 1t was
found to belong to the hollandite structural family, with a superstructure made of sharp peaks indicating
a three-dimensional long range order of Cs cations at room temperature. Heating under the electron
beam of a microscope induced a phase transition in which superstructure reflections transformed to a
diffuse plane perpendicular to the tunnel direction of the hollandite structure. This was confirmed by
a series of X-ray precession photographs taken at several temperatures: the transition temperature is
about 593 K and the transition is reversible. X-ray structure analyses have been performed below the
transition (at 7 = 297 K) and above it (at T = 673 K) and are reported in this paper. The space group
of the high temperature phase is J4/m, with @ = 10.317(7) A, ¢ = 2.980(1) A. The superstructure at
room temperature can be indexed in a supercell involving the multiplication of all three basic axes. The
space group is I4,/a, with a = 14.524(11) A, ¢ = 5.936(2) A. At room temperature the two independent
titanium sites have almost the same size, and the 3d electron is probably delocalized in accordance
with the observation that Cs TiyOy is a semiconductor. The phase transition is explained by the loss
of lateral correlation among tunnels. No electronic phenomenon in the framework seems to be at the

origin of the transition, which appears to be a purely ionic phenomenon.

Introduction

The general formula of hollandite com-
pounds can be written AY*Bg* B ¥ Oy
withu = 1or2,v = 4or (rarely) Sand w =
1, 2, or 3. Electroneutrality of course im-
posesxu + (8 — y)v + yw = 32. The generic
hollandite structure has tetragonal space
group I4/m with a ¢ axis on the order of 3
A. Hollandites are constituted by a frame-

work of B/B’'Og octahedra providing tunnels
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of square cross-section running along the ¢
axis (/). A tunnel can be viewed as a string
of cavities large enough to accommodate
the A cations. The distance between cavity
centers is equal to the ¢ cell parameter. The
tunnei sites are only partially occupied and
it is believed that the A cations can move
within tunnels. Hollandites would thus be a
perfect realization of one-dimensional ionic
conductors. Indeed, an activation energy as
low as 0.034 eV has been measured in
K, 5Ti; Mgy 046 (2) for conductivity
along the tunnels. Two adjacent cavities are
separated by a bottleneck formed of four
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oxygen atoms and the activation energy cer-
tainly depends on the relative size of the
bottleneck and the mobile A cation for a
given compound. A large number of oxides
belonging to the hollandite family have been
synthesized, showing that the structure tol-
erates various substitutions for the frame-
work as well as the tunnel cations. One line
of investigation is to study how the physical
properties are influenced by the nature of
the cations making up the hollandite
structure.

Hollandite-type compounds generally
display superstructure reflections or diffuse
scattering in diffraction patterns. It is now
well established that this is due to the ar-
rangement of the A cations in the host lattice
(3—9), although 1t has been found in two
instances that the framework can create a
superstructure of its own (/0, 11). Two ex-
treme cases of superstructure can be distin-
guished: a one-dimensional (1d) case in
which the cations are ordered within tunnels
(intratunnel order) with no correlation be-
tween tunnels; and a three-dimensional case
(3d) in which there is both intra- and in-
tertunnel ordering. Intermediate cases have
beenobserved (12, I3) and can be character-
ized by a lateral correlation length. The 3d
ordering is thus viewed as a lateral ordering
of chains of cations, the 1d ordering being a
prerequisite. This 1d order may be also of
limited range and is characterized by an in-
tratunnel correlation fength. This length has
been  evaluated for example In
K, 54 Ti; ;3Mgg 706 (3) from the width of dif-
fuse planes to be about 35 A. Another fea-
ture of the hollandite compounds is that the
intratunnel order is often incommensurate
with the period of the host lattice. With the
1d case being more common, only six X-ray
single-crystal refinements of 3d hollandites
have been reported so far: Ba,;3MogO
(10), K;§SbsssLiy 45056 (14), Ba, ;3Ru044
(7), BaTigV,0, (8), Ba,,Tiz Mg, ,0,¢ (9),
Ba, 33Tis Mg, 33,06 (15, 16).

Cs, TigO ¢ with x = 1 adopts the hollandite

structure and its diffraction pattern exhibits
a superstructure made of sharp peaks. The
indexation of the diffraction pattern of
Cs, TigO,¢ at room temperature requires a
supercell built with all three basic axes, not
only the tunnel axis ¢. To our knowledge,
there is only one analogous hollandite struc-
ture, namely BaTi,V,0,, (8). This com-
pound is a mineral called mannardite, and
the superstructure has been indexed in the
same supercell. Another unusual feature is
the low occupation rate x of the tunnel cavit-
ies: the stoichiometry x = 1 corresponds to
k = x/2 = %, meaning that on average half
of the cavities available for Cs cations in the
tunnels are occupied. Such a low value is
rare and has been found in BaTigO,, (/7) and
in minerals for which the tunnels usually
contain water molecuies. To our knowl-
edge, attempts to synthesize hollandites
with k < 3 have been unsuccessful [see (/2)
for example]. However, metastable phases
with k = 0 and k = 0.24 have been reported
recently (/8).

We report here on the existence in
Cs,TigO,¢ of an order/disorder transition in
which the 3d superstructure described
above transforms to diffuse planes perpen-
dicular to the tunnel axis as the temperature
1s raised. This transition is reversible and
takes place at moderate temperatures,
which made possible crystallographic stud-
ies below and above the transition tempera-
ture. The basic phenomenon involved is
supposedly the increased mobility of Cs cat-
ions within tunnels at high temperature,
leading to the loss of intertunnel order. It is
the first report of an order/disorder phase
transition in hollandite. Diffraction studies
of K, sTi, sAl, 5O, (a 1d compound at room
temperature) show that intra- and intertun-
nel correlation lengths increase with de-
creasing temperature (/9), but the diffuse
patterns do not condensate into sharp peaks
down to 20 K.

Mixed-valence hollandites are qualita-
tively distinct from hollandites having two
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different kinds of B/B’ cations in the frame-
work. For example the formation of tetranu-
clear clusters due to strong metal—metal
bonds has been evidenced in two mixed-
valence molybdenum compounds: Ba, i,
MogO,4 (10) and K,Mo40¢ (/1). In the case
of titanium compounds one may draw an
analogy with the Magneli phases which are
also constituted of rutile-like octahedra
chains. In these compounds it has been es-
tablished (20) that certain chains contain
only Ti*" cations while others contain only
Ti** cations. This type of ordering induces
differences in Ti—Ti bond lengths and can
be observed by X-ray diffraction. We specu-
lated that if a similar phenomenon is present
in Cs, TigOy, it can participate in the 3d or-
dering of Cs atoms, and the 3d/1d transition
described above may be accompanied or
driven by an electronic change in the frame-
work in which the d valence electrons be-
come delocalized. The aim of this paper is
to clarify the nature of the transition, in par-
ticular to determine whether the transition
1s a purely 1onic phenomenon, or whether it
has an electronic component.

Experimental

The samples used in this study have been
synthesized by an electrochemical method
(21). The same combination [Cs,Ti**/Ti**]
has also been synthesized subsequently (22,
23), but with a different stoichiometry (x =
1.33).

The compound was first investigated by
electron diffraction. This was performed us-
ing a Philips electron microscope (120 kV)
equipped with a side-entry double tilt goni-
ometer. Specimens were ground in an agate
mortar and mounted on holey carbon films.
The crystals have tetragonal symmetry. A
superstructure formed of sharp peaks in the
Iy, = 1/2 (n odd) layers was observed (Fig.
1), and no diffuse scattering was visible (the
subscript ‘sub’ identifies quantities ex-
pressed in the basic hollandite cell, or sub-

cell). A phase transition was induced when
the beam intensity was increased: the super-
structure peaks elongate in the plane per-
pendicular to the ¢ tetragonal axis and even-
tually become diffuse planes at the highest
temperature attainable in this way (which
was not known). Diminishing the beam in-
tensity allows the recovery of the three-di-
mensional ordering, indicating that the tran-
sition is reversible. Additional experiments
were performed on a precession camera
equipped with a high temperature device
(24). This device shows good temperature
control (=2°C). The temperature was in-
creased by [0° steps and the temperature
was allowed to stabilize for [5 min before a
precession picture was taken. The transition
is continuous over the range of temperature
315—325°C. The same series of photo-
graphs taken while lowering the tempera-
ture confirms that the transition is reversible
and does not reveal hysteresis. Both super-
structures (sharp peaks and diffuse streaks)
are commensurate with /,, = #/2 (n odd).
We have looked for the existence of this
kind of transition in other hollandite-type
compounds having three-dimensional order
at room temperature. The results of this
work will be reported elsewhere.

Along exposure (10 days) precession pho-
tograph was taken at 297 K to identify possi-
ble weak diffuse scattering. As shown in
Fig. 2, diffuse planes are observed at [, =
0.5, indicating that the compound is not fully
ordered.

The high temperature diffraction pattern
has /4/m symmetry, and is characteristic of
the basic hollandite structure. The super-
structure revealed by precession photo-
graphs at room temperature can be indexed
in the following supercell: a = ayy + by s
b = Qg — bsub’ ¢ = 2Csub (asub’ bsub’ Csub
being the parameters of the subcell). The
extinction observed on the 40/ and 0k/layers
show systematic absences consistent with
the space group /4,/a. This is confirmed by
photographs of the £k0, hkl and hk2 layers
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FiG. 1. [0 1 1] electron diffraction pattern from Cs, TigO;. The transformation of the superstructure
at I, = % from sharp spots to diffuse streaks results from the heating obtained by increasing the

electron beam intensity.

taken on the same sample with the De-
Jong—Bouman method. The space group
{I4,/a; a, b, ¢} is a subgroup of {I4/m; ay,,
bow - Csuny (25), which corresponds to the
substructure.

The X-ray data collection at T = 297 K
and at T = 673 K were both performed on
a four-circle Philips PW1100 diffractometer
with graphite monochromated AgKe« radia-
tion. The lattice parameters listed in Table
[ were refined from 6 values of 26 reflections
over the range 20° = 20 = 44° determined
with diffractometer centering routines. The
background measuring time was equal to
scan time and the intensities of three stan-
dard reflections were monitored every 2 hr.
Other details are given in Table 1.

Because of their weak intensities, no su-
perstructure reflections were measured be-
yond 0§ = 20° at room temperature. All re-
flections in the / = 1 and | = 3 layers are
superstructure reflections and were remea-
sured with better statistics: the maximum
authorized number of scans was increased
to 10, and the preset number of counts was
set to 5000 and 10,000 for/ = l and ! = 3,

respectively. The scan width was increased
to 1.8° for measurements in the / = 3 layer.
All other parameters are identical to the
“main’’ data collection. No intensity test
was performed after the first scan, so that
all the reflections were measured. About 30
strong reflections showing a strong dissym-
metry in the background counts were re-
measured individually with a larger scan-
width. A profile revealed that they were
truncated. We also measured reflections
along the (001) row for — 12 = /=12 inorder
to check the / = 4n condition of presence.

The additional extinction rule 22 + [ =
4n was observed during data collection. This
corresponds to a special extinction of the
space group observed when all the atoms
are im special positions 4(a), 4(b) or 8(e),
which is a priori not the case here. Rewriting
this relation with the indices of the subcell
gives: hy,, + ko + L = 27, which corres-
ponds to a body-centered extinction in the
subcell. We will come back to that point
later.

The data set at T = 673 K was collected
right after the room temperature set on the
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320°

400°C

F1G. 2. X-ray precession photographs of Cs, TizgO\ at three temperatures. The reciprocal plane is
defined by (ak, + bZy, cky). The insert shows a 10-day precession exposure revealing a diffuse streak

at [sub = %.

same crystal, without dismounting it. The
heating device used is the one (24) used in
the precession experiments described
above.

The Lorentz and polarization corrections

were applied, as well as polyhedral absorp-
tion correction (i = 40.98 cm ™ !). The sam-
ple is delimited by five pairs of faces: (0 0
+1),(0=10),(~110and (1 —10), (=10
0), (100)and —1 —1 0) and the distances



MIXED VALENT CsTisO4

TABLE I

93

SUMMARY OF CRYSTAL DATA, INTENSITY MEASUREMENTS, AND STRUCTURE REFINEMENT PARAMETERS

T =293K T =673 K
1. Crystal data
Space group 14,/a I4/m
Cell dimensions (A) a = 14.524(11) a = 10.317(7)
¢ = 5.936(2) ¢ = 2.980(1)
Volume (A% V = 1252(1) V = 317.2(3)
VA 4 1
2. Intensity measurements
Radiation AgKa AgKa
Monochromator Graphite Graphite
Max 6 30° 30°
Scan mode wover 2 < § = 15° and 6/26 wover 3 =0 = 15° and 6/20
over 15 < 8 = 30° over 15 < § = 30°

Scan width AG(Gy) = 1.2° AB(Gy) = 1.4°
Counter aperture

Vertical edges 2° 2°

Horizontal edges 1.5° 1.5°
Scan speed 0.06° s~ ! 0.06° 57!
Preset number of counts 5000 5000
Maximum number of scans 4 4
3. Data reduction
No. of reflections 4488 1598
Ryyn® 3.6% 2.7%
No. of unique reflections 851 342
4. Refinement
No. of refined parameters 61 24
Final R, R, (%)" 5.9,3.0 10.9, 5.0
(shift/o) pax 0.8 0.7

* Rym = {Z:Z(F () — Fh)/Z,ZF (hy), with (F(k)) = average of equivalent reflections 4;.

'R = {E(Fobs - Fcalc)z/zF(zybs}ma R, = {Ew(Fobs

(mm) between the faces of a given pair are:
0.14, 0.06, 0.07, 0.06, 0.05, respectively.

Structure Determination and Refinement

297-K Structure

Initial positions of the framework atoms
were deduced from the basic hollandite
structure (26) by applying the following
transformation:

X = (xsub + ysub)/2
y = (_xsub + ysub)/2 + %

2= Zgp!2.

— Fo)MEwF% V2 (weighting scheme defined in text).

We have chosen origin choice No. 1 (25),
because the 4 axis which corresponds to the
tunnel axis is then going through the origin
according to the usual representation. The
stoichiometry of the compound indicates
that four Cs atoms are present in the su-
percell so that these cations have to occupy
positions 4(a) or 4(b) if they are ordered.
The b/2 translation in the above transforma-
tion was applied for these special positions
to correspond to the cavity center instead
of the bottleneck.

The multiplicity of the general position in
14,/a is twice that of I4/m, but the volume
of the supercell is four times that of the basic
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cell, so that a second set of independent
atoms is needed. This was obtained by re-
marking that the symmetry center which
was in (3 0 0) in the subcell has no counter-
part in [4,/a. Framework atoms are labeled
with two characters: the figure indicates the
number of the subcell atom from which the
position derives, and the letter identifies the
set: a for first set and b for second set.
Refinement was initiated with one Cs
placed on special site 4(a). The other special
position 4(b) provides an equivalent starting
point for refinement since the framework is
initially undistorted. The tunnel sequence
generated by the symmetry is a Cs-vacancy
and corresponds to the doubling of the ¢
axis. The refinement of this initial model
with 851 independent observations leads to
high values of the crystallographic indices:
R, = 20.6%, R = 22.1% with 58 refined
parameters (the thermal parameters of the
framework atoms are anisotropic). A Fou-
rier synthesis brings out a peak of electronic
density in the tunnels at (0 0 $). This lead us
to include an additional Cs on site 4(b) and
torefine fractional occupancies p [Cs(1)] and
plCs(2)]. This gives a better agreement but
it is still not satisfactory. Two additional
sites were added: Cs(3) at (0 0 =8z;) and
Cs(4) at (0 0 $=6z,). Five parameters are
added in this process: two displacements,
two populations, and one isotropic thermal
parameter applied to both sites. The results
are now satisfactory, but severe correla-
tions are noticed between p[Cs(1)] and
p[Cs(3)] on one hand, and between p[Cs(4)]
and p[Cs(4)] on the other hand. The stoichi-
ometry x = 2k nevertheless refines to 1.06.
The off center sites Cs(3) and Cs(4) proba-
bly result from the occupation of two contig-
uous cavities along the tunnel axis. This is
consistent with the refined occupation rate
« being greater than 3. This interpretation
implies that the two shifted sites have the
same population, so that the constraint
p[Cs(3)] = pI[Cs(4)] was mtroduced in the
refinement. Additional constraints between

TABLE 11

STRUCTURE OF Cs,TigO\y AT T = 297 K. ATOMIC
COORDINATES AND [SOTROPIC (FOR Cs) OrR EQUIVA-
LENT (FOR Ti AND O) THERMAL FacToRrs (A (Ugg =
3 Z; U;) (e.s.d.”s ARE GIVEN IN PARENTHESES)

X ¥ z Ueq/ Uigo
Cs(1) [ 0 0 0.0090(4)
Cs(2) 0 0 H UlCst1)]
Cs(3) [} 0 0.059(1) 0.0110(8)
Cs(4) 0 0 0.558(1) UICs(3)]
Ti(la) 0.25813(7) 0.40887(6) —0.00368(32)  0.0084(3)
Ti(1b) 0.24368(7) 0.09203(6) —0.00418(32)  0.0080(3)
Otla) 0.1834(2) 0.5257(2) ~0.0048(12) 0.0073(12)
O(2a) 0.3517(2) 0.3134(2) 0.0041(12) 0.0067(10)
QOulb) 0.3168(2) —-0.0253(2) —0.0042(12) 0.0087(10)
0O(2h) 0.1479(2) 0.1857(2) 0.0025(12) 0.0085(10)

Note. Fractional occupancies for Cs: p[Cs(1)] = 0.50%(8), p{Cs(2)] =
0.148(7), p[Cs(3)] = p[Cs(4)] = 0.101(4), which gives x = 1.062(3).

isotropic thermal factors (U[Cs(1)] =
U[Cs(2)] and U[Cs(3)] = U[Cs(4)]) were
alsoimposed. The agreement factors are now
R, = 3.0%, R = 5.9% with 61 refined param-
eters. A refinement with anisotropic thermal
factors for Cs is not possible because the
correlations between these parameters and
the populations are too strong. The final
atomic parameters and the main interatomic
distances are listed in Tables 11 and 111, re-
spectively. The reason of the special extinc-
tion 2k + | = 4n (with subcell indices) is
now clear: the Cs partial structure obeys
this extinction because these atoms are on

TABLE III

StrUCTURE OF Cs.TigOy AT T = 297 K. IN-
TERATOMIC DISTANCES (A) (e.s.d.’s ARE GIVEN IN Pa-
RENTHESES)

Cs(3)—Cs(4) 3.663(12) Cs(1)—Cs(1) 5.936(2)
Cs(1)—0(1a) 3.086(5) x4 Cs(2)—O(la)  3.058(6) x4
Cs(1)—0(1b) 3.057(5) x4 Cs(2—O(1s)  3.081(6) x4
Cs(1)—0(2b) 3.448(6) x4 Cs(2)—OQa)  3.462(6) x4
Ti(la)—Ti(1b)  2.971(3) Ti(la)—Ti(1b)  2.965(3)
Ti(la)—O(la)  2.014(4) Ti(16)—O(16)  2.008(4)
Ti(1a)—0(2a) 1.942(4) Ti(16)—O0@b)  1.946(4)
Ti(1a)—0(1a) 1.918(6) Ti(16)—O0(la)  2.014(6)
Ti(1a)—O(1b) 1.996(6) Ti(16)—O0Qa)  2.011(6)
Ti(1a)—O0@2b)  2.025(6) Ti(16)—O@2b)  1.949(6)
Ti(1a)—O0(2a) 1.959(6) Ti(16)—O(16)  1.941(6)
Average 1.976 Average 1.978
Distortion 381074 Distortion 281074




MIXED VALENT CsTis0, 95

TABLE IV
STRUCTURE OF Cs, TigO AT T = 673 K. AToMIC Co-
ORDINATES AND THERMAL FACTORS (A?) Weg = 5 Z;

U;) 1N THE SUBCELL (e.s.d.’s ARE GIVEN IN PAREN-
THESES)

X y Z ch
Cs(1) 0 0 3 0.0436(12)
Ti(1) 0.3491(2) 0.1659(2) 0 0.0137(4)
O(1) 0.1583(8) 0.2078(8) 0 0.017(2)
0(2) 0.5383(8) 0.1649(8) 0 0.019(2)

special sites 4(a), 4(b), or 8(¢), and the aver-
age framework is body-centered in the sub-
cell so that only distortion of the framework
can break this extinction rule.

673-K Structure

There are no superstructure peaks at 673
K and the initial parameters are simply those
of K, ;:Mnz0,4 (26). The refined anisotropic
thermal parameters of Cs reveal that the
vibration along the tunnel axis is very large
(Uy, = Uy = 0.0216 (8) A2and Us; = 0.0875
(35) AY. The refinement of the occupancy
leads to x = 1.10(1) in agreement with the
room temperature value. The crystallo-
graphic R factorsare R,, = 5.0%, R = 10.9%
with 24 refined parameters and 342 observa-
tions. An attempt of refinement with split
sites gives the same R factors. The final
atomic parameters and the main interatomic
distances are listed in Tables IV and V.

TABLE V

STRUCTURE OF Cs,TigO; AT T = 673 K. IN-
TERATOMIC DISTANCES (A) (e.s.d.”s ARE GIVEN IN
PARENTHESES)

Cs—O(1) 3.082(7) x8 Ti—O(1) 2.018(9)
Ti—O(1) 1.979(6) x2

Cs—0(2) 3.485(9) x4 Ti—O0(2) 1.9539)
Ti—02) 1.991(6) x2

Ti(1)—Ti(1) 2.980(3) Average 1.985

Distortion 0.9 107*

All refinements reported here are based
on F with 1/¢ (F)* weighting scheme (where
o is due to the counting statistics). The soft-
ware packages used are MXD (27) for the
297-K structure, and SDP (28) for the 673-
K structure.

Discussion

The cell parameters can be compared with
other mixed-valence titanium hollandites.
The values are

Ba, ,TizO\4 a=10.106 A ¢ = 2964 A (29),
Ko 4sTizOy4 a=10182A ¢ =296 A (8),
K, 3TigO a=10.18 A ¢ = 2.966 A (30),
Cs, 46TiyO 1 a=10270 A ¢ = 2.968 A.

(T = 297 K,

basic cell)

This reveals that the a parameter increases
with the 1onic radius of the tunnel cation,
whereas the ¢ axis is mostly constant. In
comparison the cell variation with tempera-
ture is quite important (Aa = 0.047 A,
Ac = 0.012 A), and the expansion is €ssen-
tially isotropic. We previously found (26) by
analyzing data on several structures re-
ported in the literature that the cell para-
meters depend very littie on the A ionic ra-
dius, but mainly depend on the average ionic
radius of B and B'. This does not account
for the effect of such large ions as Cs*, nor
for the effect of temperature.

The basic structural unit forming the
framework is the double chain of edge-shar-
ing BOg octahedra. Four double chains as-
semble by corner sharing to create square
tunnels. There are two crystallographically
independent octahedra in the room tempera-
ture structure. As expected, the four shared
octahedral edges are significantly short-
ened. The average Ti—O distances for the
two independent octahedra are 1.976 and
1.978 A, in agreement with the ionic radius
sum (31) (P(Ti**/T*)) + r(O*7) = 1.99.
These distances are shorter than the ones
found in monoclinic BaTigO,4: 1.985 A (17).
Interestingly, this value corresponds to



96 FANCHON ET AL.

what we find for the 1d phase (at 673 K). The
octahedral distortion as defined by Shannon
(37) is rather low: 3.9 x 107* and 2.8 X
104, compared with the average distortion
observed in Ba, 13Tig ;Mg 330, (/6): 7.2 X
10~*. This shows that no octahedral distor-
tion is required in order to accommodate the
large Cs™ cations in the tunnel cavities. The
Ti cations are displaced with respect to the
center of gravity of the octahedra: 0.102 A
for Ti(la) and 0.115 A for Ti(1b). Similar
displacements have been found in other hol-
landites: 0.14 A in Ba, 3;Ti¢ ;Mg 30,6 (16),
0.13 A in Ba, ,Tis 1,Al, 0,6 (32).

The two titanium-site sizes as measured
by the Ti—O distances are almost the same.
This shows that there is no preferential oc-
cupation of one site by the d valence elec-
trons. The Ti** valence electron is probably
delocalized, which is consistent with the
fact that Cs, TigO is a semiconductor (2/).
The shorter Ti—Ti distances are those link-
ing atoms within a chain of octahedra. They
are larger than 2.965 A, ruling out the possi-
bility of metal—metal bonding. Referring
to our hypothesis in the introduction, the
answer is that no electronic phenomenon
seems involved in the triggering of the phase
transition. The framework contributes to
the superstructure reflections only through
passive displacements accompanying the Cs
ordering. The most noticeable of these is the
Ti shift mentioned previously.

Cs* is the biggest cation that can be ac-
commodated in the hollandite structure.
The cesium atoms are in a slightly distorted
square-prismatic environment formed by
oxygen atoms. The centered Cs(1) atom
gives Cs—O distances of 3.08 A, and is thus
in contact with the eight oxygen atoms ac-
cording to the sum of ionic radii /{(Cs*) +
r(0?7) = 3.12 A. These oxygen atoms are
not in contact with each other, the shortest
O—O distance being the vertical edges of
the square-prism at 2.905 A, which is much
larger than 2r(0*") = 2.5 A. The cavity cor-
responding to an ‘‘empty’’ site has the same

horizontal dimensions due to symmetry, but
slightly longer vertical edges: 2.972 A It
should be noted however, that this cavity is
partially occupied due to disorder as dis-
cussed below.

The off-center sites are 0.350 A away from
this cavity center. This shift has been evalu-
ated (from rotation photographs) to be about
0.12 ¢y in Csy 55T 53Mgy 60,6 (22). Al-
though the occupation rate is lower and the
B’ cation is different, we find the same value
for the refined structure of Cs, TizO . It is
however difficult to understand how this
shift is accommodated since the centered Cs
are already in contact with the eight neigh-
boring oxygens. The structural study of the
x = 1.33 compound would certainly provide
an answer to this question because in that
case all the Cs cations are on off-center
sites. In the current compound these off-
center sites are only partially occupied and
we observe a framework averaged over the
disorder.

Bond-strength calculations based on the
Brown and Wu method (33) have been made
assuming a fully ordered structure. The cal-
culated valences are —2.04, —1.93, —2.04,
—1.99 for the oxygen atoms, and 3.81, 3.78
for the Ti**/Ti** hybrid cation, showing
that there is good charge balance in the
framework. The Cs valence obtained by this
method is 1.63, which is grossly overesti-
mated and indicates that significant interac-
tions have not been accounted for. These
can most certainly be identified as being the
Cs—Cs intratunnel repulsive interactions.

The intratunnel order is based on the [Cs
— 0] sequence (0 represents a vacancy). In
other words Cs occupy every other cavity
along the tunnel axis, as expected from the
stoichiometry. In most 3d hollandite, the
lateral arrangement of chains is such that
vacancies are grouped in corrugated sheets
(12). A corrugated sheet is best described
by a pair of planes both perpendicular to
the tunnel axis, with the distance between
planes being ¢,,/2. It is easy to check that
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FIG. 3. View of the Cs-vacancy distribution down the ¢ axis. Four different slices each c,,;/2 thick are
represented. In the “*corrugated sheet’ type of distribution, two of these would be vacancy-only and

the other two Cs-only.

every such pair of planes contains both ce-
sium atoms and vacancies (Fig. 3) and that
there is consequently no corrugated sheet
of vacancies in Cs, TizO (x = 1). Instead,
the distribution of charges is homogeneous.
The mineral BaTi,V,0,, (8), which has a
similar tunnel occupation rate, adopts ex-
actly the same distribution of Ba’* cations
(same space group /4,/a). It should be noted
that in both cases a lateral arrangement with
corrugated sheets of vacancies is possible in

space group [4/m with supercell (ayy,, by »
2cq,,)- A third example of compound where
the vacancies are homogeneously distrib-
uted is K, ;38b, ¢oMgs 1,044 (6). It is interest-
ing to note that this kind of distribution is
not special to the x = 3 tunnel occupancy.
The parameters controlling the type of lat-
eral arrangement are not known.

As mentioned earlier the occurrence of
off-center Cs positions can be explained by
the existence of {Cs—Cs} defects in the nor-
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F1G. 4. Cs-vacancy ordering scheme. The number in parentheses refers to the crystallographic site
(the minus sign indicates the symmetry-related site 007). This stretch corresponds to the following
occupancies: p[Cs(1)] = 0.5, p[Cs(2)] = 0.2, p[Cs(3)] = p[Cs(4)] = 0.1. This gives x = 1.10.

mal {Cs — 0] sequence. Figure 4 shows an
attempt to rationalize the pattern of Cs site
occupancies. Starting from the left one finds
four times the reference motif [Cs — 0] cor-
responding to the occupation of site Cs(1).
Then one {Cs—Cs} defect is encountered,
after which the normal sequence resumes
but is translated with respect to the refer-
ence sequence. This stretch of translated
sequence corresponds to the occupation of
site Cs(2). Finally a second defect translates
back to the reference sequence. In this ex-
ample there are 11 cations over 20 cavities
(leading to k = 0.55, x = 1.10), instead of
10 cations in the case of perfect order (lead-
ing to « = 0.50, x = 1.00). The whole se-
quence reproduces approximately the pat-
tern of occupancy values obtained in the
refinement since there are five cations on
Cs(1),20nCs(2), 1 on Cs(3), and 1 on Cs(4),
corresponding to the following occupancies:
0.5,0.2, 0.1, 0.1, respectively. If the length
of the translated sequence is reduced from
Scqp 10 3cq,, these values become 0.6, 0.1,
0.1, 0.1. Thus an equal random mixture of
the two kinds of model would give 0.55,
0.15, 0.1, 0.1, and the average length of the
translated sequence would be 4c,,,. This
value however should be taken with caution
since p [Cs(1)] and p[Cs(2)] were correlated
in the refinement, so that the ratio of trans-
lated sequence to reference is uncertain.
Another question is whether the defects
are grouped in planes perpendicular to the
tunnel axis or whether they are isolated.

The first case corresponds to a microdomain
model that has been developed for the Ba,
Tig_ Mg, O (1.1 < x < 1.33) series. The
existence of a weak diffuse plane at [, = %
superimposed to the superstructure reflec-
tions favors the second hypothesis. The co-
existence of sharp superstructure peaks and
diffuse planes at [, = 3 has also been ob-
served in BaTi,V,0,, (8), Ba, 4 Ti;O,, (33),
and some samples of Cs, 1, Ti;O,, (33).

Mijlhoff et al. (/12) have developed a
model in which the distribution of A cations
within tunnels is described by a periodic
modulation wave with square shape. The
wavevector ¢ is determined by the occupa-
tion rate of the tunnels and its value is 0.47
ck, for x = 1.06, meaning that the super-
structure is incommensurate with the period
of the average framework. It is clear from
our precession photographs that the room
temperature superstructure is commensu-
rate with ¢ = 0.50. This indicates that there
is no intratunnel order between the
{Cs—Cs} sequence defects, whereas in the
occupation wave model the occurrence of
Cs—Cs pairs is dictated by the wave and
thus givesrise to a strictly ordered (although
incommensurate) pattern of defects.

The 673-K structure is more symmetric
and there is only 1 independent octahedron.
The average Ti—O bond is larger than the
two room temperature values, and the dis-
tortion is smaller. An interesting result is
that the Ti shift from the octahedron center
is 0.10 A. Cheary et al. (32) proposed that
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lateral ordering of A chains could be deter-
mined by the framework polarizability aris-
ing from the off-centering of octahedral cat-
ions. They observed in several compounds
that the smaller the off-center shift, the
larger the lateral coherence length. Their
interpretation is that a large shift implies a
substantial screening of the intertunnel in-
teraction, thus favoring 1d order. Other au-
thors (33) proposed the same idea of frame-
work screening, but based on the electronic
polarizability of the framework cations. We
think that an important conclusion to be
drawn from the existence of a 3d/1d transi-
tion is that the state of order does not depend
only on static structural features, and that
dynamic aspects must be included in the
description. This changes the nature of the
problem into determining which parameters
control the 3d—1d transition temperature.

It is clear that the transformation of sharp
peaks into diffuse planes is due to the loss
of lateral correlation among tunnels. This
implies that above T, the Cs™ cations are
able to hop from one cavity to another. Two
adjacent cavities along the tunnel are sepa-
rated by four oxygens at mid distance. The
diagonal of this oxygen ‘‘square’’ minus
twice the ionic radius #(O?~) defines the bot-
tleneck size, which is 2.89 A at room tem-
perature and 2.91 A at T = 673 K. It is thus
smaller than 2r(Cs*) = 3.76 A by 0.87 A
(0.85 A at T = 673 K) and should prevent
the A cations from moving along the tunnels.
We propose the following model to explain
the Cs™ mobility within tunnels. A vibra-
tional mode of the framework may be asso-
ciated with a ‘*breathing’’ of the bottleneck,
allowing the Cs cations to go across the bot-
tleneck. Above a certain temperature this
vibration mode could become more popu-
lated and the probability for a Cs™* to hop
from one cavity to another would increase
dramatically. Itis likely that the same transi-
tion exists for Cs, 53 TigQ4, possibly with a
lower transition temperature. The mixed-
valence character of the framework may

also be a factor influencing the transition
temperature.
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