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Abstract 

Neutron powder diffraction data were collected for 
the titanate hollandites CSl.36Ti8O16, Cso.82Bao.41 - 
Ti8Ol6 and Cso.4oBao.79Ti8O16 over the temperature 
range 5 to 400 K. Rietveld refinement was used to 
determine the tetragonal lattice parameters and the 
structural parameters of these compounds. The lat- 
tice parameters a and c increase with Cs concentra- 
tion from a =10-1688(2) and c = 2 . 9 5 9 5 ( 1 ) A  in 
Cso.40Bao.79Ti8O16 at 5 K to a = 10.2682 (2) and c = 
2.9643 (1)A in CS1.36Ti8OI6 at the same temperature. 
The expansion in these compounds is isotropic only 
in Cs1.36Ti8016 with a linear-expansion coefficient of 
- 8  x 10 -6  K - I  at 300 K. The presence of Cs is 
evident by the compression of the centres of the 
oxygen octahedral walls separating adjacent tunnels 
and by the enlargement of the tunnel cross-section. It 
is evident that the mean (Ti---O) bond length in the 
oxygen octahedra is influenced not only by the rela- 
tive Ti 3 +/Ti 4 +concentration in the octahedra but 
also by the Cs in the tunnels. The oxygen box 
forming the cavity around each tunnel ion, Ba or Cs, 
is approximately 10% larger in Cs1.36Ti8016 than in 
the pure Ba hollandite Bal.o7Ti80~6. All the tunnel 
ions are off-centred along the tunnel directions 

0108-7681/91/030325-09503.00 

owing to the large size of Cs in relation to the 
intrinsically small tunnel cavities and the pairing of 
these ions in the tunnels. Positional disorder of all 
the ions is evident in the temperature factors, which 
possess a large temperature-independent component. 
The X-ray Debye temperature Og of each hollandite 
is in the range 420 to 460 K and the r.m.s, dis- 
placement of the tunnel ions along the tunnel axis 
arisinog from positional disorder is between 0.16 and 
0.20 A. In the context of hollandites being used as 
hosts for radioactive Cs in nuclear waste, an analysis 
is presented of the possibilty of Cs or Ba migration 
along the tunnels. 

Introduction 

A key aspect of the development of a solid 
wasteform for high-level nuclear waste is the immo- 
bilization of radioactive caesium. This element con- 
stitutes a major component of nuclear waste and is 
normally associated with extremely soluble com- 
pounds rather than chemically inert compounds. In 
the titanate wasteform known as SYNROC (Fielding 
& White, 1987) caesium is immobilized quite success- 
fully with a leach resistance many orders of magni- 

© 1991 International Union of Crystallography 



326 BaxCsy(Ti3++ Ti 4+ " "  2x  8 - 2 x - y ) U 1 6  

tude higher than glass wasteforms particularly at 
high temperatues (Cheary, 1988). Within this matrix 
caesium is captured in solid solution by the barium 
hollandite phase forming a hollandite with the unit- 
cell composition BaxCsy([Ti/A1]3x++ ,.Ti 4+_.~_ 2 ) . ) O 1 6 .  In 
this compound Ba and Cs share the tunnel sites of 
the structure whilst the titanium and aluminium ions 
go into oxygen octahedral sites within the tunnel 
walls. In the absence of Ti 3 + ions, Cs substitution in 
Ba hollandite is limited to approximately 0.3 Cs per 
cell (Cheary, 1987) although more can be squeezed in 
under hydrothermal preparation conditions (Roth, 
1981). This limitation arises from the large size of 
Cs + ( R =  1.75 A) and the fact that the tunnel sites in 
Bal.]4[A12.28Tis.72]O16 can only accommodate ions 
with a radius < 1.5 A without developing localized 
distortions. Above 0.3 Cs per cell the structure is 
metastable because a significant proportion of Cs 
ions will be forced to have other Cs ions as nearest 
neighbours rather than a vacancy or a Ba ion 
thereby imposing an unacceptable level of deforma- 
tion in the tunnels. 

When reducing conditions are imposed on the 
starting materials, it is possible to substitute all the 
Ba with Cs up to 1.5 Cs per unit cell (Kesson & 
White, 1986a,b). In these hollandites some of the 
Ti 4+ in the tunnel walls are reduced to Ti 3 + ions and 
when this occurs the tunnel walls expand creating 
tunnel sites large enough to accommodate Cs 
(Cheary, 1990). Of all the hollandites of the type 
Bax(MyTia+_y)016 those with M = T i  3+ have the 
largest lattice parameters and, as a consequence, the 
largest tunnel sites. Kesson & White (1986a,b) have 
identified the compositions that exist in the solid- 
solution series • 3 + .4 + BaxCsy([TffA1] 2x + y T 1 8  - x - 2 y ) 0 1 6 .  

Hollandites without Cs and A1 are monoclinic (space 
group 12/m) and form over the composition range 
Bal.oTTi8016 to Bal.33Ti8O16. When the temperature is 
raised all this group of hollandites can be converted 
to tetragonal I4/m (Tc = 375 K for x = 1.07 and 
475 K for x = 1.31) but on cooling through these 
transitions it is possible for both the tetragonal and 
monoclinic phases to coexist even down to 5 K. 
Between these titanate hollandites and the barium 
aluminous hollandites BaxA13x + Ti 4 +_ 2x016 [1" 14 <_ x 
_< 1-23 (Cheary, 1986)] the symmetry changes from 
monoclinic to tetragonal. The addition of approxi- 
mately 0.1 Cs per cell to the monoclinic titanate is 
sufficient to induce the transformation to a tetrag- 
onal hollandite. This occurs because the large Cs 
ions prevent the tunnel walls collapsing onto the 
tunnel ions (Cheary, 1987). According to Kesson & 
White (1986a,b), up to 1.33 Cs per cell can be 
incorporated in titanate hollandites (viz. 
Cs1.33Ti8016) but when a small proportion of A1 is 
present along with Ti 3+, this can be extended to 
1.5 Cs. 

The general purpose of the present study is to 
investigate how the crystal structure of titanate 
hollandites adapts to changes in temperature and the 
gradual replacement of Ba by Cs (viz. Ba,CsyTisO16). 
It is of central importance to the SYNROC program 
to understand how Cs is accommodated and what 
factors limit the stability of these ions on the tunnel 
sites. The first part of this work on Ba hollandites 
Ba~TisO16 (x = 1.07 and 1-31) over the temperature 
range 5 to 500 K has already been published 
(Cheary, 1990). In the present paper three single- 
phase, polycrystalline titanate hollandites containing 
different levels of Cs up to a pure Cs hollandite are 
investigated over the temperature range 5 to 400 K 
using high-resolution neutron powder diffraction 
data. Rietveld refinement is employed to determine 
both the lattice and structural parameters of these 
hollandites. 

The hollandite structure 

The hollandites considered in this paper are all 
tetragonal with the space group 14/m and lattice 
parameters a = 10 and c = 3 A. This structure con- 
tains two distinct features; c-axis tunnels occupied by 
the Ba and Cs, and four tunnel walls per tunnel 
formed from oxygen octahedra which in this instance 
enclose the Ti 3÷ and Ti 4+ ions. A (001) projection of 
a hollandite extended over a number of unit cells is 
shown in Fig. 1 along with a diagram which defines 
the various positions within the basic units of this 

Y 

v Key: 

z=O z=0.5 
o • • * s "  

'- 0 0 O,,~e. 

O3~21~11 • O B Site TI 

Fig. 1. Projection of the hollandite s t r u c t u r e  looking down the 
tunnel axis defining the unit cell (within the bold square) and 
the nomenclature used to describe the oxygen positions. 
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structure. In terms of available sites, each unit cell 
has the composition AzB8O16 where B represents Ti 
sites in the oxygen octahedra and A are the tunnel 
sites which are only partially occupied by Cs and Ba. 
The A site occupancy in these compounds can vary 
from 57% in Bal.14Ti8016 up to 67% in Csi.33Ti8016 
but has been known to reach 75% in K and Rb 
hollandites and even Cs hollandites containing a 
small proportion of A13÷ alongside Ti 3+ In tetrag- 
onal hollandites all the O octahedra are the same size 
but slightly distorted and the B ions within them are 
off-centre because of the electrostatic repulsion 
between adjacent columns of B ions. The O octa- 
hedra are bonded together by edge sharing within the 
walls and the walls themselves are tied by corner 
sharing. During the monoclinic-tetragonal trans- 
formation these corner shared oxygens act as hinges 
along the c axis allowing the tunnel cross-section to 
change from a rhombus to a square without signifi- 
cant deformation of the tunnel walls. Each A site is 
surrounded by a box of eight oxygens formed from 
two square-planar arrays of the oxygens O11---O14-- 
O12--O13 above and below the A site in the tunnel- 
axis direction. Ordering usually occurs amongst the 
Ba, Cs and vacant A sites which shows up as super- 
lattice lines in the X-ray or electron diffraction 
pattern (Bursill & Grzinic, 1980). At 67% occupancy 
the ordered structure has a repeat of 3c along each 
tunnel, where c is the hollandite tunnel-axis lattice 
parameter, and the filled (F) and vacant (V) sites 
follow the pattern [FFV]-[FFV]-... The pairing of 
filled sites in this arrangement creates a mutual 
electrostatic repulsion and these ions assume an off- 
centre position within their oxygen boxes. In the 
context of nuclear-waste disposal the size of the 
square-planar array of oxygens in relation to the size 
of a Ba or Cs ion and the pressure imposed on this 
array by the off-centring forces are important factors 
in determining the migration energy of these cations 
and the general stability of the hollandite structure 
particularly when the material is subject to radiation 
damage. 

Specimen preparation, measurement and refinement 
procedures 

Three hollandite specimens each of about 12 g were 
prepared for neutron diffraction studies all with Ti 
ions only on the B sites but with differing propor- 
tions of Cs and Ba on the A sites: one with Cs only, 
one with ~Cs + ½Ba and the other with ~ s  + -~Ba. To 
make up these samples it was assumed that the total 
occupancy and the Cs content on the A sites are 
linearly related between the end members 
Ba~.~4Ti8016 and Cs~.33Ti8Oi6. This was borne out of 
preliminary specimens which were all single phase 
provided certain precautions were taken during the 

firing of the materials. In all the specimens the 
starting materials Cs2C03, BaCO3 and TiO2 were all 
pre-dried. After being weighed out the starting 
materials were mixed by wet milling with petroleum 
spirit in an agate ball mill for 30min and then 
vacuum dried in a dessicator for over 2 h. The 
mixture was then compacted into a disc and calcined 
at 925 K in air for 1 h; if higher temperatures are 
used Cs becomes volatile. The decrease in weight at 
this stage agreed within 0.5% of the value expected 
for CO2 loss. Each specimen was then ground up and 
a calculated amount of the fine graphite powder 
blended in to act as the reducing agent for converting 
Ti 4+ to Ti 3+ The final firing was carried out on 
compacted specimens for 12 h using a reducing 
atmosphere of 5% H2 in N2. The pure Cs hollandite 
was fired at 1440 K whilst the other two were fired at 
1490 K and in each case the specimens were cooled 
to room temperature over a 12 to 16 h period. To 
prevent Cs loss at these temperatures each specimen 
was contained in an alumina crucible with a close- 
fitting lid which was clamped firmly against the 
ground crucible rim during firing. No significant 
change in the Ba/Ti and Cs/Ti ratio before and after 
firing was observed in any of the specimens accord- 
ing to an analysis of the Ba L, Cs L and Ti K X-ray 
fluorescence peaks recorded on a Philips XRF 
wavelength-dispersive spectrometer. All three speci- 
mens were single-phase tetragonal hollandites with 
well resolved X-ray powder diffraction peaks with no 
detectable impurity or superlattice lines in a 
continuous scan at 0-05 ° s - I  over the range 
20 = 10-65 ° using Cu Ka radiation. 

Neutron powder diffraction data for all the 
samples were collected at A = 1.59327 A over the 
angular range 20 = 0-160 ° using the high-resolution 
diffractometer D2B at the Institut Laue-Langevin. A 
description of the calibration procedure used to 
evaluate ,~ and the resolution obtained from this 
instrument are documented in Cheary (1990). The 
design and general characteristics of D2B are 
discussed in Hewat (1986). Each specimen was 
ground to a powder fine enough to pass easily 
through a 38 ~m sieve and then loaded onto the 
diffractometer in a sealed thin-walled V can. Data 
were collected at 5, 100, 200 and 300 K for each 
specimen using a continuous flow He cryostat. A 
cryofurnace was used to collect an additional data 
set at 400 K from the pure Cs hollandite. 

Rietveld refinement of the neutron data was car- 
fled out using the program developed by Wiles & 
Young (1981) and extensively modified by Howard 
& Hill (1986). In this analysis the profiles were 
modelled by a full Voigt function including an 
asymmetry term to represent the effects of vertical 
divergence (Howard, 1982). The data were corrected 
for zero error in the refinement and the background 
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was fitted to a function of  the form bo + b120 + 
b2202+b3/20. Close inspection of  the diffraction 
data revealed a number of very weak unidentified 
diffraction lines in each of  the specimens but these 
were excluded from the refinement. Even when 
included in the refinement these lines had negligible 
effect on the final results. The goodness-of-fit indica- 
tors quoted in the table of  results are the weighted 
pattern R factor Rwp, its expected value on the basis 
of  counting statistics R~p and the Bragg R factor R8 
as defined in Howard & Hill (1986). 

All the patterns were refined in the space group 
14/m and convergence was achieved without prob- 
lem. The refined atomic coordinates, lattice param- 
eters and temperature factors for each recorded 
neutron pattern are given in Table 1 with the atomic 
coordinates described according to the scheme, 

A-site ions in 4(e): 00z, 
Ti and O in 8(h): uvO or xyO. 

The compositions quoted in the table were 
obtained by refinement of  the occupancy on the A 
sites. As Ba and Cs possess similar scattering lengths 
an average value was adopted for the A sites on the 
basis of  the proportion of each ion in the preparation 
mixture; the Ti3+/Ti 4+ ratio on the B sites was 
calculated from the charge-balance equation once the 
total occupancy was known. In each case the 
observed occupancy on the A sites was close to the 
value expected. Isotropic temperature factors were 
used for Ti and O, but anisotropic temperature 
factors were required for the A ions to reflect posi- 
tional disorder in the c direction as in earlier 
refinements (Cheary, 1986; Sabine & Hewat, 1982). 
Corrections for absorption were applied to the tem- 
perature factors (Hewat, 1979) but in general the 
changes in B were small (i.e. AB=0.01  ,~2). Very 
good fits were obtained to the patterns with Rwp 
between 7 and 7.5% for E o R wp----- 2 %. The structural 
parameters model the data well with R8 down to 
1.4% for the Cs hollandite and only rising to 2.8% 
at worst. 

Analysis and discussion of results 

The absolute values of  the refined A-site occupancies 
are within 0.04 ions per cell of  the intended values. 
As expected the occupancy increases uniformly with 
Cs concentration although the relationship is not 
exactly linear. The lattice parameters, a and c, for 
each compound are well behaved with temperature T 
fitting closely to the relation 

a (or c) = ao + a2 T 2 + a3 T 3 (T in K). (1) 

Although both a and c increase as more Cs is 
concentrated into the tunnels they seem to be con- 
trolled in slightly different ways. In particular ao, the 

Table 1. Structural parameters for the titanate 
hollandites CSl.36Ti8016, Cso.82Bao.a1TisO16 and 
Cso.4oBao.79Ti8016 obtained by Rietveld refinement o f  
high-resolution neutron powder diffraction data (A = 
1"59327/k) collected over the temperature range 5 to 

400 K 
The e.s.d.'s given by the refinement are included in parentheses. 

5 K 100 K 200  K 

• 3+ .44 
Csi  36 = o.o3(T1 r36 ± o.o3T16.6.1 -z-_ o.o3)O16 

a (A) 10.2682 (2) 10.2705 (2) 10.2766 (2) 
c (A) 2.96433 (5) 2.96469 (5) 2.96600 (2) 

Cs + Ba z 0.371 (2) 0-370 (2) 0.374 (3) 
~, ,  0.0003 (3) 0.0006 (3) 0.0011 (4) 
/333 0.106 (12) 0-113 (12) 0-147 (17) 
B (A 2) 1.35 (12) 1.50 (13) 2.03 (20) 

Ti u 0.3487 (2) 0.3488 (2) 0.3486 (2) 
v 0.1654 (2) 0.1654 (2) 0.1650 (2) 
B (A z) 0.50 (2) 0.54 (3) 0.65 (3) 

O1 x 0.1575 (2) 0-1576 (2) 0.1577 (2) 
y 0"2083 (I) 0"2084 (I) 0"2084 (I) 
B (A 2) 0.48 (2) 0.53 (2) 0.59 (3) 

0 2  x 0"5374 (1) 0"5374 (I) 0.5376 (2) 
y 0"1668 (2) 0"1668 (2) 0.1666 (2) 
B (A 2) 0.56 (3) 0.59 (2) 0-67 (3) 

R. v (%) 7" I 7" 1 7"2 
R~.~, p (%) 2.0 2.0 2.0 
Rn (%) 1.4 1.5 1.6 

Cs0.s2Bao,i (Ti  ~ ± 0.o3T1636.4 + • 0"03) O I 6  

a (A) 10.2152 (2) 10'2175 (2) 10.2223 (2) 
c (A) 2"96094 (5) 2-96180 (5) 2'96374 (2) 

Cs + Ba z 0"385 (2) 0.381 (2) 0.382 (2) 
BH 0"0001 (4) 0'0004 (4) 0"0009 (4) 
1333 0-069 (10) 0.077 (10) 0.124 (14) 
B ( A  2) 0-82(11) 1.10(12) 1.70(16) 

Ti u 0.3493 (2) 0.3490 (2) 0.3490 (2) 
v 0.1660 (2) 0.1657 (2) 0.1654 (2) 
B (A 2) 0.58 (3) 0.62 (3) 0-63 (2) 

Ol x 0.1571 (2) 0.1572 (2) 0-1575 (2) 
y 0.2051 (I) 0.2053 (1) 0.2055 (1) 
B (A 2) 0.52 (2) 0.56 (3) 0.54 (2) 

0 2  x 0.5388 (1) 0.5385 (1) 0.5388 (1) 
y 0.1671 (2) 0.1675 (2) 0.1674 (2) 
B (A:) 0.55 (3) 0.55 (2) 0.64 (3) 

R. v (%) 7.6 7.4 7.0 
R'.~P (%) 2.1 2.1 2.1 
R8 (%) 2.8 2.8 2.3 

Cso.4oBao.79 (Ti  ~.;9 ± • 4 + o.03T16.ol ± 0.03)O16 

a (A) 10-1688 (2) 10.1716 (2) 10-1764 (2) 
c (A) 2.95945 (5) 2.96028 (5) 2.96260 (2) 

Cs + Ba z 0.402 (2) 0.399 (3) 0-400 (3) 
/3,, 0.0005 (5) 0.0010 (4) 0.0019 (4) 
/33, 0"069 (10) 0'077 (10) 0"124 (14) 
B( A 2) 1-20 (20) 1'68 (20) 2"03 (23) 

Ti u 0-3502 (2) 0"3503 (2) 0-3502 (2) 
v 0-1670 (2) 0'1668 (2) 0"1667 (2) 
B (A r) 0-58 (2) 0"62 (2) 0.67 (2) 

OI x 0"1561 (2) 0"1562 (2) 0-1562 (2) 
y 0-2021 ( l )  0"2022 ( l)  0.2024 (1) 
B (A ~) 0-48 (2) 0.52 (2) 0.59 (2) 

0 2  x 0"5392 (I) 0.5391 (1) 0"5391 (1) 
y 0-1669 (2) 0"1669 (2) 0.1669 (2) 
B (k  2) 0.51 (3) 0.56 (2) 0.63 (2) 

R.  v (%) 7.5 7'4 7-4 
R'f~2 (0/o) 2.2 2-2 2.2 
Rn (%) 2.3 2.2 2.1 

300 K 4 0 0  K 

10.2846 (2) 10.2947 (2) 
2.96810 (5) 2.97087 (6) 

0.373 (3) 0.376 (4) 
0-0017 (4) 0.0028 (4) 
0.148 (18) 0-190 (3) 
2.20 (20) 3.02 (35) 
0.3485 (2) 0.3484 (2) 
0.1652 (3) 0.1654 (3) 
0.74 (2) 0.79 (2) 
0.]580 (2) 0.1578 (2) 
0.2084 (1) 0-2085 (1) 
0.67 (3) 0.74 (3) 
0-5377 (1) 0-5376 (2) 
0-1664 (2) 0-1663 (2) 
0-81 (2) 0-87 (2) 

7.2 7.2 
2.0 2.0 
1.6 1.6 

10.2289 (2) 
2.96633 (5) 

0.381 (2) 
0.0014 (5) 
0-122 (14) 
1.83 (16) 
0.3491 (2) 
0.1655 (2) 
0-85 (2) 
0-1573 (2) 
0.2055 (1) 
0.72 (3) 
0.5386 (1) 
0-1673 (2) 
0.80 (3) 

7.1 
2.1 
2.6 

10.1830 (2) - 
2.96538 (5) - 

0.399 (3) - 
0-0027 (4) - 
0.122 (14) - 
2.34 (25) - 
0-3503 (2) - 
0-1664 (2) - 
0.76 (2) 
0.1562 (2) - 
02025 (1) - 
0-68 (2) - 
0"5391 (1) 
0' 1669 (2) 
077  (2) 

7-4 
2"1 
2-1 

lattice parameter at 0 K, is distinctly linear when 
plotted against the Cs content but displays some 
irregularity when plotted against the total occupancy 
on the A sites. With Co the situation is reversed; 
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linearity is produced by plotting against the total 
occupancy on the A sites. The plots for ao and Co are 
shown along with the lines of best fit in Figs. 2(a,b). 
To show the behaviour over the whole composition 
range, these figures along with later figures include 
results for the metastable tetragonal end-member 
hollandite Bal.o7Ti8Ol6 (Cheary, 1990). At room tem- 
perature (300 K) the expansion in the present 
samples becomes isotropic when all the Ba has been 
replaced by Cs. In Bal.o7 hollandite the expansion 
coefficient a,  along the tunnel axis, given by (1/c)(dc/ 
d73, is 14× 1 0 - 6 K - I  and double the expansion 
coefficient a ,  in the a direction given by (1/a)(da/ 
d73. The expansion coefficients merge to a value of 
- 8  × 10 - 6  K -I in CSl.36Ti8O16 which is similar to 
the value 11 × 10 -6  K - l  obtained by Sabine & 
Hewat (1982) for Bal.la(A12.28Tis.72)Oi6. A plot of a .  
and ac as a function of the Cs content per cell is 
given in Fig. 2(c). 

When Cs is substituted into Ba hollandite the 
tunnel site it occupies is intrinsically smaller than the 
ion itself. The Cs--O bond length is typically > 3.1 /~, 
(Shannon, 1976) but in Bal.oTTisOj6 the Ba--O dis- 

tance averaged over the eight O1 oxygens forming 
the tunnel cavity is 2-94 A at 5 K. Also the distance 
between the centres of adjacent tunnel cavities along 
the tunnel axis, namely the c parameter, is only 
slightly larger at 2-956/k. To accommodate Cs the 
box of oxygens needs to be enlarged but this can 
only occur by deformation of the oxygen octahedra 
in the tunnel walls. Two factors control the size and 
shape of these oxygen octahedra; the amount of Cs 
in the tunnels and the relative concentration of Ti 3 + 
a n d  Ti  4÷ in the octahedra. As the Cs concentration 
increases the proportion of Ti 3 + ions on the B sites 
decreases and up to - 0 . 8  Cs per cell the mean 
(Ti--O) bond length also decreases. Beyond this level 
the (Ti--O) length undergoes an anomalous increase 
as shown in Fig. 3(a). When Cs is absent the (Ti--O) 
bond length is determined primarily by the 
Ti 3 + /T i  4÷ ratio and the Ba ion in the tunnel has little 
influence (Post, von Dreele & Buseck, 1982). How- 
ever, as the Cs level increases, the centres of the walls 
are compressed by the presence of these ions on 
either side of the wall and the wall thickness 
decreases at its centre. In Csl .36Ti8Oi6  the oxygens 
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Fig. 2. Lattice parameters (a) a and (b) c for Csl.36Ti80]6, 
Cso.82Bao.aiTi8Oi6 and Cso.aoBao.79Ti8O16 at 0 K as a function of 
the Cs content per unit cell, along with (c) the linear-expansion 
coefficients ce~ = (l/a)(da/dT) and a,. = (I/c)(dc/dT) at 300 K. 
In these plots the error bars are encompassed by the plotting 
symbols. 
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Fig. 3. The effect of  Cs content on (a) the mean Ti---O bond 
length within the oxygen octahedra, (b) the separation of the 
oxygens Ol i-----O23, a measure of the lateral dimensions of  the 
tunnel walls, and (c) the separation of the oxygens O1 ~--OIz, a 
measure of the thickness of the tunnel walls at the centre. 
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O1~ and O lz, at the centre of each wall are only 
separated by -2 -55  A and are clearly in intimate 
contact. At the same time the tunnel cross section is 
enlarged because the tunnel walls are also stretched 
laterally by the Cs ions. These effects are illustrated 
in Figs. 3(b,c) which show the effect of Cs on the 
O11--O23 separation, a measure of the lateral dimen- 
sions of the tunnel walls, and the Oli--O12,  separa- 
tion. In the O octahedra these two O---O separations 
are the only ones that change by more than 0.02 A 
between end-member compounds. 

The pressure imposed on the tunnel walls by Cs is 
also reflected in the thermal expansion of the oxygen 
octahedra in the walls relative to the tunnel volume 
between 5 and 300 K. Fig. 4 shows plots of the 
oxygen octahedral volume and the volume of the 
oxygen box or tunnel cavity surrounding each A site 
for each of the Cs-substituted hollandites over the 
temperature range 5 to 300 K. Over this temperature 
range the tunnel cavity volume increases linearly by 
0-8% in each of the hollandites, but the expansion of 
the oxygen octahedra is smaller and dependent on 
the Cs content; 0.18% in Csl.36TisO16 and 0.31% in 
Cso.aBao.79TisOi6 . Reducing the proportion of Cs, 
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I a CSo.4o Bao.79Ti o O1 s 

40.5' 
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T (K) 

39.5 
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Fig. 4. The effect of temperature on the volume of the oxygen 
octahedra and the volume of the tunnel cavity around each 
tunnel site in Cs~ 36Ti80~6, CsoszBao4~TisO.6 and 
Cso.40Bao.v9Ti80~,. The tunnel-cavity volume rises linearly with 
temperature and the slope is the same for each hollandite. The 
errors are similar for all the octahedral volume data but are 
omitted in some instances for clarity of presentation. The error 
bars for the tunnel-cavity data are smaller than the plotting 
symbols. 

therefore, allows the oxygen octahedra to expand 
more freely with temperature. 

Fig. 4 shows clearly that Cs enlarges the tunnel site 
quite significantly. At 5 K the A-site tunnel volume 
in the Csl.36 hollandite is approximately 10% larger 
than in the Ba~.07 hollandite and over the same range 
the mean (A---O) bond length increases from 2.95 to 
3.07 ,~. Despite the large size of Cs, these ions still 
appear to occupy an off-centre position within the 
A-site oxygen box. In Csl.36 hollandite off-centring 
gives a short A - - O  bond length of 2.898/k and a 
long A---O bond length of 3.266/k. The magnitude 
of this short bond length is physically unrealistic for 
a Cs - -O bond which is normally in excess of 3.10 A. 
Presumably in this hollandite there is some degree of 
short-range ordering of the Cs along the tunnels with 
the filled and empty A sites closely following the 3c 
superstructure C s - - C s - - V - - C s - - C s - - V  (Kesson & 
White, 1986a,b) where V corresponds to a vacant A 
site. As the c parameter of the Cs hollandite is only 
2.97 A at room temperature and Cs ÷ has a diameter 
of approximately 3.5 A (Shannon, 1976) the oxygen 
box encompassing each occupied A site will be 
enlarged as mentioned earlier. To compensate for 
this the empty A-site cavities will be smaller than 
average. On any particular A site the Cs ion will be 
in contact with its eight surrounding oxygens and 
centrally located within its oxygen box. Relative to 
the lattice, however, a pair of caesiums in contact 
with each other in adjacent tunnel sites will occupy 
complementary off-centre positions. In Csi.36Ti8Oi6 
at 5 K, for instance, these positions correspond to z 
= 0-371 and 0.629. In the two Cs/Ba hollandites 
analyzed the total occupancy is close to 1-2 ions per 
cell and at this level the appropriate superstructure 
of filled (F) and vacant (V) sites on the A sites is a 5c 
supercell (Bursill & Grzinic, 1980) of the type 
F - - F - - V - - F - - V  where in this case F is either Ba or 
Cs. In Cs0.82Ba0.41TisO16 the Cs will probably occupy 
the A site with vacancies either side, and the super- 
structure will be either Cs - -Ba - -V- - -Cs - -V  or Ba- -  
C s - - V - - C s - - V  depending on which configuration 
has the lowest energy. In Cs0.4oBa0.79Ti8O16 the Ba 
will probably be paired giving the superstructure 
B a - - B a - - V - - C s - - V .  This change in superstructure 
with Cs concentration is reflected by the average 
off-centre shift of  the A ions which drops from 
0-38 ~ in Csl.36TisO16 at 5 K to 0.29 ~ in 
Cso.4oBao.79TisOi6 at the same temperature. 

The absence of superlattice lines in both the X-ray 
and neutron patterns indicates that ordering in the 
Cs hollandite and the other two Cs/Ba hollandites is 
only short range, possibly only a few cell lengths in 
extent. Over large distanccs the Cs, Ba and vacant 
sites will appear disordered on the tunnel sites as will 
the Ti 3+ and Ti 44- amongst the B sites. In many 
previous refinements of hollandites the temperature 
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factors obtained have been larger than expected on 
the basis of thermal vibrations alone, particularly the 
anisotropic temperature factor [~33 representing the 
amplitude of vibration of the A-site ions in the 
direction of the tunnel axis [see for instance Sabine & 
Hewat (1982) or Cheary & Squadrito (1989)]. It 
would appear that a significant part of the observed 
temperature factors arises from static positional dis- 
order of the A-site ions and the B ions about their 
mean atomic coordinates. The existence of a static 
disorder term in the present temperature factors can 
be demonstrated by assuming the thermal part of the 
temperature factor is given by a Debye model. In 
multi-atom unit cells this model does not allow 
individual temperature factors to be calculated, but it 
does allow the average mass-weighted temperature 
factor per unit cell BM to be calculated. This is given 
by 

l cell 

BM = --~ Z miB~ (2) 

where B i is the temperature factor of the ith atom in 
the unit cell, m; is the atomic mass of the ith atom 
and M = Ym~ is the total atomic mass of the unit cell. 
According to Blackman (1956) the thermal part of 
BM, termed B ~ t  ermal is given by 

n ~/erma I 6gh z ~o(x) + (3) 

where g is the number of atoms per cell, h is Planck's 
constant, k is Boltzmann's constant, 0M is the Debye 
temperature and ~,(x) is the Debye function defined 
by 

~o(x) = e ~ - 1 
0 

where x =  OM/T. When the static disorder com- 
ponent • -,Mnstatic is included, the total BM will be given 
by 

Dsta t i c  B M = B~/ermal + U M  • (4) 

The measured values of BM for the present samples, 
obtained by averaging the individual temperature 
factors for Ba/Cs, Ti and O according to equation 
(2), are plotted in Fig. 5. The curves included in these 
plots are calculated thermal values for BM from the 
Debye expression [equation (3)] superimposed on a 

Dstatic All three of the temperature-independent term ,_,M • 
Cs/Ba hollandites possess a Debye temperature 0~t in 
the range 420 to 460 K which corresponds to a 
thermal BM at 0 K of approximately 0.2 A 2. The 
static contribution to BM in each case is between 0.4 
and 0.5 A2 giving an isotropic r.m.s, displacement 
averaged over all atoms in a unit cell, (u)= 
(BM/8rr2) 1/2 between 0.07 and 0.08 A. 

An estimate of the static contribution to the indivi- 
dual temperature factors can be obtained using an 
approach developed by Housley & Hess (1966) which 
is outlined below. For harmonic vibrations the value 
of B for an individual atom at 0 K, B,. (0), is given 
by, 

B,(O) = h / m , v , ( -  1) (5) 

where m; is the mass of the ith atom and p ; ( -  1) is 
the mean weighted frequency based on the average of 
1/u. On the basis of the Thirring expansion the 
temperature factor B,(T) of the ith atom at any 
temperature T satisfies the inequality, 

Bi(T)  >- 2 k T / m i p ~ ( - 2 ) ,  (6) 

where v,.(-2) is the mean weighted frequency based 
on the average of 1/u 2. At high temperatures 
equation (6) is an equality. Assuming that v , ( -  1) >_ 
v ; ( -2)  a further inequality can be set up which gives 
the maximum thermal value for B;(0) in terms of 
B,. (T) namely, 

Bzi (O) <- h2Bi(T)/2mikT.  (7) 

The right-hand side of this equation sets the 
maximum possible value for the thermal contri- 
bution to B;(0). Therefore, given an experimental 
temperature factor BTXp(0) measured close to 0 K 
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Fig. 5. Mass-weighted temperature factors BM for each hollandite 
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Table 2. X-ray Debye temperatures [0 M (K)] for 
titanate hollandites Csl.36Ti8016, Cso.82Bao.41Ti8016 
and Cso.40Bao.79Ti8O16 along with the maximum 
thermal contributions and the minimum static disorder 

contributions to the temperature factors 

CsI 36TisOi6 
430 (20) K 

Cso s2Bao 4~Ti80,6 Cso 4oBao 7oTisO~6 
430 (15) K 450 (20) K 

Cs + Ba 
Max./333(0) thermal 0.008 (2) 0.008 (2) 0-008 (1) 
Min./3~(0) static 0'098 (12) 0.061 (13) 0.083 (16) 
Min. r.m.s, u(0) (.&) 0.21 (I) 0.16 (2) 0.19 (2) 
Max. ~.(0)  thermal 0-00031 (3) 0.00028 (2) 0.00040 (I) 
Min. ft.(0) static 0 0 0 

Ti 
Max. B(0) thermal (]k-') 0.17 (2) 0.19 (2) 0.19 (2) 
Min. B(0) static (A 2) 0.33 (3) 0.39 (4) 0.39 (3) 
Min. r.m.s, u(0) (A) 0-065 (3) 0-070 (4) 0.070 (3) 

Ol 
Max. B(0) thermal (A-') 0.25 (1) 0.30 (3) 0.28 (2) 
Min. B(0) static (A 2) 0.23 (2) 0.22 (4) 0-20 (3) 
Min. r.m.s, u(0) (,~.) 0.054 (2) 0.053 (4) 0.050 (4) 

02 
Max. B(0) thermal (A 2) 0.28 (3) 0.28 (2) 0.30 (I) 
Min. B(0) static (/~?) 0-28 (4) 0.20 (3) 0.21 (3) 
Min. r.rn.s, u(0) (A) 0-060 (4) 0.050 (4) 0.052 (3) 

(i.e. at 5 K) and a maximum thermal contribution of 
B~hcrmal(0)max, the minimum value for the static dis- 
order contribution Rstatic(o) - - ,  ,v,mm can be determined 
from the difference, 

B ~ t a t i c ( 0 ) m i n - "  B e x p ( 0 )  - B ~ h e r m a l ( 0 ) m a x .  ( 8 )  

Of particular interest to the present problem is the 
static contribution to the anisotropic temperature 
factor fl33 representing the r.m.s, displacement of the 
Cs and Ba along the tunnel axis. When expressed in 
terms of/333 for a tetragonal hollandite, equation (7) 
becomes 

/323(0) < h2/333 (T)/8c2k T, (9) 

where c is the tunnel-axis lattice parameter. Table 2 
lists the values for B~tatic(0)min , B~hermal(0)max and the 
static r.m.s, displacement of the atoms about their 
mean positions for the O and Ti ions. Also included 
in this table are the equivalent /311 and /333 com- 
ponents for the tunnel ions and the corresponding 
static r.m.s, displacement in the tunnel-axis direction. 
As the maximum thermal contribution at 0 K 
obtained from B~(T) or /3,(T) [using equations (7) 
or (9)] decreases with the temperature T, each value 
quoted in Table 2 was obtained by extrapolating the 
i n d i v i d u a l  R thermal[(l~ [.]thermal[~ values u l  ~v/max o r  ,_,, \vyma x 
derived at each temperature to the condition T = oo 
by extending a plot against 1/Tto 1/T= O. This gives 
a better estimate of the 0 K contribution as the static 
disorder contribution at very high temperatures will 
be a negligible part of the temperature factor and 
equations (7) and (9) will be close to equalities rather 
inequalities. It should be noted that the experimental 
temperature factors at 5 K were used to represent the 
0 K values. 

The results in Table 2 demonstrate quite clearly 
that positional or static disorder constitutes a sig- 
nificant proportion of the temperature factors of all 
the ions. Static disorder amongst Ti and O is similar 
and does not differ much from sample to sample. At 
room temperature it contributes approximately 30% 
to the measured B factors of Ti and O with the 
correspondin~ static r.m.s, displacement in the range 
0.05 to 0.07 A. The effect is more prominent in the 
tunnel of ions but only along the tunnel-axis direc- 
tion; the static contribution perpendicular to the 
tunnels is small and /311 is determined by thermal 
vibrations. Along the tunnels the static r.m.s, dis- 
placement is large and _0.16 A in all the samples. 
Given that there is only short-range order of the 
caesiums in Csl.36Ti8O16 but the majority are paired 
along the tunnels, the observed static r.m.s, dis- 
placement of =0.2 A is consistent with adjacent Cs 
being - 3 . 5  • apart (i.e. one ionic diameter) for a c 
parameter of 3.0 A. 

One final factor that needs to be addressed in the 
context of nuclear-waste disposal is the dynamic 
stability of Cs and Ba in these hollandites. Whether 
or not these ions can migrate along the tunnels will 
be determined by the size of the square-planar array 
of oxygens Oll--O14--O12--O13. The space at the 
centre of these should not be large enough to allow 
Ba or Cs to pass through. This means that the 
diagonal distance O11--O12 should be < 2 × Ba--O 
or Cs--O bond lengths at all temperatures (i.e. 
< 5.64 or 6.28 A, respectively). Fig. 6 shows that the 
Oll--O12 distance plotted against temperature for 
each of the Cs/Ba hollandites is always less than 
either of the threshold separations. On the basis of 
these plots the increase in the Oli--O12 distance 
between 0 and 1000 K will be between 0-05-0-06 A in 
each hollandite and as such no migration should 
occur even at temperatures well in excess of 1000 K. 
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Fig. 6. Temperature dependence of the Oll----O12 separation 
across the tunnel diagonal for each Cs/Ba hollandite. The 
variation is linear and the slope is almost the same in each case. 
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Abstract 

In the case of non-stoichiometric quenched wfistite 
P" with the formula Fel-zO (z = 0.096), the defect 
structure is shown to consist most probably of clus- 
ters composed of ten vacancies and four interstitial 
Fe III ions. These clusters are in agreement with a 
long-range ordering (2.5X, 2.5X, 5)0, with some 
disorder in their local arrangement. The direct 
im~iges of the quenched phase P", previously 
obtained by various authors, are reinterpreted from a 
(10/4) cluster model: computer simulations have been 
carried out using this new model. The simulated 
images are in good agreement with the experimental 
images found in the literature. 

I. Introduction 

In the Fe-O system, iron monoxide or wiistite 
shows a particularly large deviation from stoichio- 

0108-7681/91/030333-05503.00 

metry and a complex behavior under equilibrium 
conditions at high temperature (Vallet & Carel, 
1989). This is why many previous structural studies 
(Koch & Cohen, 1969; Cheetham, Fender & Taylor, 
1971; Catlow & Fender, 1975; Gavarri, Carel & 
Weigel, 1979; Gavarri, Carel, Jasienska & Janowski, 
1981; Gartstein, Mason & Cohen, 1986) have been 
performed on this material at high temperature or 
after quenching. It has been shown that the wfistites 
are characterized by various types of clustering of 
vacancies (I--l) and interstitial Fe In ions occupying the 
octahedral (octa) and tetrahedral (tetra) sites respec- 
tively of the NaC1 lattice with the general formula: 

1r12'¢~2 + ]octa 1"12",~3 + ]octa r~'~3 + ltetraff-l] 
F e l - z O  - t l ,~ j l - 3 z t  l ~  .12z-tl. l c  .it tt---aJz+t O 2 -  

In more recent studies (Gavarri et al., 1979, Gart- 
stein et al., 1986; Gavarri & Carel, 1989; Carel & 
Gavarri, 1990), the ratio R =  (z+ t)/t has been 
shown to be close to 2.4 +_ 0.4 for quenched and 
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