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Abstract

A wide range of barium titanate hollandites of the form Baiz\fr Mff“TingOm (M =Zn, Co, Mg, Fe and Mn) and
Bai*ngTigfszm (M = Fe) with nominal x ranging from 1.0 to 1.4 have been synthesized and examined to investigate the
solid solution range and the nature of the ordering of the Ba ions. Electron diffraction studies confirm that the barium titanate
hollandites are composite modulated single phase solid solutions made up of mutually incommensurable (along b) framework and
Ba ion sub-structures. The overall superspace group symmetry was found to be I2/m(0,3,0)1. The symbol I here refers to the
superspace centering operation {x; + %, X2+ %, X3+ %, X4+ %} (see below). Both the framework and the Ba sub-structures have the
same I2/m average structure space group symmetry. The solid solution ranges for the hollandites were calculated from the positions
of well-defined superlattice peaks in X-ray diffraction patterns. The effect of cooling rate on Ba ion ordering is also examined.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The crystal structure of the mineral hollandite
Ba, MngO,¢ was first reported by Bystréom and Bystréom
[1] in 1950 and since then a rather large number of
additional hollandite-type compounds have been
synthesized and studied. The stoichiometry of all these
compounds can be represented by the general formula
A,BgO1¢ (1 <x<?2) where the A cation may be mono-
valent (Na, K, Rb, Cs, Tl), divalent (Sr, Ba and Pb), or a
mixture of both, and a range of cations with valences in
the range +2 to +5 may occupy the B site. (Cations
found in the smaller B site of hollandites include Zn, Cr,
Mn, Fe, Co, Al, Ga, Rh, Ru, Ti and Mo.)
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The basis of the hollandite structure type is a (usually)
well-defined BO, octahedral framework sub-structure
into the square tunnel interstices of which are located the
A cations. This BO, octahedral framework sub-structure
is formed by corner-sharing columns of double edge-
sharing octahedra enclosing an array of two-by-two
square tunnels running parallel to the short axis of the
structure (see Fig. 1). It usually has tetragonal /4/m space
group symmetry with the tunnel axis running along the ¢
direction. In many cases, however, this space group
symmetry is reduced to monoclinic 12/m (with the tunnel
axis now running along the crystallographically unique b
direction) and with the f angle slightly greater than 90°.
This slight monoclinic distortion occurs when the tunnel
ions are not large enough to support the tunnel walls and
occurs via a hinged rotation mechanism around the
corner-connected linkages (see e.g., Ref. [2]).

As a general rule, hollandites with large 4 ions and
small B ions are tetragonal whereas those with small 4
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Fig. 1. A projection of the average hollandite structure along the b, or
tunnel, direction. Linked BOg octahedra containing B cations form the
tunnel framework. The A4 ions occupy tunnel sites.

ions and large B ions are monoclinic (at room
temperature). Post et al. [3] proposed that rg/ra =
0.48 corresponds to the approximate tetragonal/mono-
clinic boundary (at room temperature), where rp is the
average ionic radius of the six-coordinate B cation/s and
r4 that of the eight-coordinate A cation [4]. Hollandites
in which rg/ra <0.48 are tetragonal and those with a
larger ratio are monoclinic.

In addition to the strong sharp Bragg reflections
arising from this well-defined BO, octahedral frame-
work sub-structure, the reciprocal lattices of hollandites
invariably display one or other of two extreme types
of additional scattering. The first type of additional
scattering takes the form of sheets of diffuse intensity
normal to ¢* (in the case of tetragonal hollandites)
or b* (in the case of monoclinic hollandites).
Such diffuse sheets have been observed in both
natural as well as synthetic hollandites (see e.g.,
Figs. 2a and 3a) and imply long-range ordering of
the interstitial 4 cations along the tunnel directions
but with little or no transverse correlation from tunnel
to tunnel.

The other extreme type of additional scattering takes
the form of sharp additional satellite reflections (see e.g.,
Figs. 2b and 3b). Intermediate cases between these two
extreme types of additional scattering have, however,
also been reported [5—-17]. In this paper we focus largely
on the latter, long-range ordered type of additional
scattering, in particular on the Ba M, Tis_,0¢ family of
hollandites which all exhibit sharp (in general incom-
mensurate) satellite reflections in addition to the strong

Fig. 2. (a) A typical [110] zone axis EDP of Cs;sZng5Ti725016
(nominal composition). (b) A typical [10i] zone axis EDP of
Ba; 1¢Zn; 16Tis 84016 (nominal composition).

Bragg reflections of the underlying BO, octahedral
framework sub-structure.

It is generally agreed that these usually weak,
additional satellite reflections are due to the ordered
arrangement of the A cations within the hollandite
tunnels (the sharper the satellite reflections, the greater
the degree of cation ordering). Despite the weakness of
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Fig. 3. (a) A typical [110] zone axis EDP of Cs;s5Zng75Ti72501¢
(nominal composition). (b) A typical [100] zone axis EDP of
Ba; 30Zn; 30Tis 70016 (nominal composition).

these additional satellite reflections, they have been
detected in powder X-ray diffraction patterns [18-21] as
well as in electron diffraction patterns (EDPs). The
satellite peaks are often well resolved, as e.g., in the case
of the Ba (Mg, Ti)gO;¢ hollandites, but are sometimes
consistently diffuse despite long annealing times to
encourage ordering [19].

Given that there are formally 5 Ba cations and (1 — 3
Ba vacancies per framework sub-structure repeat along
the tunnel directions, Mijlhoff et al. [13] attributed
the existence of these weak incommensurate satellite

reflections to a simple Ba vacancy ordering model. They
proposed that the ordering of vacant and occupied
tunnel sites within the host BO, octahedral framework
sub-structure occurs over a superstructure period
equivalent to a multiplicity (m) x ¢ (the period of the
host BO, octahedral framework sub-structure) (or
(m)x b in the case of monoclinic hollandites). The
multiplicity m was defined as ““...the ratio between the
repeat period of the modulation and the basic lattice
period...” [13], i.e., m = (|[0200] | /[[0101] * |) (see e.g.,
Fig. 3b) = b x /(b * —bpa*) (subscript f for octahedral
framework sub-structure and subscript Ba for the Ba ion
sub-structure)= 2/(2 — x) with respect to our indexation
scheme [22] and writing the stoichiometry in the form
A,BgO16. (Note that Mijlhoff et al. [13] write the overall
stoichiometry as A,B4Og or A5, BgO4, 1.€., X (Subscript
M for Mijlhoff) = x/2).) To add to the confusion,
Bursill and Grzinic [10] as well as Cheary and Squadrito
[19,20] use a multiplicity, mpg, double that of Mijlhoff
et al. [13], i.e., mpg = 2m.

Mijlhoff et al. [13] also developed a model in which
vacant and occupied sites were arranged so as to avoid
consecutive vacant sites and proposed the relationship
xm = 1 — (1/m) (equivalently x = 2[1 — (1/m)] or 2[1 —
(2/mBG)]) between Ba content x and superstructure
periodicity m. (Strictly, however, the requirement that
consecutive vacant sites should be avoided does not give
rise to an equality but only to an upper or lower bound
on the multiplicity as follows: 1 — xy<1/m<xy for
x>} and xy<1/m<1—xy for xy<i, ie., the
approach of Mijlhoff et al. [13] does not lead to a
necessary relationship between composition x and the
positioning of the satellite reflections.) The relationship
proposed by Mijlhoff et al. [13], x;m = 1 — (1/m), has
subsequently been used by most workers to calculate the
A site content (see e.g., Eq. (1) of Ref. [19], etc.).

More recently, Carter and Withers [22] studied the
barium nickel hollandite (Ba,Ni, Tig_,O;¢) system and
concluded that it is best described as a (3+1)-d
composite modulated single phase solid solution (see
e.g., Refs. [23-25]) made up of mutually incommensur-
able (along b), I12/m octahedral framework (subscript f)
and 72/m Ba ion (subscript Ba) sub-structures. Each sub-
structure is modulated by the other sub-structure, with
the relevant (in general incommensurate) primary
modulation wave-vector characteristic of each sub-
structure corresponding to the b* lattice vector of the
other sub-structure. Indexation in Ref. [22] as well as in
Figs. 2b and 3b is thus with respect to the basis vector
set M* = {a*, b*, ¢*, q =bg,*}. The relevant incom-
mensurate primary modulation wave-vector of the
framework sub-structure is thus given by q' = bg,*.
(Note that it is standard convention (see p. 804 of
Ref. [25]) when a primitive primary modulation
wave-vector, (,, has a rational as well as an irra-
tional component, as in the current case where
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qp = [011]g,* =[0011]* = c* +bg,* (see e.g., Fig. 2b), to
remove the rational ¢* component and choose the
irrational q' component as the new modulation wave-
vector q).

The magnitude of this primary modulation wave-
vector, when measured directly from EDPs was shown
to act as a ‘chemical ruler’ in that it was directly related
to overall composition and given by 3. (Given that there
are formally 5 Ba cations per framework sub-structure
repeat along the tunnel direction (see Fig. 1), it is clear
that by must equal 5 bg, and hence q = bg,™ necessarily
equals 3b¢*.) In this composite modulated structure
approach, there is thus a direct and necessary relation-
ship between composition and the positioning of
‘satellite reflections’. The only observed systematic
extinction condition when indexation was carried
out with respect to the above basis vector set was that
hklm reflections are allowed only if A+k+[+m is
even, requiring the existence of the superspace
centering operation I' = {x| + %, X2+ %, X3 + %, X4 + %}.
The overall superspace group symmetry was found to be
I'2/m(0,5,0)1. The relevant superspace generating opera-
tions are given in Ref. [22].

In this work, we examine a wide range of long-range
ordered Ba titanate hollandites and find that the
composite modulated structure approach just described
provides a universal framework for understanding the
crystallography of all such materials. The solid solution
ranges for the hollandite systems studied are calculated
using X-ray diffraction data.

2. Experimental

Hollandite samples with nominal compositions
Ba, M>"Tis_Ois (M = Zn, Co, Mg, Fe and Mn) and
Ba,. M ngig,hOlé (M = Fe) over the composition range
x =1.0-1.4 as well as Cs;sZng75T17,50¢ have been
synthesized and studied. Note that earlier work by
Carter et al. [26] showed that Mn-containing hollandites
did not contain Mn®" when processed in air so only
hollandites containing Mn?" were synthesized in this
study.

The various samples were produced by the alkoxide
route [27]. This method involves mixing the appropriate
molar quantities of titanium (I'V) isopropoxide dissolved
in ethanol with an aqueous solution of Ba and M
nitrates, whilst continuously stirring. This mixture was
then heated to dryness at ~110 °C. The dry product was
calcined in air for 2h at 750 °C and then wet ball milled.
The resultant samples were then sintered in air or argon
(for M =Fe** and Mn*") for 20h at 1300°C and
cooled at 5°C/min. The Fe’" samples sintered in air
were cooled at both 5°C/min and 3 °C/h.

The alkoxide route is an excellent method for
preparing intimately mixed precursor material which

in turn enables lower-temperature firing. It does,
however, have a slight drawback when making hollan-
dites in that small amounts of secondary phases in
addition to the desired equilibrium phase are often
formed as a result of kinetic factors so that the resultant
composition of the majority hollandite phase is some-
times slightly different from the nominal composition.
Microscopic compositional analysis of the hollandite is
thus usually required.

A JEOL JSMo6400 scanning electron microscope
(SEM) equipped with a Noran Voyager energy-disper-
sive spectroscopy system (EDS) was operated at 15keV
for microstructural analysis work. A Philips EM 430
microscope operating at 300kV was used for the
electron diffraction work.

Laboratory X-ray diffraction was performed with an
Xpert unit and CuKa radiation using a nickel filter and
10 mm mask. Samples were rotated at 1/2 a rotation per
second and the samples were measured between 10° and
65°, with a step size of 0.0167° in a continuous scan
mode with a counting time of 400s. Lattice parameters
were calculated using Jade 6.0 software, Jade 6 uses a
full-profile fit. The pattern background was fitted using
a cubic spline with the automatic threshold function in
Jade 6. Peaks were fitted and refined using Pearson VII
peak shapes and the Ko, peaks were not subtracted
(Jade uses a doublet for Ka—Ka, peak fitting). A zero
line correction was used. The lattice parameters were
calculated using I4/m space group symmetry for the
tetragonal samples and I2/m space group symmetry (b
unique) for the monoclinic hollandite samples.

To determine the experimental compositional solid
solution range of the various hollandite systems
investigated, the method of Carter and Withers [22]
was used. This involves determining the overall Ba
content from measured satellite peak positions. To do
this, it was first of all necessary to determine the lattice
parameters a, by, ¢ and f of the octahedral framework
sub-structure. Following this, these parameters were
then held fixed (along with the zero line correction for
the framework) and a bg, cell parameter for the Ba ion
sub-structure obtained by fitting all the additional
satellite peaks in the XRD patterns. Finally, the Ba
content, x, was calculated using the formula x = 2b
(framework sub-cell)/b (Ba sub-cell).

3. Results
3.1. SEM

All synthesized samples in the Bafoc*Tig,xOl(,
(M = Zn, Co, Mg, Fe and Mn) and Ba, M3 Tis_2,O1¢
(M = Fe) systems were examined via EDS in the SEM
(prior to diffraction studies) to determine phase
composition. The hollandite solid solution phase was
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Table 1

Minor phases present in the BaxM’z\.*Tig,XOm (M = Zn, Co, Mg, Fe and Mn), Bang;rTig,szm (M = Fe) samples examined

Minor phases

Composition Nominal Ba content (x)
Ba,Zn,Tig_, O x<1.16
l.16<x<1.22
1.22<x<14
Ba,Co,Tig_Oy¢ 1.10<x<1.16
1.16<x<1.28
1.28<x<1.40
Ba,Mg, Tig_,Oj6 1.10<x<1.16

1.16<x<1.28
1.28<x<1.40

Ba,Mn,Tis_,O16 1.10<x<1.14
1.14<x<1.24
124<x<1.40

Ba,Fe,, Tig_».016 (Fe* ) x=1.0

1.10<x<1.30
1.30<x<1.40

Ba,Fe, Tig_O¢ (Fe* ) x=10
1.10<x<1.30

1.30<x<1.40

Rutile
Near single phase hollandite
BaTiSO” and Ba3Zn7Ti]2034

Rutile and a small amount of BaTisO;
Near single phase hollandite
of BaTisO;; and an unidentified Ba/Co/titanate

Rutile
Near single phase hollandite with small amount of BaTisO;; (<0.5%)
BaTiSO] 1

Rutile and a small amount of BaTisOy;
Near single phase hollandite with a small amount of BaTisO;; (<1.0%)
BaT15011 and MnT103

Rutile
Near single phase hollandite
BaFe4T12011 and BazFezTi4013

FezTisolz
Near single phase hollandite
An unidentified Ba/Fe/titanate

1907

always found to be by far the majority phase in all cases.
Minor amounts of secondary phases were, however,
often detected. Table 1 lists the minor phases present in
the samples examined. Note that the amount of rutile
detected decreased to near zero as x approached the
minimum Ba content for the hollandites studied. When
the maximum Ba content for the hollandite solid
solution phase was exceeded, the amount of other
secondary phases detected increased with increasing Ba
content.

3.2. TEM

EDPs of the various hollandite-type samples were
found to be quite reproducible from grain to grain and
entirely consistent with previously reported EDPs of the
Ba,Ni, Tig_,O;6 hollandite system ([22]). Fig. 2b, e.g.,
shows a typical [101] zone axis EDP of Ba, ¢Zn; 6
Tig 84016 (nominal composition) while Fig. 3b shows a
typlcal [100] zone axis EDP of Ball3OZn1.30Ti6.70016
(nominal composition) (cf. with the equivalent zone axis
EDPs shown in e.g., Figs. 24 of Carter and Withers
[22]). In addition to the strong Bragg reflections
corresponding to the underlying average BgO;s frame-
work sub-structure (those reflections labelled /2k/0 in
Figs. 2b and 3b), note the presence of additional sharp
incommensurate satellite reflections running along the
b¢* (f for framework) direction of reciprocal space. Note
also that the same systematic extinction condition as
occurred for the Ni hollandite, namely F(hklm) is zero
unless & + k + [ + m is even, is also characteristic of the
Zn and other hollandites (see Figs. 2b and 3b). Thus the

overall superspace group symmetry was confirmed to be
I'2/m(0,5,0)1, as for the Ni hollandites. Both the
framework and the Ba sub-structures thus have the
same /2/m average structure space group symmetry [22].

3.3. Solid solution ranges from XRD data

3.3.1. BaxanTig_X016 BaxCOXTZ.g_XOI@ Bangle.g_X015
and Ba,.Mn,Tis_,O;s

Laboratory XRD data showed the octahedral frame-
work sub-structure of all samples to be monoclinic with
a monoclinic § angle slightly larger than 90°.  was
found to deviate further from 90° with increasing Ba
content (as can be deduced from the increased splitting
of the most intense framework sub-structure peaks with
increasing Ba content—see Fig. 4). In addition to the
reflections of the monoclinic framework sub-structure,
however, additional reflections arising from the Ba sub-
structure (and from cross-term combinations of the
reciprocal lattice reflections of both parent sub-structure
reciprocal lattices) are also always present (see e.g.,
Figs. 4 and 5). These weak additional satellite reflections
are always quite sharp and move systematically
with changing Ba composition x. Weak peaks from
secondary phases were also clearly present when the
abundance of the secondary phase was greater than
approximately 5%.

From the similarity of the electron, the SEM and
XRD data presented here to that reported for the
Ba,Ni, Tig_,O¢ system by Carter and Withers [22], it is
clear that the Ba,Zn,Tig_,0; Ba,Co,Tiz_,O,
Ba, Mg, Tig_ 0O and Ba,Mn,Tig_,O;¢ systems also
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Fig. 4. XRD patterns of Ba,Zn,Tig_,O; with nominal composition
of (a) x =1.16, (b) x = 1.20 and (c) x = 1.24.
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Fig. 5. XRD patterns of (a) Ba,Mn,Tig_,O46, (b) Ba,Co,Tig_, O
and (c) Ba,Mg,Tig_, O, for x = 1.18.

behave as composite modulated single phase solid
solutions.

Table 2 lists the refined lattice parameters of the
octahedral framework sub-structure of the Ba,Zn,
Tig_,O6 hollandite solid solution along with the
calculated values of the composition x as a function of
the nominal composition x. Note that the relatively
slight deviation in calculated Ba content from the

Table 2
Lattice parameters determined for the framework sub-cell along with
the calculated x values for a selection of Ba,Zn,Tig_,O;4 samples

Nominal x a (A) b (A) ¢ (A) B () Calculated x
1.16 10.219(1)  2.978(1) 9.989(1) 90.72(2) 1.174(2)
1.18 10.232(1) 2.979(1) 9.973(2) 90.82(2) 1.194(2)
1.20 10.252(1)  2.982(1) 9.942(1) 90.98(2) 1.245(2)
1.22 10.251(1) 2.982(1) 9.942(1) 90.98(2) 1.236(2)
1.24 10.252(1)  2.982(1) 9.939(1) 91.99(2) 1.240(2)
1.26 10.251(1) 2.981(1) 9.942(1) 91.982) 1.237(2)

Errors in parentheses.

Table 3

Lattice parameters determined for the framework sub-cell along with
the calculated minimum and maximum Ba occupancy for Ba,Co,
Tig,xO]G, Ba,\.ngTig,XOm and BaanxTig,xOm

Sample aA  b@A) @A) () Calculated x

Ba,Co,Tig_Oys
Minimum
Maximum

10.200(1) 2.970(1) 10.005(1) 90.62(1) 1.164(2)
10.262(1) 2.975(1) 9.912(2) 91.13(1) 1.301(2)

Bang\TIS —xo 16
Minimum
Maximum

10.178(1) 2.971(1) 10.010(1) 90.50(1) 1.147(2)
10.254(1) 2.979(1) 9.921(1) 91.06(1) 1.296(2)

BaXMn_\,Tig _XO 16
Minimum
Maximum

10.279(1) 2.991(1) 10.001(1) 91.87(2) 1.168(2)
10.313(1) 2.994(1) 9.942(1) 91.98(2) 1.234(2)

Errors in parentheses.

nominal Ba content is only to be expected due to the
presence in all samples of minor amounts of secondary
phases as discussed above. Note that the hollandite
phase in samples with nominal compositions from x =
1.20 to 1.26 is essentially the same to within error
suggesting that the high x, end-member composition
occurs at x~1.24. The calculated composition range for
M =7Zn is thus from 1.174(2)<x<~1.24. Composi-
tional analysis within the SEM showed all of these
samples to contain secondary phases with the x = 1.26
sample containing the greatest amount of secondary
phases.

Table 3 lists the refined octahedral framework sub-
structure lattice parameters along with the calculated
value of the composition x for the solid solution end-
members of the Ba,Co,Tig_,014, Ba,Mg,Tig_, 04 and
Ba, Mn,Tig_,O;¢ hollandite systems. The method de-
scribed above was used to determine the minimum and
maximum values of x for each set of samples, i.e., to
obtain the Ba content of the solid solution end-members
and hence the observed composition range. The max-
imum and minimum values for x (the solid solution
range) also coincide with the maximum and minimum
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Table 4

Lattice parameters determined for the framework sub-cell along with the calculated x values for a selection of samples in the slowly cooled

Ba,Fe,, Tig_,,0;¢ and Ba,Fe,Tig_,O4 systems

Sample aA) b (A) ¢ (A) B () Calculated x
Ba,Fey, Tig 2016 Superlattice peaks too weak
x =1 (tetragonal) 10.103(1) 2.970(1)
x=12 10.180(1) 2.973(1) 10.013(1) 90-53(2) 1.210(3)
x=13 10.221(1) 2.977(1) 9.955(1) 90-86(2) 1.291(2)
x=14 10.247(1) 2.981(1) 9.906(1) 91-10(2) 1.350(2)
Ba, Fe, Tig_,O¢ Superlattice peaks too weak
x =1 (tetragonal) 10.139(1) 2.971(1)
x=12 10.225(1) 2.976(1) 10.018(1) 90-71(2) 1.251(3)
x=13 10.287(1) 2.978(1) 9.934(1) 91-15(2) 1.309(2)
x=14 10.287(1) 2.978(1) 9.933(1) 91-15(2) 1.306(2)

Errors in parentheses.

values of the framework sub-cell lattice parameters.
Note that the composition range of the M = Zn or Mn
systems are significantly narrower than those of the
M = Co or Mg systems (see Tables 2 and 3).

As for the M = Zn hollandite system, minor devia-
tions in the calculated Ba content from the nominal Ba
content is only to be expected due to the presence in all
samples of minor amounts of secondary phases as
discussed above (see also Table 1).

3.3.2. BaxFeszi3_2x016 (F€3+) and BaxFexTig_xOls
(F&**) hollandites

As for the previous systems, all synthesized samples in
these systems were also examined via EDS in the SEM
(prior to diffraction studies) to determine phase
composition. Table 4 lists the refined octahedral frame-
work sub-structure lattice parameters along with the
calculated value of the composition x as a function of
nominal composition. The hollandite solid solution
phase was again always found to be by far the majority
phase in all cases. Minor secondary phases, however,
were again also detected for each system.

Laboratory XRD data showed the framework sub-
structure of the air processed, Fe® " -containing Ba,Fe,,
Tig_»,O16 system to be tetragonal when x<1.17 and
monoclinic above x~1.17. Such a tetragonal to mono-
clinic transformation has been reported elsewhere [30].
The tetragonal samples cooled at 5°C/min, however,
showed only broad, very weak superlattice peaks that
were too weak and broad to allow measurement
of x. The monoclinic samples showed sharper super-
lattice peaks enabling measurement of composition
x (see Table 4). The superlattice peaks, however,
were definitely not as well defined as those in
the Ba,Co,Tig_,O;6, Ba,Mg,Tig_,O;¢ and Ba,Zn,
Tig_, O systems.

Earlier work by Cheary et al. [18] showed the ordering
of the Ba ions could be enhanced and thus the
superlattice peaks sharpened by slow cooling. The

satellite peaks

© N Ewawal

10 20 30 40 50 60
26

Fig. 6. XRD patterns of Ba,Fe;,Tig_,,0,6 with nominal composition
of (a) x = 1.1 cooled 5°C/min, (b) x = 1.1 cooled 3°C/h, (c) x = 1.17
cooled 5°C/min, and (d) x = 1.17 cooled 3 °C/h.

Ba, Fe,, Tig_»,O¢ hollandites were thus sintered and
cooled from 1300°C at 3°C/h to see if the Ba
arrangement might become more ordered. The XRD
data, however, showed the superlattice peaks in
the tetragonal samples to have changed very little for
x = 1.1 and to have only slightly sharpened at 1.17 (see
Fig. 6). The monoclinic samples cooled at the slower
rate had slightly sharper superlattice peaks (see Fig. 7)
but were still slightly broader than the Co, Zn, Mg and
Mn hollandites. The same method as described above
was again used to determine Ba content x and is given in
Table 4. It should be noted that the different cooling
rates used in this study did not change the central
position of the superlattice peaks as also found in the
work by Cheary et al. [19].

Laboratory XRD data showed the framework sub-
structure of the argon processed, Fe®'-containing
Ba,Fe,Tig_,O;¢ samples to be tetragonal when x<1.2
and monoclinic for 1.2<x<1.4. As for the Fe’"
-containing hollandites, the tetragonal samples had very
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satellite peaks

(a)

20

Fig. 7. XRD patterns of Ba,Fe;,,Tig_>,0;¢ with nominal composition
of (a) x = 1.2 cooled 5°C/min and (b) x = 1.2 cooled 3 °C/h.

satellite peak

(a)

10 20 30 40 50 60
20

Fig. 8. XRD patterns of Ba Fe Tig_,0O;¢ with nominal composition of
(a)x=11(Mm)x=12and (¢c) x=1.3.

weak, broad satellite peaks. The monoclinic samples
with x> 1.2, however, showed rather sharper peaks (see
e.g., Fig. 8). Table 4 also lists the lattice parameters
determined for the framework sub-cell along with the
calculated x values for samples in this Ba,Fe, Tig_,O1q
system.

3.4. Quenching

In this study, we quenched selected hollandites to see
if the three-dimensional ordering of the Ba ions could be
removed. Fig. 9 shows the X-ray diffraction patterns of
a Ba,Co,Tig_, 014 hollandite cooled at 5 °C/min (b) and
quenched from 1200 °C to room temperature in less than
I min (a). All but the strongest superlattice peaks have
disappeared with the main superlattice peaks (20~20°
and 27°) becoming both weaker and broader.

satellite peaks

10 20 30 40 50 60
20

Fig. 9. XRD patterns of Ba,Co,Tiz_,O,4 (a) quenched, and (b) cooled
at 5°C/min.

4. Discussion
4.1. Solid solution ranges

The solid solution ranges found in this study were
found to be significantly different for the various
hollandites investigated (the composition range of the
M = Zn and Mn systems, e.g., have approximately half
the extent of those of the M = Co or Mg systems),
although the Ba occupancy x was always found to be
somewhere in the range from ~1.10 to ~1.35. There
appears to be no obvious correlation between the size
of the octahedral framework sub-cell and the extent of
the solid solution range for the hollandite systems
examined.

Roth et al. [28] most recently examined the ternary
BaO-ZnO-TiO, system and reported it to contain four
ternary phases, one of which is the Ba,Zn,Tig_,Og
hollandite solid solution phase discussed above. They
predicted it would be a continuous solid solution over a
small range of x (see Fig. 17, Ref. [28]). The
corresponding range, however, was not given. Our
results (see Table 2) suggest that this range is from
1.174(2) to 1.245(2).

The solid solution range for the Ba,Co,Tig_,O¢
hollandite solid solution (see Table 3) has been
determined to run from x = 1.164(2) to 1.301(2). Prior
to this work, no reference to a Ba,Co,Tig_,O¢
hollandite-type phase could be found in the literature.

The existence of a Ba,Mg,Tig_,O;¢ hollandite-type
phase was first mentioned by Dryden and Wadsley [5]
who reported a tetragonal unit cell for it. It has since
been studied by several other groups [5,10,19,20].
According to Bursill and Grzinic [10], e.g., Ba,Mg,
Tig_,O6 (and Ba,Ga,,Tig_,,0O¢) are stable over the
composition range x = 0.8-1.33. These authors,
however, also reported a superlattice periodicity of
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mpg = 4.70 for their x = 0.8 sample and mpg = 5.8—5.9
for their x = 1.33 sample. Using the model developed by
Mijlhoff et al. [13] where x =2(1—2/mpg), the Ba
content in Bursill and Grzinic’s hollandites [10] equates
a range of x from 1.15 to 1.31-1.32 (and not all the way
to 1.33). This is in reasonable agreement with the
composition range for Ba content found in this study of
1.147(2) <x<1.296(2).

Cheary and Squadrito [20] also examined the
Ba, Mg, Tig_,0¢ hollandite system but this time using
X-ray powder diffraction and Rietveld refinement of
high-resolution neutron powder diffraction data. They
reported the end member compositions to be x = 1.14
and 1.33, respectively, using their own method for
determining Ba content as described below. The lattice
parameters they found for their high x, end member
composition, however, agree well with the results from
our study suggesting that the apparent discrepancy in
end-member composition is an artifact arising from the
different measurement technique used.

Cheary and Squadrito [20] calculated overall Ba
content from the position of a particular satellite peak
in their XRD data near 20° 26 (using CuKa radiation).
They indexed this peak as (0k1)/(1k0) (in fact this peak
consists of four separate overlapping peaks (see
Ref. [22]) thereby introducing error into their calcula-
tions) and determined the magnitude of the parameter k
as a function of composition x. The values of k at the
commensurate compositions of x = 1.2 and 1.33 were
thereby found to be 0.6 and 0.6667, respectively. This k
is related to the multiplicity my; used by Mijlhoff et al.
[13] via the relation my =2/(1 —k) and to the Ba
occupancy via x = 2k. This relationship was found to
work well in the middle of the compositional range but
to break down at either end. Cheary and Squadrito [19]
thus proposed the formation of microdomains to help
explain this variation at either end. The concept
of microdomains is, however, unnecessary if the
Ba, Mg, Tig_,O;¢ hollandite is described as a composite
modulated, single phase solid solution. We believe the
Ba occupancies in Ba,Mg,Tig_,O;¢ studied by Cheary
and Squadrito [20] to be systematically underestimated
at minimum x and overestimated at maximum x.

The only previously reported barium manganese
titanate hollandite in the literature was that reported
for BaMnTisO;, by Prieto et al. [29]. They described it
as a triple hollandite-type structure with P2/n mono-
clinic space group. In this study, a single phase
monoclinic hollandite solid solution was found with a
composition range from x = 1.168(2) to 1.234(2) (see
Table 3).

Previous reports describing Ba,Fe,, Tig_»,0;¢ hollan-
dites have reported composition ranges from 1.07 to
1.40 [20,31-34]. The lattice parameters we have obtained
agree well with the literature values. Our solid
solution range has a maximum x value of 1.350(2).

The minimum x value is undetermined but less than
1.210(3) (see Table 4). No previous literature report on
Ba,Fe,Tig_ .06 hollandites, however, could be found at
all. Our results give the maximum occupancy for
Ba,Fe,Tig_ O as x = 1.309(2) while the minimum Xx
value is less than 1.251(3) (see Table 4).

4.2. Other hollandite systems incorporating M>* ions

Zandbergen et al. [8] have studied an extensive
selection of Ba,M3 Tis_2,016, M =Sc, Al, Ga and
Cr, hollandites by means of both electron and X-ray
diffraction. All were reported to exist over the same
range of Ba content, i.e., 1.12<x<1.32. They describe
the transverse correlation between the phases of
occupational waves (describing the Ba ordering in the
tunnels) as strong when sharp satellite reflections are
observed, intermediate when slight smearing of the
satellite reflections (perpendicular to the tunnel axis) is
observed or weak when diffuse sheets (perpendicular
to the tunnel axis) are observed in EDPs (cf. with e.g.,
Figs. 2a and 3a). Zandbergen et al. [8] found this
transverse correlation to be strong when M = Ga,
strong to intermediate for M = Al and Cr and
intermediate for M = Sc. The reported three-dimen-
sional ordering of the Ba ions in the Ba, M>, Tig_».O¢
systems for M = Sc, Al, Ga and Cr suggests that these
hollandites also behave as composite modulated single
phase solid solutions.

4.3. Hollandite systems incorporating monovalent A
cations

In all reported studies on hollandites of A.M,
Tig_, 016 where 4 =Cs, K and Rb and M = Sc, Al,
Ga, Zn, Co, Mg, Fe*", Fe*", Mn*" and Cr’ " (not all
combinations have been studied) [7,35-40] three-dimen-
sional ordering of the A cations has essentially been
reduced to only one-dimensional ordering along the
tunnel axis (see e.g., the (110> zone axis EDP of
Csy5Zng 75Ti7,5016 (nominal composition) shown in
Fig. 2a or the {010) zone axis EDP of the same Cs
hollandite shown in Fig. 3b) with the originally sharp
satellite spots on the EDPs becoming smeared out
perpendicular to the tunnel axis direction and eventually
giving rise to only diffuse sheets of intensity perpendi-
cular to the tunnel axis direction (cf. e.g., Fig. 2a with
Fig. 2b). The relationship between composition and the
component of these diffuse sheets along the tunnel axis
direction, ¢ = x/2, however, remains even when the
ordering is only one-dimensional. Thus diffuse sheets
running perpendicular to ¢* at ~+0.72 ¢* occur around
both the I-centred allowed framework sub-structure
parent reflections such as, e.g., 110 or 200 as well as
around the /-centred forbidden framework sub-structure
parent reflections such as, e.g., 001 (see Figs. 2a and 3a).
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In the case of the fully (3 + 1)-d ordered hollandites, the
former “‘satellite” would be forbidden by the superspace
centering operation. This centering operation, however,
is destroyed in the case of the 1-d ordered hollandites.

4.4. Factors controlling A site ordering in hollandites

Previous workers [10,12,41,42] have reported four
factors as influencing A site ordering in A4,BgO¢
(1<x<2) phases with hollandite-type structures.
Firstly, electrostatic repulsion between tunnel cations
within the same tunnel (intratunnel repulsion). Sec-
ondly, inter-tunnel interactions between A site cations in
neighbouring tunnels. Thirdly, the shielding capacity of
the octahedral framework and, finally, kinetic effects.

In early work, Bayer and Hoffman [40] synthesized
titanate hollandites with all the potential tunnel sites of
the framework occupied (corresponding to x = 2) when
the tunnel, or 4, cations were Rb or K. When the tunnel
cations were Ba or a mixture of Ba and K, however, full
occupancy was never obtained, i.e., x was always <2.
Reid and Ringwood [41] noted similar trends in silicate
hollandites where Sr or Ba aluminosilicates were found
to have tunnel site occupancies of 75% (corresponding
to x = 1.5). They suggested that this was probably due
to a combination of overcrowding and increased
electrostatic repulsion preventing complete filling of all
available tunnel sites.

The above observations of Bayer and Hoffman [40]
and Reid and Ringwood [41], in conjunction with
subsequent work on hollandites [3,4,8,10-12,17-21],
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demonstrate that x is always <2 irrespective of the
nature of the framework cations if some or all the tunnel
cations are divalent and that the resultant hollandite
materials commonly adopt fully ordered structures. If
intra-tunnel interactions were the only factor responsible
for ordering of A site tunnel ions in hollandites, and the
framework sub-structure provided a perfect barrier
between neighbouring tunnels, hollandites would be
expected to only ever display one-dimensional ordering.
Three-dimensional ordering, however, is commonplace
in titanate hollandites (this work, [3,8,10-12,17-21]).

Barium titanate hollandites almost always adopt
three-dimensional ordering of the tunnel ions. Bursill
and Grzinic [10], e.g., found that Ba,Mg,Tig_,O;¢ had
well-developed three-dimensional ordering of the Ba
ions whereas K Mg, Tig_,»0O;¢ hollandite displayed
only one-dimensional ordering. They attributed this to
the higher charge density of the Ba®" ions (compared to
the K* ions) being strong enough to overcome the
shielding of the octahedral framework sub-structure.
Thus the charge densities and formal valences of the
tunnel ions are clearly important in determining the
extent of long-range ordering.

Kesson and White [11] argued that the inter-tunnel
shielding provided by the octahedral framework should
also be taken into account. They proposed that the
capacity of the BgO4 octahedral framework to inhibit
the interactions between the tunnel cations is largely
determined by the polarizing power of the B cations.
(An explanation of polarizing power and octahedral
shielding capacity and how to calculate them is

Table 5

Stoichiometry, octahedral shielding capacity, lattice parameters and degree ordering for a number of hollandites

Stoichiometry Octahedral shielding capacity Lattice parameters Ordering Reference
a (A) b(A) (A B©)

Ba,Zn,Tig_,O4, x = 1.174 2.09 10.219(1) 2.978(1) 9.989(1) 90.72(2) 3D This work

Ba,Co,Tig_,O16, x = 1.164  2.08 10.200(1) 2.970(1) 10.005(1) 90.62(1) 3D This work

Ba,Mg,Tig_,O6, x = 1.164  2.08 10.178(1) 2.971(1) 10.010(1) 90.50(1) 3D This work

Ba, Mn,Tig_,O6, x = 1.168  2.10 10.279(1) 2.991(1) 10.001(1) 91.87(2) 3D This work

Ba,Fe,, Tig_5,01¢, x~1 2.25 10.103(1) 2.970(1) 3D* This work

Ba,Fe,, Tig 5,016, x = 1.350  2.40 10.247(1) 2.981(1) 9.906(1) 91-10(2) 3D This work

Ba,Fe,Tig_,Oy, x~1 1.98 10.139(1) 2.971(1) 3D* This work

Ba, Fe, Tig_,O16, x = 1.306 2.00 10.287(1) 2.978(1) 9.933(1) 91-15(2) 3D This work

Ba, Al Tig_>,016, x = 1.28 2.00 9.946(1) 2.923(1) 3D with slight smearing 8

Ba,Ga,, Tig_ 5,016, x = 1.32  2.09 10.048(2) 2.961(1) 3D 8

Ba,Cr,, Tig_»,06, x =132 2.09 10.133(6) 9.871(7) 2.953(1) 90.87(3) 3D with slight smearing 8

Ba,Ru, Rug .06, x = 1.36  2.17 9.821(3) 3.121(1) 3D 8

Ba,Cr,,Sng_»,O, x =1.38  2.29 10.516(2) 3.104(2) 10.025(4) 91.47(1) 1D 8

Ba,Scy Sng_»,016, x = 1.44  2.42 10.694(9) 3.193(4) 10.231(9) 92.10 3D with slight smearing 8

Ba,Cr,,Geg_»,016, x = 1.36  1.88 9.800(3) 2.943(1) 1D 8

Ba, Mo, Mog_ 5,016, x~1.143 2.21 10.21 2.89 3D 16

Ba,Tiy, Tig_»,016, x = 1.14 2.10 10.179 2.958 10.202 90.78° 3D /ID 11

Ba,Cr,Rug 5,016, x = 1.30  2.10 9.888(2) 3 x 3.0403 (2)° 3D 42

“Weak superlattice peaks in XRD patterns.
®Lattice parameters converted from C2/m to I2/m.
“Tripling of c-axis.
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presented in Ref. [11].) Table 5 lists the stoichiometry,
octahedral shielding capacity, lattice parameters and
degree of ordering for a number of hollandites in this
study and others. The data in Table 5 show that the
octahedral shielding capacity has little effect on the
ordering of barium titanate hollandites. All known
examples exhibit full three-dimensional ordering. The
barium titanate hollandites containing Fe, Al and Cr
each show some disorder (spots on the EDPs becoming
smeared out perpendicular to the tunnel axis direction,
XRD patterns show broad superlattice peaks) yet
the octahedral shielding capacity is the lowest for Al
and the highest for Fe in the barium titanate hollandites.
The octahedral shielding capacity also does not seem to
affect the degree of ordering in the non-titanate
hollandites presented in Table 5.

On examining the data in Table 5, it would appear
that the size of the octahedral framework sub-cell also
has little to do with the extent of ordering although, in
the case of the titanate hollandites, it appears that the
monoclinic hollandites exhibit greater Ba ion ordering
than the tetragonal hollandites. The work by Cheary
et al. [20] showed the order—disorder transition from an
A site 3-d ordered structure to a less-ordered structure
occurred above the monoclinic—tetragonal transforma-
tion. There is also a general trend in the Ba titanate
hollandites for the ones with the smallest a lattice
parameters to be the least ordered.

Finally, kinetic effects must also be taken into
consideration as is clear from the work of Cheary et
al. [18] and this work (see Ba,Fe;,Tig_>,O1¢ above) in
that the ordering of the Ba ions could clearly be
enhanced by slowly cooling the hollandite. In this study
we quenched selected hollandites to see if the three-
dimensional ordering of the Ba ions could be removed
(see above). Thus it is clear that the cooling rate is
important in determining the degree of ordering of the 4
site cations. The critical cooling rate for maximum
ordering also depends on the chemical composition of
the hollandite. In this study the Fe®"-containing
hollandites required a slower cooling rate to maximize
ordering by comparison with other hollandites.

5. Conclusions

Diffraction studies have confirmed that the
BaZ* M>*Tig" 05 (M = Zn, Co, Mg, Fe and Mn) and
Ba2* M3+ Tigt, Oi6 (M = Fe) barium hollandites stu-
died are all composite modulated, single phase solid
solutions made up of mutually incommensurable
(along b) framework and Ba ion sub-structures. The
overall superspace group symmetry was found to be
I'2/m(0,3,0)1 in each case. Such a composite modulated
structure approach to hollandite solid solution systems

eliminates altogether the need for Ba/vacancy ordering
(see e.g., Refs. [13,14]) and leads to a direct and
necessary relationship between composition x and the
reciprocal space positioning of satellite reflections. This
relationship enables the solid solution composition
ranges for the hollandites to be calculated directly from
the positions of well-defined satellite peaks in X-ray
diffraction patterns. The obtained solid solution ranges
differ significantly for the various Ba hollandite systems
although the Ba ion occupancy x was always found in
the range from ~1.1 to ~1.3.

The underlying crystal chemistry responsible for this
behaviour is not immediately apparent. Full (3+1)-d
incommensurate composite modulated structure refine-
ments, in particular of the displacive Atomic Modula-
tion Function (or AMF) describing the deviation of the
Ba ions in the tunnels away from their underlying Ba
sub-structure positions as a function of bg*.(rg, +tg,)
(see e.g., Refs.[23-25]) for the various hollandite
systems, may well provide additional insight. Note that
a sawtooth-shaped displacive AMF (see e.g., Ref. [43]) is
to be expected if the Ba ions turn out to prefer a specific
location within the host octahedral framework sub-
structure. If, however, their location is not so tightly
prescribed, then a displacive AMF with a shape
intermediate between a sawtooth and a flat line is to
be expected. Refinement of sawtooth-shaped AMFs,
however, is not a trivial matter. Note also that knowl-
edge of the overall superspace group symmetry con-
strains the shape of these displacive AMFs as well as the
symmetry relationship between the AMFs of the two Ba
ions per Ba ion sub-structure.

The ordering of Ba ions can clearly be enhanced by
slow cooling of the hollandite or diminished by
quenching. The critical cooling rate for maximum
ordering of Ba ions was found to be dependent upon
the chemical composition of the hollandite. The size of
the framework sub-cell in Ba titanate hollandites was
also found to have some effect on the extent of ordering
of the Ba ions in that the monoclinic hollandites exhibit
greater Ba ion ordering than the tetragonal hollandites.
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