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ABSTRACT

Structure-energy calculations show that the minimum-energy positions of tunnel cations
in hollandite compounds and minerals are a function of the configuration of the lower-
valence cations in the octahedral sites. The narrow range of energies calculated for many
of the configurations suggests that the octahedral cations are probably disordered. Con-
sequently, if a hollandite crystal contains a variety of arrangements of octahedral cations
in different unit cells, there will be a corresponding range of tunnel-cation positions giving
rise to the positional disorder observed for the tunnel-cation sites in X-ray structure re-
finements. Calculated Ba and K tunnel-cation distributions for hollandite structures with
tunnel sites one-half and two-thirds filled compare quite well with observed tunnel-site

electron-density distributions.

INTRODUCTION

One of the important applications of structure-energy
calculations of minerals is to assist the interpretation of
certain details of X-ray structure refinements, particularly
cases involving short-range order and positional disorder.
For example, a structure refinement might reveal an
anomalously large temperature factor for a given atom;
positional disorder then is indicated for that atom, but
because of limitations on the resolution of the refinement
and because the refinement describes an average unit cell,
the exact cause of the disorder usually remains specula-
tive. Likewise, structure refinements do not provide exact
information about short-range order in minerals. In cases
like these, it is sometimes possible, using structure-energy
calculations, to model a variety of ordering or substitution
schemes to determine the most likely cause of the posi-
tional disorder, or to ascertain whether short-range or-
dering of certain atoms is energetically favorable. In some
previous studies, structure-energy calculations have been
used to investigate short-range ordering of Ta and Nb in
columbite (Giese, 1975) and to model Na positions in
albite (Brown and Fenn, 1979; Post and Burnham, 1984).
Also, J. A. Docka, J. E. Post, D. L. Bish, and C. W,
Burnham (unpub. ms.) have examined the effects of a
variety of substitutions on the A cation position in some
amphiboles, and Chamberlain et al. (1985) determined
that short-range ordering of Cl- and CO3~ in scapolite is
energetically favorable and therefore could give rise to
antiphase domains in intermediate scapolites. Similar
studies have concentrated on (Al,Si) ordering in pyroxenes
(Cohen and Burnham, 1985) and micas (Abbott, 1984).

Structure refinements of several hollandite minerals and
compounds show that their tunnel cations exhibit posi-
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tional disorder (e.g., Sinclair et al., 1980; Post et al., 1982).
We have used structure-energy calculations incorporating
short-range (repulsive) energy parameters derived from
the modified electron-gas (MEG) theory to study these
structures in an effort to gain insights into the nature of
this positional disorder.

Hollandite-structure materials have the general formula
A, ,B;O,,. Their structures consists of double chains of
edge-sharing B-O octahedra that corner-share with other
double chains to form a framework containing large tun-
nels parallel to the tetragonal ¢ or monoclinic b axis (Fig.
1). The tunnels are partially filled with large monovalent
or divalent A cations such as Ba?*, Sr?+, Pb*+, K*, or
Na*, and the octahedral sites are occupied by a combi-
nation of tetravalent and lower-charged cations including
Mn#+, Tis+, AR+, Fe3+, Mg?*, etc. Lower-valence (< +4)
B cations are essential to offset the positive charge of the
tunnel cations. Minerals with the hollandite structure have
either Mn*+ or Ti** as the major B cation. The Mn phases
include cryptomelane (A cation = K), hollandite (A = Ba),
coronadite (A = Pb), and manjiroite (A = Na), and their
Ti**+ analogues are priderite (A = K,Ba) and retledgite
(A = Ba). Also, there exist a large number of synthetic
hollandite-type compounds having a variety of compo-
sitions.

In the ideal 74/m hollandite structure, the A cations
occupy special position 2a at (0,0,0). Hollandite minerals
with divalent A cations generally have tunnel-site occu-
pancies near 0.5 (i.e., one tunnel cation per unit cell), but
in hollandites with Na and/or K as the major tunnel cat-
ions, the 2a sites are usually two-thirds to three-quarters
filled. Hollandite compounds have been synthesized that
have tunnel-site occupancies ranging from 0.33 to 1.0.

1178



POST AND BURNHAM: TUNNEL-CATION DISPLACEMENTS IN HOLLANDITES

Single-crystal X-ray and neutron refinements of hollandite
phases show that in some cases the A cations are displaced
off the special position along the tunnel direction. For
example, Sinclair et al. (1980) observed the Ba in (Ba, os-
Cag 03)(Tig 4Al Niy 15710 0,)O,16 to be displaced 0.6 A, and
Post et al. (1982) reported displacements of a portion of
the tunnel cations in hollandite, cryptomelane, and pri-
derite. Structure refinements typically show anomalously
large apparent thermal motion associated with the A cat-
ions, especially parallel to the tunnel direction (e.g., Cadee
and Verschoor, 1978; Sinclair et al., 1980; Post et al.,
1982). Root-mean-square displacements in the tunnel di-
rection range from 0.2 to 0.3 A. These large apparent
temperature factors and the split A sites observed by Post
et al. (1982) suggest the presence of positional disorder,
the exact nature of which has not been previously inves-
tigated in detail.

In their study of (Ba,sCago:)(Tig Al Nig 45Z156,)O 16,
Sinclair et al. (1980) proposed that the Ba is displaced off
the special position to increase the Ba—Ba distances within
a tunnel, thereby reducing intercation repulsions. Post et
al. (1982) suggested, however, that the displacements of
the tunnel cations result because the smaller of these cat-
ions ought to prefer positions closer to the nearest coor-
dinating oxygen atoms, and thus the magnitude of the
displacements ought to be a function of the size of the
tunnel cation. In priderite (A cations: K > Ba), for ex-
ample, they assumed that the subsidiary site was occupied
by Ba and that the larger K was at the special position.
Similarly, in cryptomelane and hollandite, the smaller
tunnel cations (Sr2+ and Pb**) were assigned to satellite
sites, displaced off the special position, but the larger cat-
ions (K* and Ba>*) were assigned to the special position.
Recent structure refinements of K, ;,Ti,,;Mg,,,0,, (We-
ber and Schulz, 1983) and BaTi;V,0; (Szymanski, 1986),
however, show subsidiary sites and positional disorder
even though there is only one kind of tunnel cation in
each structure. Apparently there is more to the story than
simply different tunnel positions being occupied by dif-
ferent kinds of tunnel cations. Both Post et al. (1982) and
Sinclair et al. (1980) also suggested that the position of
any given tunnel cation is affected by the contents of the
tunnel in adjacent unit cells— whether vacancies or +1 or
+2 cations—accounting further for some of the positional
disorder. Recently, Weber and Schultz (1983) argued that
the smeared-out electron density on the tunnel sites is
evidence for diffusion of cations along the tunnels.

Although all of the above mechanisms are probably
responsible to some degree for positional disorder of the
tunnel cations, no mention has been made of the role
lower-valence octahedral cations might contribute to the
disorder. Recent studies using structure-energy calcula-
tions have revealed that the minimume-energy positions
for the A cations in amphiboles (Docka et al., unpub. ms.)
and Na* in high albite (Post and Burnham, 1984) are
functions of the distributions and charges of framework
cations. Thus, in these structures, many different local
framework-cation configurations lead to varying local po-
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Fig. 1. Projection of I4/m hollandite structure down ¢. Small
circles represent the octahedral (B) cations; medium-sized circles,
the oxygen atoms; and large circles, the tunnel (A) cations. Open
circles indicate atoms at z = 0, and solid circles, atoms at z =
0.5. Reference numbers 1-8 on the octahedral cations correspond
to the first unit-cell along ¢ (z = 0 to 1), 9-16 to the second cell,
and 17-24 to the third cell.

sitions for the A-site cation in some amphiboles and for
the Na* in high albite and, hence, cause the observed
positional disorder. The hollandite structure is analogous
to these two cases because it has cations in large cavities
(the tunnel or A cations) surrounded by an octahedral
framework occupied by a disordered arrangement of +4
and lower-valence cations (no structure refinements have
detected any evidence of ordering on the octahedral sites).
We have, therefore, used structure-energy calculations to
investigate whether the minimum-energy tunnel-cation
positions in various hollandite structures are functions of
the arrangements of lower-valence octahedral cations and
whether multiple configurations are likely to occur in a
single crystal, thereby giving rise to the observed posi-
tional disorder.

CALCULATIONS

Structure-energy calcuations were performed using the
computer program wMIN (Busing, 1981), modified to em-
ploy a Born exponential (Kittel, 1971) to calculate the
short-range energy terms for anion-anion and anion-cat-
ion pair interactions (cation-cation repulsion terms were
assumed to be negligible). The parameters in the Born
exponential were derived for each ion pair (Table 1) from
the MEG theory (Muhlhausen and Gordon, 1981) as de-
scribed by Post and Burnham (1986). A shell-stabilized
Hartree-Fock wave function with shell charge of +2 and
radius of 1.01 A was used for O~ in the MEG calculations;
1.01 A is the average of the shell radii calculated for O
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Table 1. Born-type short-range energy
parameters used in structure-energy
calculations*

lon pair X (kJ/mol) o (A

Na-O** 563 165 0.2387
Mg-O 359 200 0.2457
Al-0 332 420 0.2461
K-O 6297 550 0.2134
Ti-O 510 030 0.2523
Sr-0 1670 545 0.2400
Ba-O 2 853 490 0.2401
0-0 291 000 0.2876

* From Post and Burnham (1986).
** O shell radius = 1.01 A.

atoms in hollandite. The charged shell approximates the
potential surrounding the O>~ within the crystal and serves
to stabilize the anion. The Coulomb portion of the struc-
ture energy is summed by wMIN using the methods of
Ewald (1921) and Bertaut (1952) to limits of 5.1 A and
0.52 A-'in direct and reciprocal space, respectively. All
of the structure energies reported here include self-energy
terms for O?- (shell stabilized) - O~! + e of 1113 kJ/O
atom,

The current MEG theory only allows consideration of
closed-shell ions; therefore, in our calculations we used
hollandite structures with Ti‘* and AP+ or Mg?* as
octahedral cations, as occur in priderite, redlegite, and
several synthetic hollandite compounds such as those
investigated by Sinclair et al. (1980) and Beyeler (1976).
We used the unit-cell parameters and coordinates for
the framework atoms determined by Sinclair et al.
(1980) for the tetragonal (/4/m) compound (Ba, :Ca, ;)-
(Tig Al Nij 45714,0,)O 6.

Energy minimizations for the case of half-filled tunnel
sites were performed using the Rosenbrock search meth-
od, which does not use derivatives; although it is slower
to converge than other techniques, it avoids saddle points
and false minima (Busing, 1981). For calculations using
a tripled cell with tunnel sites two-thirds filled, this meth-
od becomes extremely slow; we therefore switched to
Newton’s method (Busing, 1981), which does calculate
derivatives, and we checked our results carefully for con-
vergence. During the minimizations, we held the cell pa-
rameters and framework-atom positions fixed, allowing
only the positions of the tunnel cations to vary. X-ray
refinements of several hollandite structures with a variety
of compositions show only slight differences in the frame-
work-atom positions; furthermore, since the thermal pa-
rameters of the framework atoms are within expected
ranges, there are no indications that these atoms are po-
sitionally disordered. Therefore, the assumption of an in-
variant framework is reasonable and should not signifi-
cantly bias the results of our calculations. We determined
minimum-energy tunnel-cation positions for a large num-
ber of configurations of lower-valence cations (Al**+ and
Mg?+) in the octahedral sites, using a variety of tunnel
cations with total tunnel-site occupancies of one-half and
two-thirds.
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RESULTS OF CALCULATIONS

Half-filled tunnel sites

X-ray and electron-diffraction studies of hollandite
minerals with half-filled tunnel sites (e.g., redlegite, hol-
landite, and coronadite) commonly reveal diffuse streaks
halfway between the reciprocal lattice layers in the tunnel
direction; such streaks indicate an ordering of the A cat-
ions on every other site along a given tunnel, but little
ordering between tunnels (Post et al., 1982; Turner, 1982).
The resulting superstructure has a ¢ axis (parallel to the
tunnels) double that of the simple unit cell. A recent re-
finement of the hollandite phase BaTi,V,0,, in space group
14,/a revealed not only ordering of the Ba in alternate
sites along a given tunnel but also three-dimensional or-
dering between tunnels (Szymanski, 1986).

For model calculations on the half-filled hollandite phase
BaTi, Al,O,,, we used a supercell with a double c axis and
placed Ba’* in every other special position along each
tunnel. The resulting cell contains two occupied and two
vacant tunnel-cation sites and 16 octahedral-cation sites.
Four of the octahedral sites were filled with Al’+ to offset
the charge on the two Ba’+ tunnel cations, and the re-
mainder contained Ti*+. The initial placements of the
Ba?* cations in specific tunnel sites is arbitrary because
during the minimizations they are free to move. There
are 1820 different ways to arrange the four A+ and 12
Ti** cations on the 16 octahedral sites. Because of the
I4/m symmetry of the framework, however, we needed
to consider only approximately 160 configurations. For
all of these unique configurations, we performed energy-
minimization calculations, allowing the positional param-
eters of both Ba2+ cations to vary simultaneously. A slight-
ly different minimum-energy Ba?* position results if only
one of the Ba?* cations per cell is allowed to vary, indi-
cating that there is a small but significant interaction among
Ba2+* cations in neighboring tunnels. The fact that this
interaction is slight is consistent with the observation that
few hollandite structures show three-dimensional order-
ing of tunnel cations.

The results of our calculations show that the minimum-
energy Ba?+ positions are indeed a function of the ar-
rangement of the Al*+ and Ti** cations on the octahedral
sites. In Figure 2 we plot the calculated Ba?* positions
(two per cell) for each of the approximately 160 (Al*+,Ti*+)
configurations. Since special position 2a has 4/m sym-
metry, Figure 2 represents only one unique octant of the
total distribution of Ba?+ positions. In nearly all of the
cases modeled, the minimum-energy Ba?* sites are dis-
placed from the special position.

Figure 3 plots a histogram of structure energies after
minimization of the Ba?* positions for the (Al*+,Ti**)
configurations represented in Figure 2. All of the energies
plot between —5129 and —5163 kJ/O atom, and about
two-thirds are bunched between —5148 and —5163 kJ/O
atom. The most energetically favorable case [-5163 kJ/
O atom] has Al** on octahedral sites 1, 2, 5, and 6 (Fig.
1), and the minimum-energy Ba?+ positions for this ar-
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Fig. 2. Displacements from the special position (0,0,0), par-
allel (Ac) and perpendicular (Ad) to the tunnel direction, of the
300 calculated minimum-energy Ba2+ positions determined for
157 arrangements of 12 Ti*+ and 4 Al** cations on the 16 oc-
tahedral sites in a double hollandite cell with half-filled tunnel
sites (Ba,Ti,,Al,0,,). Larger circles represent cases with no A+
cations in octahedra that share a common edge.

rangement are at (0,0,0.16) and (0,0,0.504) [the special
positions are at (0,0,0) and (0,0,0.5), respectively]. The
calculated Ba2* position at (0,0,0.16) is displaced 1.0 A
along the tunnel from the special position and does not
correspond with tunnel-cation positions determined by
X-ray refinement, suggesting that the octahedral cations
in hollandite crystals are not ordered in the most ener-
getically favorable way. The relatively narrow range of
structure energies indicates that many and perhaps all of
the possible (AP+,Ti**) configurations occur in a given
crystal of hollandite, leading to both short- and long-range
disorder. Recall that both X-ray and neutron-diffraction
experiments show long-range disorder on the octahedral
sites, and neither X-ray nor electron-diffraction studies
have found evidence of short-range order.

For the many octahedral-cation configurations that
might exist in different unit cells in a hollandite crystal,
our calculations show that the Ba?* tunnel cations will
occupy a variety of different positions. This situation will
cause a smearing out of the electron density about the
special position in the average unit cell determined by
X-ray or neutron-diffraction structure refinements, and
therefore will likely give rise to the observed subsidiary
sites and large apparent thermal motion of the tunnel
cations.

A closer look at Figure 3 shows that the structure ener-
gies approximate a bimodal distribution, with one peak
centered at about —5141 and another at —5152 kJ/O
atom. Comparision of octahedral-cation configurations
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Fig. 3. Histogram showing calculated structure energies for
half-filled hollandite (Ba,Ti,,Al,0;,) after minimizing the Ba*
positions. The 157 distinct (Ti,Al) distributions correspond to
those included in Figure 2. The shaded cases have (Ti,Al) con-
figurations that place AI*+ cations in octahedra that share com-
mon edges within an octahedral chain (| ¢). (Ti,Al) arrangements
indicated by circles have no Al** cations in octahedra that share
common edges.

and their corresponding structure energies reveals that in
general the most energetically favorable cases have the
A3+ in octahedra that do not share a common edge (Fig.
3). Conversely, the least-favored arrangements, i.e., those
forming the peak centered at —5141 kJ/O atom in Figure
3, have Al** cations in adjacent octahedra in the same
octahedral chain with an Al-Al distance of 2.94 A. The
models yielding structure energies composing the bulk of
the peak centered at —5152 kJ/O atom in Figure 3 typi-
cally have A+ in octahedra that share a common edge
between octahedral chains with an Al-Al distance of 3.00
A. This correlation between structure energy and degree
of edge-sharing between Al octahedra is analogous to the
aluminum avoidance rule (Loewenstein, 1954) observed
for silicate minerals. It is likely that the unfavorable ar-
rangements represented by the higher-energy peak in Fig-
ure 3 rarely, if ever, occur in hollandite structures and
that the predominant configurations are those that have
no edge-sharing Al octahedra, or perhaps minimal edge-
sharing between octahedral chains.

Our calculated displacements along the tunnel (Ac) of
the Ba?* cations from the special position range from 0
to 1.0 A with mean displacement ~ 0.11 A. Approxi-
mately 90% of the minimum-energy Ba’>+ positions have
Ac values between 0 and 0.35 A. Although all of the X-ray
refinements of hollandite structures have restricted the
tunnel cations to the fourfold axis (twofold axis in 12/m
structures), most of our calculated Ba?*+ positions fall off
the rotation axis. The displacements perpendicular to the
tunnel direction (Ad) range from 0 to 0.65 A and typically
are greatest for points in Figure 2 with small Ac values.
The rms Ad for calculated Ba2* positions with Ac < 0.25
Ais 0.34 A and decreases to 0.18 A for positions with Ac
from 0.25 to 0.55 A and to 0.15 A for Ac > 0.55 A. In
general, the Ba2* positions with the larger Ad values cor-
respond to the energetically less favorable (Ti*+,Al*+) con-
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Fig. 4. Maps of structure energy versus tunnel-cation position
for Ba,Ti;,Al,Os, and Sr,Ti,Al,O;, with Al in octahedral sites
1, 2, 3, and 4 (see Fig. 1). Triangles mark the calculated mini-
mum-energy positions. The plane of each map is an x-z section
at y = 0; the special position (0,0,0) lies in the plane. Contour
interval is 0.25 kJ/O atom. All framework atoms lie in planes
parallel to (001) at z = 0 and z = 0.25 of the doubled cell.

figurations, e.g., those in the peak centered at —5141 kJ/
O atom in Figure 3. If only cases that have no edge-shared
Al octahedra are considered, then the greatest calculated
Ad =~ 0.2 A (see Fig. 2). The fact that refined temperature
factors perpendicular to the tunnels at the special position
are typically in the range of # = 0.015-0.03 —correspond-
ing to rms displacements from 0.12 to 0.17 A—further
supports the conclusion that octahedral-cation arrange-
ments containing lower-valence cations in octahedra that
share common edges probably do not occur frequently in
hollandite crystals.

The calculated Ba2+ distribution (Fig. 2) for the most
part compares very well with results from X-ray studies
of hollandite structures having half-filled tunnel sites, par-
ticularly if only the cases in Figure 2 without edge-sharing
Al octahedra are considered. Most structure refinements
have split the tunnel cations into two locations, a main
site on the special position and a lesser occupied subsid-
iary site displaced some distance along the tunnel, both
with relatively large temperature factors. This is consistent
with our model distribution in Figure 2 which shows most
of the Ba2+ positions clustered around the special position,
but with a range of Ad and Ac values that would give rise
to a large apparent temperature factor, and a second small-
er cluster of points centered at Ac = 0.50 A. In his struc-
ture refinement of BaTisV,0,, Szymanski (1986) ob-
tained site-occupancy factors of 0.80 for Ba2+ at the special
position and 0.06 at a subsidiary site displaced 0.45 A
along the tunnel; these compare well with our model pre-
dictions. The refined temperature factors indicate a rms
displacement of 0.17 A parallel to the tunnel for the site
at the special position, which is close to the value of 0.15
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A calculated for the cluster of Ba2+ positions near the
special position in Figure 2.

The tunnel-cation distribution refined by Post et al.
(1982) for the mineral hollandite [(Ba,,sPbg;6Nag:0Ko0)-
(Mn*+ ,Mn3+ Fe3+ Al*+),0,,-H,0] also is similar to our
calculated results, although the presence of other types of
tunnel cations in addition to the Ba?+ makes direct com-
parison of the observed and model structures more dif-
ficult. Post et al. (1982) observed two tunnel-cation sites,
one at the special position and a subsidiary site displaced
about 0.60 A along the tunnel, with both sites having large
temperature factors parallel to the tunnel direction. They
assumed that the smaller Pb?+ cations would favor the
displaced site, which is closer to the nearest-neighbor oxy-
gen atoms, and assigned the Ba?+ to the special position.
The results of our calculations on BaTi;Al,Os and the
structure refinement for BaTisV,0,s indicate, however,
that Ba2*+ and Pb?* are probably mixed over the two tun-
nel-cation positions. The refined occupancies for the two
tunnel sites (assuming equal amounts of Pb*>* and Ba?*
at each site) are 0.70 at the special position and 0.30 at
the satellite position, a result with which our model cal-
culations are in reasonably good agreement. The greater
apparent occupancy of the subsidiary site in the Pb-con-
taining structure compared with BaTi,V,0O; may occur
because—as we discuss below—the smaller Pb**+ cations
ought to be more displaced than the Ba?* cations.

In order to explore the expected relative displacements
of Ba?+ and Pb?* in hollandite, we calculated structure-
energy maps over the tunnel sites for Ba>+ and for Sr?+,
which has an ionic radius similar to that of Pb?*, using
the same (Ti**,Al*+) configuration in each case (Al** in
sites 1, 2, 3, and 4, Fig. 1). For each calculation, the
structure framework was held fixed, and the tunnel cation
was moved to points on a grid covering the tunnel sites;
structure energies were calculated at each gridpoint. The
contoured maps in Figure 4 show that the minimum-
energy position for the smaller Sr+ is displaced 0.9 A
along the tunnel from the special position compared with
a shift of only 0.3 A for Ba?+. Minimization calculations
for Sr2+ and Ba?* tunnel cations, using a variety of
(Ti*+,Al*+) configurations, show in general that the small-
er cation is more displaced both parallel and perpendicular
to the tunnel directions. Thus, the smaller Pb%* in the
mineral hollandite will be more displaced than the large
Baz+, and it is therefore expected that the subsidiary site
will have a greater occupancy factor than in structures
where Ba2* is the only tunnel cation. This is probably also
the reason why the subsidiary site refined for hollandite
is more displaced than the subsidiary site in BaTi;V,0,4
or our model (0.60 vs. 0.50 A). The maps in Figure 4 also
show that the minimum valley for Sr?* is broader and
shallower than for Ba2*, suggesting that smaller cations
will show larger temperature factors. In both of the struc-
ture-energy maps in Figure 4, the minimum valleys are
widest closest to the special position, which is reasonable,
since the effective cross section of the tunnel is also greatest
for the plane containing the special position, and which
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is consistent with the distribution of Ba?* positions in
Figure 2.

Sinclair et al. (1980) refined the structure of the half-
filled hollandite compound (Bag 4s Ca,o3) (Tis 4 Al 1o Nig s~
7r1,,,)0,¢ and, rather than using a split tunnel-cation site,
placed all the Ba*+ at a position displaced 0.33 A along
the tunnel from the special position. The large tempera-
ture factor for the Ba2+ (U,; = 0.054) and the relatively
high R value of 5.9% combined with peaks near the tun-
nel-cation site in the final difference Fourier map of +4
and +2.2 e/A3 suggest that perhaps a model with split
tunnel-cation sites might provide a better fit to the ob-
served electron density in the tunnels. Furthermore, since
the lower-valence octahedral cations are a mixture of +2
and +3 cations, the resultant distribution of Ba?* posi-
tions will in all likelihood be different from that for +3
cations only. In general, though, their results are consistent
with other studies of hollandites in that they show the
existence of positional disorder in the tunnels, similar to
what our calculations predict would arise from having a
disordered arrangement of octahedral cations.

Two-thirds-filled tunnel sites

Many hollandite minerals and compounds, particularly
those containing K* and Na* tunnel cations, have tunnel
sites that are two-thirds to three-fourths occupied. As with
half-filled hollandite structures, X-ray and electron-dif-
fraction experiments in many cases reveal diffuse streaks
between reciprocal lattice planes in the tunnel direction
(Turner, 1982; Beyeler, 1976; Pring and Jefferson, 1983),
indicating that ordering of the cations within individual
tunnels commonly occurs every three or four unit cells
for tunnel occupancies of two-thirds and three-fourths,
respectively. For our model calculations, we assumed a
hollandite structure with the tunnel sites two-thirds oc-
cupied, having the basic formula K, 1,(Ti, ;Mg 6,)0,. We
constructed ordered supercells using atom positions re-
ported by Sinclair et al. (1980) and tripled the length of
the ¢ axis. We filled four of the six possible tunnel sites
with K+ (two in each tunnel) and distributed 22 Ti*+ and
two Mg?* over the 24 octahedral-cation sites. We per-
formed minimization calculations for the 11 unique
(Ti*+,Mg2+) arrangements, allowing the positions of all
four K+ cations to vary simultaneously.

The distribution of minimum-energy K* positions (four
per calculation) is plotted in Figure 5. It resembles Figure
2 in that the majority of points cluster near the special
position with a second smaller clustering of points shifted
along the tunnel. In this case, however, the clusters are
better resolved with the second cluster located 0.5-0.7 A
from the special position as opposed to 0.4-0.6 A for the
half-filled case; furthermore, a larger fraction (25%) of the
positions fall within the displaced cluster. The Ac values
for the K+ positions represented in Figure 5 range from
0 t0 0.7 A, and again the displacements perpendicular to
the fourfold axis are greatest for positions with small Ac
values.

The structure energies after minimization for the var-
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Fig. 5. Displacements from the special position (0,0,0), par-
allel (Ac) and perpendicular (Ad) to the tunnel direction, of the
44 calculated minimum-energy K* positions determined for the
11 unique arrangements of 22 Ti** and 2 Mg?* cations on the
24 octahedral sites in a triple hollandite cell (along ¢) with two-
thirds-filled tunnel sites (K, Ti,,Mg,0,;). Larger circles represent
cases with no Mg?+ cations in octahedra that share a common
edge.

ious (Ti**,Mg?**) configurations range from —5743 to
—5759 kJ/O atom. The most energetically favorable
case has Mg?* in octahedral sites 1 and 3 (Fig. 1), yielding
minimized K* positions at (0.50,0.52,0.20), (0.00,0.02,
—0.03),(0.51,0.50,0.83), and (0.01,0.00,0.34) [special po-
sitions are at (0.5,0.5,0.167), (0,0,0), (0.5,0.5,0.833), and
(0,0,0.33), respectively]. As with BaTiAl,O, the rela-
tively tight grouping of structure energies (8 of 11 are
within 5.4 kJ/O atom of each other) suggests that the
octahedral cations are probably disordered in crystals of
hollandite compounds and minerals. Also, the energeti-
cally least favorable arrangements involve edge-sharing
of Mg?* octahedra.

Structure refinements have been reported for two
hollandite minerals with tunnel sites that are ap-
proximately two-thirds occupied—cryptomelane [(K, .-
Nay ,551,1;Bag 1), 4:(Mn*+, Mn?+ Fe’+ LAB),0,6-H,0] (Post
et al., 1982) and priderite [(Kqs0BagssNag )15 (Ti?F Fe3t,
Mg2+);0,¢] (Post et al., 1982; Sinclair et al., 1982)—and
for the compound K, 5,(Ti, ,;Mg,,,)O,s, Which has tunnel
sites that are about three-quarters filled. In all of these
structures, the tunnel cations are split into a main site at
the special position and a subsidiary site displaced 0.55
A (cryptomelane and priderite) or 0.74 A (K, 5, Ti, ;Mg -
0,,) along the tunnel. In cryptomelane and priderite, ap-
proximately 20% and 30%, respectively, of the electron
densities in the tunnels are at the subsidiary sites, values
that compare well with our model distribution in Figure
5 showing about 25% of the K+ positions in a cluster
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centered at about Ac = 0.6 A. Refined temperature and
occupancy factors were not reported for K, 5,Ti,,,Mg, ;.-
O,6. Overall, the observed split tunnel-cation sites and
their relative occupancies—combined with relatively large
refined apparent temperature factors for all of the tunnel-
cation sites, especially in the tunnel direction (U,, = 0.013-
0.021; U,; = 0.036-0.076)—indicate an observed elec-
tron-density distribution that compares very well with
that in Figure 5.

The structure refinements for cryptomelane and pri-
derite (Post et al., 1982) reveal small electron-density peaks
halfway between the special positions in the tunnels, which
Post et al. (1982) assumed were due to Na*. To examine
this assumption we carried out a series of minimizations
as above but with Na* instead of K+ in the tunnels. Qur
results show that the smaller Na* is more displaced, rel-
ative to K+, both parallel and perpendicular to the tunnels
for a given (Ti*+,Mg?*) configuration. In fact, about one-
third of the minimized Na* positions cluster about a point
that is approximately midway between the special posi-
tions. Thus, our calculations support the assumption that
the extra electron-density peaks in the tunnels of cryp-
tomelane and priderite are likely to be caused by Na*.

SUMMARY

Our model calculations show that the minimum-energy
positions for the tunnel cations in hollandites are related
to the configuration of the lower-valence cations in the
octahedral sites, and the narrow range of structure energies
calculated for many of the configurations suggests that the
octahedral cations are probably disordered in most hol-
landite structures. Therefore, a hollandite crystal will con-
tain a large variety of arrangements of octahedral cations
in different unit cells and correspondingly a range of tun-
nel-cation positions. X-ray and neutron-diffraction struc-
ture refinements reveal only an average unit cell contain-
ing a superposition of tunnel-cation positions that give
rise to the observed split sites and positional disorder.
Our calculations also show, however, that octahedral-cat-
ion arrangements resulting in lower-valence cations in
octahedra that share common edges are energetically un-
favorable and probably are not common in hollandite
crystals. We have modeled tunnel-cation positions in hol-
landite structures having all possible unique octahedral-
cation configurations for tunnel-site occupancies of one-
half and two-thirds. In both cases the distribution of
calculated minimum-energy tunnel-cation positions
matches quite well with experimentally determined elec-
tron-density distributions for a variety of hollandite phas-
es. Overall, the distributions of calculated minimum-en-
ergy tunnel-cation positions for the two cases are quite
similar. Both show a majority of the calculated positions
clustered about the special position and a smaller cluster
of positions displaced along the tunnel from the special
position. In the distribution for the two-thirds-filled hol-
landite, however, the two groupings are better resolved,
and there is a greater fraction of positions in the cluster
that is shifted away from the special position.

POST AND BURNHAM: TUNNEL-CATION DISPLACEMENTS IN HOLLANDITES

Our model calculations show that, in general, smaller
tunnel cations will be more displaced from the special
position than larger cations. Also there is a slight but
significant interaction among tunnel cations in neighbor-
ing tunnels, particularly in the case of Ba?* (and other
divalent cations).

Although the results of our calculations provide a basic
understanding of the positional disorder exhibited by tun-
nel cations in hollandite structures, we have not consid-
ered complexities inherent in many hollandite com-
pounds and minerals, such as presence of water in tunnels,
monoclinic instead of tetragonal symmetry, and incom-
mensurate ordering of tunnel cations (Bursill and Grzinic,
1980). Certainly these variations will affect the details of
the tunnel-cation distribution in a given structure, but
probably not enough to change our overall conclusions.
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