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Single crystals of the new barium hollandite Ba; 3Co; 3Tig 7016 were obtained from a BaCl, flux
(I2/m,Z=1,a=9.9470(4), b =2.9714(2), c = 10.2260(5) A, B =90.906(2)°). In the crystal structure
piles of Ba atoms are situated within a framework of edge- and vertex-sharing octahedra (Co,Ti)Og.
The composition was deduced from microprobe analyses, structure refinements and charge balance
arguments in agreement with the observed magnetic properties. The temperature dependence of
the magnetic susceptibility x(7) of Ba; 3Co; 3Tig701¢ single crystals reveals paramagnetism down
to 2 K. The value of the Co magnetic moment deduced from the Curie-Weiss law agrees well with
the theoretical value of the high-spin state spin-only moment of Ueg = 3.87 ug for Co?* (S =3/2).
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Introduction

The crystal structure of hollandite was first studied
by Bystrom and Bystrom in 1949 [1], based on the
earlier results obtained by Cole, Wadsley and Walk-
ley (1947) [2]. Hollandites are characterized by frame-
works of egde- and vertex-sharing octahedra forming
one-dimensional tunnel structures which host larger
cations. The general formula can be written accord-
ing to A;MgO1¢ with typically x > 1, A = alkali metal,
alkaline-earth metal or Pb?", and M being a wide va-
riety of cations with positive charges of 1, 2, 3, 4, or
rarely 5. Although hollandites have been extensively
studied due to potential applications, for example as
solid-state electrolytes, electrode materials and cata-
lysts, little attention has been paid to their magnetic
properties [3—5].

The quasi-one-dimensional structure of hollandites
demonstrates a broad spectrum of complex quantum-
mechanical phenomena at low temperatures, includ-
ing one-dimensional electron conductivity in KRu4Osg,
RbRu4Og, and CsggLigoRusOg [6,7], a quantum
phase transition in BaRugOj, [8], a metal-insulator
transition in K, VO [9-12] and Bi,VgOi6 [13, 14],
the appearance of ferromagnetism in the diluted
semiconductor K,TigO¢ [15], phase transitions in
K,CrgO¢ from a paramagnet to a metallic ferromag-

net and then to an insulating ferromagnet as the tem-
perature is lowered [16].

From a technological point of view, some Ba- or
Sr-based Ti-bearing hollandites were reported to have
promising dielectric properties for use in microwave
devices [17]. Furthermore, the use of barium hollan-
dites in the field of nuclear waste immobilization for
the safe storage of radioactive Cs-135 and Cs-137 in
the synthetic mineral assemblage has to be pointed
out (SYNROC) [18,19]. The barium hollandites are
particularly important since Cs can be substituted for
Ba without any substantial change in the resistance
to chemical attack. In the area of high-level radioac-
tive waste the Ti-bearing hollandites [18,20—-22], e. g.,
Ba; ;Mg ,Tig 3O16, have been selected as hosts. A use
of Ti is indispensable in order to compensate the charge
imbalance as a result of the Cs decay.

The pure titanium hollandite Ba, TigO¢ retains elec-
troneutrality due to the presence of Ti>* next to Ti**,
i.e., Bay(Ti* ), (Ti*")g_»016 [23]. A second pos-
sibility to reach electroneutrality in Ti-based hollan-
dites is the substitution of some Ti by a metal ion
with a charge lower than +4. If sufficient amounts
of M3+ or M?* are provided, Ti may exclusively
stay in the valence state +4. We have realize this
situation in the title compound Ba,Co,Tig_,O1¢ with
x=1.28(1).
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Results and Discussion

Crystal structure and composition

Chemical pu-probe analyses of hollandite crystals,
including the very crystal used for structure determi-
nation, result in n(Ba)/n(Co)/n(Ti) = 1.4+0.7:1.3+
0.2:6.7£0.2. In the structure refinements based on
X-ray diffraction intensity data (Tables 1 —4) we were
unable to discriminate between Co and Ti due to the
small difference in the number of electrons coupled
with the apparent mixed occupation of crystallographic
sites. Therefore, in the refinements the presence of
equimolar amounts of Co and Ba was assumed, leading
to the composition Ba1.zg(l)Col'ggTi&nOm, in good
agreement with results from the p-probe. Charge bal-
ance is possible with the presence of exclusively Co>*
next to Ti*t, which agrees with the results from the
analysis of the magnetic properties (see below).

In the well known hollandite-type crystal structure
of Ba; 3Co3Ti.7016 double-chains of edge-sharing
(Co,Ti)Og octahedrarun along [010] and are further in-
terconnected via vertices within (010) to form a three-
dimensional framework with one-dimensional chan-
nels along [010]. Fig. 1 shows a section of the crystal
structure viewed in this crystallographic direction. Ba
is situated within the larger one-dimensional channels.
Tetragonal and monoclinic hollandites are well known
in the literature. The distortion from tetragonal to
monoclinic typically occurs when the channels in the
host framework are too large for the guest atoms. For
Ba; 3Co;3Tig 7016 we observe the monoclinic struc-

Fig. 1. Left: View of the crystal structure of the hollandite
Ba; 3Co;3Tig 7016 along [010]. The framework of edge-
and vertex-sharing oxometalate octahedra hosts Ba ions.
Right: Arrangement of Ba positions along a pile in [001].
Positions in the commensurate structure description are oc-
cupied statistically by 32 %.

Table 1. Selected crystal structure, data collection and refine-
ment parameters for Baj 5g(1)Coj.28Ti72016.

Crystal system monoclinic
Space group 2/m

a, A 9.9470(4)

b, A 2.9714(2)

e A 10.2260(5)

B, deg 90.906(2)

VA 1

Density (calcd.), gcm™3 4.56

Volume, A3 302.21
Diffractometer Nonius-k-CCD

Radiation; wavelength, A MoKy; A =0.7107

Index ranges hkl +13, £3, £13

Omax, deg 28.16

F(000), e 382.1

1(MoKgy), mm~! 10.1

Reflections collected / independent 3259/438

Data averaging: Rin / Rs 0.0672/0.0307

Ry (|Fy| > 40(F,)) 0.0289

Ri / wRy / GooF (all data) 0.0325/0.0800 /1 .212
Largest e~ diff. peak / hole, A3 0.81/—0.93

Table 2. Atomic coordinates and isotropic displacement pa-
rameters (A%) for Baj 551)C01.28Ti6.72016.

Atom  Site x/a y/b z/c Uiso

Ba? 4g 0 0.36004) O 0.0218(4)
M1 4 0.34842(7) 0 0.16462(7)  0.0088(3)
MQ)P 4 0.83160(7) O 0.35298(7)  0.0087(3)
o(1) 4i 0.1961(3) 0 0.8426(3) 0.0080(6)
0(2) 4i 0.1501(3) 0 0.2035(3) 0.0091(6)
0Q) 4 0.1769(3) 0 0.4595(3) 0.0099(6)
04) 4i 0.4596(3) 0 0.8432(3) 0.0090(6)

4 Occupied by 0.319(2) Ba; ® fixed occupation with 84 % Ti,
16 % Co.

Table 3. Anisotropic displacement parameters (10\2) for
Bay 55(1)Co1 .28 Tig.72016 (U12 = Up3 = 0 for all sites).

Atom Uy Un Us3 Uiz

Ba(1) 0.0156(5) 0.0327(7) 0.0171(5) 0.0011(3)
M(1) 0.0095(4) 0.0057(5) 0.0114(4) 0.0042(3)
M(2) 0.0116(4) 0.0052(5) 0.0094(4) —0.0013(3)
o(1) 0.008(1) 0.008(2) 0.008(1) 0.002(1)
0Q2) 0.008(1) 0.008(2) 0.011(1) 0.001(1)
0Q3) 0.013(1) 0.011(2) 0.006(1) 0.002(1)
04) 0.008(1) 0.008(2) 0.011(1) 0.003(1)

ture variant. Although for examples of both tetrago-
nal and monoclinic variants incommensurately modu-
lated structure refinements were presented [e. g., 24 —
27], from our single-crystal X-ray diffraction data we
have no indications for a modulation. The common
structure model with a simple three-dimensional com-
mensurate description results in a Ba position with an
occupancy below 1 and short distances within the re-
sulting Ba chain of 0.832(2) and 2.139(2) A. The max-
imum physically possible occupancy would be 50 %
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Table 4. Selected interatomic distances (A)
for Bay 53(1)Co1.28Tig72016.

Ba -Ba  08322) Ix M(1) -0@) 19123) Ix
Ba  2.139Q2) Ix -0(3) 1968(2) 2x
Ba  29714(2) 2x —0(2) 2.007(2) 2x
-0(2) 27583) 2x ~0(2) 2.0193) Ix
—0(1) 2764(3) 2x M(2) -0(3) 19203) 1x
—0(2) 3.174Q2) 2x —0@) 1961(2) 2x
-0(l) 3.180Q2) 2x —0(1) 2.00822) 2x
—0(3) 3261Q2) 2x —0(1) 2.0143) 1x
-0@) 35632 2x

and for our unit cell results in shortest distances d(Ba—
Ba)=2.9714(2) A along this chain in an ordered model
(compare Fig. 1). However, the refinements converge
at an occupancy of 31.9(2) %. Selected interatomic dis-
tances, which all lie in the expected ranges, are summa-
rized in Table 4.

Magnetic properties

Fig. 2 shows data for the magnetic susceptibility
X = M/H for several Ba; 3Coj3Tis 7016 single crys-
tals allowing free rotation in an applied field of uH =
0.05 T. Ba; 3Co;.3Tig 7016 single crystals show typ-
ical paramagnetic behavior with a lack of any long-
range magnetic order down to 2 K. The inverse mag-
netic susceptibility 1/, plotted in the inset of Fig. 2,
shows no significant deviation from linearity down
to 2 K. Above 50 K the susceptibility data follow
the Curie-Weiss law )y = C/(T — Ow) with a low
Weiss temperature Ow = 6.4 K, indicating that the
Co ions in the sample are very weakly coupled by fer-
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Fig. 2. Temperature dependence of the field-cooled DC mag-
netic susceptibility x(7) of Baj 3Co; 3Tig7016 single crys-
tals in an applied magnetic field uoH = 0.05 T. The inset
shows the inverse magnetic susceptibility vs. temperature.
The solid line is a fit of the data to the Curie-Weiss law.

romagnetic exchange. The value of U is calculated
from C = N Lletr® g /3kp (Where Ny is the Avogadro
number, [y is the Bohr magneton, kg is the Boltz-
mann constant, and L is the effective magnetic mo-
ment). The effective magnetic moment deduced from
the Curie-Weiss fitting is, therefore, Uesr = 3.62 Uy
This value is in good agreement with that expected
for the high-spin state spin-only moment of U =
3.87 ug for Co?* (S = 3/2). Moreover, the divalent
state of Co in this material is supported by charge bal-
ance considerations. The electrical resistance of the
single crystal Baj 3Co;3Tig7016 at r.t. iS R3gok ~
100 MQ, which is very high, and in the range of typical
insulators.

Experimental Section

For single-crystal growth of Baj3Co;3Tig70¢, initial
amounts of 6.2 mmol TiO,, 1.7 mmol Co304 and 3.2 mmol
BaCl, were mixed and then pressed into a pellet. The pel-
let was heated to 1350 °C and kept at this temperature for
several days. Then the furnace was slowly allowed to cool
to r. t. Green crystals with maximum sizes of 0.5 mm?® were
mechanically extracted from the product.

Single-crystal X-ray diffraction data collection was per-
formed using a 4 circle diffractometer (NONIUS-x-CCD,
Bruker AXS GmbH) with monochromatic MoK radia-
tion. Selected information concerning the data collection and
structure refinements is summarized in Tables 1—4.

Further details of the crystal structure investigations
may be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition number CSD-423585.

Chemical p-probe analyses result in very consistent com-
positions observed for all crystals investigated with the
average atomic density ratios n(Ba)/n(Co)/n(Ti) = 1.4 £+
0.7:1.3+£0.2:6.7+ 0.2 (the oxygen content could not be
quantified with this technique). No additional elements were
detected.

The magnetization data for free to rotate single crystals
were acquired over a temperature range 2 K <7 <300 K
in applied magnetic fields 0 < yoH < 5 T using a Quantum
Design MPMS7 magnetometer.
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