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Abstract 
The Hg chains in both Hg3_sSbF6 and Hg3_sTaF6 
order below room temperature. Down to about 190 K 
the ordering results from the interaction between 
parallel chains. It is short range and is different for 
the two compounds. Below 190 K both compounds 
transform to an isostructural long-range-ordered 
phase which is driven by the interaction between 
perpendicular chains. The structure of this phase in 
both compounds has been determined. Hg3_sSbF6 at 
173 K, 8 =0.134(1), M,=810.6(2).  It is monoclinic 
but pseudotetragonal with I4~/amd, a = 7.655(1), c = 
12.558(1) A, V= 735.9(2) A 3, Z = 4 ,  Dx = 
7.314(3) Mg m -3, graphite-monochromated Mo Ka 
radiation, h =0.71069A, /z =64 .8mm -1, F(000)= 
1337.1(3). Hg3-~TaF6 at 150 K is isostructural but 
has 8=0.142(1),  M,=868.2(2),  a=7.634(1),  c=  
12.610(2) A, V= 734.9(2)/~3, Dx = 7.844(3) Mg m -3, 
/z = 76.4 mm -~, F(000) = 1422.6(3). Comparison of 
the low-temperature structures with those at room 
temperature shows that the thermal contraction 
results from the shortening of interatomic distances 
associated with the weak bonds, with the result that 
the MF6 (M = Sb, Ta) host lattice shrinks more than 
the Hg chains. Variation of the atomic displacement 
parameters with temperature indicates that the large 
librational displacements of the M F6 ions result from 
thermal motion rather than static disorder. 

Introduction 
It has been more than a decade since the discovery 
of the first compound, Hg3_~AsF6, that contains 
infinite chains of metallically bonded Hg atoms 
occupying straight tunnels within an incommensurate 
host lattice of AsF6 ions (Brown, Cutforth, Davies, 
Gillespie, Ireland & Vekris, 1974). This material crys- 
tallizes in the tetragonal space group I41/amd and 
has sets of Hg chains related by the 4rscrew axis 
running along both the aH and bH host-lattice direc- 
tions. Because of the incommensurability between the 
atom spacings (dr~g) in the chains and an, and because 
of the large interchain distances, the interactions 
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between the chains are weak (<< 300 K) and each chain 
behaves at room temperature as a one-dimensional 
liquid (Spal, Chen, Egami, Nigrey & Heeger, 1980). 
Diffraction from the chains consists of two sets of 
diffuse scattering sheets at n(3 - 8 )a*  and n(3 - ~)b* 
where n is +1, +2 , . . .  but not zero.t At room tem- 
perature the intensity distribution of the sheets is 
almost uniform, indicating that the ordering between 
the chains is negligible. (See Fig. 1 in Tun & Brown, 
1982.) 

In Hga-sAsF6 the weak interchain interaction 
manifests itself at lower temperatures by the develop- 
ment of intensity modulations in the diffuse scattering 
sheets (Hastings, Pouget, Shirane, Heeger, Miro & 
MacDiarmid, 1977). At first the modulation peaks 
are broad and can be seen only on the lowest-order 
sheets (n = ± 1). They are produced by a short-range 
order between the sets of parallel chains (S phase). 
As the temperature is reduced below Tc = 120 K the 
broad peaks are suddenly replaced by a set of narrow 
peaks at different positions. These peaks can be seen 
not only on the n = + 1  sheets but, at lower tem- 
peratures, also on the higher-order sheets (Pouget, 
Shirane, Hastings, Heeger, Miro & MacDiarmid, 
1978). The narrow peaks which signal a long-range 
order of the chains (L phase) are attributed to coher- 
ent coupling of the two perpendicular sets of chains 
via common reciprocal-lattice points at the intersec- 
tion of the planes at n(3 - 8 )a*  and n(3 - 8)b* (Axe, 
1980). 

The isostructural compounds Hga-sSbF6, 
Hg3-8 NbF6 and Hga-sTaF6 have since been prepared 
(Tun & Brown, 1982; Tun, Brown & Ummat, 1984). 
We have found that at least two of them undergo 
similar transitions with Tc = 186.0(5) K (Hg3_sSbF6) $ 
and Tc = 193(3) K (Hga-sTaF6). It was not possible 
to obtain crystals of Hga_~NbF6 that were suitable 
for low-temperature studies. Although the structures 
of all four compounds are known at room tem- 
perature, only Hg3_~AsF6 has been examined below 

t From now on, only the chains in the an direction will be 
considered but similar statements apply also for the chains in the 
bH direction unless otherwise stated. 

$ This measurement was made by neutron diffraction in collabor- 
ation with J. D. Axe and G. Shirane at the Brookhaven National 
Laboratory, New York. 
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room temperature. In this paper, we report studies 
of the ordering of the Hg chains in both S and L 
phases as well as the structure of Hg3-sSbF6 at 173 K 
and Hg3-sTaF6 at 150 K. 

Experimental details and results 

Samples with dimensions 0.16 × 0.13 × 0.09 mm 
(Hg3_~SbF6) and 0.2 x 0.2 x 0.01 mm (Hg3_~TaF6), 
prepared by Drs K. Morgan and P. Ummat respec- 
tively, handled under usual strictly'anhydrous condi- 
tions. X-ray intensities measured on Nicolet P21 
diffractometer using standard LT1 cold-N2 gas 
apparatus to cool samples. Temperature stability and 
reproducibility tested at various temperatures down 
to 150 K and found to be within +3 K. 

( a) Intensity modulation o f  the diffuse scattering sheets 

In order to investigate the ordering of the Hg chains 
the intensity distribution of the diffuse scattering 
sheets was examined at various temperatures. Stan- 
dard 20-(0 scans at very low scan speed were perfor- 
med to measure the diffracted intensity at the points 
n(3 - ~ )a* ,  mb* ,  IC*H, where m was varied from - 1 . 0  
to +1.0 with steps of 0.1 for Hg3-sSbF6 and from 
-0 .25  to +2.25 with steps of 0.25 for Hg3_sTaF6. 

The results of these measurements carded out on 
the l = 0 layer of the n = 1 sheet are depicted in Figs. 
1 and 2. The presence of short-range order above T~ 
is evident in both compounds by the observation of 
broad peaks but the position of the peaks in the two 
compounds is different. As in the case of Hg3-sAsF6, 
the peaks from Hg3_~SbF6 are centred at m = +0.4 
but have a much weaker amplitude and larger width 
(compare with Fig. 5 of Pouget et al., 1978). The 
S-phase peaks of Hg3_~TaF6 are equally weak and 
broad but are centred at m = 0 and 2. Measurements 
on the l =  1 layer of the same sheet also revealed 
broad peaks but at m = +0.6 for Hg3_~SbF6 and m = 1 
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Fig. 1. Scan of the line (3-3, m, 0) for Hg3_~SbF 6 at 194 K (solid 
circles) and 164K (crosses). Vertical scales are intensities 
(counts min-~), horizontal scale gives m in units of an*. 

for Hg3-sTaF6. In both compounds the intensity dis- 
tribution on the n = 2 sheet is uniform even when the 
temperature is just above Tc and the first-order peaks 
are at their maximum amplitude. 

Figs. I and 2 also show the narrow peaks (FWHM = 
0.06 a* )  which are characteristic of the L phase. The 
profile of these peaks along e*H was also checked and 
was found to be sharp and centred at l = 0. (The wider 
peaks seen in Fig. 2 are probably an artifact of the 
thin plate-like shape of the Hg3_~TaF6 crystal, since 
the same crystal gave sharp peaks along the c*  axis.) 
In both compounds the position of the L-phase peaks 
at m = 1 + ~ is identical to that found for Hg3_~AsF6. 
A survey of the l = 1 layer as well as of the n = 2 sheet 
revealed peaks that can be indexed as n ( 3 - / 5 ) a * ,  
(k + nS)b*,  le* with n + k + I = even, indicating that 
the chains are ordered into a body-centred monoclinic 
cell. L-phase peaks from the b chains were also 
examined and were found at (h + n~)a*,  n(3 - ~)b*,  
le* with h + n + l = even. This arrangement of the 
L-phase peaks is identical to that found for 
Hg3-sAsF6, and corresponds to the structure illus- 
trated as Fig. 11 of Pouget et al. (1978). 

( b ) The host-lattice structure below Tc 

Details of the Bragg intensity measurements at 
T <  Tc and the subsequent least-squares structure 
refinements are summarized in Table 1. 

The crystal of Hg3_~TaF6 used for the low- 
temperature study was the same as that used for the 
structure determination at room temperature (Tun, 
Brown & Ummat,  1984) facilitating a direct com- 
parison of the two. The Hg3_~SbF3 sample used in 
the present study was different from that used in the 
earlier room-temperature structure analysis (Tun & 
Brown, 1982) and had a concave side which made 
the absorption correction by numerical integration 
uncertain. In order to compare the low-temperature 

~ooo .- 

2000 

1000 

0 
0 

.1 

1.0 

60 000 

40000 

20 000 

Fig. 2. Scan of the line (3 - ~, m, 0) for Hg3_sTaF6 at 293 K (solid 
circles), 210 K (open circles) and 150 K (crosses). Horizontal 
scale as in Fig. 1. The vertical scales (intensities in counts min -1) 
should not be compared as they refer to measurements made 
on two different crystals. 
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Table 1. S u m m a r y  o f  structure determination 

When three entries separated by semi-colons are shown the 
first two entries correspond to M = Sb (293 and 173 K) and 
the last to M = Ta (150 K) respectively. 

Diffractometer: Nicolet P2~ 
Cooling rate: <1 ° min -t 
Lattice constants determined from 15 well centred reflections hav- 

ing 10<20<26°; 10<20<52°; 9<20<27 ° 

Data set (1) (includes at least one measurement of every non- 
equivalent rellection) 

Maximum 20:55 ° 
0 -  < h, k-< 10, - 1 6 -  < l-< 16 
Number of reflections measured: 933; 907; 912 
Number of unobserved reflections measured [l<3tr(l)]: 455; 

296; 142 
Number of unique reflections: 253; 245; 246 

Data set (II) (includes all equivalent reflections for selected large 
structure factors for testing absorption correction) 

-3 -< h, k, l -< 3 
Number of reflections measured: 144 
Number of unique reflections: 14 

Standard reflections: 015, 024; 015, 024; 420, 008 
E.s.d. of standard reflections (%): 2.3, 1-8; 2.1, 2.3; 2-0, 1.2 
Number of standard reflection measurements: 25; 34; 21 
Final R = 0-057; 0-058; 0.039 (all reflections) 
Final wR =0.063; 0.071; 0-045 (all reflections) 
Weighting scheme: w = [trZ(counting)+ k2F~,] -~ with k = 0.0560; 

0.1100; 0.0425 
Standard deviation of observation of unit weight: 0.89; 0.62; 1-03 
Max. shift/e.s.d, in final cycle: 0.36; 0.54; 0.11 
Av. shift/e.s.d, in final cycle: 0-03; 0-14; 0.02 
Secondary-extinction correction (Larson, 1967): g(x 10 7) = 1.0 (5); 

2.4 (7); 3.8 (6) 
Number of variables refined: 21; 21; 25 
Residual electron density, max: +1-5; +2.8; +6.3 e/~ -3 

min: -1.6; -3.0; -1.9 e/~ -3 

structure with that at room temperature  in this study 
we refined both the low-temperature and the room- 
temperature structures using data measured  from the 
same crystal and using the same absorpt ion correc- 
tion. The resulting room-temperature  ref inement was 
not as good as that reported previously (Tun & Brown 
1982) but  was more suitable for compar ison with the 
low-temperature structure. Because the Hg chains 
order into a lattice with monocl in ic  symmetry,  the 
host-lattice symmetry  must  also be reduced from 
tetragonal to monocl in ic  below Tc but the distortion 
is too small  to be measured.  Consequent ly  the struc- 
tures are both reported in the tetragonal setting. 

For each structure determinat ion two sets of  
intensities, I and II, were measured  (see Table 1). 
The former consists of  all the non-systematical ly 
absent  reflections with 20-< 55 ° in one quadrant  of  
reciprocal space while the latter contains all the 
equivalent  reflections of  selected strong Bragg peaks 
occurring at small  20. Data  set II was measured  in 
order to check the absorpt ion correction but for 
Hga_sTaF6 both data sets were averaged for the final 
refinements. Methods for applying the absorpt ion 

correction using numerica l  integration and  details of  
the least-squares ref inement  procedure have been 
described in previous publ icat ions  (see Tun & Brown, 
1982; Tun et al., 1984). The refined parameters  are 
given in Table  2 along with the corresponding room- 
temperature parameters.* 

Discussion 

( a ) The S phase  

The S structure of  the Hg chains in Hg3_~SbF6 is 
s imilar  to that found for Hg3_~AsF6. The partial  
ordering between the paral lel  chains can be described 
in terms of  two crystal domains  of  a body-centred 
monocl in ic  cell. In the first domain  the Hg atoms in 
each chain are shifted with respect to those in the 
adjacent  chain  on the same layer (same z) by (0 .6+ 
e)dHg (dHg = spacing between Hg atoms in the chain)  
while in the other domain  the shift is - ( 0 . 6 +  e)dHg. 
The uncertainty e, which is responsible  for the q- 
dependent  b roadening  of  the S-phase peaks, was 
deduced from Fig. 1 to be +0.3dHg. 

The posit ions of the S-phase peaks of  Hg3_~TaF6 
correspond to a different ordering between the 
parallel  chains.  In this case, the Hg atoms in adjacent  
chains are not shifted with respect to each other and 
consequent ly  they form an A-face-centred ortho- 
rhombic  cell (or a monocl in ic  cell with a mean  mono- 
clinic angle y = 90°). Only  one domain  is required to 
explain  the observed intensity modula t ion  but  the 
possibil i ty of  having two domains  with 3' slightly 
different from 90 ° cannot  be excluded. The width of  
the n = l  peaks shown in Fig. 2 corresponds to 
E = +0"SdHg. 

The paral le l -chain  interact ion in Hga_~AsF6 has 
been analysed by Emery & Axe (1978) using quasi- 
elastic neutron diffraction measurements .  They 
obtained V E - ~ - 2 v l = 0 . 1 4 K  when vl and v2 are 
nearest- and second-neares t -neighbour  paral le l -chain 
interactions (a positive interaction is repulsive). The 
interactions in Hga_~SbF6 are quali tat ively s imilar  to 
the ones in Hg3_~AsF6 al though the magni tudes  of  
Vl and v2 are p resumably  smaller.  The interaction in 
Hga_~TaF6, on the other hand,  is expected to be 
domina ted  by an attractive v~ (v2 could be attractive 
or weakly repulsive) since the parallel  chains order 
to form A-face-centred cells. 

( b ) The L phase 

The L phases  of  Hg3_~SbF6 and Hg3_~TaF6 are 
isostructural with the L phase  of  Hg3-sAsF6. 

The bond  lengths and other important  distances in 
the L phase  of  Hg3_~SbF6 and Hg3_~TaF6, mostly 

* Details of all absorption corrections are given by Tun (1985a) 
and lists of observed and calculated structure factors have been 
given by Tun (1985b). 
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Table 2. Atomic parameters 

The first two  entries correspond  to M = Sb (293 and 173 K) and the last two  to M = Ta (293 and 150 K), respectively.  The  parameters  
for M = T a  (293 K) are taken from Tun et al. (1984). 

x y z ut 1" u22 u33 ui 2 ut 3 /-/23 
Hg(1)t 0 1/32 -0.0010 (10) 57 (1) 

0 1/32 -0.0013 (5) 29 (1) 
0 1/32 -0.0007 (5) 57 (1) 56 57 (2) 0 0 0 
0 1/32 -0"0016 (4) 23 (1) 24 25 (2) 0 0 0 

Hg(2)t 0 3/32 -0"0006 (8) 55 (1) 
0 3/32 -0'0003 (4) 28 (1) 
0 3/32 -0"0009 (4) 56 (2) 55 55 (2) 0 0 0 
0 3/32 -0"0010 (4) 24 (2) 24 24 (2) 0 0 0 

Hg(3)t 0 5/32 0.0019 (6) 51 (1) 
0 5/32 0-0015 (4) 26 (1) 
0 5/32 0.0014 (4) 57 (2) 53 49 (2) 0 0 0 
0 5/32 0.0010 (3) 23 (2) 23 23 (2) 0 0 0 

Hg(4)t 0 7/32 0.0025 (4) 50 (1) 
0 7/32 0.0028 (3) 26 (1) 
0 7/32 0.0023 (2) 57 (1) 52 47 (1) 0 0 0 
0 7/32 0.0024 (2) 25 (1) 22 19 (1) 0 0 0 

Sb 0 1/4 3/8 33 (2) Utl 25 (1) 0 0 0 
Sb 0 1/4 3/8 16 (2) Utt 11 (1) 0 0 0 
Ta 0 1/4 3/8 34 (1) UH 25 (1) 0 0 0 
Ta 0 1/4 3/8 13 (1) Utl 12 (1) 0 0 0 

F(1) 0 1/4 0.2302 (13) 45 (11) 108 (18) 36 (8) 0 0 0 
0 1/4 0.2267 (12) 43 (11) 36 (10) 19 (7) 0 0 0 
0 1/4 0.2268 (9) 56 (7) 151 (14) 30 (5) 0 0 0 
0 1/4 0.2253(11) 16(7) 74(13) 15(6) 0 0 0 

F(2) 0-672 (2) x + 1/4 7/8 46 (7) Utt 78 (9) -7 (5) - U23 -4  (10) 
0.673 (2) x + 1/4 7/8 27 (6) Utt 35 (6) -4  (4) -/./23 7 (8) 
0.673 (1~ x + l / 4  7/8 50(4) Ut~ 89(6) -11(3) -U23 5(7) 
0.675 (1) x + 1/4 7/8 19 (4) Utt 20 (4) -5  (3) -/-/23 3 (6) 

* In/~2; UH = Uiso for the Hg atoms of Hg3_sSbF 6 structures, otherwise temperature factors are given in the form exp (-2~-2 Y. 10 -4 UqHiH~a~* a j* ). 
5" Partial Hg atoms placed at regular intervals along y to simulate the incommensurate chains. 

Table 3. Bond lengths and important distances (,~,) in Hg3_~MF 6 (M = Sb, Ta) compounds 

Hg3-sSbF6 Hg3-~SbF6 Hg3_sTaF6¶ Hg3_sTaF6 
(293 K) (173 K) (293 K) (150 K) 

M--F(1)(x2) 1.83 (2) 1.86 (2) 1.88 (1) 1-89 (2) 
M--F(2)(x4) 1.88 (2) 1.87 (1) 1.884 (6) 1.893 (8) 
Hg-Hg (interchain)* 2.66 (2) 2.671 (1) 2.674 (4) 2.671 (1) 
Uo'[" 0.032 (5) 0.035 (4) 0.030 (3) 0.030 (3) 
Chain-ehain~; 3.22 (1) 3.210 (8) 3.239 (6) 3.213 (6) 
F(1)--chain§ 2.88 (1) 2.81 (1) 2.86 (1) 2.81 (1) 
F(2)-chain§ 2.98 (1) 2.956 (6) 2.983 (4) 2-937 (5) 

* Room-temperature values were calculated from the spacing between the diffuse scattering sheets on precession photographs. 
Low-temperature values were determined by the diffractometer using at least four well centred Bragg peaks arising from the 
ordered Hg chains. 

t Maximum displacement (/~,) of the chain from the straight configuration. 
~: The closest contact distance between the two neighbouring perpendicular chains which is greater than c/4 by 2Uo. 
§ Shortest distance to the neighbouring chain. 
¶ Taken from Tun et al. (1984). 

obtained from the least-squares structure refinements 
using the host-lattice Bragg reflections, are listed in 
Table 3. The low-temperature Hg-Hg intrachain 
spacing is 2.617 A in both compounds and equal to 
the room-temperature spacings within experimental 
error, indicating that the thermal expansion of the 
chain is very small as noted also for Hg3_sAsF6 by 
Pouget et al. (1978). 

In spite of the ordering of the chains there are very 
few changes in the host lattice below T~. As the M - - F  
bonds do not change significantly with temperature 

the thermal contraction of the host lattice is mainly 
caused by the contraction in the chain-chain and 
F-chain distances, in agreement with Khan's (1976) 
observation that only bonds with small bond valence 
show a significant coefficient of thermal expansion. 
The unusual feature of these compounds is that the 
chains and the host lattice are free to expand indepen- 
dently giving rise to changes in ~ and hence apparent 
changes in the chemical composition at different tem- 
peratures, an effect that has been related to the 
appearance of elemental mercury on the crystal sur- 
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faces on cooling (Datars, van Schyndel, Lass, Char- 
tier & Gillespie, 1978). 

The r.m.s, atomic displacement parameters (U) of 
the F atoms show a large anisotropy. In particular, 
U22 >> UI1 for F(1) and U33 > UI1 for F(2) in all the 
room-temperature structures. This feature was 
attributed by Tun & Brown (1982) to an artifact of a 
static rotational disorder of the MF6 ion induced by 
the variable position of the Hg atoms in the adjacent 
chain. Since the chains and the host lattice remain 
incommensurate even at T < To, only a small change 
in U22 of F(1) and U33 of F(2) with temperature was 
then expected. However, the large ratios of displace- 
ment parameters observed [(U(173 K)/U(293 K))= 
=0.50 for Hg3_sSbF 6 and (U(150K) /U(293  K))= 
0.43 for Hg3-sTaF6] are roughly proportional to the 
ratios of the temperatures of measurement (0-59 and 
0.51 respectively) suggesting that the anisotropies in 
the r.m.s, displacements of the F atoms at room tem- 
perature are dynamic and presumably are coupled to 
the thermal sliding modes of the chains. 

The competition between parallel and 
perpendicular coupling 

The L phase is produced by a direct repulsion between 
the atoms in neighbouring perpendicular chains and 
results in a structure in which the Hg atoms avoid 
each other at the crossing points. The distance 
between chains is about 3.24 A (at 293 K) in all three 
structures, Hga_~AsF6, Hg3-sSbF6 and Hg3-sTaF6, 
so that the strength of the interaction is probably 
similar and results in the distance between nearest- 
neighbour Hg atoms in perpendicular chains ranging 
between 3.34 and 3.47/~. On the other hand, the 

interaction between parallel chains which is mediated 
by the host lattice will change as the anion becomes 
larger. The effect of this can be seen in the poorer 
ordering in the S phase of the Sb and Ta compounds 
compared to As and the higher temperature at which 
the transition to the L phase occurs. 

We wish to thank the Natural Sciences and 
Engineering Research Council of Canada for an 
operating grant and Brookhaven National Laboratory 
for assistance in the measurement of Tc for 
Hg3_~SbF6. 
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Abstract 

The structures of the /3 and 8 phases of Bi203 are 
predicted theoretically. The concentration-wave 
method is used to determine the oxygen ordering over 
tetrahedral interstices of the f.c.c. Bi host. This 
method yields two modifications for the 8 phase. One 
is a disordered phase in which O atoms randomly 

occupy tetrahedral interstices of the f.c.c, host. This 
structure agrees with the model proposed by Gattow 
& Schrrder [Z. Anorg. Allg. Chem. (1962), 318, 176- 
189]. The second modification is the interstitial super- 
structure in which O atoms are regularly distributed 
over tetrahedral sites. Its structure agrees with the 
Sillen model [Sillen (1937). Ark Kemi Mineral. Geol. 
12A, 1-15]. It is shown that the structure of the /3 
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