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igh-pressure transitions to a postcotunnite phase in ionic Ax& compounds
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The highest coordination known in ionic AX2 compounds is found in the orthorhombic cotunnite
{PbC12) structure, in which the metal ion is in ninefold coordination. Four cotunnite-structured com-
pounds, PbC12, BaC12, BaBr2, and SnC12, were investigated under high pressure by x-ray diffraction and
were found to undergo phase transitions to the same postcotunnite phase at pressures between 7 and 16
GPa. The high-pressure phase is monoclinic, of space group P112&/a, Z =8, with a structure in which
the metal coordination number is ten, a value which up to the present has only been observed for co-
valent and metallic AB2 compounds. This postcotunnite structure observed here is of considerable im-

portance for the crystal chemistry of the AX2 compounds as under ambient conditions over 400 com-
pounds are isostructural to PbC12 and many others transform to a cotunnite structure at high pressures 7

which up to the present was the 6nal known step in the phase-transition sequence of these materials.
This new phase is 4.5+0.5% denser than the cotunnite type in the csae of PbC12 at 16 GPa.

I. INTRODUCTION

Under ambient conditions the cotunnite (PbClz) struc-
ture is the example of the highest known coordination in
ionic AX& compounds, which include many important
minerals, such as Si02. This cotunnite structure
represents the final known step in the phase-transition se-
quence of the AX2 compounds investigated to date.

The structures of the AX2 compounds can be divided
in four main groups based upon the constituent cation-
centered anion polyhedra: the quartz group, the rutile
group, the fluorite group, and the cotunnite group, in
which the metal coordination number (CN) is four
(tetrahedron), six (octahedron), eight (cube), and nine
(elongated tricapped trigonal prism), respectively. Many

distorted variants of these basic structures exist as do
many layer structures, which can be related to one of
these main structure types. Under ambient conditions,
over 400 compounds adopt the orthorhombic cotunnite
structure, space group I'nam, Z =4, Fig. 1.1

Under high pressure, numerous phase transitions occur
in the AX2 compounds, at which, in many cases, there is
an increase in coordination number of the metal ion.
These increases in coordination number result from an
increase in the cation-anion radius ratio, r, Ir„due to the
greater relative compressibility of anions. In SiOz at high
pressure, coesite transforms to stishovite corresponding
to an increase in the silicon coordination number from
four to six. Similarly, an increase in the Pb + CN from 6
to 8 and subsequently to 9 occurs when rutile-structured
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FIG. 1. Projections of the structures of co-
tunnite PbC12 at ambient pressure (A), postco-
tunnite PbC12 at 25.4 GPa (B) and a hypotheti-
cal Co2Si-type PbC1, (C) in the xy and xz
planes. Small and large circles represent Pb +

and Cl, respectively. The unit cells are out-
lined. Trigonal prisms with cations at z and
z+

2
are represented by thick and thin solid1

lines, respectively; dashed lines indicate the
remaining anions in the coordination sphere
for two chosen polyhedra.
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TABLE I. Cell constants (A) for cotunnite-structured com-

pounds at ambient pressure, space group Pnam, Z =4.

Ref. Cotunnite
PbC12
BaC12
BaBr2
SnC12

7.6286(3)
7.871
8.252
7.793

9.0505(3)
9.430
9.915
9.207

4.5396(2)
4.730
4.935
4.43

This work'
11
11
12

'Ambient cell data for PbC1, were obtained on a diffractometer
using Cu KP radiation. All figures in parentheses refer to stan-
dard deviations.

Post-
Cotunnite

PbO2 transforms in a series of transitions to the fluorite
structure and then to the cotunnite structure. A
significant number of other oxides and fluorides trans-
form to this structure under pressure. The structure of
the postcotunnite phase that we have obtained at high
pressure for PbC12, BaC12, BaBr2, and SnC12 is hence of
great significance as the probable high-pressure structure
type for a large and varied selection of compounds.
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II. EXPERIMENTAL SECTION

Powdered PbC12, BaC12, BaBrz, and SnClz (Alfa Prod-
ucts) along with a ruby pressure calibrant were placed in
200-pm-diam holes in inconel or stainless-steel gaskets
preindented to a thickness of 100 pm between the anvils
of a diamond-anvil cell. The rear diamond was mounted
over a wide slit permitting access to an angular range of
40= 80 . Vacuum grease was used as a pressure-
transmitting medium for the PbC12 experiment, whereas
the other halides were loaded directly to prevent hydra-
tion. Pressures were measured based on the shift of the
ruby 8

&
fluorescence line. X-ray-diffraction patterns

were obtained on fihns placed at a distance of 59.87 or
71.96 mm using zirconium-filtered molybdenum radiation
from a fine-focus tube. Exposure times were of the order
of 48 h. For some intermediate points on the compres-
sion curves, films were placed at 25.27 mm allowing a
reduction in exposure time to 24 h. All experiments were
performed at room temperature. Films were analyzed us-
ing a molecular-dynamics personal densitometer. Ob-
served intensities were integrated as a function of 28, ac-
cording to the method of Meade and Jeanloz. '

III. RESULTS AND DISCUSSION

Cotunnite-structured PbC12, BaC12, BaBr2, and SnC12,
Table I, were found to undergo phase transitions at 16, 9,
7.5, and 16 GPa, respectively, on compression. Previous
work' on BaClz indicated the presence of a transition
from the cotunnite phase; however, the structure of the
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28 (')
FIG. 2. X-ray-diffraction patterns of cotunnite PbC12 (above)

and postcotunnite PbC12, BaC12, BaBr2, and SnC12 (below).
ReAections due to the gasket, stainless steel for BaC12 and in-
conel for the other compounds, are labeled g.

new phase was not determined. The high pressure transi-
tions in these halides were reversible and exhibited a de-
gree of hysteresis; in the case of PbC12, the reverse transi-
tion was found to begin at 7.3 GPa. At the transitions,
new diffraction patterns were observed, Fig. 2; however,
the peak intensities bore a resemblance to those in the
parent cotunnite phase, indicating a possible relationship
between the structures of the two phases. The diffraction
patterns of the high-pressure phases were indexed based
on a monoclinic cell with Z =8, and refined cell con-
stants are listed in Table II. Relationships between the
cell constants of the low- and high-pressure phases are
evident with a 2% and 4% increase in b and c, respective-

TABLE II. Cell constants (A) for postcotunnite-structured compounds, space group P112&/a, Z =8.

P (GPa)

PbC12
BaC12
BaBr2
SnC12

25.4
18.1
25.4
27.7

11.995(10)
12.511(13)
12.773(14)
11.856(30)

8.589(7)
9.026(11)
9.302(13)
8.360(29)

4.491(3)
4.704(3)
4.896(4)
4.331(9)

89.2(2)
87.2(1)
88.0(2)
89.0(5)
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ly, at the phase transition in the case of PbClz. Superlat-
tice peaks indicate a doubling of the unit cell relative to
cotunnite along a. At 16 GPa, the cell constant a/2 of
the high pressure phase is 1l%% shorter than the cotun-
nite a. The compression data for PbC12, for which a
volume decrease of 4.5+0.5%%uo was observed at the tran-
sition, are shown in Fig. 3.

Simulations of the powder diagrams performed with
the program FULLPRQF (Ref. 15) yielded the best results
using the space group P112&/a, which corresponds to the
doubling of the cell with the Pnam subgroup symmetry
I' 112,/m along a. The scale factor, cell constants,
overall thermal parameter, and linewidth parameters
were refined using FULLFROF. Atomic positions begin-
ning with those of cotunnite' were adjusted in order to
obtain the best agreement with the experimental profiles
of the four halides investigated. In particular, the Pb-ion
positions were first adjusted based on the PbClz data, fol-

1.00
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d (A)

3.980
3.770
3.513
3.465
3.326
3.306
2.494
2.474
2.441
2.413
2.402
2.248
2.246
2.229
2.145
1.893
1.885
1.868
1.781
1.653
1.551
1.548
1.543

I,b,

96
4

68
66
22
99

8
6

30
78

100
46
54
16
22
30
36
28
18
18
20
20
30

76
2

54
64
18
86
10
6

36
82

100
46
54
16

26
30
28
24
24
18
16
24

hkl

011
111
220
220
211
211
401
420
420
031
411
231
002
231
040
222
222
431
611
422
042
631
251

TABLE III. Diffraction data for PbCl~ at 25.4 GPa (only in-
tense rejections are listed).

'As calculated by FULLPROF.
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FIG. 3. Pressure-volume dependence of PbC12. Open sym-
bols refer to points obtained on compression and solid symbols
to those obtained on decompression for the cotunnite ( ) and
postcotunnite {0) phases. The solid line represents a Birch-
Murnaghan equation of state (Ref. 14) fit of the cotunnite data
with a bulk modulus at ambient pressure {Bo)of 34(1) GPa and
{BB/Bp )0=7.4(6). Horizontal and vertical error bars represent
the uncertainty in pressure and the standard deviation in the
relative volume, respectively. Additional points were obtained
close to the transition; however, it was not possible to obtain re-
liable cell volumes due to peak overlap raising from the mixture
of phases present.

TABLE IV. Atomic positions used to simulate the diffraction
pattern of PbC12 at 25.4 GPa.

Pb(1)
Pb(2)
Cl(1)
Cl(2)
Cl(3)
Cl(4)

0.167
0.140
0.110
0.050
0.007
0.731

0.124
0.617
0.458
0.930
0.270
0.772

0.266
0.766
0.280
0.720
0.720
0.280

lowing which these positions were taken as a starting
point for the Ba ions for the BaC12 diagram, which was
used for the adjustment of the chloride-ion positions. Fi-
nal minor adjustments were made for each compound in-
dividually. Those positions that produced the best simu-
lation for PbC12, giving X iI b, I„i,~

/XI, b,
—= 11.8go,

Fig. 4 and Table III, are listed in Table IV. The diagrams
of the high-pressure phases of the other three halides can
be simulated with similar agreement factors based on the
same structure type with only minor modifications to
these atomic positions. The diffraction patterns of these
four AX2 compounds, in which the ions have very
different scattering factors, exhibit important variations
in the relative intensities of the observed diffraction
peaks; they can, nevertheless, be successfully simulated
by the same structure type. In addition, comparison be-
tween the experimental and calculated diagrams over a
large pressure range indicates that no significant changes
in atomic positions occur as a function of pressure.

The resulting structural model for the postcotunnite
phase, Fig. 1, consists of tetracapped trigonal prisms of
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FIG. 4. Simulated (solid) and experimental
(+) x-ray-diffraction patterns of postcotunnite
PbC12 at 25 GPa. Rejections due to the gasket
are labeled g. The background was fitted by
interpolation between 17 points. The
linewidths of the pseudo-Voigt functions used
to fit the diffraction lines are defined as fol-
lows: FWHM =14.2tan 0—2.6tanO+0. 25
(where FWHM means full width at half max-
imum).

10 20 25 30

anions giving the cation a coordination number of 10.
The 10 polyhedral cation-anion distances for PbC12 at 15
GPa range from 2.57 to 3.49 A for Pb(l) and from 2.63 to
3.74 A for Pb(2), as opposed to the nine that range from
2.66 to 3.41 A in cotunnite at the same pressure assuming
ambient atomic positions. The corresponding average
Pb-Cl distances are 3.07 and 3.05 A, respectively, for the
two polyhedra in the postcotunnite phase and 2.92 A in
the cotunnite phase at 15 GPa. This increase in average
Pb-Cl distance is what is expected to occur for an in-
crease in CN from 9 to 10. The increase in the dispersion
in the cation-anion distances is also not unusual as cat-
ions with different coordination numbers have been ob-
served to exhibit significant differences in the range of
distances to their coordinated anions, as in the case of the
rare-earth disilicates. '

This new high-pressure structure is related to the
Co2Si-type structure, space group Pnam, adopted by
many covalent and intermetallic AB2 compounds, in
which the A atom is also in tenfold coordination. In fact,
the cell constant ratios for the subcell of high pressure
PbC12, aIc =1.34, and b/c =1.91are very close to those
of Co2Si, ' a/c =1.32, and b/c =1.90. In contrast, the
corresponding values for cotunnite under ambient condi-
tions are 1.68 and 1.99, respectively. The main
differences between the postcotunnite PbClz structure
and that of Co2Si are that the unit cell of the former is
monoclinic and doubled along the a direction as required

by the observed superlattice peaks. In addition, two dis-
tinct Pb centered polyhedra exist, one in which the Pb +

ion lines on the same face and another in which it
lies on a different face of the trigonal prism relative to
that of a hypothetical Co2Si-type PbC12, Fig. 1. The
cotunnite~postcotunnite transition is first order and in

symmetry terms can be envisaged as being comprised of
two steps: a monoclinic distortion corresponding to the
group-subgroup descent Pnam~P112, /m and a cell
doubling step P 1 12,Im ~Pl 12, /a.

IV. CONCLUSION

The cotunnite~postcotunnite phase transition corre-
sponds to an increase in metal-ion coordination from 9 to
10 at the phase transition, which has not previously been
observed in these ionic compounds. These halides are the
first examples of ionic AX2 compounds adopting a struc-
ture related to one up to the present only encountered
among covalent and intermetallic compounds, which
could indicate a tendency towards covalent or metallic
bonding in these salts under high pressure. This new
postcotunnite phase is of considerable importance for the
crystal chemistry of the AX2 compounds, as it is the
probable high-pressure phase for many of the more than
400 compounds, which are known to adopt the cotunnite
structure, and hence represents a new step in the phase
transition sequence in these materials.
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