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High-pressure isosymmetric phase transition in orthorhombic lead fluoride

J. Haines, J. M. Le´ger, and O. Schulte
Centre National de la Recherche Scientifique, Laboratoire de Physico-Chimie des Mate´riaux, 1, Place Aristide Briand,

92190 Meudon, France
~Received 29 October 1997!

Orthorhombica-PbF2 was investigated at high pressure by angle-dispersive, x-ray powder diffraction. A
phase transition between the cotunnite-structureda phase~a-PbCl2-type, space groupPnam, Z54! and a
second orthorhombicg phase~Co2Si-related, space groupPnam, Z54! was observed beginning at close to 10
GPa. The experimental evidence is consistent with a first-order, isosymmetric transition with a volume change
of 2%. There are only minor changes to the structural topology at the phase transition; however, the cation
coordination number increases from nine to ten. This structure type represents a third possible high-pressure,
postcotunnite structure in ionic AX2 compounds, the choice of which is determined by the cation-anion radius
ratio. @S0163-1829~98!00314-2#
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I. INTRODUCTION

Under ambient conditions, PbF2 crystallizes in the
cotunnite-type structure1 ~a-PbCl2-type, space groupPnam,
Z54!, in which the cation coordination number~CN! is
nine, which until recently was the highest CN known in ion
AX2 compounds. At high-temperature, PbF2 transforms to a
fluorite-type phase2 that has superionic properties.3 Several
metal dihalides, which adopt the cotunnite structure ty
undergo phase transitions at high pressure. BaX2 (X
5Cl,Br,I), SnCl2 and PbCl2 ~Refs. 4–6! transform to a
monoclinic, postcotunnite structure, space groupP1121 /a,
Z58, which is a derivative of the Co2Si structure type,
whereas BaF2 ~Ref. 7! transforms to a hexagonal, Ni2In-type
structure, space groupP63 /mmc, Z52. The CN is ten in the
monoclinic structure and eleven in the Ni2In-type structure.
The choice of the high-pressure structure is governed by
cation-anion radius ratior c /r a , which ranges from 0.67 to
0.81 for the former series of dihalides and is 1.12 for Ba2.
The corresponding value for PbF2 is 1.02, which lies be-
tween the above values, and thus it is of interest to determ
the nature of the high-pressure phase of this compound.
cent high-pressure Raman experiments8 on PbF2 indicate a
first-order phase transition at approximately 15 GPa. T
number of observed Raman modes in the high-pres
phase rule out a Ni2In-type structure; however, the exact n
ture of this phase remains to be determined. Present x-
diffraction results indicate that PbF2 behaves differently from
the metal dihalides investigated to date and are consis
with a first-order isosymmetricPnam→Pnamphase transi-
tion at high pressure.

II. EXPERIMENTAL PROCEDURE

Powdereda-PbF2 ~Alfa Products, purity 99.99%! was
mixed with silicone grease as a pressure-transmitting
dium and placed in a stainless-steel gasket, preindented
thickness of 120mm with a 150mm diameter hole along
with a small amount of ruby powder between the anvils o
diamond-anvil cell~DAC!. Pressures were measured bas
on the shifts of the rubyR1 and R2 fluorescence lines.9,10
570163-1829/98/57~13!/7551~5!/$15.00
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Silicone grease was chosen as a pressure-transmitting
dium in order to avoid discontinuities in the data that a
commonly observed at close to 10 GPa when using
methanol:ethanol. The ruby fluorescence lines broade
very slowly with pressure due to nonhydrostatic stress,
were always resolved. Their full widths at half maximu
were essentially constant over the pressure range betwe
and 15 GPa, in which the phase transition in PbF2 occurs.

Angle-dispersive, x-ray-diffraction patterns were obtain
on an imaging plate placed between 81.07 and 147.90
from the sample using zirconium-filtered molybdenum rad
tion from a microfocus tube collimated to 1303130mm.
Exposure times were typically between 24–60 h. A DAC
which the rear diamond was mounted over a 16°-wide
allowing access to an angular range 4u580° was used for
these experiments. An additional exposure was obtained
ing the same installation on the material recovered after
experiment in the gasket with a sample to plate distance
143.37 mm.

The observed intensities on the imaging plates were in
grated as a function of 2u in order to give conventional
one-dimensional diffraction profiles. The individual diffrac
tion peaks were fitted to pseudo-Voigt functions and the p
positions obtained were used for unit-cell refinements w
the programU-FIT.11 Profile fitting and simulations of powde
diffraction patterns were performed using the progra
FULLPROF.12 The cell constants of the starting powder we
obtained from data acquired on a standard diffractometer
ing copperKa radiation. All figures in parentheses refer
estimated standard deviations.

III. RESULTS

The following cell constants were obtained for th
starting material: a56.4436(9), b57.6479(9), and c
53.8999(7) Å. All reflections observed could be attribut
to cotunnite-type PbF2. No significant changes to the diffrac
tion pattern were observed between ambient pressure an
GPa. At 9.8 GPa, the linewidth of the 200 reflection i
creased by 35% relative to those of the other lines and
observed position of the 011 reflection was no longer
7551 © 1998 The American Physical Society
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agreement with the position calculated using the other
served reflections. These changes indicate the beginning
phase transition. In addition, important changes in the int
sity of certain diffraction lines were observed between
and 12.9 GPa. In particular the previously intense 200 refl
tion was no longer visible and the 020 reflection increase
intensity. These changes are similar to those observe
other cotunnite-type metal dihalides4–7 and are consisten
with the appearance of preferred orientation at the ph
transition. The 011 and 031 interplanar distances were fo
to increase abruptly; however, all lines could still be index
based on an orthorhombic unit cell withPnam reflection
conditions. In fact, the standard deviations of the cell c
stants were lower at 12.9 than at 9.8 GPa and the differe
between observed and calculateddhkl values was typically
less than 0.001 Å. This indicates a better fit to the ort
rhombic cell at 12.9 GPa, which results from the complet
of the phase transition. Thea cell constant decreased signifi
cantly at the transition, whereasb andc increase, Fig. 1. The
decrease ina and the increase inc were also observed at th
transitions between cotunnite-type and either monoclin
post-cotunnite-type or hexagonal, Ni2In-type ~orthorhombic
setting! phases in other metal dihalides.4–7 In the present
case, however, there is no indication of a change in cry
system, nor in unit-cell content and the magnitude of
changes in cell constants, and consequently the volu
change, Fig. 2, is greatly reduced. No deviation from ort
rhombic symmetry was observed between 12.9 and 28
and the diffraction patterns could always be indexed in

FIG. 1. Cell constants of PbF2 as a function of pressure. Ope
symbols refer to points obtained upon compression and solid s
bols to those obtained on decompression. Symbolsh ands corre-
spond toa- and g-PbF2, respectively. Solid lines represent lea
squares fits to the data.
-
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cordance withPnam reflection conditions, Table I.
Upon decompression, Figs. 1 and 2, the reverse trans

was observed; however, it can be noted that the change
relative intensity of the diffraction lines at the transition we
not reversible and that, while there were only slight diffe
ences in position of the diffraction lines between the start
material and the recovered sample, there were very sig
cant differences in relative intensity. In particular the 2
reflection, which had a relative intensity of 40% in the sta
ing material, was absent in the diffraction pattern of the
covered sample as it was absent in the pattern of the h
pressure phase. This indicates that the preferred orienta

-
FIG. 2. Relative volume of PbF2 as a function of pressure. Leg

end as for Fig. 1. Solid lines represent Birch-Murnaghan equat
of state using the parameters obtained in this study.

TABLE I. High-pressure diffraction data for PbF2, Pnam, Z
54, at 22 GPa:a55.506(1), b57.518(2), c53.778(1) Å.

dobs ~Å! dcalc ~Å! I obs I calc
a hkl

3.759 3.759 7 12 020
3.377 3.376 61 63 011
3.105 3.105 72 84 120
2.877 2.878 100 100 111
2.133 2.133 20 23 211
2.088 2.088 65 71 031
1.664 1.664 18 23 231
1.614 1.614 28 31 122
1.558 1.558 12 10 202
1.552 1.552 10 8 240

aIntensities calculated using the theoretical positions from Re
given in Table II with a preferred orientation along@100# as was
found in the recovered, cotunnite-type phase.
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57 7553HIGH-PRESSURE ISOSYMMETRIC PHASE TRANSITION . . .
induced at high pressure was retained in the recove
sample. This very strong preferred orientation is characte
tic of cotunnite-type compounds at high pressure4–7 and is a
result of the anisotropy of the cotunnite structure, which
built up of columns of capped trigonal prisms. The cell co
stants of the recovered sample werea56.465(5), b
57.650(6), andc53.894(3) Å.

IV. DISCUSSION

The present results indicate that the high-pressure p
of PbF2 is different from those of other metal dihalides i
vestigated up to now,4–7 which adopt either a monoclinic
structure withZ58 or a hexagonal structure withZ52. The
unit cell of the high-pressure phase remains orthorhom
and there is no evidence for cell doubling. At 12.9 GPa,
b/c cell constant ratio is 1.985, which is very different fro
the 1.732 corresponding to a hexagonal lattice.

The cotunnite~Pnam, Z54!, monoclinic postcotunnite
(P1121 /a, Z58) and Co2Si ~Pnam, Z54! structures are
distortions of the Ni2In structure (P63 /mmc, Z52).13 The
Ni2In structure is built up of columns of pentacapped trigo
prisms (CN511), which are aligned alonga if one adopts an
orthorhombicPnam setting for this structure. The abov
lower-symmetry structures are obtained by rotating th
columns which removes one cap in the case of the Co2Si and
postcotunnite structures~both CN510! and two caps in the
case of the cotunnite structure (CN59). Cotunnite-type,
Co2Si-type and Ni2In-type ~orthorhombic Pnam setting!
structures have been shown to exhibit characteristic va
for the cell constant ratiosa/b and (a1b)/c,7,14 which are,
respectively, 0.80–0.90, 3.3–4.0, 0.66–0.74, 3.1–3.3,
0.70–0.78, 2.9–3.2. The ratios for thea/2, subcell of the
monoclinic, post-cotunnite structure lie within the range
characteristic values for the Co2Si-type structures as thi
structure is only a slight distortion of the Co2Si type.5,6 The
representative points for cotunnite (PbCl2), Co2Si, and Ni2In
are shown in the plot in Fig. 3 along with the changes
axial ratios observed at high-pressure for PbCl2, which un-
dergoes a cotunnite→postcotunnite transition, BaF2, which
undergoes a cotunnite→Ni2In transition, and PbF2. It can be
seen that, while the values for all three cotunnite-type m
dihalides shift towards those of the high-pressure phases
magnitude of the shift is significantly smaller for PbF2. In
addition, whereas above the transition the axial ratios
served for PbCl2 and BaF2 are within the usual ranges fo
Co2Si-type and Ni2In-type structures, respectively, the valu
for PbF2 just above the transition~0.773, 3.521! are well
outside the ranges of all three structure types. In the h
pressure phase, these values decrease significantly to~0.729,
3.431! at 28 GPa, but still lie outside the range of values
Co2Si-type structures. In contrast, the values for the ot
dihalides only shift slightly in the high-pressure phases
can also be noted that at the transition, the changes in a
ratios are much less for PbF2 than for the other compounds
This is also true for the volume change which is 2% for Pb2
as compared to approximately 5% for the other two co
pounds. The present observations indicate that the beha
of PbF2 is distinct from other metal dihalides investigated
date and secondly that the structure of the high-pres
ed
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phase is likely to be related to, but slightly different from
that of Co2Si.

The present results concur with recent Raman-scatte
measurements,8 which indicated the presence of a first-ord
transition at 14.7 GPa on compression and 13 GPa on
compression. Some band broadening was observed
above 10 GPa, which is likely to be due to the structu
changes found to begin at this pressure. Seven Raman m
were observed in the spectrum of the high-pressure ph
termed g-PbF2. The authors were thus able to rule out
Ni2In-type structure for which only 2 Raman modes are p
dicted from group theory. They also commented that
high-pressure spectrum is much simpler than what would
expected for a monoclinic, postcotunnite structure, wh
would have 36 Raman-active modes. Both the cotunn
structure and an orthorhombic, Co2Si-related structure
~Pnam, Z54! would be expected to have 18 Raman-act
modes. Six of the possible 18 bands were observed in
spectrum of the cotunnite-type phase under pressure and
increase in the number of bands to 7 is consistent wit
transition to a secondPnamphase.

In the same paper,8 the results of first-principles calcula
tions on PbF2 as a function of pressure are presented.
particular, the structural parameters and axial ratios for tha
phase were calculated for several pressures~Note: the
Pbnmsetting was used for these calculations rather than
Pnam setting used here!. Calculations indicate significan
increases in the rate of change of cell constant ratios
structural parameters beginning at a volume of ab
14 Å3/atom, which from the presentP-V data corresponds
to 14 GPa. In particular, the cell constant ratioa/b decreases
significantly and the pressure dependence of cell constanb,
Kb , decreases dramatically in agreement with the pres
results, Figs. 1 and 3, and certain atomic positional para

FIG. 3. Plot of the cell constant ratioa/b vs (a1b)/c for se-
lected cotunnite-type and related compounds. Symbolsn, h, ,,
andL, correspond to BaF2, PbF2, PbCl2, and A2B alloys, respec-
tively. Continuous changes within a phase and discontinu
changes at the phase transition are represented by solid and d
lines, respectively.
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eters, such asxPb and yF2
, exhibit large shifts. No calcula

tions were performed for theg phase, but we now show tha
the changes obtained from the calculations for thea phase in
fact reproduce the behavior observed at thea→g transition.
The atomic positional parameters shift towards those o
Co2Si-type structure, Table II. The calculated positions c
responding to the pressure range investigated for theg phase
are not constant, which concurs with the important chan
in cell constant ratios observed in the present study. It w
not possible to refine the structure of theg-PbF2 due to the
very low x-ray scattering factor of F2 as compared to Pb12;
however, the intensities calculated using the positions fr
the theoretical study8 are in agreement with those observ
experimentally, Table I. It can be noted that the relative
tensities calculated using Co2Si positions15 are not in such
good agreement, principally due to the difference inxPb.
This result was checked by full profile fitting using the th
oretical PbF2 positions and those of Co2Si. A BraggR factor
of 9% was obtained using the theoretical positions as c
pared to 13% using Co2Si positions. In both cases a preferre
orientation along@100# was included. As discussed abov
the cell constant ratios observed experimentally forg-PbF2,
Fig. 3, are different from those observed typically f
Co2Si-type structures and are displaced slightly towa
those of cotunnite-type structures, it can be seen from Ta
II that the same is true for the atomic positions. The theo
ical calculations for thea phase successfully reproduce t
a→g phase transition, while retaining aPnamspace group,
and there is no experimental evidence for a symme
change. Both theory and experiment thus concur that P2
undergoes a isosymmetric phase transition from a cotunn
type structure to a Co2Si-related structure, which is require
by Landau theory to be first order.16 The 2% volume change
obtained in this study and the hysteresis observed in the
man experiment8 confirm the first-order nature of the trans
tion. The present observation of an isosymmetric phase t
sition in PbF2 adds a new example to the relatively short l
of materials16 that undergo such transitions. It can be not
that a recent theoretical study predicts an isosymmetric ph
transition ina-quartz, at which the silicon coordination num
ber would increase from four to five.17

Principal interatomic distances ing-PbF2 at 22 GPa cal-
culated using the experimental cell constants and theore
atomic positions are listed in Table III along with the corr
sponding distances in the cotunnite-type structure at amb
pressure. The lead ion is surrounded at ambient pressur
nine fluoride ions at distances between 2.41 and 3.03 Å

TABLE II. Atomic positions of PbF2, at ambient pressure an
22 GPa and those of Co2Si. All atoms are on 4c sites~x, y, 1

4! in
the space groupPnam, Z54.

PbF2 ~ambient!a PbF2 ~22 GPa!b Co2Sic

Pb ~0.2657, 0.1042,14! ~0.28, 0.10,14! ~0.298, 0.111,14!
F1 ~0.362, 0.437,14! ~0.33, 0.44,14! ~0.326, 0.438,14!
F2 ~0.034, 0.346,34! ~0.05, 0.29,34! ~0.038, 0.282,34!

aReference 1.
bReference 8.
cReference 15.
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g-PbF2 at 22 GPa, the corresponding nine distances ra
between 2.33 and 2.68 Å; however, an additional ani
which was at 3.94 Å at ambient pressure, has entered
polyhedron and lies at a distance of 3.04 Å, and thus CN
increased to 10. These changes to the coordination pol
dron are responsible for the shifts in frequency of seve
Raman modes at the phase transition.8

The experimentalP-V data for thea andg phases were
fitted using a Birch-Murnaghan equation of state:18

P51.5B0@~V/V0!27/32~V/V0!25/3#$110.75~B0824!

3@~V/V0!22/321#%,

whereB0 andB08 are the bulk modulus and its first derivativ
at ambient pressure. The fit for thea phase, Fig. 2, yielded a
bulk modulus of 66~7! GPa with aB08 of 7~3!. ThisB0 is only
slightly higher than that of fluorite-typeb-PbF2 61 GPa~Ref.
19!. The data forg-PbF2 were fitted assuming thatB0857 as
in a-PbF2; a B0 value of 69~10! GPa was thus obtained. Th
initial relative volume of this phase could not be measu
experimentally and was added as an additional paramete
the fit and a value of 0.973~15! was obtained.

The bulk modulus scales with 1/V0 . If one takes the bulk
modulus ofb-PbF2, 61 GPa and multiplies the ratio of initia
volumes 209.58 Å3/192.18 Å3, a value of 66.5 GPa is ob
tained for a-PbF2. Similarly for g-PbF2, one obtains 68.4
GPa, which is in very good agreement with the value o
tained experimentally. This indicates that there are no s
nificant changes in bonding nature nor a significant incre
in anion-anion repulsive interactions, unlike other cotunni
type compounds studied in which very large increases
bulk modulus were observed at the phase transition.4–7

The compressibility of botha-PbF2 andg-PbF2 is aniso-
tropic. In a-PbF2, compression alonga is twice that alongb
and 43% greater than that alongc. At the phase transition
compressibility alonga increases while compression alongb
andc decreases by almost an order of magnitude; thus c
pression ing-PbF2 occurs almost exclusively along thea
direction. This is significantly different from the behavior o
other cotunnite-type metal dihalides,4–7 for which compres-
sion in the high-pressure phase is much less anisotropic

The present results indicate that the choice of hig
pressure structure in cotunnite-type compounds depend
the radius ratio,r c /r a . The monoclinic, postcotunnite struc

TABLE III. Selected Pb-F distances and minimum F-F distan
~Å! in PbF2 at ambient pressure and 22 GPa using the atomic
sitions from Refs. 1 and 8 given in Table II.

Ambient 22 GPa

(Pb-F)1 2.41 2.52
(Pb-F)232 2.45 2.33
(Pb-F)3 2.54 2.50
(Pb-F)432 3.03 2.68
(Pb-F)5 2.64 2.56
(Pb-F)632 2.69 2.54
(Pb-F)7 3.94a 3.04
(F-F)min 2.81 2.69

aLies outside lead coordination polyhedron.
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57 7555HIGH-PRESSURE ISOSYMMETRIC PHASE TRANSITION . . .
ture (CN510), space groupP1121 /a, Z58, is obtained for
the metal dihalides with large anions, BaX2 (X5Cl,Br,I) and
SnCl2 and PbCl2 ~Refs. 4–6!, for which r c /r a , ranges from
0.67 to 0.81. An orthorhombic, Co2Si-related structure (CN
510), space groupPnam, Z54, is observed for PbF2, for
which r c /r a51.02, whereas a hexagonal Ni2In-type struc-
ture (CN511), space groupP63 /mmc, Z52, is obtained
for BaF2 ~Ref. 7! for which r c /r a is 1.12. The high value o
r c /r a in the latter compound favors the higher coordinati
number of eleven in the Ni2In-type structure. The low-
symmetry structure observed for the metal dihalides w
large anions is stabilized by the greater polarizability of C2,
Br2, and I2. It can be noted that ther c /r a values above give
an indication of which structure will be adopted; the actu
critical values for the transition to one of these three str
tures will be higher as they correspond to ther c /r a ratios at
high pressure immediately prior to the phase transition.
s

. B

p

h

l
-

V. SUMMARY

Cotunnite-typea-PbF2 undergoes a first-order, isosym
metric phase transition above 10 GPa to a second orthorh
bic phase with a Co2Si-related structure. A volume change
2% is observed at the transition and the cation coordina
number increases from 9 to 10. The experimenta
observed, high-pressure behavior of PbF2 is in good agree-
ment with the changes predicted by theoretical calculati
for the a phase and we can now show that these chan
correspond to the isosymmetric phase transition. The beh
ior of PbF2 is distinct from that of other cotunnite-type met
dihalides, which adopt either a hexagonal, Ni2In-type struc-
ture or a monoclinic, postcotunnite structure at high press
The present results indicate that there is now a third poss
high-pressure structure for these compounds, the choic
which is determined by the cation-anion radius ratio.
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