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Theoretical characterization of the high-pressure phases of PbF2
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Ab initio perturbed ion calculations were performed for the cubic, orthorhombic, hexagonal, and monoclinic
phases of PbF2. A complete characterization of these phases was achieved in terms of the potential energy
surfaces, the equations of state, and the phase-transition pressures. Thermal effects were included via a quasi-
harmonic nonempirical Debye model. The internal parameters of the unit cell of each phase were reoptimized
at each volume to generate the energy surface. The calculated results are in good agreement with the experi-
mental data available for the cubic and orthorhombic phases. The results predict the hexagonal phase to be the
high-pressure post-cotunnite structure for PbF2, since the monoclinic phase is seen to collapse into the hex-
agonal phase during the optimization at high pressures.
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I. INTRODUCTION

Lead fluoride in its cubic, native form, is a technolog
cally important scintillating material,1,2 and is also known to
exhibit superionic conductivity.3 Upon increasing pressure,
goes through an irreversible transition to an orthorhom
phase in which it loses these properties.1,4 This phase is
metastable at ambient conditions, and has been well cha
terized experimentally.5 However, at higher pressures, th
metastable phase transforms to a phase which is yet t
characterized fully.6,7

The low-pressure PbF2 polymorphs are known asa-PbF2
and b-PbF2. The b structure is the most stable in ambie
conditions, and is a cubic, fluorite-type~C1! crystal. On the
other hand, the orthorhombica polymorph is stable at highe
pressure and low temperature, witha-PbCl2-like ~cotunnite,
C23! structure. PbF2 undergoes a phase transition at abo
0.4 GPa from C1 to C23, and reverses back to C1 at hig
temperatures. The C23 phase is metastable at zero pre
for T,610 K.8 Recently, there has been some experimen
evidence of a new phase of PbF2. Podsiadlo and
Matuszewski6 have reported a phase of hexagonal symme
tentatively assigned as P6, with lattice parameters oa
510.2746(6) andc57.970(5) Å . On the other hand
Lorenzana et al.7 have conducted Raman experiments sho
ing a transition from the C23 phase at around 15 GPa.
observed Raman peaks of the high-pressure structure of2
cannot be explained by assuming hexagonal symme
These peaks, however, can also not be assigned to a m
clinic phase unambiguously. These authors have also d
first-principles calculations where they find a hexago
phase, Ni2In-like (B8b), to be more stable than the C2
phase at 16.4 GPa. Despite this fact, they use their Ra
measurements in favor of a monoclinic structure, althou
due to limited computational resources, they have not d
any calculation in the monoclinic phase.

It is known that divalent metal halides such as BaF2 ,
BaCl2 , PbCl2, and SnCl2 occur in the cotunnite structure
either at ambient conditions or at moderately high pressu
PRB 610163-1829/2000/61~17!/11359~4!/$15.00
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They also undergo a phase transition from the C23 phas
a high-coordinated phase. In the case of lead and tin c
rides ~and presumably in BaCl2), Léger et al. have charac-
terized the post-cotunnite phase within theP21 /c ~mono-
clinic! symmetry,9,10 with coordination of 10. The same
authors have also characterized the high-pressure phas
BaF2 to be that of Ni2In,11 with coordination of 11, the high-
est found in ionic materials.

In this paper, we will consider all the different phase
either those experimentally detected or those proposed
analogy with other compounds, with an aim to fully chara
terize ambient and high-pressure phases of lead fluoride.
will use theab initio perturbed ion (aiPI) method12–14which
has been proven to be successful in studying the phase
sition in ionic and semiionic materials. We will compute th
equation of state for each phase of PbF2, as well as the tran-
sition pressures between them, comparing, when poss
with experimental data.

II. COMPUTATIONAL DETAILS

The aiPI method is a quantum-mechanical method t
solves the Hartree-Fock~HF! equations of a solid in a local
ized Fock space by partitioning the crystal wave functi
into local, weakly overlapping group functions, each conta
ing a number of electrons but a single nucleus. The met
brings together ideas from the theory of electronic separa
ity of McWeeny and Huzinaga, and from the theory of l
calizing potentials of Adams and Gilbert, to produce a w
founded and very efficient treatment for ionic materials~see
Ref. 15 and references therein!. The aiPI method has been
successfully applied to the description of a variety of ele
tronic, energetic, and structural properties of ionic crysta
including halides, oxides, and sulfides.16,17 The aiPI calcula-
tions in the present work have been done using the K
et al.Slater-type~STO! all-electron basis sets, the negative
basis set for the fluoride ion,18 and the neutral Pb basis set19

for the lead ion, after removal of the outermostp exponent
and reoptimization of the remaining valence exponents. T
11 359 ©2000 The American Physical Society
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11 360 PRB 61COSTALES, BLANCO, PANDEY, AND RECIO
correlation energy has been estimated using the Lee-Y
Parr functional.20

In order to generate thermodynamic data at finite temp
tures and pressures, we have used a quasiharmonic De
like model in which the Debye temperatureQ depends only
on volume through the static bulk modulus asQ
5CV1/6@Bst(V)#1/2, whereC is a constant which depends o
the molecular mass and Poisson ratio.21 This approach al-
lows us to write all thermodynamic quantities in terms of t
E(V) curve, so that we only need to optimize the ener
with respect to all internal variables for each volume. Us
theE(V) curve and its derivatives, we obtain the equation
state of a given phase by minimizing the nonequilibriu
Gibbs energy for eachP and T with respect to the volume
G* (T,P;V)5E(V)1PV1Fvib„T,Q(V)…, Fvib being the
Helmholtz vibrational energy within the Debye model. Oth
thermodynamic properties can be computed by substitu
the equilibrium volume for eachP andT. In order to obtain
thermodynamic properties at the phase transition, we imp
the equilibrium condition of an equal Gibbs function for th
two phases considered, and so we construct theP(T) equi-
librium line of the phase diagram.

III. RESULTS AND DISCUSSION

The b-PbF2 phase has only one free parameter, nam
the length of the cella, since all ions are occupying fixe
special positions. Thus, each point in theE(V) curve re-
quires a single calculation with no optimization of intern
parameters. On the other hand, thea-PbF2 phase has nine
free parameters. The structure belongs to the orthorhom
crystallographic system~space groupPnma) with aÞbÞc
variables. Also, the three ions~Pb and two different F ions!
are in the 4c Wyckoff position (Cs symmetry!, with free
internal x and z coordinates. The optimized parameters
this orthorhombic C23 phase were obtained by a down
simplex method22 and are presented in Fig. 1. All of them
vary smoothly with decreasing volumes, but show an abr
change at about 255 bohr3/molecule. For smaller volumes
the internal parameters andb/c adopt constant values a
shown in Fig. 1. This has suggested that there must b
higher symmetry polymorph which becomes relatively mo
stable than the C23 phase.

We have identified the high-symmetry polymorph as
hexagonal B8b phase, with space groupP63 /mmc. The
Pb12 ion goes to position 2d (D3h), while the F2 ions go to
2a (D3d) and 2c (D3h), with a unit cell that is half the size
of the orthorhombic one. This hexagonal phase has only
free parameters,a8 and c8, and its E(V) curve therefore
requires only a monodimensional optimization ofa8/c8. It is
important to stress the fact that this phase lies within
9-parameter space of the C23 phase, with the internal c
dinates andb/c fixed to the values shown in Fig. 1. Thea
axis of the C23 phase corresponds to the inequivalent h
agonal axisc8. Using thec5A3b relationship in the C23
phase, we obtain the two equivalent hexagonal axesa85b
andb85(c2b)/2. While this particular geometry is the mo
stable one forV,255 bohr3/molecule, it is not so for large
volumes. However, its higher symmetry allows us to cal
late its energy curve for the whole volume range as a fu
tion of two parameters (a8 andc8) only, thereby enabling a
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complete characterization of the hexagonal phase (r B8b
curve

in Fig. 1!.
We have also conducted the full optimization of th

P21 /c monoclinic phase, which has 22 free parameters~i.e.,
positions of the six inequivalent ions, three cell edges, anb
angle!. Note that the unit cell is doubled with respect to th
of the C23 phase. Calculations were performed for volum
ranging from 230 to 280 bohr3/molecule. We have used tw
different sets of starting configurations. The C23 phase~and
thus also the B8b phase! can be described within the mono
clinic structure usingb590° and (a,c,2b) as lattice param-
eters, each ion giving rise to an (x,z,y/2),„x,z,(11y)/2…
pair. Thus, we have started optimizations at monocli
points corresponding to the minima of the C23 or B8b phases
~depending on the volume!. We have also used the exper
mental parameters for the monoclinic phase of the rela
PbCl2 structure9 as the starting point of a different set o
optimizations. All of these 22 parameter optimizations co
verged to the corresponding C23 or B8b geometries, indicat-
ing that, at least in the neighborhood of these positions, th
is no minimum of monoclinic symmetry. In order to obta
an approximate equation of state of the hypothetical mo
clinic phase, we have therefore fixed the positions of the i
to the PbCl2 values, optimizing only the three lattice param
eters andb angle. These are the results which we w
present for the monoclinic phase.

Figure 2 shows the potential energy versus volume cur
for the four phases of PbF2 studied here. The lowest mini
mum is the one corresponding to the C1 cubic phase~empty
squares!, being the most stable structure in static~and also in
ambient! conditions. The orthorhombic C23 phase~full
circles! is very close in energy, having its minimum at

FIG. 1. Internal coordinates and lattice parameter ratios for
C23 phase, exceptr B8b

, which isa8/c8 for the hexagonal B8b phase
~corresponding tob/a in the C23 phase!.
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lower volume. On a further decrease of the volume, the C
phase converges to the high-symmetry B8b hexagonal phase
~open circles!. The B8b phase has its minimum at an eve
lower volume than the C23 phase minimum, in a volume
which C23 is the most stable phase. Finally, the monocl
phase with internal parameters fixed to their PbCl2 values
~stars! is predicted to be considerably higher in energ
(.3 eV) than any other phase in this work.

In order to estimate the errors due to the lack of dipo
deformations in theaiPI wave function, we have computeda
posteriori an empirical polarization energy correction usi
fixed polarizabilities of 1.49 and 2.43 Å3 for the F2 and
Pb12 ions.23 Given the high symmetry of the C1 and B8b
phases, this correction only affects the C23 phase and
fixed-parameters monoclinic phase curves. The compu
values of this correction are around20.003 hartree for the
C23 phase. Thus, it is expected that a rigorous calculatio
the multipolar contributions to the energy curve will not a
fect significantly our results for this phase. If any, its effe
are likely to lower the C1
C23 transition pressure slightl
and increase the C23
B8b one. Although the polarization
correction is larger (.20.03 hartree! for the fixed-
parameters monoclinic phase, it is still insufficient to ov
come the difference of 0.1 hartree with the cubic, orthorho
bic, and hexagonal phases~Fig. 2!.

The cell parameters of the zero-pressure static minim
the four phases are given in Table I, which also includes
available experimental data for the C1 and C23 phases.
calculated results show a very good agreement with the
perimental data. Furthermore, the static bulk moduli cal
lated from the equation of state are 56.02, 57.87, 53.78,
39.43 GPa for the C1, C23, B8b , and monoclinic phases
respectively. These values compare well with theB0 com-
puted from elastic measurements in the C1 phase, 60.5, 5
and 60.3 GPa~see Ref. 24 and references therein!, and also
with the equation of state data of Ref. 4, 60.6 GPa for b
C1 and C23 phases. Theoretical values given in Ref. 7
GPa for C1 and 40 GPa for C23, are substantially differe
probably due to a small number~10! and wide range
(14.45–30.71 cm3/mol) of volumes used in that work. Th
bulk modulus shows an appreciable change with press
being the computedB08 values 4.90, 4.98, 6.34, and 8.02 f
each of the four phases. The molar volumes (V0) of the
phases are 32.32, 29.60, 28.18, and 33.53 cm3/mol for C1,

FIG. 2. Energy curves for the four phases of PbF2 studied.
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C23, B8b , and monoclinic, respectively, showing that, up
increasing pressure, the transition sequence is expected
C1→C23→B8b . This also correlates with the respective c
ordinations of Pb12 of 8-fold, 9-fold ~11211 F1 and
11212 F2), and 11-fold~3 F1, 6 F2, and 2 F1) for the cubic,
orthorhombic, and hexagonal phases. The data for the m
clinic phase with PbCl2 internal parameters fall out of th
range of the structural parameters of the other phases: it
an unrealistically low bulk modulus and highB08 , computed
at a higherV0 relative to the other phases. Most probab
this is due to the restriction imposed on the internal para
eters of this monoclinic structure during the optimization.

Table II contains the static transition data for PbF2. The
C1 phase is the most stable one at ambient pressure, a
changes to the C23 phase at 1.98 GPa. This is in reason
agreement with the experiment~around 0.4 GPa at ambien
temperature for the direct transition4!, given the uncertainty
in the calculations and the existence of hysteresis. We
predict the transition from the C23 to the B8b phase to occur
at 20.2 GPa. It may be compared with the 14.7 GPa obtai
from Raman spectra.7

The inclusion of thermal effects~both zero-point and
finite-temperature! gives 300 K transition properties almo
equal to the static ones~see Table II!. The P-T phase equi-
librium curves are depicted in Fig. 3. We also include in t
phase diagram the hypothetical C1
B8b equilibrium curve,
which falls completely within the C23 phase stability rang
All the equilibrium lines are almost constant with temper

TABLE I. Optimized cell parameters and internal coordinates
the four phases, along with experimental data for the C1 and
phases~Ref. 5!. All values are in atomic units.

Phase Cell parameters Internal coordinates

Cubic a511.31
~Expt.! a511.21
Orthorhombic a512.40 Pb12: x50.245, z50.114

b57.43 F1
2 : x50.356, z50.428

c514.40 F2
2 : x50.973, z50.674

~Expt.! a512.11 Pb12: x50.244, z50.147
b57.36 F1

2 : x50.358, z50.415
c514.45 F2

2 : x50.949, z50.686
Hexagonal a858.015

c8511.35
Monoclinic a9522.23

b957.305
c9518.49
b587.61

TABLE II. Static and ambient temperature transition pressu
~in GPa! and volume changes~in cm3/mol). The hypothetical cubic
to hexagonal transition~in parentheses! is also included.

Static 300 K
Transition Ptr DVtr Ptr DVtr

C1
C23 1.98 22.614 1.95 22.612
~C1
B8b) 7.55 23.664 7.54 23.548
C23
B8b 20.15 20.898 21.64 20.789
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ture, being very close to the static values. Both low press
lines have slightly negative Clapeyron slopes, while the
per curve has a positive~and higher! Clapeyron slope. Given
that all transitions proceed with decreasing volume, the
tropy change is positive and small in going from the cubic
the orthorhombic phase, and is large and negative in go
from the orthorhombic to the hexagonal phase. The ca

FIG. 3. ComputedP-T phase diagram of PbF2.
s
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re
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lated DStr values should be taken with caution, given t
simple Debye model used here and the importance of F
kel defects in the Clapeyron slope.25

IV. SUMMARY

The results ofaiPI calculations in PbF2 support the exis-
tence of a post-cotunnite phase of hexagonal symmetry, w
Ni2In (B8b) structure. The other high-pressure candid
phase, the monoclinic post-cotunnite structure found
PbCl2, is found to converge to the C23 and B8b structures
when optimized. Additionally, the optimization of the mon
clinic phase using the PbCl2 internal parameters yields a hig
potential-energy surface. A full characterization of the eq
librium structures and equations of state of the phases
volved is given here. It is expected to aid in the experimen
determination of the post-cotunnite structure of PbF2.
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