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Theoretical characterization of the high-pressure phases of PhF
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Ab initio perturbed ion calculations were performed for the cubic, orthorhombic, hexagonal, and monoclinic
phases of Pbfr 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 Rkétnce the monoclinic phase is seen to collapse into the hex-
agonal phase during the optimization at high pressures.

[. INTRODUCTION They also undergo a phase transition from the C23 phase to
a high-coordinated phase. In the case of lead and tin chlo-
Lead fluoride in its cubic, native form, is a technologi- rides (and presumably in Bag), Leger et al. have charac-
cally important scintillating materidt? and is also known to terized the post-cotunnite phase within tR@;/c (mono-
exhibit superionic conductivity Upon increasing pressure, it clinic) symmetry>!® with coordination of 10. The same
goes through an irreversible transition to an orthorhombiauthors have also characterized the high-pressure phase of
phase in which it loses these propertiésThis phase is BaF, to be that of NjIn,!! with coordination of 11, the high-
metastable at ambient conditions, and has been well charaest found in ionic materials.
terized experimentally.However, at higher pressures, the In this paper, we will consider all the different phases,
metastable phase transforms to a phase which is yet to mEther those experimentally detected or those proposed by
characterized fully:’ analogy with other compounds, with an aim to fully charac-
The low-pressure PhFpolymorphs are known ag-PbF,  terize ambient and high-pressure phases of lead fluoride. We
and B-PbR,. The B structure is the most stable in ambient will use theab initio perturbed ion 4iP1) method?~**which
conditions, and is a cubic, fluorite-ty§€1) crystal. On the has been proven to be successful in studying the phase tran-
other hand, the orthorhombie polymorph is stable at higher sition in ionic and semiionic materials. We will compute the
pressure and low temperature, withPbCh-like (cotunnite,  equation of state for each phase of Rb&s well as the tran-
C23 structure. Pbf undergoes a phase transition at aboutsition pressures between them, comparing, when possible,
0.4 GPa from C1 to C23, and reverses back to C1 at highewith experimental data.
temperatures. The C23 phase is metastable at zero pressure
for T<610 K2 Recently, there has been some experimental
evidence of a new phase of PhFPodsiadlo and
Matuszewskd have reported a phase of hexagonal symmetry, The aiPl method is a guantum-mechanical method that
tentatively assigned as P6, with lattice parametersaof solves the Hartree-FodiF) equations of a solid in a local-
=10.2746(6) andc=7.970(5)A. On the other hand, ized Fock space by partitioning the crystal wave function
Lorenzana et dl.have conducted Raman experiments show-nto local, weakly overlapping group functions, each contain-
ing a transition from the C23 phase at around 15 GPa. Thing a number of electrons but a single nucleus. The method
observed Raman peaks of the high-pressure structure gf PbBrings together ideas from the theory of electronic separabil-
cannot be explained by assuming hexagonal symmetnity of McWeeny and Huzinaga, and from the theory of lo-
These peaks, however, can also not be assigned to a monealizing potentials of Adams and Gilbert, to produce a well
clinic phase unambiguously. These authors have also dorfeunded and very efficient treatment for ionic materi@se
first-principles calculations where they find a hexagonalRef. 15 and references thergifhe aiPl method has been
phase, Niln-like (B8), to be more stable than the C23 successfully applied to the description of a variety of elec-
phase at 16.4 GPa. Despite this fact, they use their Ramaronic, energetic, and structural properties of ionic crystals,
measurements in favor of a monoclinic structure, althoughincluding halides, oxides, and sulfid¥s:’ The aiPI calcula-
due to limited computational resources, they have not dongons in the present work have been done using the Koga
any calculation in the monoclinic phase. et al. Slater-typg(STO) all-electron basis sets, the negative F
It is known that divalent metal halides such as BaF basis set for the fluoride iotf,and the neutral Pb basis Set
BaCl,, PbCl, and SnCJ occur in the cotunnite structure, for the lead ion, after removal of the outerm@séxponent
either at ambient conditions or at moderately high pressuresind reoptimization of the remaining valence exponents. The

I. COMPUTATIONAL DETAILS
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correlation energy has been estimated using the Lee-Yang-

Parr functionaf® L Rt IIUUUNIIIUIII ey

In order to generate thermodynamic data at finite tempera- F
tures and pressures, we have used a quasiharmonic Debye- o p
like model in which the Debye temperatufedepends only | .eees oo e ale |

on volume through the static bulk modulus &3
=CVYqB4(V)]"? whereC is a constant which depends on
the molecular mass and Poisson ratioChis approach al-
lows us to write all thermodynamic quantities in terms of the
E(V) curve, so that we only need to optimize the energy
with respect to all internal variables for each volume. Using
the E(V) curve and its derivatives, we obtain the equation of
state of a given phase by minimizing the nonequilibrium
Gibbs energy for eacP and T with respect to the volume,
G*(T,P;V)=E(V)+PV+F;,(T,0(V)), Fy, being the

Helmholtz vibrational energy within the Debye model. Other XF
thermodynamic properties can be computed by substituting 03| I
the equilibrium volume for eacR andT. In order to obtain

thermodynamic properties at the phase transition, we impose 02t XPo
the equilibrium condition of an equal Gibbs function for the s
two phases considered, and so we construct{iE) equi- 0.4 [112  prmrreermmeeeeeee (0 |
librium line of the phase diagram. . . - .
250 300 350 400

IIl. RESULTS AND DISCUSSION V (bohr*/molec.
The B-Pb hase has only one free parameter, namel FIG. 1. Internal coord_inat.es and lattice parameter ratios for the
the Iength olfzztlfrl)e celk, since );II ions arepoccupying fixed yC23 phase, .excepggb,. which isa’/c” for the hexagonal Bphase
special positions. Thus, each point in tE&V) curve re- (Corresponding t/a in the C23 phase
quires a single calculation with no optimization of internal
parameters. On the other hand, thePbF, phase has nine complete characterization of the hexagonal phaggab(curve
free parameters. The structure belongs to the orthorhombig Fig. 1).
crystallographic systertspace groug®Pnma) with a#b#c We have also conducted the full optimization of the
variables. Also, the three iori®b and two different F ions P2, /c monoclinic phase, which has 22 free parametees,
are in the 4 Wyckoff position (Cs symmetry, with free  positions of the six inequivalent ions, three cell edges, and
internal x and z coordinates. The optimized parameters ofangle. Note that the unit cell is doubled with respect to that
this orthorhombic C23 phase were obtained by a downhilbf the C23 phase. Calculations were performed for volumes
simplex methotf and are presented in Fig. 1. All of them ranging from 230 to 280 boPimolecule. We have used two
vary smoothly with decreasing volumes, but show an abrupgiifferent sets of starting configurations. The C23 phasel
change at about 255 bathmolecule. For smaller volumes, thus also the Bgphase can be described within the mono-
the internal parameters arfifc adopt constant values as clinic structure using3=90° and @,c,2b) as lattice param-
shown in Fig. 1. This has suggested that there must be @ters, each ion giving rise to arx,g,y/2),(x,z,(1+Yy)/2)
higher symmetry polymorph which becomes relatively morepair. Thus, we have started optimizations at monoclinic
stable than the C23 phase. points corresponding to the minima of the C23 or,BBases
We have identified the high-symmetry polymorph as the(depending on the volumeWe have also used the experi-
hexagonal B§ phase, with space group6s/mmc The  mental parameters for the monoclinic phase of the related
Pb*? ion goes to position @ (D), while the F ions goto  PbCl, structurd as the starting point of a different set of
2a(D3q) and Z (Dgp), with a unit cell that is half the size  optimizations. All of these 22 parameter optimizations con-
of the orthorhombic one. This hexagonal phase has only tw@erged to the corresponding C23 or Bgeometries, indicat-
free parametersa’ andc’, and itsE(V) curve therefore ing that, at least in the neighborhood of these positions, there
requires only a monodimensional optimizationadfc’. Itis  is no minimum of monoclinic symmetry. In order to obtain
important to stress the fact that this phase lies within thean approximate equation of state of the hypothetical mono-
9-parameter space of the C23 phase, with the internal cootlinic phase, we have therefore fixed the positions of the ions
dinates andb/c fixed to the values shown in Fig. 1. Tlee  to the PbC} values, optimizing only the three lattice param-
axis of the C23 phase corresponds to the inequivalent hexeters andB angle. These are the results which we will
agonal axisc’. Using thec=/3b relationship in the C23 present for the monoclinic phase.
phase, we obtain the two equivalent hexagonal aesb Figure 2 shows the potential energy versus volume curves
andb’ =(c—b)/2. While this particular geometry is the most for the four phases of PhFstudied here. The lowest mini-
stable one folV <255 bohf/molecule, it is not so for larger mum is the one corresponding to the C1 cubic pHasepty
volumes. However, its higher symmetry allows us to calcusquarey being the most stable structure in stdaad also in
late its energy curve for the whole volume range as a funcambieni conditions. The orthorhombic C23 phagtull
tion of two parametersa’ andc’) only, thereby enabling a circles is very close in energy, having its minimum at a
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-0.70 — - . . TABLE I. Optimized cell parameters and internal coordinates of
: the four phases, along with experimental data for the C1 and C23
phasegqRef. 5. All values are in atomic units.
-0.75 k
s Phase Cell parameters Internal coordinates
2]
B _osol Cubic a=11.31
= . (Expt.) a=11.21
& Orthorhombic ~ a=12.40 P2 x=0.245, z=0.114
~085 | b=7.43 F,:  x=0.356, z=0.428
c=14.40 F, : x=0.973, z=0.674
o (Expt) a=12.11 PB2:  x=0.244, z=0.147
-0.90 . - - - b=7.36 F; : x=0.358, z=0.415
250 300 350 400 c=1445  F,: x=0.949, z=0.686
V (bohr*/molec.) Hexagonal a’'=8.015
FIG. 2. Energy curves for the four phases of PisERudied. ¢'=11.35
Monoclinic a"=22.23
lower volume. On a further decrease of the volume, the C23 b"=7.305
phase converges to the high-symmetry, B@xagonal phase ¢"=18.49
(open circles The B§, phase has its minimum at an even B=87.61

lower volume than the C23 phase minimum, in a volume in
which C23 is the most stable phase. Finally, the monoclinic o . .

phase with internal parameters fixed to their Rb@lues €23, B8, and monoclinic, respectively, showing that, upon
(star3 is predicted to be considerably higher in energy increasing pressure, the transition sequence is expected to be
(=3 eV) than any other phase in this work. Clﬁ C?% B8, . This also correlates with the respective co-

In order to estimate the errors due to the lack of dipolarordinations of Pb? of 8-fold, 9-fold (1+2+1 F, and
deformations in theiPl wave function, we have computad 1t2+2F), and 11-fold3 F;, 6 F,, and 2 k) for the cubic,
posteriori an empirical polarization energy correction using ©rthorhombic, and hexagonal phases. The data for the mono-
fixed polarizabilities of 1.49 and 2.43%&for the F and  clinic phase with PbGlinternal parameters fall out of the
Pb"2 ions? Given the high symmetry of the C1 and p8 range of the structural parameters of the other phases: it has
phases, this correction only affects the C23 phase and th@h unrealistically low bulk modulus and hig},, computed
fixed-parameters monoclinic phase curves. The computedt @ higherV, relative to the other phases. Most probably,
values of this correction are around0.003 hartree for the this is due to the restriction imposed on the internal param-
C23 phase. Thus, it is expected that a rigorous calculation dg¥ters of this monoclinic structure during the optimization.
the multipolar contributions to the energy curve will not af-  Table Il contains the static transition data for RbFhe
fect significantly our results for this phase. If any, its effectsC1 phase is the most stable one at ambient pressure, and it
are likely to lower the CC23 transition pressure slightly changes to the C23 phase at 1.98 GPa. This is in reasonable
and increase the C23B8, one. Although the polarization agreement with the experimefaround 0.4 GPa at ambient
correction is larger £—0.03 hartrep for the fixed- temperature for the direct transitfyngiven the uncertainty
parameters monoclinic phase, it is still insufficient to over-in the calculations and the existence of hysteresis. We also

come the difference of 0.1 hartree with the cubic, orthorhom#predict the transition from the C23 to the Bphase to occur

bic, and hexagonal phaségig. 2). at 20.2 GPa. It may be compared with the 14.7 GPa obtained
The cell parameters of the zero-pressure static minima ofom Raman spectré.

the four phases are given in Table I, which also includes the The inclusion of thermal effectsboth zero-point and

available experimental data for the C1 and C23 phases. TH#ite-temperaturegives 300 K transition properties almost

calculated results show a very good agreement with the ex¢qual to the static ongsee Table li. The P-T phase equi-

perimental data. Furthermore, the static bulk moduli calculibrium curves are depicted in Fig. 3. We also include in the

lated from the equation of state are 56.02, 57.87, 53.78, anhase diagram the hypothetical €B8,, equilibrium curve,

39.43 GPa for the C1, C23, B8 and monoclinic phases, Which falls completely within the C23 phase stability range.

respectively. These values compare well with Byecom-  All the equilibrium lines are almost constant with tempera-

puted from elastic measurements in the C1 phase, 60.5, 55.9, ) _ N

and 60.3 GPdsee Ref. 24 and references thejeand also ~_ TABLE Il. Static and ambient temperature transition pressures

with the equation of state data of Ref. 4, 60.6 GPa for botqin GPa and volume changen cm*/mol). The hypothetical cubic

C1 and C23 phases. Theoretical values given in Ref. 7, 7 hexagonal transitiofin parenthesesss also included.

GPa for C1 and 40 GPa for C23, are substantially different;

probably due to a small numbefl0) and wide range g Static 300 K
(14.45-30.71 cimol) of volumes used in that work. The Transition Py AVy Py AVy
bulk modulus shows an appreciable change with pressurg1—c23 1.98 2614 195 2612
being the computed, values 4.90, 4.98, 6.34, and 8.02 for (c1=Bs,) 755 _ 3664 754  _3548
each of the four phases. The molar volum&g)(of the  c23—Bs, 20.15 —0.898 2164 0789

phases are 32.32, 29.60, 28.18, and 33.5%cml for C1,
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30 lated AS,, values should be taken with caution, given the
o5 | B8,, (hexagonal) ] simple Debye model used here and the importance of Fren-
kel defects in the Clapeyron slope.
20}
& . IV. SUMMARY
o 15F C23 (orthorhombic)
o ol _ | The results ofiPI calculations in Pbj-support the exis-
Hypothetical C1-B8, tence of a post-cotunnite phase of hexagonal symmetry, with
5t ot Ni,In (B8y) structure_. The other hi_gh—pressure candida;e
¥ - : : . phase, the monoclinic post-cotunnite structure found in
0 0 200 400 600 800 1000 PbCl, is _fOl_md to converge to the C23 aqd {B8tructures
T (K) when optimized. Additionally, the optimization of the mono-
clinic phase using the Pbginternal parameters yields a high
FIG. 3. Computed-T phase diagram of PhF potential-energy surface. A full characterization of the equi-

librium structures and equations of state of the phases in-
olved is given here. It is expected to aid in the experimental

ture, being very close to the static values. Both low pressur S .
g very P etermination of the post-cotunnite structure of RbF

lines have slightly negative Clapeyron slopes, while the up-
per curve has a positiv@nd higher Clapeyron slope. Given
that all transitions proceed with decreasing volume, the en-
tropy change is positive and small in going from the cubicto Thanks are due to Professor Mu Gu for helpful discus-
the orthorhombic phase, and is large and negative in goingions. M.A.B. thanks the Spanish MEC for a grant. DGICyT
from the orthorhombic to the hexagonal phase. The calcuGrant No. PB96-0559 is also acknowledged.
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