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We report a joint experimental and theoretical study of the dynamical and structural properties of lead
fluoride (PbR). Specifically, we have performed detailed measurements of the room-temperature Raman-
active phonon modes to 310 kbar. We verify the transition at about 4 kbar from the (@)hiz the ortho-
rhombic (@) phase and the recovery of tkephase at ambient conditions. At approximately 147 kbar, we
observe a transformation from tlephase to a modification that we labglThe data indicate that thgphase
is structurally similar to the orthorhombie phase. Moreover, we have carried out first-principles calculations
which support the existence of a transition in this pressure range, although the crystal structure of the new
phase remains undetermined. We have also calculated the equations of state for the two low-pressure phases,
B and a. In the case of ther phase, we have made a complete structural determination by calculating the
pressure-dependent values of all six internal structural parameters as well as the axiat/t@a@oglb/a, for
pressures ranging from zero up to 2 Mbar. Using the calculatptiase equation of state, we also extract
Gruneisen parameters from the data for several optical phonon m@Rk63-182807)04926-9

[. INTRODUCTION symmetry-allowed Raman-active modes is less than the
number of observed modes. Conversely, the Raman data are
PbF, exhibits remarkably complex and interesting proper-consistent with the monoclinic structure. The large number
ties despite being one of the simplest ionic sofifsRe-  of atoms in the unit cell as well as independent degrees of
cently, Pbk has received much attention because of itsfreedom make calculations for the monoclinic structure in-
strong superionic charact®t’ Studies also indicate that this tractable. However, our first-principles calculations for the
material has possible applications in high-energy partic@exagonal structure show that it becomes stable relative to
detectors’®® In particular, thea (orthorhombi¢ phase can the orthorhombic structure for pressures greater than 164
be stabilized at a pressure of a few kbar and recovered &bar. Two important conclusions can be drawn from these
ambient conditions;}° with potentially strong scintillating calculations despite the fact that the hexagonal structure is
charactef:'* Our goal was to investigate the interatomic in- ruled out experimentally; the first is that a structural instabil-
teractions in Pbfat varying particle separations through ex- ity in the a phase occurs in this pressure range; the second is
periments and calculations. We employed micro-Ramarihat 164 kbar is an upper bound for the transition pressure, as
spectroscopy, a powerful technique for remotely and nondea more energetically favorable structure, known to exist ex-
structively evaluating the state of matter at high pressures, tgerimentally, would result in a lower calculated transition
investigate interatomic potentials and crystalline structurdressure.
through the behavior of phonons. We have also carried out In summary, our combined experimental and theoretical
first-principles calculations of the pressure-volume equation&esults establish important constraints to understanding the
of state (EOS for the « (orthorhombi¢ and B8 (cubic properties of Pbf which may then provide the basis for
phases, including a determination of thephase internal developing a number of technological applications. The re-
structural parameters and their pressure dependence. UsifitRinder of this paper is organized as follows. We present a
the calculatedy phase pressure-volum@-(V) relation, we brief background discussion on sz'ﬁ Sec. Il. In Sec. lll we
derive mode Gineisen parameters from the data. describe the fundamental characteristics of the two experi-
We report measurements of the Raman phonons in, PbPmentally observed low-pressure crystal structures as well as
at room temperature, extending the previous measuremenii@e high-pressure hexagonal structure observed in.BEfe
from 35 kbar up to 310 kbar. We verify the previously ob- results from our Raman measurements and theoretical analy-
servedB— « phase transition at about 4 kbi&rOur data also ~ Sis are presented in Secs. IV and V, respectively. Finally, a
demonstrate the existence of a high-pressure phase of Pb#tetailed discussion of our results is given in Sec. VI.
above 147 kbar, which is structurally similar to thghase;

we label this modificationy. Two candidate crystal struc- Il. BACKGROUND
tures for thisy phase ar€l) a hexagonal structure observed
recently in Bak (Ref. 13 and (2) a monoclinic structure We briefly review some of the properties of BbBSuper-

observed in PbG)***® both of which represent only small ionic conductors have anomalously high electrical conduc-
perturbations from the orthorhombie phase structure. The tivities, comparable to those of melts or liquid electrolytes.
hexagonal structure can be ruled out because the number ©he superionic characteristics 8f PbF, have been studied
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extensively at low pressurés*®~18At 1 bar, the system materials. The fluorite structure can be derived from the zinc-
undergoes a second-order transition over a broad temperatustende structure by placing an additional F atom in the
range of 475-775 K, to a highly conductive superionictetrahedral interstitial site. The octahedral interstitial site re-
state!®2° A lattice disordering has been observed to occur inmains empty in both structures. The packing fracttquro-
approximately the same temperature rahtf@The conduc- vides a purely theoretical measure of the degree to which a
tivity is given by given crystal structure is open or close packed, and depends
only upon the local atomic geometry and is independent of
the chemical identity of the constituents. While the packing
' @ fraction is not uniquel i i
quely defined when there is more than one
atom type, we will adopt the convention of equal-sized Pb
and F spheres, which is sufficient for providing a qualitative
indication of the degree of opennésaWith this convention,
fhe packing fraction of the fluorite structure is 0.51. We note
hat there is adequate space in this structure to place another

: - . sphere of the same size in the octahedral interstitial site,
mately leading to a conductivity at 800 K of approximately 2Which results in a packing fraction of 0.68, equal to that of
Q! cm 1."??Recent theoretical investigations suggest thati o bee structure ’

the fluorine-ion (F) sublattice becomes mobile as these At room temperature and approximately 4 kbar, PbF

ions “melt” within a rigid matrix of the lead-ion (Pt tr : ;
. o . . ansforms from the cubi@ to the orthorhombica phase
sublattice?® This disorder of the F ions (Frenkel defectsis PbCl-type structurbwithﬁ corresponding 8% decFr)ease in

manifested in the Raman spectra by a characteristic asymmgs '\ /o per atom. The structure of ta@hase consists of

try in the line shape of the=,, mode, as previously a 12-atom basis made up of four equivalent Pb atoms and

reported1.7'24l_3t_)l_:2 has one of the_highest solid-phase S“peri'two sets of four equivalent F atoms, which we label F1 and
onic conductivities of any material known.

Interest in the optical properties of Ppiras been elevated Elfof'fz ‘I?t?elsjzf f Ifr? T;;Z%m:ogfg#gz%f he following sitdfy
by recent reports that the material has characteristics relevant ' '
to high-energy particle detector applications. In 1990, Ander- Xy, 1) (1—xi+y,b)
son et al. reported that PbFwas a promising radiation- Yoa), 2= %2TYa),
resistant Cherenkov radlatBISubsgquently, Baliakiret al. (1-x1-v,3), (3+xi-vy,3),
reported that the amorphous or highly deformeg@hase of
PbF, scintillated® The 8 phase has not been stimulated towherex andy are internal structural parameters. This struc-
scintillate, as the high mobility of the Fions is believed to  ture can be viewed as two alternating planes of atoms
nonradiatively quench excitations. Recently, Andersbal.  stacked along the axis. Because the structure is orthorhom-
tried unsuccessfully to reproduce the scintillation in PbF bic, in addition to the six internal parametdta/o for each
using hydrostatic pressufe. four-atom set there are three independent lattice constants,
The properties of PbFhave been studied extensively as aa, b, andc.
function of pressure. The elastic behavior has been explored BaF, also exhibits a transition from the cubic fluorite
experimentally and theoretically to about 3 kB&*®Samara  structure to the PbGitype orthorhombic structure at 35
has measured ionic conductivities of both handa phases  kbar%3followed by another transformation to a hexagonal
to about 4 kbar and concluded that Frenkel defects are thRi,In-type structure above 150 kbirAs mentioned in Sec.
dominant source of ionic conductivity in both phadésing- |, we have carried out first-principles calculations for PbF
wavelength dielectric measurements found evidence for ghis structure. It consists of a six-atom basis composed of
soft transverse optical phonon, which indicates that?alS  two equivalent Pb atoms and two sets of two equivalent F

a ferroelectric modé® The dielectric constant has also been atoms, which we again label F1 and F2. The atoms occupy
measured at optical frequencies and has been found to vatife following sites, in lattice coordinatéd:

linearly with pressuré?

T)= Ea
o(T)=o0gex —kB—T

wherea, T, o9, E5, andkg are the conductivity, tempera-

ture, high-temperature conductivity limit, activation energy
barrier, and Boltzmann’s constant, respectively. In the sup
rionic state the activation energy describing the electrica
conductivity decreases from about 0.52 to 0.26 eV, ulti-

Schmidt and Vedam originally observed thephase at Pb (L21 213y 9
(37314) (31314) C,
pressures greater than 4.8 kbar and were able to recover the
structure at 1 bal? The phase boundary iR-T space has F1 (3,33 (5,33 2d,
been studied by differential thermal analysis and by dielec- 2 (00 Lo
tric signatures®?® Infrared- and Raman-active modes have (000 (007 2a,

been measured to 45 and 35 kbar, respectitfel).The
structure of theB phase permits only one Raman-active
mode,F,q. A much weaker peak has been reported previ
ously and correlated with imperfections in the latttéeA
semiempirical identification of the Raman modes in the
phase has been proposed by Keseteal° IV. RAMAN MEASUREMENTS

A. Experimental techniques

where the Wyckoff site labels are indicated to the far right.
The two independent structural parameters are the lattice
‘constantsa andc.

Ill. CRYSTAL STRUCTURES . . . .
High pressures were generated with diamond anvil cell

The B phase of PbfF occurs in the cubic fluorite techniques? We based our cells on Mao-Bell and Silvera-
structure®! which is open and common to a number of ionic Wijngaarden design&:3* Our anvils were fabricated from
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0.28-carat, low-birefringence, brilliant-cut diamonds with
350 um diameter flat culets. Rhenium gaskets were drilled /\/\.» \’\ A
with approximately 15Qum diameter holes. The ruby scale 2 A U VAN 210 kbar
was used for pressure determinatiGh&® Argon was chosen [\ S ~ NS

as the pressure medium because of its lack of interferinc AN /N

Raman modes as well as its quasihydrostatic characteristic: S A'\ N S \\ 170 kbar

Our Pbk samples were typically from 20 to 8@m in S o T
diameter and from 5 to 2@m thick and were obtained by / 4" S },/"‘\// \\ 143 kbar
fracturing chips from a single crystal minutes prior to load- /1 ‘\.\‘\ " ay o
ing the sample. Care was taken to select the specimens fror /1 N N \_ 124 kbar
the center of the original crystal to avoid surface contamina- ~ ) o
tion. Crystalline orientation of the samples was undeter- // A \ 111 Kbar
mined, but measured Raman intensities were found to van ” ?‘ S
little with incident laser polarization or sample. We con-
ducted four separate experiments, each experiment involving
the study of several individual PbFsamples within the
chamber. Pressure variations across the sample at low pre:
sures were not measurable and at the highest pressure we
less than 5 kbar. Because our measurements were spatial
resolved, our uncertainty in pressure was less than this num
ber, approximatelyt2 kbar at the highest pressures.

PbF, samples were probed with the 514.5 or 488.0 nm
lines of an Af" laser at power levels of 150 mW or less. The
laser beam was focused to about aaf diameter spot on |/ e 9 kbar
the sample to avoid heating effects. No measurable change -
in the spectra were observed as a function of laser power

/

Intensity (arbitrary units)

Raman signals were measured in a backscattering geometr //\“/-WM\\
Data were collected using Spex Triplemate 1877 and Spe» ./ _aphase \
1704 spectrometers with liquid-nitrogen-cooled Princeton In- /T (Or'thOffgjombiC)I S 1 bar
struments charge-coupled devi¢€CD) detectors. Raman recovere samr;\e T
signals were collected for frequencies greater than 210C /o
cm ! and required about 3 min of integration time. //
B phase\'\
Y -~ (cubic) N\ 1 bar
B. Experimental results i initial sample
We initially pressurized some samples to about 1 kbar to | |
; : ; 200 300

permit the study of thg8— « transformation. Typical spectra
characterizing the two phases are plotted in Fig. 1. We ob- Raman Frequency (cm'1)

served a dominant and a minor peak in fh@hase, as pre-

viously reported.” The minor peak occurs at low frequencies

and has been attributed to lattice imperfecti67n§he ruby- FIG. 1. Representative Raman phonon spectra at different pres-

scale pressure measurements were accurate to about 1 kbaf#es- The 1 bar spectra are from the two structures that are recov-

these low pressures. We determined fhe « transition to eraPlle at ambient con_dm_ons. A weak peak in B]phase near 110

occur at about 4 kbar. We note that the frequency of th&™ ~ (marked by a) indicates the presence of disorder. Above 4

imperfection mode decreases rapidly with increasing pres<’a" thea phase structure is stabilized and is recoverable upon

sure. release qf pressure. Th(_a |n|t|a_IIy _broadbr_:mds indhEhase become
The B—a phase transition splits the domina@tphase progressively more distinct with increasing pressure. At about 147

- . kbar, changes in spectra indicate the—y transition. The
peak into four broad peak$ig. 1) that sharpen and further 0 cm Ay, peak splits into four distinct peaks. The

separate with increasing pressure. We explored the hysteres;ivsl70 el Ay, and~245 cni! B,, andA,, peaks both become
9 9 9

of the a phase Raman modes in one eXp?riment up to 7ZVeaker as the transition approaches. These three modes are identi-
kbar (Fig. 2. We were able to characterize the phononfieq py the arrows.

modes up to 310 kbar, and we plot the peak frequencies in
Fig. 3 for all pressures. Representative spectra are shown in V. FIRST-PRINCIPLES CALCULATIONS
Fig. 1.

Peak frequencies in Figs. 2 and 3 were derived using a
least-squares line shape fitting analysis. The uncertainty in In addition to the Raman measurements, we have calcu-
the peak frequencies as determined from this analysis is sigated theP-V EOS for «, 8, and hexagonal PRFusing a
nificantly less than the variations between different experifirst-principles, full-potential linear muffin-tin orbitalFP-
ments. These latter variations may result from unaccountedMTO) total-energy methotl 3 which is based upon the
pressure gradients and sample differences, as well as meacal density approximatiofLDA). We used a basis com-
surement uncertainties. posed of 34 orbitals per atom. As is customary, we included

A. Theoretical method
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FIG. 2. Hysteresis of Raman phonon peak frequencies in eye. Shaded areas indicate broadened bands.

a-PbF, is negligible. With increasing pressure (B>), the B phase

- - B. Theoretical results
transforms to the a phase at ~4 kbar. With decreasing pressure

(<), the a phase frequencies show no measurable hysteresis. How- The total energies calculated at 14 different volumes for
ever, the a phase persists to 1 bar. The shaded area indicates broad-  the 8 phase were fit using the Murnaghan f8frin order to
ening of the bands. extract the cohesive energy, equilibrium volume, bulk modu-

lus, and derivative of the bulk modulus. The calculated val-

an empty atomic sphere at the octahedral interstitial site ofies correspond t@=0 K. The results obtained with and
the fluorite structure, solely for the purpose of improving thewithout gradient corrections are both compared to experi-
accuracy of the interpolation procedure used for evaluatingnent in Table I. The calculated cohesive energies in Table |
interstitial integrals. We did not use any empty spheres foinclude spin-polarization contributions for the free atoms. In
the orthorhombic or hexagonal structurés. view of the significantly better agreement between experi-

The calculations described here were scalar relativistienent and thes-phase calculations carried out using gradient
and based on the exchange-correlation potential of Hedigorrections, we have included these corrections in all of the
and Lundqvist? We will present results from calculations calculations for the orthorhombic and hexagonal structures.
which employed only the standard LDA, but most of the The structural parameters for the phase were deter-
results reported here included the gradient corrections ahined at ten different volumes. The values of these param-
Langreth, Mehl, and HYLMH).*! We neglected spin-orbit eters as well as the lattice constant are plotted as a function
interactions which is justified because the states derived froraf volume in Figs. 4—6. The experimental values at the ob-
the Pb & orbitals are unoccupied. The Pb semicore 5 served equilibrium volunfé are also shown as the open
states were treated as full band states by carrying out a “twosquares. The close agreement between these experimental
panel” calculation. The Brillouin zone sums were carried outvalues and the calculations confirms the accuracy of the cal-
using 10(2), 12 (2), and 36(8) irreduciblek points in the culational method despite the small packing fractions near
first (second panel for the fluorite, orthorhombic, and hex- the equilibrium volumg~0.5). From Fig. 7 we see that the
agonal structures, respectively. packing fractions increase dramatically as the volume is re-

The six internal structural parametet®a, andc/a for  duced. The largest values of 0.64 are similar to the bcc close-
the orthorhombic structure, as well e& for the hexagonal packed value of 0.68.
structure, were all determined by minimizing the total energy We have employed the following procedure to obtain the
at fixed volume. The minimizations were performed with thepressure at each of the ten volumes shown in Figs. 4-6. We
aid of a numerical implementation of the analytical forceshave used the cubic spline interpolations of the calculated
derived by Methfessel and van Schilfgaafdélhe calcu- structural parametersee Figs. 5 and)@o approximate the
lated packing fractions reported here for the orthorhombio/zolume dependence of these paramettrs lattice constant
structure were obtained using an algoriffitwhich captures a is determined from the volume and the valueshtd and
qualitative trends in the degree of openness. c/a). For each of the ten original volumes, we then carried
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TABLE |. Calculated cohesive energy per atofy,,, equilib-

) ¢ . E | LI | T 1 1 | LI Ix!x."[(‘q( )I(xl
rium volume per atomy,, bulk modulusB,, and derivative of the 08 E v 3
bulk modulus,B; for the 8 and a phases of Pbf~compared to © E E
experimental values where available. The results for ghghase 5 E x 3
were obtained both wittLDA +LMH) and without(LDA) gradient 07 5_1‘"'.'"'. . xI L ._5
corrections. The calculated cohesive energies include spin- E—I UL L L L =
polarization contributions for the free atoms. 055 & 3
E g ;—X x X %. ~)(4..x.-—x"'u( X —;
coh C =
(eV/atom LDA  LDA+LMH  Experiment Rl T R B I
a-PbR 3.896 015 F =
E )(Xxx =
B-PbFR, 4.759 3.902 ><£ T e By
005 E 3
Vo (A%/atom) S
a-PbF, 16.54 16.01 0.35 :|:— —i
B-PbF 16.62 17.54 17.47 s £ X g 3
E B E
025 | R X
By (Mbar) El v v o b o b v by oy o 1y 3
a-PbF, 0.40 8 10 12 14 16
B-PbF 0.85 0.71 0.62 Volume (A/atom)
Bg FIG. 5. The calculated axial ratid¥a andc/a as well as the
a-Pbk, 4.3 two internal structural parameters for the Pb atoms irutiphase at
B-PbF, 4.8 4.8 ten different volumegcrosses The dotted lines are cubic spline
interpolations through the calculated values. The experimental val-
%Reference 45. ues at the observed equilibrium volurtRRef. 45 are indicated by
PReference 47. the open squares.

‘Reference 48.
of volume is plotted in Fig. 8 for both thg and « phases.
out a series of calculations over a small volume range cendsing these calculated EOS, we predicfBa:« transition
tered at the original value, with the parameters obtained ussressure of 10 kbar at 0 K. However, the magnitude of the
ing the approximated volume dependence. energy difference between thigeand a phasegqsee Table)l
The pressures calculated in this way at the ten volumes
were then fit using the Murnaghan EOS which relates the
volume to pressuré?

015 E_I T T T I LI T I T T T I T T T I T I_:
v B/P -1/B; ><E _x T ..gx'x—g
V_:{HBL 7) 005 X B 3
’ ’ xRN PRV BN S B
The resulting values of the fit parameters are listed in Table E e E
. . 085 X e S A kR
| along with those for thg8 phase. The pressure as a function E Rt 3
= ] E
075 :_I 1 L1 l 1 L | 11 1 I 1 1 1 I i 1 3
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c L N El v v v v v v by v by e by 0 g
o | ] . : I T LI | l LI} T I LI l T T I T T =
O 7 L a 05 E‘ . s %X _E
= L e E e E
® b . 04 [ =
| oo . - 3
6.5 f( I3 L 1 I 1 L 1 I 1 1 1 | i i L I 1 1 ' I 1 1 l 1 1 1 | 1 1 L I 1 1 1 l 1 I__
8 10 12 14 16 8 10 12 14 16
A3
Volume (A/atom) Volume (Aa/atom)
FIG. 4. The calculated lattice constamtdor the « phase at ten FIG. 6. Calculated internal structural parameters for the F1 and

different volumes(crosses The dotted line corresponds to a cubic F2 atoms in thex phase at ten different volumdsrosses The
spline interpolation through the calculated values. The experimentalotted lines are cubic spline interpolations through the calculated
value at the observed equilibrium volurtiRef. 45 is indicated by  values. The experimental values at the observed equilibrium vol-
the open square. ume (Ref. 45 are indicated by the open squares.
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rhombic structure for only a fixed range of volumgses-
sureg, with a reverse hexagonalorthorhombic transition
occurring at 424 kbar.
We briefly summarize our findings for the electronic
structure. Consistent with the view of Pb#&s an ionic solid,
we find that the states derived from the B @rbitals are
completely occupied (F), while the Pb @-derived states
are completely empty (PB). The states at the valence band
maximum are predominantly antibonding combinations of F
2p and Pb & orbitals, while the states at the conduction
band minimum are predominantly Plpi character. These
Volume (A/atom) general characteristics of the electronic structure are essen-
tially the same for both ther and 8 phases of Pbf The
FIG. 7. Packing fractionéRef. 43 as a function of volume for qualitative features of the electronic structure remain Igrgely
the S8 (solid line) and « (crosses structures. The dotted line is a UNchanged for all of the pressures studied hé@m ambi-
guide to the eye. The packing fractions for the observed structure§Nt conditions up to 2 Mbar for the structure. In addition,
are indicated by the solid and open squares forgemd « phases, ~the calculated energy gap decreases by only 20% over this
respectively. same pressure rané%.
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is smaller than the uncertainties inherent in the LDA method,
and therefore, on the basis of the theory alone, we cannot VI. DISCUSSION AND CONCLUSIONS

state conclusively which phase is more stable. The Mur- The research described here has explored the dynamical
naghan form in Eq(2) can also be used to calculate the bulk and structural properties of PpBver a wide pressure range.
modulus, yielding a linear function of pressure: We now discuss our results.

Identification of the Raman modes farPbF, is summa-
rized in Table 11*° In previous work, Kessleet all° mea-
sured Pbkspectra at 77 K and correlated the observed peaks
to those of other divalent fluorides with the same structure.
In contrast, our measurements were conducted at room tem-
perature, and therefore the phonon spectra are comparatively
broadened, such that some modes are no longer resolvable.
Accordingly, only some of the peaks in our spectra have

B(P)=By+B{P. (3

In view of the transition at 147 kbar observed in this
work, we have carried out a series of calculations for RbF
the NiIn-type hexagonal structure, observed in Babove
150 kbar*®> We have determined the values @fa, ranging
from 1.23 to 1.32, at eight different volumes, ranging from
8.1 to 14.3 AR/atom. We find that the packing fraction for

this structure is approximately constant at a value of OﬁPe?/\r/]eCLasseS![fr:eed-ressure dependence of the optical phonons to
over the volume range considered here, and therefore we P P P P

have simply fit the total energy as a function of Volurneextract mode Gnoeisen parameters. Qualitatively, most of

ecty o the Muaghan frf Using his EOS and ratof (7200 oo nrease wih g pressure by
the @ phaseg(Fig. 8), we obtain an orthorhombiehexagonal P 9 gherp

o ; . sures generally stiffen restoring forces. In Table Il we use
transition pressure of 164 kbar at 0 K. As an aside, we flnd;ur calculateda phaseP-V EOS (Fig. 8 to convert the

that the hexagonal structure is more stable than the orthor;100|e frequency pressure dependedag/dP to the mode
Grineisen parameters;-[d(Inw,)/d(InV)], where o, P,
andV are mode frequency, pressure, and volume, respec-

tively. The mode Groeisen parameters were found to vary

o

%
X
/"/

% 300 | = with pressure and are well represented by linear functions
g : ] (Table Il). These parameters were only determined up to the
0 20F . = limit of the stability regime of thea phase, namely, 147

S E h kbar. Grineisen parameters provide important constraints on
2 100 | . 3 i - - - itati

@ n % 3 interatomic potentials, since they depend qualitatively on the
a - g . third derivative of the potentials.

We investigated the Raman modes in hand « phases,
with the specific intent of characterizing hysteresis effects.
3 We increased the pressure of one sample from 1 to 77 kbar
Volume (A7atom) and slowly released the pressure to ambient conditions.
Within our measurement error, no difference was observed

FIG. 8. P-V EOS for the (solid line) and « (crossesphases N the spectra yvhether increasing or decreasing in pressure
obtained using the procedures described in the text. The solid ar@Pove 4 kbai(Fig. 2). Below 4 kbar, however, the phase
dotted lines are fits to the calculated values using the Murnaghafiynthesized at high pressure is recovered at 1 bar, as noted
form of Eq.(2). The corresponding fit parameters are listed in TablePreviously> Our calculations show that this result is due to
I. The equilibrium(zero-pressudevolumes for the observed struc- the small energy difference between tend g phases.
tures are indicated by the solid and open squares fogthad « With increasing pressurey-PbF, transforms to another,
phases, respectively. as yet undetermined, phase that we call thehase. The

-
N
—
S
-
o
—
o -
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TABLE Il. Pressure dependence of Raman modes. Mode identificatienRbF, at 77 K adapted from
Kessleret al. (Ref. 10.

Frequency Pressure Mode
extrapolated to dependence Pressure Gruneisen
1 barat77 K at77 K dependence parameter
Symmetry (Ref. 10 (Ref. 10 (this work) (this work)
dwy dwy d(Inwy)
v ap daP YT THInv)
(cm™1) (cm ! kbar 1) (cm™! kbar 1) =a,+bP
ay by (kbar 1)
Asg.B1g 48 0.3
Bag:Big
Ay 62 0.02
Bag 81 —-0.08
Asg 124 0.26 0.15 0.503 3.9810°3
Big 127 0.47
Bag 151 0.19
Aqg 172 —-0.27 0.11 0.299 2.6610°°
Big 174 0.5 0.54 1.358 6510 3
BogiAlg 211 0.30 0.17 0.312 2.3610 3
B1g.Bag 228 0.45 0.49 0.949 5.K10°°
Big 241 0.65
Agg 250 0.47 0.43 0.733 5.0010 3
Bag 253 0.67

transition is marked by the splitting of the 140 Ch‘Alg
mode, the disappearance of the 170*&m\19 mode, and
the weakening of the-245 cm'! B,y andA;4 modes(Fig.
1). Raman-active modes reflect the behavior of kike0 re-

structural transition. The splitting of the 140 éi"nAlg mode

modes, since the full width at half maximui®WHM) of the

the purea or vy phase, the phonon modes exhibited no mea-

surable hysteresis.

At the a— v transition, the modes show no discontinuity
in frequency and intensity. A reasonable interpretation of this
gion of the phonon bands and can identify the onset of dehavior is that the new phase is a close derivative of the
phase. At thex—y transition, the 140 cmt Aigmode splits
does not appear to be purely a pressure narrowing of thiato four separate peak&ig. 1). At 77 K in the a phase,
three other Raman peaks are within close frequency vicinity

peak shows a discontinuous change in slope with increasingf this Asg model® whereas at room temperature, only two
pressure at about 147 kbéfFig. 9. Hysteresis was briefly are resolved. Given that the FWHM increases starting at 147
examined across the—y transition. In one experiment, the par we do not believe that the appearance of the four
onset of the transition was approximately 150 and 130 kbag,qqes at room temperature is purely a pressure narrowing of
with increasing and decreasing pressure, respectively. Withig, peaks. We cannot uniquely identify the structure ofsthe

V

100

150 200
Pressure (kbar)

FIG. 9. FWHM of the 140 cm' A;4 mode is plotted for in-
creasing pressure. A clear change in slope is observed near5147 constant in this volume range, whereas it decreases mono-
kbar (uncertainty derived from a linear least-squares anagly$ise
discontinuous change in slope supports the identification of a phadeast, we note that 13.2 3atom is close to the volume at

transition.

phase based on current data, though the data suggests it is a
small distortion of the orthorhombic structure. Below we dis-
cuss in detail the possible nature of thgphase. The experi-
mental phase diagram of PpIS summarized in Fig. 10.

Since we believe that the phase is a modification of the
orthorhombic structure, we examined the detailed atomic
structure of then-phase structure in the vicinity of 150 kbar
in order to obtain insight into this new phase. From the cal-
culated EOS(Fig. 8), we find that a pressure of 150 kbar
corresponds to a volume of 13.2°/Atom. We note that
nearly all of the structural parameters are changing more
rapidly in this volume range than in any othfigs. 5 and
6). The largest change is an 18% decrease in the value of
b/a. We also see that the lattice constantemains nearly

tonically with decreasing volume in all other rand€gg. 4).

which the packing fraction saturates at a value of Qf&4.
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T e e | — cell and many independent degrees of freedom make calcu-
lations for this structure intractable. The number of observed
PbFz Raman modes for the phase(Figs. 1 and B is at least
800 1= g 7 consistent with the monoclinic structure. However, we might
B (cubic, superionic) %5’ S have expected to see a larger increase in the number of ob-
700 - « - served modes at the— vy transition, given that the mono-
clinic structure has nearly four times the number of distinct
symmetry-allowed Raman-active modes compared to the
orthorhombic structure. Conversely, since we believe that the
v phase is structurally similar to the phase, the additional
symmetry-allowed modes may simply be unresolved in our
experiments.

Finally, we have analyzed the detailed atomic geometry
of the orthorhombic structure for pressures above 150 kbar.
We find that the local near-neighbor configurations become
progressively more bcc-like with increasing pressure. In ad-
dition, the calculated electronic structure indicates that
200 - il s s e i ] PbF, remains insulating until ultrahigh pressures, consistent

0.001 001 0.1 1 10 100 1000 with our observations up to 310 kbar. We believe that these

Pressure (kbar) results provide insight into the ultrahigh-pressure behavior of

PbF, as thea andy phases are experimentally similar.
FIG. 10. Phase diagram of PhFSummary of new data as well

as previous resultssee, e.g., Jamiesaet al. (Ref. 26]. At a few
hundred degrees, th@phase transforms irreversibly to thephase VII. SUMMARY
with increasing pressure. At700-800 K, the transition with rising

pressure betweeB’' — « is reversible.8’ is the cubic phase with . - . - - -
the F ions disordered. A point is shown at 1 bir-580 K, where interactions present in PhRt varying atomic separations.

the « phase(recovered from high pressujesansforms irreversibly We used pressure to vary the atqmlc distances and the
to the B8 phase. They phase discovered here is shown at 150 kbarR@man-active phonons as .the e_xperlmental probes. Our data
with a speculative dashed phase boundary. demonstrate a phase transition in PaFabout 147 kbar. We

have also initiated an effort to calculate the properties of

7). The rapid changes in the structural parameters near 1590F from first principles. The calculations support the exis-
kbar support the possibility for a phase transition. tence of a transition in the 150 kbar pressure range, although

In Sec. V B we indicated that the calculated EOS for thethe crystal structure of the phase is unknown. We present our
o phase and a Candida’tephase hexagona| structure y|e|ded calculations of theP-V EOS inClUding a first-prinCipIeS de-
a transition pressure of 164 kbar, which would appear to béermination of thex phase internal structural parameters and
in very close agreement with our experiments. However, théheir pressure dependence. Using the calculatguhase
hexagonal structure is eliminated as a possibility because EOS, we have determined Greisen parameters from the
has only two doubly degenerate symmetry-allowed Ramanexper@mental data for several modes. Thesg theor_etical and
active modes (E,), while at least seven distinct modes are experimental results should severely constrain phy5|callm0d-
observed in they phase(Figs. 1 and ® Nonetheless, the €ls developed to predict the properties of PbFhe experi-
calculations are important because they demonstrate thgtental and theoretical techniques used in this work are gen-
there is a structural instability in the phase in this pressure erally applicable to other divalent fluorides as well as more
range. In addition, 164 kbar represents an upper bound fgomplex systems.
the transition pressure since there must be yet another even
lower-energy structure which would yield a lower calculated
transition pressure. In addition, it is likely that this alternate
structure will have a calculated transition pressure close to We would like to acknowledge valuable discussions with
150 kbar given the rapid changes in the orthorhombic strucV. Garcia-Baonza, A. K. McMahan, and M. P. Surh. This
tural parameters near this pressure. Another candidate struatork was performed under the auspices of the U.S. Depart-
ture is that of the monoclinic phase observed recently irment of Energy by the Lawrence Livermore National Labo-
PbCb.2*1 However, the large number of atoms in the unitratory under Contract No. W-7405-ENG-48.
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In this work, our goal was to investigate the interatomic
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