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High-pressure isosymmetric phase transition in orthorhombic lead fluoride
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Orthorhombica-PbF, was investigated at high pressure by angle-dispersive, x-ray powder diffraction. A
phase transition between the cotunnite-structurephase(a-PbCl-type, space grouPnam Z=4) and a
second orthorhombig phase(Co,Si-related, space groupnam Z=4) 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 ionicXy compounds, the choice of which is determined by the cation-anion radius
ratio. [S0163-182€28)00314-7

[. INTRODUCTION Silicone grease was chosen as a pressure-transmitting me-
dium in order to avoid discontinuities in the data that are
Under ambient conditions, PpFcrystallizes in the commonly observed at close to 10 GPa when using 4:1
cotunnite-type structutg a-PbCl-type, space grouPnam  methanol:ethanol. The ruby fluorescence lines broadened
Z=4), in which the cation coordination numb¢€N) is very slowly with pressure due to nonhydrostatic stress, but
nine, which until recently was the highest CN known in ionic were always resolved. Their full widths at half maximum
AX, compounds. At high-temperature, BidFansforms to a were essentially constant over the pressure range between 9
fluorite-type phasethat has superionic propertidSeveral and 15 GPa, in which the phase transition in Pbécurs.
metal dihalides, which adopt the cotunnite structure type, Angle-dispersive, x-ray-diffraction patterns were obtained
undergo phase transitions at high pressureXBgX  on an imaging plate placed between 81.07 and 147.90 mm
=ClI,Br,l), SnCh and PbC} (Refs. 4—6 transform to a from the sample using zirconium-filtered molybdenum radia-
monoclinic, postcotunnite structure, space gréfl2 /a,  tion from a microfocus tube collimated to 18A30um.
Z=8, which is a derivative of the GBi structure type, Exposure times were typically between 24—60 h. A DAC in
whereas Bag(Ref. 7 transforms to a hexagonal, Jii-type ~ which the rear diamond was mounted over a 16°-wide slit
structure, space grop6;/mmg Z=2. The CNisteninthe allowing access to an angular rangé-480° was used for
monoclinic structure and eleven in the,Mitype structure. these experiments. An additional exposure was obtained us-
The choice of the high-pressure structure is governed by thi®lg the same installation on the material recovered after the
cation-anion radius ratio./r,, which ranges from 0.67 to €xperiment in the gasket with a sample to plate distances of
0.81 for the former series of dihalides and is 1.12 for gaF 143.37 mm.
The corresponding value for PpRs 1.02, which lies be- The observed intensities on the imaging plates were inte-
tween the above values, and thus it is of interest to determingrated as a function of @in order to give conventional,
the nature of the high-pressure phase of this compound. R@ne-dimensional diffraction profiles. The individual diffrac-
cent high-pressure Raman experiméras PbF; indicate a  tion peaks were fitted to pseudo-Voigt functions and the peak
first-order phase transition at approximately 15 GPa. Théositions obtained were used for unit-cell refinements with
number of observed Raman modes in the high_pressur@?e pro_grarTU-FlT.ll Profile flttlng and Simulf:-ltions of pOWdeI’
phase rule out a Min-type structure; however, the exact na- difffaction patterns were performed using the program
ture of this phase remains to be determined. Present x-rajWLLPROF" The cell constants of the starting powder were
diffraction results indicate that PhBehaves differently from ©Obtained from data acquired on a standard diffractometer us-
the metal dihalides investigated to date and are consistefitd copperka radiation. All figures in parentheses refer to
with a first-order isosymmetrienam—Pnamphase transi- €Stimated standard deviations.
tion at high pressure.

Ill. RESULTS

II. EXPERIMENTAL PROCEDURE . .
The following cell constants were obtained for the

Powdereda-PbF, (Alfa Products, purity 99.99%was  starting material: a=6.4439), b=7.64799), and c
mixed with silicone grease as a pressure-transmitting me=3.8999(7) A. All reflections observed could be attributed
dium and placed in a stainless-steel gasket, preindented tota cotunnite-type Pbf No significant changes to the diffrac-
thickness of 120um with a 150 um diameter hole along tion pattern were observed between ambient pressure and 6.6
with a small amount of ruby powder between the anvils of aGPa. At 9.8 GPa, the linewidth of the 200 reflection in-
diamond-anvil celDAC). Pressures were measured basedtreased by 35% relative to those of the other lines and the
on the shifts of the rubyR; and R, fluorescence line$!® observed position of the 011 reflection was no longer in
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FIG. 1. Cell constants of PhFas a function of pressure. Open
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FIG. 2. Relative volume of PbFas a function of pressure. Leg-

symbols refer to points obtained upon compression and solid synend as for Fig. 1. Solid lines represent Birch-Murnaghan equations

bols to those obtained on decompression. Symbhbnd O corre-
spond toa- and y-PbF,, respectively. Solid lines represent least
squares fits to the data.

cordance withPnamreflection conditions, Table I.

of state using the parameters obtained in this study.

Upon decompression, Figs. 1 and 2, the reverse transition

agreement with the position calculated using the other o
served reflections. These changes indicate the beginning of
phase transition. In addition, important changes in the inten-
sity of certain diffraction lines were observed between 0.8
and 12.9 GPa. In particular the previously intense 200 reflec-
tion was no longer visible and the 020 reflection increased i
intensity. These changes are similar to those observed
other cotunnite-type metal dihalide$ and are consistent
with the appearance of preferred orientation at the phas
transition. The 011 and 031 interplanar distances were foun
to increase abruptly; however, all lines could still be indexed
based on an orthorhombic unit cell witAnam reflection
conditions. In fact, the standard deviations of the cell con-

pwas observed; however, it can be noted that the changes in
rglative intensity of the diffraction lines at the transition were
not reversible and that, while there were only slight differ-
nces in position of the diffraction lines between the starting
material and the recovered sample, there were very signifi-
fant differences in relative intensity. In particular the 200
iHaﬂection, which had a relative intensity of 40% in the start-
ing material, was absent in the diffraction pattern of the re-
%overed sample as it was absent in the pattern of the high-
gressure phase. This indicates that the preferred orientation

TABLE |. High-pressure diffraction data for PRFPnam Z
=4, at 22 GPaa=5.5041), b=7.51§2), c=3.778(1) A.

stants were lower at 12.9 than at 9.8 GPa and the difference 3 A a
. obs ( ) dcalc ( ) I obs I calc hkl

between observed and calculatggl, values was typically

less than 0.001 A. This indicates a better fit to the ortho3.759 3.759 7 12 020
rhombic cell at 12.9 GPa, which results from the completion3.377 3.376 61 63 011
of the phase transition. Thecell constant decreased signifi- 3.105 3.105 72 84 120
cantly at the transition, wherelisandc increase, Fig. 1. The 2.877 2.878 100 100 111
decrease im and the increase io were also observed at the 2.133 2.133 20 23 211
transitions between cotunnite-type and either monoclinicp.08s 2.088 65 71 031
post-cotunnite-type or hexagonal, ,Mi-type (orthorhombic 1. 664 1.664 18 23 231
setting phases in other metal dihalid&s. In the present 1 614 1.614 28 31 122
case, however, there is no indication of a change in crysta 558 1.558 12 10 202
system, nor in unit-cell content and the magnitude of the; g5, 1.552 10 8 240

changes in cell constants, and consequently the volume

change, Fig. 2, is greatly reduced. No deviation from ortho4intensities calculated using the theoretical positions from Ref. 8
rhombic symmetry was observed between 12.9 and 28 GPagiven in Table Il with a preferred orientation aloht00] as was
and the diffraction patterns could always be indexed in ac-found in the recovered, cotunnite-type phase.



57 HIGH-PRESSURE ISOSYMMETRIC PHASE TRANSITIO. . . 7553
induced at high pressure was retained in the recovered
sample. This very strong preferred orientation is characteris- oss PbCl,-Type
tic of cotunnite-type compounds at high preséufeand is a 0s6l-
result of the anisotropy of the cotunnite structure, which is
built up of columns of capped trigonal prisms. The cell con-
stants of the recovered sample weee=6.4655), b oszl
=7.6506), andc=3.894(3) A.

BaF,

PbF,
PbCl,

alb
o
9
E

IV. DISCUSSION NiIn-Type

The present results indicate that the high-pressure phase onl -~
of PbF, is different from those of other metal dihalides in- '

vestigated up to noW;” which adopt either a monoclinic 072} Nin

structure withZ=8 or a hexagonal structure wit= 2. The .

unit cell of the high-pressure phase remains orthorhombic T COzSi/'

and there is no evidence for cell doubling. At 12.9 GPa, the ass |- Co,Si-Type

b/c cell constant ratio is 1.985, which is very different from 2o 30 31 3z 33 34 35 a6 a7 o8
the 1.732 corresponding to a hexagonal lattice. @oyc

The cotunnite(Pnam Z_:4)’ monoclinic postcotunnite FIG. 3. Plot of the cell constant rat@/b vs (a+b)/c for se-
(|.31121/a, Z=8) apd CeSi (Pnam Z=4) structurgs are  jected cotunnite-type and related compounds. Symigl§], V,
distortions of the Niln structure P63/mmc Z=2)."*The 4 o, correspond to BaF PbF, PbCh, and AB alloys, respec-
NiIn structure is built up of columns of pentacapped trigonakijyely. Continuous changes within a phase and discontinuous
prisms (CN=11), which are aligned alorgif one adopts an  changes at the phase transition are represented by solid and dashed
orthorhombicPnam setting for this structure. The above, lines, respectively.
lower-symmetry structures are obtained by rotating these
columns which removes one cap in the case of the&SCand
postcotunnite structuredoth CN=10) and two caps in the phase is likely to be related to, but slightly different from,
case of the cotunnite structure (&9). Cotunnite-type, that of CgSi.

Co,Si-type and Niln-type (orthorhombic Pnam setting The present results concur with recent Raman-scattering
structures have been shown to exhibit characteristic valuesieasurementSyhich indicated the presence of a first-order
for the cell constant ratioa/b and @+b)/c,”** which are, transition at 14.7 GPa on compression and 13 GPa on de-
respectively, 0.80-0.90, 3.3-4.0, 0.66-0.74, 3.1-3.3, andompression. Some band broadening was observed just
0.70-0.78, 2.9-3.2. The ratios for ttaé2, subcell of the above 10 GPa, which is likely to be due to the structural
monoclinic, post-cotunnite structure lie within the range ofchanges found to begin at this pressure. Seven Raman modes
characteristic values for the GRi-type structures as this were observed in the spectrum of the high-pressure phase,
structure is only a slight distortion of the ¢3i type>® The  termed y-PbF,. The authors were thus able to rule out a
representative points for cotunnite (PBCIC0,Si, and NilIn Ni,In-type structure for which only 2 Raman modes are pre-
are shown in the plot in Fig. 3 along with the changes indicted from group theory. They also commented that the
axial ratios observed at high-pressure for Bb@thich un-  high-pressure spectrum is much simpler than what would be
dergoes a cotunnitepostcotunnite transition, BaFwhich ~ expected for a monoclinic, postcotunnite structure, which
undergoes a cotunniteNi,In transition, and Pbf It can be  would have 36 Raman-active modes. Both the cotunnite
seen that, while the values for all three cotunnite-type metadtructure and an orthorhombic, §Si-related structure
dihalides shift towards those of the high-pressure phases, tHi®nam Z=4) would be expected to have 18 Raman-active
magnitude of the shift is significantly smaller for BbAn  modes. Six of the possible 18 bands were observed in the
addition, whereas above the transition the axial ratios obspectrum of the cotunnite-type phase under pressure and the
served for PbGland Bak are within the usual ranges for increase in the number of bands to 7 is consistent with a
Co,Si-type and NjIn-type structures, respectively, the valuestransition to a secon®nam phase.

for PbF, just above the transitiof0.773, 3.521 are well In the same papérthe results of first-principles calcula-
outside the ranges of all three structure types. In the hightions on Pbk as a function of pressure are presented. In
pressure phase, these values decrease significar@yA29, particular, the structural parameters and axial ratios fornthe
3.43] at 28 GPa, but still lie outside the range of values forphase were calculated for several pressufiste: the
Co,Si-type structures. In contrast, the values for the othePbnmsetting was used for these calculations rather than the
dihalides only shift slightly in the high-pressure phases. ItPnam setting used heje Calculations indicate significant
can also be noted that at the transition, the changes in axigicreases in the rate of change of cell constant ratios and
ratios are much less for Phfhan for the other compounds. structural parameters beginning at a volume of about
This is also true for the volume change which is 2% for PbF 14 A%/atom, which from the presem-V data corresponds

as compared to approximately 5% for the other two com+o 14 GPa. In particular, the cell constant ragit decreases
pounds. The present observations indicate that the behavigignificantly and the pressure dependence of cell conbtant

of PbF, is distinct from other metal dihalides investigated to K,,, decreases dramatically in agreement with the present
date and secondly that the structure of the high-pressunesults, Figs. 1 and 3, and certain atomic positional param-
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TABLE Il. Atomic positions of Pbk, at ambient pressure and TABLE IIl. Selected Pb-F distances and minimum F-F distance
22 GPa and those of G8i. All atoms are on 4 sites(x, v, %) in (A) in PbR, at ambient pressure and 22 GPa using the atomic po-

the space groupnam Z=4. sitions from Refs. 1 and 8 given in Table II.
PbF, (ambienf®  PbF, (22 GPa° Co,Si Ambient 22 GPa

Pb  (0.2657, 0.10423)  (0.28,0.10)  (0.298, 0.1113) (Pb-F), 2.41 2.52
F1 (0.362, 0.4373) (0.33,0.443  (0.326, 0.4383) (Pb-F),x 2 2.45 2.33
F2  (0.034,0.3463)  (0.05,0.293)  (0.038, 0.2823) (Pb-F), 2.54 2.50
(Pb-F),x 2 3.03 2.68
e & )
Roforence 15 (Pb-F)sx 2 2.69 2.54
: (Pb-F), 3.94 3.04
(F-F)min 2.81 2.69

eters, such agp, and YF,» exhibit large shifts. No calcula-

tions were performed for the phase, but we now show that
the changes obtained from the calculations fordtghase in
fact reproduce the behavior observed atdhe vy transition.  y-PbF, at 22 GPa, the corresponding nine distances range
The atomic positional parameters shift towards those of &etween 2.33 and 2.68 A; however, an additional anion,
Co,Si-type structure, Table II. The calculated positions cor-which was at 3.94 A at ambient pressure, has entered the
responding to the pressure range investigated forythlease polyhedron and lies at a distance of 3.04 A, and thus CN has
are not constant, which concurs with the important change#creased to 10. These changes to the coordination polyhe-
in cell constant ratios observed in the present study. It wagron are responsible for the shifts in frequency of several
not possible to refine the structure of tyePbF; due to the Raman modes at the phase transiflon.
very low x-ray scattering factor of Fas compared to PB; The experimentaP-V data for thea and y phases were
however, the intengties calculated using the positions fronfitted using a Birch-Murnaghan equation of stéfte:
the theoretical studyare in agreement with those observed _ _ ,
experimentally, Table I. It can be noted that the relative in- P=1.88o[(V/Vo) "~ (VIVo) **|{1+0.75B;~4)
tensities calculated using 8 positions® are not in such X[(VIVg) 23— 1]}
good agreement, principally due to the differencexisy. '
This result was checked by full profile fitting using the the- WhereBo andBy are the bulk modulus and its first derivative
oretical Pbk positions and those of G8i. A BraggR factor ~ at ambient pressure. The fit for thephase, Fig. 2, yielded a
of 9% was obtained using the theoretical positions as comPulk modulus of 667) GPa with aB, of 7(3). ThisBy is only
pared to 13% using G8i positions. In both cases a preferred slightly higher than that of fluorite-typg-PbF, 61 GPa(Ref.
orientation along100] was included. As discussed above, 19). The data fory-PbF, were fitted assuming th&,=7 as
the cell constant ratios observed experimentally fdPbF, in a-Pbk; aB, value of 69100 GPa was thus obtained. The
Fig. 3, are different from those observed typically for initial relative volume of this phase could not be measured
Co,Si-type structures and are displaced slightly towardsxperimentally and was added as an additional parameter in
those of cotunnite-type structures, it can be seen from Tablthe fit and a value of 0.9785) was obtained.
Il that the same is true for the atomic positions. The theoret- The bulk modulus scales with\4. If one takes the bulk
ical calculations for thex phase successfully reproduce the modulus of-PbF,, 61 GPa and multiplies the ratio of initial
a— vy phase transition, while retainingRnamspace group, volumes 209.58 A/192.18 &, a value of 66.5 GPa is ob-
and there is no experimental evidence for a symmetryained for «-PbF,. Similarly for y~-PbF,, one obtains 68.4
change. Both theory and experiment thus concur that, PbFGPa, which is in very good agreement with the value ob-
undergoes a isosymmetric phase transition from a cotunnitéained experimentally. This indicates that there are no sig-
type structure to a G&i-related structure, which is required nificant changes in bonding nature nor a significant increase
by Landau theory to be first ord&t The 2% volume change in anion-anion repulsive interactions, unlike other cotunnite-
obtained in this study and the hysteresis observed in the Réype compounds studied in which very large increases in
man experimefitconfirm the first-order nature of the transi- bulk modulus were observed at the phase transftidn.
tion. The present observation of an isosymmetric phase tran- The compressibility of botlw-PbF, and y-PbF; is aniso-
sition in Pbk adds a new example to the relatively short listtropic. In a-PbF,, compression along is twice that alondg
of material$® that undergo such transitions. It can be notedand 43% greater than that alosgAt the phase transition,
that a recent theoretical study predicts an isosymmetric phasmmpressibility along increases while compression aloing
transition ina-quartz, at which the silicon coordination num- andc decreases by almost an order of magnitude; thus com-
ber would increase from four to five. pression iny-PbF, occurs almost exclusively along the
Principal interatomic distances ipPbF, at 22 GPa cal- direction. This is significantly different from the behavior of
culated using the experimental cell constants and theoreticather cotunnite-type metal dihalid&s’ for which compres-
atomic positions are listed in Table 11l along with the corre- sion in the high-pressure phase is much less anisotropic.
sponding distances in the cotunnite-type structure at ambient The present results indicate that the choice of high-
pressure. The lead ion is surrounded at ambient pressure Ipyessure structure in cotunnite-type compounds depends on
nine fluoride ions at distances between 2.41 and 3.03 A. Ithe radius ratior./r,. The monoclinic, postcotunnite struc-

3 ies outside lead coordination polyhedron.
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ture (CN=10), space group112 /a, Z=38, is obtained for V. SUMMARY
the metal dihalides with large anions,Ba(X= Cl,Br,l) and
SnCl, and PbCJ (Refs. 4-6, for whichr./r,, ranges from
0.67 to 0.81. An orthorhombic, GS8i-related structure (CN
=10), space groufPham Z=4, is observed for Phf for

Cotunnite-typea-PbF, undergoes a first-order, isosym-
metric phase transition above 10 GPa to a second orthorhom-
bic phase with a C&i-related structure. A volume change of
which r./r,=1.02, whereas a hexagonal Mi-type struc- 2% is observed at the transition and the cation coordination

ture (CN=11), space groufP6s/mmg Z=2, is obtained number inc.reases from 9 tq 10. T_hg experimentally-
for BaF, (Ref. 7) for whichr./r, is 1.12. The high value of ©bserved, high-pressure behavior of Pls=in good agree-

r./r, in the latter compound favors the higher coordinationMent with the changes predicted by theoretical calculations
number of eleven in the Bin-type structure. The low- for the « phase and we can now show that these changes
symmetry structure observed for the metal dihalides withcorrespond to the isosymmetric phase transition. The behav-
large anions is stabilized by the greater polarizability of,Cl ior of PbF, is distinct from that of other cotunnite-type metal
Br~, and I'. It can be noted that the./r , values above give dihalides, which adopt either a hexagonalylNitype struc-

an indication of which structure will be adopted; the actualture or a monoclinic, postcotunnite structure at high pressure.
critical values for the transition to one of these three strucThe present results indicate that there is now a third possible
tures will be higher as they correspond to thér, ratios at  high-pressure structure for these compounds, the choice of
high pressure immediately prior to the phase transition.  which is determined by the cation-anion radius ratio.
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