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Magnesium fluoride is an archetypal simple ionic solid and as such has been subject to numerous theoretical
studies with particular emphasis on the rutile to fluorite phase transition. In the present study by angle-
dispersive, x-ray powder diffraction and density-functional plane-wave methods, it is shown that the high-
pressure behavior of Mghs much more complex. A second-order transition from the tetragonal rutile-type to
an orthorhombic CaGltype phase is observed at 9.1 GPa, prior to the transformation at close to 14 GPa to the
cubic phase, which is found to have a modified fluorite structure of thg f§gE. The structures of these three
phases were refined by the Rietveld method, and the pressure dependence of the structural parameters is in
good agreement with theory. A denser, cotunniteRbC})- type phase is observed at pressures above 35 GPa.
Upon decompression, retransformation to the Pgipe phase is observed and a mixture of the rutile- and
a-PbO,-type forms is recovered at ambient pressure. The results of density-functional calculations yield the
following sequence of stable phases: rutile-PbO,—PdFR—«a-PbC} and indicate that fluorite-type struc-
ture always has a higher energy than the Pgpe structure and is never stable for MgF
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. INTRODUCTION rutile—CacCl2— a-PbO,—PdF,— Srl, /orthorhombic-1-ZrQ
—a-PbCl, with an overall increase in cation coordination
The high-pressure behavior of magnesium fluoride is ohumber from 6 to 9.

considerable interest as this material is an archetypal simple No high-pressure structural data are available for MgF

ionic solid, which renders it particularly suitable as a testand this has motivated the present detailed structural study

case for theoretical studies. MgFRvhich adopts a rutile-type by angle-dispersive, x-ray powder diffraction and the inves-

structure (P4,/mnm Z=2) under ambient conditions, is tigation of the phase stability and structural parameters using

also a possible model for stishovite, the high-pressure, rutiledensity-functional theory. Magnesium fluoride presents ad-

type form of SiQ. Previous theoretical calculations indicate Vantages with respect other materials for both experimental
that rutile-type Mgk should transform to a fluorite-type @nd theoretical studies. The phase transitions occur at lower

pressures than in many dioxides due to the higher compress-

th ible hiah ruct i .%)ility of magnesium fluoride and the relative sizes of the
now other possibie Nigh-pressure Structures were not ConSIGe, v ent ions, thereby permitting these transitions to be

ered. This high-pressure, fluorite-type structure was not SUBstudied under hydrostatic or close to hydrostatic conditions.

ported by earlier experimental results. A transition to a cubiq, addition, the crystal structures under pressure can be de-
phase was observed above 19 GRef. 7); however, the  ormined with a high degree of precision, as the x-ray scat-

x-ray diffraction data obtained on film were not consistenttering from the two F ions is considerable with respect
with a fluorite-type structuré® The high-pressure cubic {5 that of Mg". The highly ionic nature of MgF and
phases of other d|ﬂ'u'or|d%‘slo'and dioxide$'~'®have been he apsence ofd electrons facilitate theoretical calcula-
found to have modified fluorite-type structures of the PdF tions. Magnesium fluoride is thus a good test case for experi-
type, space groupa3, Z=4. Similarly, theoretical studies mental and theoretical methods and can serve as a model for
predict that silica should also adopt this structure at highother materials.
pressure$’~2! Intermediate phases of the Ca@Pnnm Z

=2) and a-PbQO, types (Pbcn Z=4) are commonly ob-

served in other systems between the rutile-type and modi-

fied fluorite-type formgl-13162022-31 | these com- The high-pressure, angle-dispersive, x-ray powder diffrac-
pounds'>!® the typical sequence of high-pressure phases iion experiments on rutile-type MgFAlfa Products, optical

structure(Fm3m, Z=4) at high pressure® however, up to

Il. EXPERIMENT
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grade, purity 99.99%were performed in a diamond anvil Exposure times were typically between 48 and 60 h. A DAC
cell (DAC). The crystal fragments of MgFwere finely in which the rear diamond was mounted over a 16°-wide slit
ground and then annealed either at 630 °C in air or at 700 °@llowing access to an angular rangé=480° was used for
under an argon atmosphere in order to release the stress iirese experiments. All x-ray diffraction patterns were ob-
duced in the grinding process. The resulting materials wergained at ambient temperature. Exposures on the starting ma-
placed in the 15Qsm-diam holes which had been drilled in terial in a 0.3-mm-diam glass capillary, and the materials
inconel or stainless steel gaskets preindented to a thickneg@covered in the gasket after the various experiments were
of 100 um. Powdered ruby was added as a pressure caligptained using the same installation with sample to plate
brant. Pressures were measured based on the shifts of th&itances of 136.67—137.15 mm.

ruby Ry andR,; fluorescence line¥. The 16:3:1 methanol:e-  The ohserved intensities on the imaging plates were inte-
thanol: HO (MEW) mixture was used as a hydrostatic grateq as a function of @in order to give conventional,
pressure-transmitting medium in studies up to 12 GPa. Apne_dimensional diffraction profiles. Rietveld refinements
higher pressure, the samples were systematically heated Uggre performed using the prograruLLPrOR** The data for

ing a 50-W Nd-YAG laser in order to minimize deviatoric {ha cotunnite and-PbO-type phases could not be used for
stress. The laser beam was slowly scanned over the sam@i§eryeld refinements due to the low intensities of the diffrac-
for a period of 5-15 min. The sample temperature was n

Ofion lines and the number of variable atomic positional pa-

measured, but was estimated to be over 1000 °C based on theneters in these structures. The individual peaks were thus
visible emission observed. Mgkvas found to react with the  fieq 1o pseudo-Voigt functions and unit-cell refinements

MEW mixture' at high temperature, and thus the fluorocarporg,vere performed using the programeiT.3® All figures in
mixture FIL_Jorlnert(3M) was used for these experiments with parentheses refer to the e.s.d.
laser heating. The finely ground Mgkas very pale gray
and was found to directly absorb the laser radiation at pres-
sures up to 35 GPa. MG was added as an infrared ab-
sorber for experiments to higher pressures. In one such run,
the ruby signal was found to be significantly broadened, in- Plane-wave total electronic energy calculations were per-
dicating that it was in contact with the diamond anvil. Theformed with the vasp code3®®” Ultrasoft Vanderbilt
pressure was thus estimated using the equation of state of tipgeudopotentiaf€ were used with an energy cutoff of 425
Mo,C with the following bulk modulus and first pressure eV. All calculations were done with the generalized gradient
derivative: By=307 GPa and;=6.2 (Ref. 33. approximationN GGA) using the Perdew-Wang exchange cor-
Angle-dispersive, x-ray diffraction patterns were obtainedrelation energy?® The atomic configurations apfs? for Mg
with  zirconium-filtered molybdenum radiation from an ands?p® for F in the majority of calculations. Several sets of
800-W microfocus tube. X-ray capillary optics were used,calculations were run with a?p° configuration on Mg for
giving a 100um-diam beam. Detection was performed with comparison. A &6x X6 Monkhorst-Pack® mesh for
an imaging plate placed at 143.59-143.78 mm from samplek-point sampling was employed for Brillouin zone integra-

Ill. THEORETICAL METHODS

TABLE I. Structural data for tetragonal, rutile-type MglfP4,/mnm Z=2, Mg®" on 2a sites(0,0,0 F~
on 4f sites &,x,0)] and orthorhombic, CaGlype MgF, [Pnnm Z=2, Mg®" on 2a sites(0,0,0 F~ on 4g

sites ,y,0)].
P (GPa a(A) b (A) c(A) X y Rs/Rup/ Ry (%)?
Ambient 4.62491) 3.05241)  0.30271) 2.7/5.2/5.6
Ambien? 4.62131) 3.05191)  0.302936)
Ambienf  4.6285) 3.0453) 0.30341)
1.7 4.59672) 3.03763)  0.30182) 4.3/8.6/13.6
25 4.58712) 3.030G2) 0.30112) 3.2/7.2/11.2
3.8 4.57162) 3.022G3)  0.300%3) 4.2/8.3/13.0
4.9 4.55083) 3.01374)  0.30064) 4.2/12.0/18.5
6.7 4.52942) 3.00072)  0.30022) 4.6/6.6/10.0
7.2 4.52241) 2.99852)  0.30042) 2.7/14.3/7.0
8.1 4.51282) 2.99322)  0.30012) 3.1/5.1/8.0
8.2 4.510%2) 2.99123)  0.300%3) 5.5/9.9/14.6
9.4 4.51646) 4.47686) 2.98452)  0.3061) 0.2941) 2.5/7.5/11.1
9.8 4.522816) 4.463415  2.8153) 0.3091) 0.2951) 5.3/9.6/14.6
10.4 4.52277) 4.44097) 2.977G2)  0.3151) 0.2941) 3.9/7.7/11.3

@Agreement factoB = Bragg, p= profile, wp=weighted profile.
bSingle-crystal x-ray datéRef. 41).
Single-crystal neutron dai@ef. 42.

134110-2



X-RAY DIFFRACTION AND THEORETICAL STUDIES. .. PHYSICAL REVIEW B 64 134110

6.2 1
MgF,
z RUTILE-TYPE
6.0 -
‘\ﬁ\,
58 b
56
PdF,-TYPE <L oy
-
Z 52
7
> 50 0\~a\’
8 4.8 - a
i N
z
y 4.4 a b
X 32t
. . c
FIG. _1. Struct_ures of rutile-type, Pglype, and cotunnite-type .w
magnesium fluoride. The Caftlype structure corresponds to a very 3.0 c
slight orthorhombic distortion of the rutile type and is not shown in —
the figure. 28, [ W R T SR T

|
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tions. All free parameters for the various structures were op-
timized at each volume. PRESSURE (GPa)

FIG. 2. Cell constants of MgFas a function of pressure. Sym-

V. RESULTS AND DISCUSSION bols correspond to rutile(®), CaCl- (V¥), Pdr- (M), a-PbCl-
(#), and a-PbO- (A) type MgFR. Solid lines represent least-
squares fits to the data. ThePbO,-type phase was only observed

The cell constants of tetragonal, rutile-type MgBpace on decompression.
group P4,/mnm Z=2) were found to bea=4.6249(1) A
and c=3.0520(1) A as obtained from Rietveld refinement
using the x-ray powder diffraction data obtained under am- Rietveld refinements could no longer be successfully per-
bient conditions. These values and that of the only fredormed with a tetragonal rutile-type structural model at pres-
atomic coordinatex (F7)=0.3027(1) are in very good sures above 9 GPa due to preferential broadening and subse-
agreement with previous single-crystal x-thgnd neutroff ~ quent splitting of the diffraction lines corresponding to the
diffraction studiegTable ). Under high pressure the refined hkl (h#k) reflections of the rutile-type phase, whereas the
value ofx was found to decrease. This is similar to what hashhl lines remained shargFig. 5. This indicates that an
been observed in other rutile-type structures undeprthorhombic distortion of the unit cell occurs in this pres-
pressurd>3%43The rutile-type structuréFig. 1) is 20% less sure range. Similar behavior has been observed for several
compressible along thedirection than in thexy plane(Fig.  other rutile-type compoundg;*#%2-3land the high-pressure
2) with the mean linear compressibilities aloagndc being  orthorhombic phases were found to have Ga@be struc-
0.0030 and 0.0024 GP3 respectively. The consequence of tures(Pnnm Z=2). Rietveld refinements using present data
the decrease in is that the two apical octahedral Mg-F dis- for orthorhombic Mgk indicate that the structure of this
tances in thexy plane (Fig. 3) decrease to a much greater phase is also of the CaQlype (Table | and Fig. b
extent than the four equatorial Mg-F distances, which bridge Rutile-type—~CaCl-type phase transitions have been
the cations in the chains of edge-sharing octahedra lyinghown to be second order and properly ferro-
along thec direction. This observed decreasexiiis also in  elastict?1322:24263044n the present case, no discontinuities
agreement with the results of the theoretical calculations fon cell constants or volume are observétdgs. 2 and § in
the rutile-type phaséFig. 4). It can be noted that although agreement with a second-order transition. The primary order
the use of the GGA approximation yields cell constants thaparameter for this type of tetragon&4,/mnm—Pnnm
are approximately 1% larger than those observed experimemphase transition according to Landau theory is proportional
tally, the calculatect/a ratio at ambient pressur®.6589  to the spontaneous stram,=(a—b)/(a+b), wherea and
agrees well with the various experimental valyé6580— b are cell constants of the orthorhombic phase. It has been
0.6604 as do the calculated mean linear compressibilitiesshowrf*2® for this type of ferroelastic phase transition that
alonga (0.0030 GPa') andc (0.0023 GPal). the square of the spontaneous strain should be a linear func-

A. Rutile-type phase

B. CaCl,-type phase
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FIG. 3. Selected interatomic distances in rutile-, GaG@nd % — TR
PdR-type MgF, as a function of pressure. Legend as for Fig. 2. E 8_,3; 0o
Bond multiplicities are given in square brackets. = fe

tion of (P—P.), whereP. is the critical pressure. This is

indeed the case for Cagtype MgF, and extrapolation
gives a critical pressure of 9.1 GFRig. 7). Slight preferen-
tial broadening was observed for the diffraction lingkl,

h#k) that were found to split. Similar behavigr®2%4°has
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FIG. 5. Experimental datd+) and calculated profilegsolid
line) from the Rietveld refinements of rutile-, Ca€land Pdk-type
MgF,. The difference profiles are on the same scale. Vertical bars
indicate the calculated positions of ther; and Ka, diffraction

also been observed at ferroelastic phase transitions in othéfies of MgF, iron from the gasketFe), and ice from the pressure-

materials and is an indication of fine-scale twinning.

0.305
rutile-type o
0.304 1 F 4f (x,x,0) o ©
0.303 - ce
0.302 ° 1
o U (e}
L g ®0.1MPa
< 0.301 -
0oe © o
0.300 T‘ *
02991  g2GPa
0298 +— ‘ ‘ :
445 450 455 460 465 470 475

FIG. 4. Fractionak coordinate of F as a function of the cell

atetragonal (A)

transmitting medium (kD). Note that the small amount gfFe at

An additional compression mechanism is available in the20.2 GPa was formed at high temperature during laser heating.
orthorhombic CaGltype phase above the phase transition as
the reduction in symmetry permits the columns of edge-allel to c. This tilting of the octahedra with respect to their
sharing Mgk octahedra to tilt about their twofold axes par- orientation in the rutile-type structure can be described in
terms of two angl€$*’ w andw’ where

tan(45°+ w)=b(1/2—vy)/a(1/2—Xx),

tan(45°—w')=Dby/ax.

These angles andw’, which are zero at the phase tran-
sition, were found to increase from=1.5(3)° andw’
=1.4(2)° at 9.4 GPa t@=3.0(2)° andw’ 2.82)° at 10.4
GPa. This corresponds to a partial collapse of the fluorine

sublattice towards hexagonal close packing, which

is

achieved wherm reaches 10fRef. 48. The phase transition

thus permits further densification of this material. The theo-

constant for rutile-type Mgfobtained from experiment and theory. retical results also indicate that this second-order phase tran-
The minimum and maximum experimental pressures are indicatedition occurs, but with a slightly higher phase transition pres-
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FIG. 6. Relative volume of Mgfas a function of pressure.

Legend as for Fig. 2. Solid lines represent Birch-Murnaghan equa- F!G- 7. Square of the spontaneous strain in Gagpe (V)
tions of state using the parameters obtained in this study. MgF, as a function of pressure. The line represents a least-squares
fit to the data.

sure of 12 GPa. The cell volume at the transition of close to A _ o .
61 A%is, however, in very good agreement with experiment.2->302) A and an anglex=70.71)°. Themagnesium cat-
ion has a coordination number of+& with six fluoride

anions at 1.932) A and two at 2.82@) A. The shortest
C. Modified fluorite PdF»-type phase interpolyhedral F-F distance of 2.548 A is slightly larger

New diffraction lines were observed at pressures above 1§1an the edge of the rhombohedron. The increase in coordi-
GPa. These lines could be readily indexed using a cubic unft&tion number of magnesium from 6 in the Ca/pe phase
cell as had previously been reporfe@he reflection condi- 0 6+2 in the Pdk-type phase is accompanied by a decrease
tions indicate that the unit cell is primitive, thereby eliminat- in volume of close to 6%. L
ing the possibility of the fluorite-type structuf&mam, Z The present density-functional theory calculations indi-
=4) considered in previous theoretical calculation®The cate that this Pdftype structure is always at a lower energy

. . A , than the fluorite type, which is in fact never predicted to be
most intense diffraction line observed, the 210, would in fact table(Fig. 8). The calculated Cagtype to Pdi-type phase

be absent for a fluorite-type structure. In contrast, the Iineir i : ) )
observed correspond to those allowed for a cubic, modifie ansition pressur¢Table IIl) is 14 GPa in agreement with

fluorite-type structure, space grola3, Z=4, such as that
obtained at high pressure for other difluoritidd and
dioxides!~* such as Pdf MnF,, RuO,, SnQ, and PbG.
The major difference between this structure type and fluorité

TABLE IlI. Structural data for cubic, modified fluorite PgEy/pe
MgF, [Pa3, Z=4, Mg®" on 4a sites(0,0,0 F~ on 8c sites(x,x,%].

a
concerns the fractional atomic coordinates of the anions P (GP3 ah) X Re /Rup/Rp (%)
(x,x,¥, for which x is typically 0.34-0.35 for the former, 16.5 4.761%) 0.34515) 9.9/20/28
whereas for the lattex=1%. In both structures, the cations 18.3 4.74463) 0.34484) 10.5/19/26
occupy a face-centered-cubic sublattice. Rietveld refinement 5.2 4.731®) 0.34474) 7.0/16/25
using the data obtained at 20.2 GHdg. 5 and Table ) 24 4.69943) 0.34434) 9.2/19/30
yielded a fractional atomic coordinate=0.3447(4) and a 28 4.66972) 0.34564) 10.0/19/30
unit-cell parametea=4.7313(2) A. The resulting coordina- 33 4.641%2) 0.34474) 9.6/19/29

tion polyhedron is not a cube as in the case of a fluorite-type
structure, but a regular rhombohedron with an edge length dfagreement factoB=Bragg, p=profile, wp=weighted profile.
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. —o— fluorite-type constant for Pdftype MgF, obtained from experiment and theory.
»»»»» v CaCl,-Type The minimum and maximum experimental pressures are indicated.
—a— o-PbO,-Type
151 —e—- cotunnite-type close interpolyhedral anion-anion contacts are found in the
) corresponding sites due to the distortion of the anion sublat-
N R tice
0\0\0';’_0_ —0 ) —
Recent theoretical calculations for the cubBia3 phase of
ruthenium dioxide indicate that the value of the oxygen co-
-16 - ordinatex should increase rapidly as a function of pressare.
' ' : The opposite trend was found in diffraction studies on RuO
20 25 30 35 (Refs. 14 and 16and SnQ (Ref. 13. Magnesium fluoride is
VOLUME (A3) a much better candidate to make this type of comparison as

the relative contribution of the anion to the overall diffracted
FIG. 8. Calculated total energy as a function of volume for iNtensity is much greater, thereby allowing the anion position
MgF, in the rutile-, CaGk, PdR-, a-PbCl-, a-PbO», and fluorite-  t0 be determined with greater precision. In addition, the elec-
type structures. tronic configurations of the ions are particularly simple. In
the cubic phase of magnesium fluoride, the results of the

experiment. It can be noted that the experimental value is nd:tg";"tv.e“fi refinements indicated that. t"‘.@"ord'”?“e of fllio-
directly comparable to that obtained from theory as theIN€ 1S mdependent of pressure W'th'.n experlmeptal uncer-
former was obtained from measurements after laser heatin%ﬁmty (Fig. 9 gnd Table W 'I_'he _theoretlcal calculations pre-
The fact that it agrees well with the equilibrium value ob- ict a very slight increase ik with pressure, but the values

tained from theory indicates that tieT slope for the phase lie very close to those obtained.from the structure refine-
: fments. Much better agreement is thus obtained for MgF

pressure are relatively minor. These calculations are thus if'a" Was the case _for RyOThe present results cast some
good agreement with the present experimental results a ubt on the magnitude of the calculated and experimental
eShifts in the case of RuO Questions remain as to the sign of

represent an important improvement with respect to the pr h hif here i le diff b h
vious theoretical studies, which only considered a fluorite-€S€ shifts. There is a notable difference between the struc-

type structure at high pressuké® The Pdi-type structure is  (Ures of Mgh and RuQ in that thex coordinate of 0.35115
favored over the fluorite-type structure in these compoundd! the latter is significantly higher than that observed for

as it is more compact. In the fluorite structure, one-half of thd"/9F2 @nd consequently the interpolyhedral anion-anion con-
cubic sites are empty, whereas in the Rgfpe structure tact in RuQ is shorter than the intrapolyhedral contacts. The
' short O-O distance in cubic RyGs in fact the shortest in-

. . iy terpolyhedral O-O contact known in any oxide. The calcu-

TABLE Ill. Experimental and theoretical phase transition P'€S"|ated increase in the coordinate would further reduce this
sures for Mgb: distance with a tendency towards a peroxide linkage. An
equivalent process would not be possible in the case of

Transition Pesperimen(GP4 Pineory (GP4 MgF,. The experimental studies on the dioxides would indi-
rutile—CaCl 9.1 12.3 cate that their structures tend towards that of Mg@Fe., x
rutile— a-PbG, 10.9 =0.345 at high pressure.

CaCb—a-PbQ, 111
aCP:C?E:EgE 14 lli D. Cotunnite (a@-PbCl,)-type phase
PdR—cotunnite 36 40 A major change to the diffraction pattern of Mghwas

observed above 35 GPa. The diffraction lines for this phase
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TABLE IV. X-ray diffraction data for orthorhombic cotunnite- sure: a=4.587(3) A, b=5.511(3) A, and C
type (Pnam Z=4) MgF, at 38 GPa. Calculated values were  =5,082(2) A. The cell constant ratiadb=0.832 andc/b
obtained using the following refined cell constant®  =0.922 are very close to those calculated from théor§30
=4.914(10) A,b=5.937(9) A, ancc=2.932(6) A. and 0.910 and to the corresponding values farPbQO,,

0.839 and 0.919Ref. 54. Both experiment and theory indi-

dops (A) deatc (A) hkl cate that this structure is slightly more compressible alng
2533 2541 120 than in the other directions. At ambient pressure, this phase
1.918 1.920 121 is 1.6% denser than the rutile-type form. This polymorph
1.893 1.893 220 thus is a possible candidate for an intermediate phase be-
1.828 1.836 130 tween the rutile-type or Cagtype phases and the cubic
1.799 1795 211 phase.. Upon heating at 7.7 GPa, however, transformqtion to
1642 1.640 031 the rutile-type phase was observed, whereas the rutile-type
1579 1579 310 and CaCl-type forms were not. found ?o transform to the
1438 1.484 040 a-Pb_Oz-type_phase upon heatlng at hlg_her_ pressures. The
1465 1.466 002 density-functional calculations clearly indicate that the

a-PbO-type form is the stable phase between rufite
CaCl-) and Pdk-type MgF, over the pressure range 11-15

could be readily indexed based on an orthorhombic unit cel?Pa(Table Il and Fig. 8. Based on the combined results of
the present experiments and calculations, this form will have

(Table 1V). The observed reflection conditions are in agree- - i X
ment with aPnamspace group, and the cell constant ratios® P-T stability region lying at temperatures lower than those

(at 38 GPaa/b=0.828 and &+ b)/c=3.70 are characteris- produqed by Ia}ser heating. The mechanism concerning the
tic of cotunnite-type structures, for whick/b ranges from formation of this phase from the cubic phase has been de-
0.80 to 0.90 and4-+ b)/c from 3.3 to 4.0(Refs. 49 and 50 Sfc“befd '”.Ideta" along ".V'Err; ”;f’ compettion V¥'th the fo[)ma'
The values for a given compound depend on the afior tion of rutile-type 'materla.' The a-P Qz—type orm can be

ide, halide, etd.and the cation to anion radius ratig/r described as a unit-cell twin of the rutile-type form, and both
which ranges from 0.65 to 1.1 for this structure type in thecan thus be readily obtained on decompression from the cu-
case of halides. The radius ratio for Mgis very close to bic pha?se- In _contrast, there IS & high-energy barrier associ-
this lower limit, and the observed cell constant ratios areated with a direct transformation between rufite CaCl)

very similar to other compounds with low/r , values such type Mgk, and_thea-PbQ—type form and th_is can explain
as PbBs [a/b=0.845, @+b)/c=3.725' Bal, [a/b why the latter is not obtained on compression at room tem-

=0.834, @-+b)/c=3.70°2 and the high-pressure form of Peratre. . .
CaCl, [a/b=0.840, @+ b)/c=3.69.5 The a/b ratio for The present experimental and theoretical results are not

MgF, decreased very slightly to 0.823, whereas tfee ( inconsistent with the existence of the CaGlpe form as the

+b)/c ratio increased to 3.71 at the maximum pressure of 5§table phase between 9.1 and 11 GPa. This form is observed

GPa. The same tendency is confirmed in the theoretical ree_xperimentally, and although the calculated transition pres-

sults with a/b decreasing from 0.853 to 0.834 and ( sure is 12.1 GPa, the energy difference with respect to the

. . utile-type structure over this pressure range is not significant
;rrobr%/illntcorezazs;ng;r;m 3.65 10 3.75 over the pressure rang Fig. 8. In other systen$3°CaCl-type phases also ex-

The transition to the cotunnite-type phase is accompaniegibit very limited pressure ranges _of stabi_lity, and in certain
by an increase in the magnesium coordination number fronq2SeS: such as for PhQRef. 12, this form is never stable.

6+ 2 to nine and a volume change of close to 10%. The nine

fluoride ions form a tricapped trigonal prism in which cation F. Equations of state

lies. This phase was found to retransform to the Fgpe The experimentaP-V data for the various phases of MgF

phase below 35 GPa. were fitted to a Birch-Murnaghan equation of stéOS.
(Ref. 55:

E. a-PbO,-type phase

A few additional weak-diffraction lines were observed P=1.5Bq[(V/Vg)~ "*~(VIVy) 59
along with those of the rutile-type phase in patterns obtained X{1+0.75By—4)[(VIVo) ?P-1]},
below 9 GPa on decompression from samples that had trans-
formed to the Pdftype phase at high pressure. Similar be-whereV,, By, andB| are the volume, bulk modulus, and its
havior was observed for Sp@pon decompression from the first derivative at ambient pressure. The calculdfed data
cubic phase, and the material recovered from high pressungere well fitted using a Murnaghan EGRef. 56:
proved to be a mixture of the rutile-type amdPbO,-type
phaseg? In the present case, the four additional lines that P=(Bo/By)[(Vo/V)B0—1].
could be identified were found to correspond to the strongest
lines of a hypotheticake-PbO,-type phase of Mgl The  The resulting values are given in Table V. It can be seen that
following unit-cell parameters based on these four diffractionthere is very good agreement between the calculated and
lines (110, 111, 102, and 121ivere obtained at ambient pres- experimental values for the rutile-type phase, which also
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TABLE V. Equation of state data for MgF

Experiment Theory
Phase B, (GPa B; VIV, B, (GPa Bg VIV,
rutile 101(3) 4.2(1.7) 1.000" 98 3.7 1.000
CaCl, 82 3.7 1.006
a-PbG, 69(3) 4° 0.984 78 3.4 1.005
PdR, 1233) 4° 0.9213) 114 35 0.919
cotunnite 16835) 7° 0.762) 158 3.5 0.813
fluorite 106 3.7 0.919
32.65 &
b33.93 &

“Fixed (for most material8) typically lies between 4 and)7

agree with previous ultrasonic valiés B,=101.7 GPa, results. At present, complete, detailed information is only
By=3.85. The experimental points for the Ca@lpe phase available for Mgk, but it can be seen that the compound
lie on or very slightly below the extrapolated equation of behaves in the same way as other rutile-type materials and
state of the rutile-type phag&ig. 6). These data taken on follows in this case the second pathway, as the configuration
their own are too limited to fit to a Birch-Murnaghan equa- of Mg?* is 2s?2p°®. It can be noted that in the present case,
tion of state. The theoretical results, on the other hand, corene or two steps may correspond to metastable structures.
firm this increase in compressibility; the bulk modulus de-The Srh-type structure was not observed for Mghbut it
creases by 15%. This increase in compressibility is predicteghay have a very narrow stability field or be present uniquely
by Landau theory and can also be understood in terms of thgt high or low temperatures. No fluorite-type structure is ob-
additional compression mechanism, polyhedral tilting, whichseryed, and the same could be expected for other rutile-type
is available in the lower-symmetry orthorhombic phase. Ametal difluorides, which should also follow the same path-
similar increase in compressibility was also observed experiway as Mgh.

mentally at the rutile-CaGl transition in GeQ@ at high At the present time, stishoviteutile-type SiQ) also ap-
pressure?® Both the experimental and theoretical results CONpears to follow this pathway at least based on theoretical
cur that thea-PbOy-type structure is the most compressible. stydies. Transitions to Cagand «-PbO-type forms have
This is similar to what was observed for metal dioxif€s*®  peen observed experimentally in silt%2325:2980t it is

and was attributed to the fact that this structure is built up Oif]ot yet known if On|y one or both are stable high_pressure
zigzag chains of distorted octahedra, in which the cation lie$grms. Stishovite was found to transform to Ca6lpe silica

off center, rather than straight chains of cation-centered ocyhove 54 GPa fronin situ high-pressure, x-ray diffraction
tahedra in the case of the rutile-type structure, and thus thgxperiments after laser heatifiyand no further transition to
former has more available compression mechanisms. Highegy, a-PbO-type phase was observed up to 120 GPa. In con-
bulk moduli are observed for the denser Pdind cotunnite-  trast, in another studf by x-ray diffraction using cristobalite
type phases, in which the cation coordination numbers argg g starting material, an-PbOs-like form was found to
6+2 and 9, respectively, rather than 6 in the more compressgppear above 37 GPa. No CaBlpe phase was observed at

ible, low-pressure forms. pressures up to 90 GPa even after heating. When quartz or
o silica gef® were used as starting materials, mixtures of the
G. Structural systematics inAX, compounds CaCl- and a-PbO,-type forms were obtained after laser

The present understanding of rutile-type metal difluoridesheating at pressures between 68 and 85 GPa. Up to the
remains somewhat limited with respect to metal dioxides. Ipresent and as in the case of Ge@®efs. 30 and 6}l the
is well known that rutile-type compounds undergo a series ohigh-pressure phase obtained experimentally is dependent on
phase transitions at high pressure with increases in coordin#e starting material used. In theoretical studfes, the
tion number, leading eventually to the formation of aCaCh-type form was found to have a narrow range of sta-
cotunnite-type structur¥:*® Previous work indicated that bility between those of the rutile- ang-PbOy-type phases.
these compounds undergo one or more steps along one of tiideoretical calculatiot8~2!indicate that at very high pres-
following phase transition pathways depending on the elecsures of the order of 200 GPa, the cubic Rtfpe form
tronic configuration of the catidf'®°%%® rutle—CaClL  should be stable, but this has yet to be confirmed experimen-
— a-PbO,—Eul,/ baddeleyite— Srl,/ orthorhombic-1-ZrQ tally. The present work indicates that isoelectronic MgF
—a-PbC}, (in the case of cations with@® or d* electronic  may serve as a model for the behavior of Sidder these
configuration and rutile~CaCl—a-PbO,—PdFR—Srl,/  extreme conditions, both in terms of the phase transition se-
orthorhombic-I-ZrQ— a-PbC}, (for cations with other elec- quence and structural evolution at high pressure.
tronic configurations High-pressure, postcotunnite phases with hexagonal
In the case of metal difluorides, accurate high-pressurdli,In- or orthorhombic-CgSi-related structures have been
structural data are severely lacking, as are reliable theoreticabserved for a series of metal dihalif®e¥%>*such as
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BaX, (X=F,Cl,Br, 1), PiX, (X=F,Cl), and SnGlL These high-pressure, phase transition sequence for this compound
structures are closely related to the cotunnite type; howeveis rutile—CaCb— a-PbQ,—PdF, (modified fluorite —

due to polyhedral tilting, the coordination number is 11 in thea-PbC), with an overall increase in the coordination num-
Ni,In type and 10 in the C&i type. Abrupt decreases in the ber of Mg?™ from 6 to 9. This series of phase transitions is
orthorhombica/b and @+ b)/c cell constant ratios are ob- now consistent with the structural systematics established for
served at these phase transitions, and in the lower-pressuksther AX, compounds. Calculations are in good agreement
cotunnite-type phases these ratios already tended towarggth respect to the transition pressures and indicate that the
those of the final high—pressure ;tructure. The p_resent expery-PhO-type phase has a pressure domain of stability be-
ments and theoretical calculations for Mgkdicate that tween those of the rutile or Cagl type and Pdktype
there is no tendency towards these high-density structuregyrms.

and the cotunnltettype form shou-ld remgln stable to at least Magnesium fluoride was found to be a good test case for
227 GPa. Cotunnite-type metal dioxide& PbO, and ZrQ, experiment and theory as the relative scattering factors of
also do not show any tendency towards the above structurg >+ and F~ enable the high-pressure positional parameters

types. These high-pressure phase fransitions are governed be obtained accurately, and the ionic character of the com-

the cation to anion radius ratio, and in these highly incom- . :
. : o ) pound and the absence dfelectrons facilitate theoretical
pressible fluorides and dioxides, thg/r, value will change

: : calculations. Both experiment and theory indicate that the
very little up to extremely high pressures. fractional atomic coordinate of the fluoride ion decreases
slightly with pressure in the rutile-type phase and is essen-
tially constant in the modified fluorite-type phase. In contrast

In contrast to previous theoretical and experimental workio the situation for dioxides, the compression of the modified
in which direct transformations between rutile and fluorite orfluorite-type phase in MgFis now well understood. The
rutile and distorted fluorite were considered, the presenpresent results from structure refinements at high pressure
study indicates that this is not the case and that the highand theoretical calculations have permitted a detailed under-
pressure behavior of MgHs much more complicated. The standing of the behavior of magnesium difluoride to be ob-
present experimental and theoretical results show that ntained. This compound may serve as a model for other metal
fluorite-type phase is present for Mg&t high pressure. The difluorides and for isoelectronic S}O

V. CONCLUSIONS
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