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Dynamic compression of [100] MgF, single crystals: Shock-induced
polymorphism to highly coordinated structures
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AX,-type compounds exhibit a rich and complex series of phase transitions under compression. The
high-pressure polymorphism of rutile-type AX, difluorides can be characterized by a typical sequence from
rutile type — CaCl, type — HP-PdF, type — cotunnite type. Relative to dioxides, the reduced valence and
ionic radius of the F~ anion in rutile-type MgF, (sellaite) results in lowered transition pressures, making it a
useful analog for SiO, and other dioxides. In this work, MgF, single crystals were shock-compressed along
the [100] direction to 24 to 120 GPa using plate impact techniques, and wave profiles were measured using
laser interferometry. At low stresses (24 to 44 GPa), we observe features consistent with an elastic—inelastic
response, followed by a phase transformation. Peak stress-density states in this stress range are consistent with
those expected for the modified fluorite-type (HP-PdF,) phase or a related structure. At higher stresses (69 to 91
GPa), we observe a two-wave structure with peak stress-density states consistent with transformation to a denser
and likely more highly coordinated phase such as the cotunnite-type structure. At 120 GPa, only a single wave
structure is observed, indicating that the wave profile features observed at lower stresses are overdriven.
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I. INTRODUCTION

Magnesium difluoride (MgF,) is an archetypal, simple
ionic solid and, as such, has been extensively studied us-
ing theory and experiments to determine its pressure-induced
polymorphism [1-6]. Exhibiting wide optical transmission
(UV to infrared) and a low refractive index, MgF, is com-
monly used for optical windows and antireflective coatings
[7]. MgF, occurs naturally as the mineral sellaite with the
rutile-type (P4,/mnm) structure at ambient conditions. Un-
der quasi-hydrostatic loading at room temperature, MgF, has
been observed to transform to a CaCl,-type structure (Pnmn)
at 9 GPa, a modified fluorite-type structure [high-pressure
(HP)-PdF,-type, Pa3] at 14 GPa, and an a-PbCl, or cotunnite-
type structure (Pnma) above 35 GPa, resulting in an increase
in cation coordination from six (rutile type) to nine (cotunnite
type) [1,2,8]. An a-PbO,-type (distorted rutile) structure has
been reported upon pressure release, and at high temperatures
(600 to 750 °C) has been reported to exhibit a narrow region
of stability at ~13 GPa [2].

In previous literature, the so-called modified fluorite-type
structure with the Pa3 space group has been described by
a variety of names (i.e., pyrite, distorted fluorite, HP-PdF,),
especially in the context of the high-pressure cubic polymorph
of Si0, [3,9,10]. The pyrite (FeS,) and HP-PdF, structures
adopt an fcc arrangement of cations, but exhibit deviations in
the anion lattice position from the ideal fluorite structure. The
pyrite-type structure is characterized by anion—anion bonding,
which is distinctly absent in AX,-type oxides and difluorides
such as SiO, and MnF, [11,12]. As a result, we refer to the
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modified fluorite-type cubic structure as the HP-PdF,-type
hereafter.

This observed family of phase transformations is com-
mon among AX , compounds, making MgF, isostructural with
geophysically relevant materials such as stishovite, a high-
pressure polymorph of SiO,, and rutile, TiO, [9,13]. Both
stishovite and rutile (along with its high-pressure polymorphs
riesite, akaogiite, and srilankite) are products recovered at
meteorite impact sites [14]. Sellaite has also been observed as
inclusions in deep mantle-derived diamonds [15]. To under-
stand more fully the shock, release, and recovery of mineral
assemblages used to characterize the shock conditions during
meteorite impacts, knowledge of the response of AX,-type
solids to the pressures, temperatures, and strain rates of me-
teorite impacts is required.

Relative to dioxides, the reduced valence and ionic radius
of the F~ anion in difluorides results in elastic weaken-
ing, lower melting temperature, and lower phase transition
pressures, making them useful analogs for dioxides un-
der the extreme pressure—temperature conditions associated
with exoplanetary interiors [1,16]. For example, NaMgF;
and its breakdown products, NaF and MgF,, have recently
been proposed as an analog system for the dissocia-
tion of MgSiO;, Mg,Si04, and MgSi,Os to MgO + SiO,
[8,16,17]. As silica is predicted to undergo a HP-PdF,-
type—to—cotunnite-type phase transformation at pressures
greater than 600 GPa [10,16,18], far exceeding those acces-
sible using standard static loading techniques, low-pressure
analogs such as MgF, can be used to study these trans-
formation pathways at more readily accessible laboratory
conditions.

Limited data are available for the response of MgF, to
dynamic loading. Bugaeva et al. [19] reported explosively

©2022 American Physical Society
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FIG. 1. Schematic illustration of the experimental configuration used in the plate impact experiments. (a) Side view and (b) back view of

sample assembly and probe configuration.

driven plate impact experiments on polycrystalline MgF, in
which shock-wave arrivals were measured using an electrical
shorting pin method. Although shorting pin methods have
been used extensively in the past to measure single-wave
Hugoniot states, they do not provide wave profile information.
In particular, multiwave structures—such as those arising due
to elastic—inelastic response and/or phase transformations—
cannot be properly characterized using this method. Previous
continuum-level measurements of the shock response of
fluorite-structured difluorides (CaF,, PbF,, BaF,) show vol-
ume changes suggestive of phase transformations [20-24]. In
addition, a recent in sifu x-ray diffraction study on dynam-
ically compressed porous CaF, reported observation of the
fluorite-to-cotunnite transformation on nanosecond timescales
[22]. Therefore, wave profile measurements are needed to
examine phase stability in shock-compressed MgF,. Here, we
present the results of plate impact experiments to measure
wave profiles in MgF, shock compressed along the [100]
direction to understand more fully the response of this fun-
damental material to dynamic loading.

II. EXPERIMENTAL METHODS

Magnesium difluoride [100] single crystals were obtained
from Optocity (Raleigh, NC). This crystal orientation was
chosen due to the low elastic stiffness relative to that along
the symmetry axis (c;; = 143.5 GPa, ¢33 = 208.8 GPa) [4].
The samples were double-side—polished to a mirror finish with
a high degree of flatness and parallelism (<2—pum variation
over the surface). The orientation of each crystal was mea-
sured using Laue back-reflection imaging and were confirmed
to be within 1° of the [100] axis. The ambient density (00)
was determined to be 3.179(5) g/cm? using the Archimedean
method, consistent with values from the literature [1,4]. Am-
bient longitudinal (C;) and shear (C;;, Cy;) sound speeds were
measured to be 6.67(2), 5.50(1), and 4.23(1) km/s, respec-
tively, using the pulse-echo method with 20-MHz transducers.
Numbers shown in parentheses are one-standard deviation un-
certainties in the last digit of the stated value. These measured

values are consistent with those calculated from elastic con-
stants measured at ambient conditions (6.72, 5.52, and 4.26
km/s) [25].

A schematic illustration of the target configuration is
shown in Fig. 1. A ~100-nm aluminum mirror was vapor-
deposited on the impact surface of the MgF, single crystals.
The MgF, samples were bonded to [100]-oriented LiF
windows. A thin, partially diffuse aluminum mirror was
vapor-deposited onto the center of the LiF window prior to
bonding. Epoxy bonds for all targets were measured to be
<1 pum thick. The sample assemblies were impacted with
either an oxygen-free electronic (OFE) C101 copper or 1050
aluminum impactor mounted in a polymethylpentene (TPX)
projectile and launched by either a powder gun or a two-stage
gas gun at the Institute for Shock Physics at Washington
State University. Projectile velocities were measured using a
velocity optical beam block system with typical precisions
of < 0.3%. Three noncolinear photon Doppler velocimetry
(PDV) probes (1550 nm) [26] were radially positioned at 120 ©
intervals and focused onto the sample front surface to record
the impact time and projectile tilt, as well as transparency
of the sample throughout the duration of the experiment.
Particle velocity histories at the sample—LiF interface were
recorded using a combination Velocity Interferometer Sys-
tem for Any Reflector (VISAR; 532 nm) [27] and PDV
probe. Two VISAR channels with differing velocity sensi-
tivities (0.423 km/s/fringe and 1.036 km/s/fringe) were used
to unambiguously resolve any discontinuities in the particle
velocity history. Wave profiles measured using PDV showed
good agreement with those from VISAR. Sample dimensions
were chosen to maintain the uniaxial strain condition at the
position of the wave profile measurement until the end of the
experiment.

III. RESULTS AND DISCUSSION

Eight plate impact experiments were performed. The ex-
perimental parameters for each shot are shown in Table L.
Wave profiles were measured at the sample—LiF interface and
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TABLE I. Summary of experimental parameters.

Experiment MgF, thickness (mm)? Impactor Impactor thickness (mm)* Projectile velocity (km/s)®
1 (21-606) 2.074 1050 Al 1.333 2479
2 (21-608) 2.041 OFE Cu 1.372 1.995
3 (21-607) 2.076 OFE Cu 1.409 2.400
4 (20-2SH60) 2.078 1050 Al 1.426 4.010
5 (21-2SHO06) 2.041 1050 Al 1.375 4.967
6 (20-2SH57) 2.077 1050 Al 1.393 5.582
7 (20-2SH61) 2.077 1050 Al 1.411 6.708
8 (21-2SHO7) 2.039 OFE Cu 0.971 5.845

#Uncertainties in thickness measurements are 1 to 2 pum.
"Uncertainties in projectile velocities are <0.3%.

were corrected for the changes in the refractive index of LiF
due to shock compression [28]. Figure 2 shows the results
from the VISAR measurements; the PDV results are similar.
At lower stresses, the measured profiles show three distinct
waves, whereas two waves are observed at higher stresses.
Only a single wave is observed at the highest stress. To an-
alyze the measured wave profiles quantitatively, the following
procedures were used.

Lagrangian shock wave velocities for the different waves
in the profiles were determined using the measured thickness
of each MgF, sample, and the transit times as measured using
the PDV probe array. In situ particle velocities in the MgF,
sample were determined from the measured MgF,-LiF inter-
face velocities using an impedance-matching analysis [29,30],
described later, that incorporated the published LiF Hugo-
niot curve [28]. Because MgF, and LiF have similar shock
impedances (Supplemental Material Fig. S1 [31]), differences
between the measured interface velocities and the in-material
MgF, velocities are small. For profiles exhibiting a multiwave
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FIG. 2. Particle velocity histories at the MgF,-LiF interface,
corrected for the refractive index change in LiF due to shock com-
pression [28]. Velocity profiles shown are obtained from the VISAR
channel having higher velocity resolution (0.423 km/s/fringe). Time
is normalized to the sample thickness, so that wave arrivals equate
to the reciprocal of the Lagrangian shock velocity. The peak stresses
shown are from Table II.

structure, we approximated the particle velocity history using
a sequence of step functions (Supplemental Material Fig. S2
[31]), where the jump in particle velocity at each step is
positioned at the approximate midpoint of each shock-wave
arrival. Longitudinal stress (o,)—chosen to be positive in
compression—and density (p) at each step were calculated
using the Rankine—Hugoniot jump conditions for the conser-
vation of mass and momentum:
First shock:

h
Usi = —, (D
3]
poUs,1 = p1(Us,1 — uy), (2)
and
ox,1 = poUs,1u1. 3)
Ensuing shocks:
h
Us; = 2 (—) @
Pi—1 \ti
pi-1Usi = pilUs; — (u; — ui—1)], Q)
and
Ox,i — Oxim1 = Pi—1Us,i(u; — ui_1). (6)

In Egs. (1)—(6), po is the initial density, & is the initial
sample thickness, ¢ is the shock-wave arrival time, and Uy is
the Eulerian shock velocity, which accounts for the sample
thickness change due to compression from preceding shock
waves. The particle velocities (#) are expressed in the lab-
oratory reference frame, and the index (i) is used to denote
the arrival times and continuum variables associated with
each successive shock in the multistep analysis. A graph-
ical schematic of this multistep impedance-match analysis
is shown in Supplemental Material Fig. S3 for the case of
a two-step wave [31]. Uncertainties in sample metrology,
projectile velocity, transit time, and the measured interface
particle velocities are propagated using a Monte Carlo mul-
tistep (MCMS) impedance-match algorithm with 1000 000
simulations per experiment. Table II summarizes these results.

As shown in in Fig. 2, for wave profiles with peak stresses
ranging from 24 to 44 GPa, we observe an elastic—inelastic
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TABLE II. Results from shock-wave profile measurements on [100]-oriented MgF, single crystals. The particle velocity (u), longitudinal
stress (oy), and density (p) states are determined using the MCMS impedance match algorithm. Eulerian shock velocities (Uy) are determined
using PDV transit time measurements and the density compression (py/p) ratio. Numbers shown in parentheses are the one-standard deviation
uncertainty in the last digit(s) in the reported value as determined by the MCMS analysis.

Elastic wave Inelastic wave Final wave
u US Ox P u US Ox 1Y u US Ox 1Y
Experiment (km/s) (km/s) (GPa) (g/cm®)  (km/s) (km/s) (GPa) (g/cm?) (km/s) (km/s) (GPa) (g/cm?)
1 (21-606) 0.404(2) 6.77(2) 8.69(5) 3.381(2) 0.839(10) 5.89(2) 17.4(2) 3.651(9) 1.214(9) 4.70(4) 23.8(2) 3.968(11)
2 (21-608) 0.461(3) 6.92(2) 10.1(1) 3.406(2) 0.858(8) 5.96(2) 18.2(2) 3.649(8) 1.351(10) 5.20(2) 27.52) 4.031(11)
3 (21-607) 0.524(3) 6.95(2) 11.6(1) 3.438(2) - - - - 1.630(12) 6.09(2) 34.7(3) 4.200(13)
4 (20-2SH60) 0.667(4) 7.10(3) 15.1(1) 3.509(3) — — — — 1.975(15) 6.37(2) 44.3(3) 4.415(15)
5 (21-2SH06)* - - - - — - — - 2.420(19) 7.66(4) 59.0(5) 4.647(23)
6 (20-2SH57)* - - - - 2.523(20) 7.92(3) 63.5(5) 4.666(21) 2.747(22) 5.203) 69.0(5) 4.876(26)
7 (20-2SH61)* — — — — 3.106(25) 8.83(4) 87.2(7) 4.904(27) 3.229(26) 5.68(4) 90.6(7) 5.013(29)
8 (21-2SHO07)* - - - - — - — - 3.851(32) 9.72(5) 119.0(10) 5.265(38)

Elastic wave was overdriven in experiments 5 through 8.

response, followed by structure indicating a phase transfor-
mation. The speed of the first wave (corresponding to the
reciprocal of the arrival time in Fig. 2) in the four experiments
in this stress range is consistent with elastically compressed
rutile-type MgF,. The elastic-wave amplitude is observed to
range from 8.69 to 15.1 GPa, depending on the peak shock
stress. After arrival of the elastic wave, the particle velocity
decreases significantly prior to the arrival of the intermediate
or inelastic wave, indicating considerable stress relaxation.
Subsequent to the inelastic wave, the arrival of a third wave
suggests the onset of a phase transformation; at the lowest
stresses (24 to 27 GPa), the third wave involves significant
ramping behavior (Fig. 2). At 44 GPa, the elastic precursor
is nearly overdriven, and at 59 GPa, only a single wave is
observed. At 69 GPa, a two-wave structure is again observed.
The arrival of the first wave at this stress corresponds to a
sharp rise, followed by a second wave that exhibits a ramp-
like, time-dependent structure (Fig. 2). The gradual increase in
particle velocity associated with the second wave is observed
up to 91 GPa (Supplemental Material Fig. S4 [31]). At 120
GPa, only a single flat-top wave is observed, indicating that
the wave profile features observed at lower stress have been
overdriven.

The o,-V states (V = 1/p) for the elastic, inelastic, and
final shock states from this study are shown in comparison
to previous shock and static experiments in Fig. 3. We ob-
serve two distinct regions exhibiting multiwave structured
wave profiles. In the lower stress region (24 to 44 GPa), the
first wave is consistent with elastically compressed rutile-type
MgF, and shows good agreement with results reported for
shocked polycrystalline MgF, by Bugaeva et al. [19] and
reasonable agreement with results obtained under static load-
ing [1,2]. The inelastic (or intermediate) wave in this lower
stress region is nearly overdriven at 35 GPa and is entirely
overdriven at 44 GPa. The peak o,-V states for all four ex-
periments in the low-stress region are largely consistent with
the HP-PdF,-type structure reported in both room tempera-
ture and laser-heated diamond anvil cell (DAC) experiments
[1,2,8]. The peak o,-V states presented here differ somewhat
from those reported previously for polycrystalline MgF, [19].
As noted earlier, the previous Hugoniot measurements used

techniques that are insensitive to multiwave features, likely
resulting in errors in the reported Hugoniot states. Our wave
profile measurements provide a more complete characteri-
zation of the material response under dynamic loading and
yield a more accurate reporting of the final o,-V states in the
sample.

From 44 to 59 GPa, the final Hugoniot state becomes
clearly denser than the room-temperature static data for the
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FIG. 3. Longitudinal stress-specific volume states determined in
this study are shown as unfilled (initial shocked states), unfilled with
crosshairs (intermediate shocked states), and filled (final shocked
states) red circles. The dashed red ellipses connect the initial and final
states for experiments 4 and 6. For the present data, the error bars are
smaller than the size of the marker. Previous shock-wave results [19]
are shown as filled black circles (uncertainties were not reported).
Static compression results are shown as unfilled black markers
[1,2,8]. As the static compression experiments are performed under
quasi-hydrostatic conditions, they correspond to pressure states. The
gray shaded region illustrates a range of possible pressure—volume
states for quasi-statically compressed cotunnite-type MgF, based on
existing data.
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HP-PdF,-type structure, suggesting that MgF, undergoes a
transformation to a denser phase or mixed-phase assemblage.
Further evidence for a phase change is observed at higher
stresses (69 to 91 GPa), where the two-wave profiles are
indicative of a large-volume-collapse (~ 4%) phase change,
as shown in Fig. 3. Candidate crystal structures for this higher
density phase include the cotunnite-type structure observed
under static loading above 35 GPa at room temperature and
the proposed Srl, or baddeleyite-type “phase X observed
in laser-heated DAC experiments between the stability fields
of the HP-PdF, and cotunnite-type structures at tempera-
tures above 1500 K [1,8,17]. Grocholski et al. [8] report
that no orthorhombic solutions satisfy the expected lattice
parameter ratios for the Srl,-type structure, indicating that the
monoclinic baddeleyite-type structure (cation coordination of
seven) may be the likely structure of phase X. The calculated
peak densities from 59 to 120 GPa are greater than those re-
ported for the baddeleyite-type phase X, therefore precluding
phase X as the high-stress phase. While there is disagreement
as to the density of the cotunnite structure from static com-
pression at 38 to 64 GPa (see Fig. 3), our data are generally
consistent with the pressure—volume trend of the cotunnite-
type structure [1,8,17], considering the higher temperatures
of shock experiments compared to static compression ex-
periments. A single datum for MgF, cotunnite reported by
Dutta et al. [17] at 160 GPa from decomposition of NaMgF,
demonstrates the stability of the cotunnite structure at higher
stresses and provides additional constraints on the compres-
sion curve. Although the HP-PdF,—to—cotunnite-type phase
transition requires a large cation coordination increase from
six to nine, and as a result may be kinetically inhibited, this
reconstructive transformation has previously been observed to
take place using in situ x-ray diffraction in dynamically com-
pressed CaF, under the approximately hundred-nanosecond
timescales of plate impact shock compression [22]. Further-
more, when compared to the density—compression behavior
of CaF, under shock loading (Supplemental Material Fig. S5
[31]), our data show remarkable similarity, further bolstering
the idea that the cotunnite-type structure may also be synthe-
sized in MgF, under shock loading. It is worth noting that
the rounding observed near the peak of the 91-GPa wave
profile (Supplemental Material Fig. S4 [31]) is similar to that
reported previously for shock-compressed silver [32], where
the feature was associated with the melting transition. To
determine whether the observed wave profile features at 91
GPa and the associated densification are indicative of a crys-
talline solid—solid phase transition, melting, or amorphization,
in situ x-ray diffraction measurements on shock-compressed
MgF, are required. In comparison to the previous shock mea-
surements, our peak o,-p states are less compressible than
those reported in Bugaeva et al. [19] from 60 to 120 GPa,

but the divergence between these two datasets decreases with
increasing stress. As the accuracy of the experimental and
analytical methods reported in Bugaeva et al. [19] is expected
to increase at higher stresses, where the effects of multiwave
structures are reduced, the high-stress convergence of our
results and theirs may perhaps imply formation of the same
phase for both polycrystalline and single-crystal MgF, at high
shock stresses.

Lastly, our experimental configuration allowed us to moni-
tor the transparency of [100] MgF, using the PDV probe array
discussed in Sec. II. We find that MgF, remains transparent at
the 1550-nm wavelength at stresses up to 120 GPa (Supple-
mental Material Fig. S6 [31]), which is a surprising finding
considering the likely solid—solid phase transformations en-
countered at lower stresses. Experiments at stresses above
120 GPa are needed to determine the stress limit for trans-
parency in shock-compressed MgF,. Fluorides have long been
used as transparent tamper and optical window materials in
laser interferometry diagnostics during dynamic compression
experiments [28,33-35]. However, the birefringent optical re-
sponse evident in Supplemental Material Fig. S6 [31] likely
limits the usefulness of [100] MgF, as an optical window for
interferometry at high stresses.

IV. CONCLUSION

Plate impact experiments were conducted on [100] MgF,
single crystals, reaching peak stresses of 24 to 120 GPa. Wave
profiles were measured using laser interferometry, providing
highly accurate stress-density states for dynamically com-
pressed single-crystal MgF,. We find that between 24 and 44
GPa, a multiwave structure is observed, suggesting transfor-
mation to a high-pressure phase; the peak stress-density states
are most consistent with the HP-PdF,-type structure (modi-
fied fluorite). Above 69 GPa, we observe a time-dependent
two-wave structure, with peak stress-density states most con-
sistent with the cotunnite-type structure. To identify these
high-stress phases definitively, in situ x-ray diffraction on
shock-compressed MgF, is required. We also find that, despite
evidence for multiple phase transitions, [100] MgF, remains
transparent under shock compression to 120 GPa.
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