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Phase transition of MnF, driven by shock compression at pressure of up to 33 GPa
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Rutile-type MnF, was shock loaded at pressures of 3.6—33.4 GPa by the impact of flyer plates accelerated
by a propellant gun. Recovered samples were examined by x-ray powder diffraction analysis and transmission
electron microscopy (TEM). A phase transition from the rutile-type structure to the a-PbO,-type structure was
found above 3.6 GPa. The yield of the @-PbO, phase in the recovered samples increased for pressures of up to
about 10 GPa and decreased at higher pressures. This phenomenon can be explained by a residual temperature
effect. A lamellar pattern consisting of two crystalline phases (rutile and a-PbO,-type MnF,) was observed in
the shocked sample by TEM observation. The shock-induced phase transition from the rutile-type structure to
the a-PbO,-type structure was inferred to proceed via fluorite-related structures or a PbCl,-type structure by
comparison with results of previous static high-pressure experiments.
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I. INTRODUCTION

The high-pressure polymorphism in AX, compounds has
attracted considerable attention among geophysicists and has
been intensively studied in connection with the phase stabil-
ity of SiO, in the earth.'”> A lot of polymorphisms in AX,
compounds have been discovered owing to the marked
progress in experimental techniques.! Under high pressure,
many structural phase transitions occur with increasing cat-
ion coordination number (CN). The CN in AX, compounds
now ranges from 4 in the quartz structure to 11 in the Ni,In
structure.® Four-coordinated AX, compounds were thought to
transform into the six-coordinated rutile-type structure, and
then into the eight-coordinated fluorite-related structure.’
However, rutile-type TiO, transforms into the baddeleyite-
type structure (CN=7),8 whereas the other rutile-type AX,
compounds (such as SiO,, RuO,, and SnO,) transform into a

modified fluorite structure (Pa3-type, CN=6+2).'73

MnF, is stable as the rutile-type structure at ambient pres-
sure and temperature, although the Mn>* cation radius is
fairly large as a six-coordinated cation in the rutile structure.’
High-pressure phase transitions in MnF, have already been
studied by both static and dynamic high-pressure
compression.’~'® German and Podurets reported shock Hugo-
niot measurement and shock recovery experiments on
MnF,.!? In the Hugoniot measurement, they found two kinks
at 4 and 13 GPa and attributed them as phase transitions to
the a@-PbO,-type structure and into the PbCl,-type structure,
respectively. In the static high-pressure experiments, rutile-
type MnF, transforms into the fluorite (cubic) structure or a
distorted fluorite structure above 3.3 GPa and into the
PbCl,-type structure at 15 GPa.'>!3 Shinoda et al.'* and
Hamaya and Hara'> revealed that the cubic phase had the

Pa3-type structure, whereas the distorted fluorite phase was
related to the orthorhombic ZrO,-type structure. The
pressure-temperature phase diagram of MnF, determined by
static experiments contains no definite stable region for the
a-PbO, phase.'> Therefore, the a-PbO, phase formation
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mechanism driven by shock waves has not been clarified
completely and little is known about the dynamic response of
rutile-type MnF,.

The aim of the present work is to investigate the phase
transition mechanism of MnF, driven by shock waves. In
this study, we performed a shock recovery experiment on
MnF, at pressures of up to 33.4 GPa and examined the re-
covered samples by x-ray diffraction analysis and transmis-
sion electron microscopy (TEM). Our final goal is to discuss
the phase transition mechanism and crystallographic rela-
tionship between the low-pressure and high-pressure phases.

II. EXPERIMENTAL PROCEDURE

The sample used was MnF, powder with a purity of
99.9% obtained from Rare Metallic Co., Ltd. The powdered
sample was hot pressed in graphite dies at a temperature of
680 °C for 1 h at 30 MPa under flowing argon. The sintered
sample was formed into a disk of 14 mm diameter and 1 mm
thickness. By x-ray powder diffraction analysis, this sintered
sample was confirmed to have the rutile-type structure. Bulk
density of the sintered sample was determined by the
Archimedean method and found to be 98% of the crystal
density (3890 kg/m?). On the other hand, high-crystallinity
samples were also prepared by melting the sintered samples
for the TEM observation. The crystallite sizes were larger
than ~100 pm.

A series of shock recovery experiments was carried out
using a 20 mm bore propellant gun with impact velocities of
up to 1.6 km/s. Figure 1 shows a schematic of the shock
recovery experiment using the propellant gun. The sample
disk was encased in an iron container for the purpose of
protection from destructive shock. The sample container was
impacted by a flyer plate. Four materials (copper, Al2024,
Teflon, or high-density polyethylene (HDPE)) with different
impedances were used for the flyer plate. We controlled
shock pressure by changing impact velocity and the flyer
plate materials. Thickness of the flyer plate was 5 mm for
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FIG. 1. Schematic of the shock recovery experiment using a
propellant gun. The velocity meter composed of the three lasers
with photodiode detectors was used to measure the projectile
velocity.

copper, Al2024, and Teflon and was 10 mm for HDPE. The
shock duration is estimated to be approximately 1.6 us when
the Al2024 flyer impacted with flyer velocity of 1.4 km/s.
Impact velocity was measured using a velocimeter consisting
of three lasers with photodiode detectors. The pressure in the
container was estimated using the measured impact velocity
of the flyer and the impedance matching method.!” The
shocked state in the sample was considered to be equilibrated
with that in the container via multiple shock reverberation
across the sample-container boundaries, and the final pres-
sure realized in the sample would be almost the same as the
pressure achieved in the container. Shock-recovered samples
were examined by x-ray powder diffraction analysis using a
diffractometer with monochromatic Cu K« radiation. TEM
observation was conducted with a JEM-2000EX II transmis-
sion electron microscope operated at 200 kV for low-
magnification TEM observation and with a JEM-2010 oper-
ated at 200 kV for high-resolution transmission electron
microscopy (HRTEM) observation. The recovered sample
was crushed, and an edge of a fragment was examined by
TEM and HRTEM observations.

III. RESULTS

Figure 2(a) shows the x-ray diffraction pattern from a
pristine sample of MnF,. The diffraction peaks at 26
=25.8° and 32.7° are assigned to the 110 and 101 reflections
from rutile-type MnF,, respectively. Figures 2(b)-2(f) show
the x-ray diffraction patterns from shock-recovered MnF, at
pressures between 3.6 and 33.4 GPa. The X GPa sample de-
notes, hereafter, the sample recovered at the maximum pres-
sure of X GPa, for example, the 3.6 GPa sample. New dif-
fraction peaks other than those of the rutile phase were
observed in the 3.6 GPa sample at 23.6° and 28.9°, which
are assigned to the 110 and 111 reflections of a-PbO,-type
MnF, with the space group Pbcm, respectively. The line-
widths of these new peaks are broader than those of rutile-
type MnF,. The intensities of these new peaks increased in
the recovered samples for high pressures of up to 11.8 GPa
and decreased in the 11.8 and 33.4 GPa samples. On the
other hand, the peak intensities of rutile-type MnF, de-
creased in the recovered samples for high pressures of up to
11.8 GPa and increased in the 11.8 and 33.4 GPa samples.
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FIG. 2. X-ray diffraction patterns of unshocked and shocked
samples. (a) Starting material (rutile structure). [(b)—(g)] Shock-
recovered sample for 3.6, 6.5, 8.3, 11.8, 18.2, and 33.4 GPa. Each
shock-recovered sample exhibited a mixed phase of rutile-type and
a-PbO,-type MnF,. Each x-ray diffraction pattern is normalized by
1,+1,, where I, and I, represent the x-ray integrated intensities of
a-PbO,-type MnF, (111 peak) and rutile-type MnF, (110 peak),
respectively.

We estimate the apparent yield (Y) of a-PbO,-type MnF,
using

Y=1/,+1),

where 7, and I, represent the x-ray diffraction integrated in-
tensities of a-PbO,-type MnF, (111 peak) and rutile-type
MnF, (110 peak), respectively.!® Figure 3 shows the yield of
a-PbO,-type MnF, plotted as a function of shock pressure.
a-PbO,-type MnF, appeared above ~3 GPa. The amount of
the a-PbO,-type phase increased with increasing pressure up
to about 10 GPa and then decreased with increasing pressure
up to 33.4 GPa.

Figure 4(a) shows a low-magnification TEM image of the
9 GPa sample. Corresponding diffraction patterns are shown
in Fig. 4(b). Lamellar textures were frequently observed in
the recovered sample. The electron diffraction pattern of this
lamellar texture can be interpreted as the superposition of
rutile-type and a-PbO,-type MnF, patterns. The crystallo-
graphic relationship between both phases can be expressed as

(101),11(001),, and [111],I[110],, where r and « represent
the rutile-type and a-PbO,-type structures, respectively.
Same relationship is also observed in TEM image of the
4.4 GPa sample."

Figure 5(a) shows an HRTEM image of the 9 GPa
sample, which confirms the constitution and fine structure of
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FIG. 3. Apparent yield of a-PbO,-type MnF, plotted as a func-
tion of pressure. Open circles represent the yield of the
a-PbO,-type phase at each shock pressure. The dashed line is a
guide for the eyes.

these lamellae. The boundaries between rutile-type and
a-PbO,-type MnF, are indicated by triangles. The electron
diffraction pattern [inset of Fig. 5(a)] can be interpreted as
the superposition of the rutile and «-PbO, patterns with the
same crystallographic relationship as that in Fig. 4(b). Fast
Fourier transforms (FFTs) were taken from within the crys-
talline matrix of areas b and ¢ in Fig. 5(a), and the FFT
patterns are shown in Figs. 5(b) and 5(c). The FFT patterns
taken from area b [Fig. 5] showed a reciprocal lattice indica-
tive of the rutile-type structure ([111] zone axis). On the
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FIG. 4. (a) Typical low-magnification TEM image and (b) the
corresponding diffraction pattern of shock-recovered sample at
pressure of 9.0 GPa.

PHYSICAL REVIEW B 76, 104114 (2007)

FIG. 5. High-resolution TEM image of the shock-recovered
sample for 9.0 GPa. (a) Bright-field image showing that the lamella
structure consisted of the rutile-type and a-PbO,-type phases. The
boundaries of these phases are indicated by triangles. The inset
shows the corresponding diffraction pattern. Fast Fourier transforms
(FFTs) were taken from within areas b and c in (a); the FFT patterns
are shown in (b) and (c).

other hand, the FFT patterns from area ¢ [Fig. 5(c)] showed
a reciprocal lattice indicative of the @-PbO,-type structure
([110] zone axis). These a-PbO,-type phases nucleated
throughout the rutile slabs and formed a thin lamellar pattern
with a spacing of less than 10 nm. In shock-loaded quartz or
feldspars, lamellar patterns were sometimes observed, in
which the lamellae consist of crystalline and amorphous
phases.”>?? In the present study, the lamellar pattern con-
sisted of two crystalline phases (rutile-type and a-PbO,-type
MnF,). This kind of lamella pattern is seldom observed in
high-pressure phase transitions,'®23 as far as we know. Such
features of the texture indicate that the observed rutile-type—
a-PbO,-type phase transition has a displacive phase transi-
tion mechanism and no atomic diffusion is required.

IV. DISCUSSION

In this study, the shock-induced rutile-type to
a-PbO,-type phase transition of MnF, was observed above
3.6 GPa in the shock recovery experiments. Although the
volume of a-PbO,-type MnF, is smaller by 1.8% than that
of rutile-type MnF,, a-PbO,-type MnF, is a metastable
phase under ambient temperature and pressure, rather than a
quenched high-pressure phase, because no stable region for
the a-PbO, phase has been reported so far in the P-T dia-
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gram of MnF,.!> Therefore, the direct transformation from
the rutile-type structure to the a-PbO,-type structure is un-
likely to occur. Also, the transformation of the rutile-type—
a-PbO,-type structure is thought of as a reconstructive type
of transformation from the point of view of crystal
chemistry'®?* so that this direct transformation is unfavor-
able during the short duration time (~1 us) in the shock
compression. If the rutile-type structure was assumed to
transform directly to the a-PbO,-type structure under shock
compression, the cations must move considerably in the hcp
framework of F~, because the positions of Mn>* are very
different in these two polymorphs. Relating the potential bar-
rier for the transition to structural change, Buerger has clas-
sified this structural transformation into the deformational
type.? It was also experimentally shown that the heat treat-
ment for 4 h at 400 °C under ambient pressure was neces-
sary for the conversion of a-PbO,-type MnF, to the rutile-
type phase.'?

Considering the above-mentioned and previous reports on
the static high-pressure experiments,'? rutile-type MnF, is
considered to directly transform into the fluorite-related-type
structure above ~3 GPa under shock compression; then, the
fluorite-related-type phase transforms to the a-PbO,-type
phase during the pressure release process, resulting in the
recovery of the @-PbO,-type phase under ambient condi-
tions. MnF, has two fluorite-related high-pressure phases:

i.e., the Pa3-type and orthorhombic phases.'"!5 It is difficult
to determine which phase is realized during shock compres-
sion because shock temperature is hardly estimated accu-

rately. Since the Pa3-type phase is a high-temperature phase,

the Pa3-type phase might be favorable if temperature in-
crease induced by adiabatic shock compression is taken into
consideration.'>!* There has been considerable interest in the
mechanisms of phase transitions between the rutile structure
and various proposed high-pressure structures. Hyde et al.
suggested a sequential transition of the rutile—fluorite-
related—a-PbO,-type structures with only small directional
displacements of atoms.?® Such a phase transition route has
been experimentally revealed in TiO,. Note that a similar
lamellar texture consisting of the rutile and a-PbO, phases
was observed in the shock-loaded TiO, sample.!® The crys-
tallographic relationship in the TiO, lamellae is identical to
that obtained in this study, strongly suggesting that the
rutile—fluorite-related—a-PbO,-type phase transitions also oc-
curred in MnF,.

To relate these crystal structures comprehensively, these

structures are illustrated in Fig. 6. The Pa3-type structure is
illustrated as an example of the fluorite-related-type struc-
tures. Figures 6(a)—6(c) show the rutile, fluorite-related, and
a-PbO,-type structures viewed along the [100] direction, re-

spectively. The {011} plane of the rutile-type structure is par-
allel to the {001} plane of the fluorite-related-type and
a-PbO,-type structures. For these three structures, the se-
quence of stacking layers A, a, B, and 8 completes one unit
cell [Figs. 3 (a’)—(c’)]. Layers A and B contain only Mn**
cations; layers « and B contain only F~ anions. Figures 6(a)
and 6(b) show the stage in a continuous topological change
from a {100} plane of the rutile-type structure to a {100}
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FIG. 6. (Color online) Shear mechanism from the rutile-type
structure to the a-PbO,-type structure through the fluorite-related-
type (Pa3-type) or PbCly-type structure. A continuous transforma-
tion can be seen from an idealized rutile-type structure in (a) to an
idealized fluorite-related-type structure in (b) or an idealized
PbCl,-type structure in (d), and subsequently to an idealized
a-Pb0O, structure in (c). Large circles, F7; small circles, Mn?>*.
Mn?* ions are at z=0 and z=1/2, and F~ ions are at z=1/4 and z
=3/4 for the rutile-type, fluorite-related-type (Pa3-type), and
a-PbO,-type structures, whereas Mn?* and F~ are in the same plane
at z=0 and z=1/2 for the PbCl,-type structure [see (a’)—(d’) and
text]. (a) Rutile structure projected along the [100] direction. (a’)
Rutile structure projected along the [011] direction. (b) Fluorite-
related-type (Pa3-type) structure projected along the [100] direc-
tion. (b") Fluorite-related-type (Pa3-type) structure projected along
the [001] direction. (¢) a-PbO, structure projected along the [100]
direction. (¢") @-PbO, structure projected along the [010] direction.
(d) PbCl,-type structure projected along the [001] direction. (d')
PbCl,-type structure projected along the [100] direction.

plane of the fluorite-related-type structure. At the shock load-
ing state, the rutile-type structure transforms into a new ar-
rangement, shown in Fig. 6(b) with the fluorite-related-type
structure by a shear mechanism moving along the arrows in
Fig. 6(a). It can be readily seen that in the rutile-type struc-
ture, a shear of the {011} plane will lead to a structure of
the fluorite-related type. In this process, two additional long
bonds are formed for the manganese-centered polyhedra.
There is thus an increase in CN from 6 in the rutile-type
structure, which consists of MnFg octahedra, to 6+2 in the

fluorite-related-type (Pa3) structure, which consists of MnFg

rhombohedra. The anions in the Pa3-type structure lie on 8¢
sites (u,u,u) with u being typically close to 0.345, whereas
in the fluorite structure u is 0.25.%7 This difference in anion
position results in the coordination polyhedron being a rhom-

bohedron as in the Pa3-type structure rather than a cube as
in the fluorite-type structure. The rutile-type—fluorite-related-
type transition can therefore be understood as a diffusionless
process. The fluorite-related-type—a-PbO,-type transition is
considered to occur readily upon decompression, indicating
that there could be a short transition pathway between these
two structures. Figures 6(b) and 6(c) show a different reverse
transition: gliding along arrows in Fig. 6(b), the fluorite-
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related-type structure changes to the a-PbO,-type structure.
Since this movement causes the other two Mn-F bonds to
lengthen in the fluorite-related-type structure, an
a-PbO,-type structure with a cation CN of 6 is produced

from the fluorite-related-type (Pa3) structure with a CN of
6+2. Therefore, the fluorite-related-type—a-PbO,-type tran-
sition can also be understood as a diffusionless process.

In the static high-pressure experiments, it is reported that
the PbCl,-type structure is stabilized above 15 GPa. German
and Podurets reported that a phase transition to the
PbCl,-type structure took place above ~13 GPa from shock
Hugoniot measurements.'® In the PbCl,-type structure, each
cation is surrounded by nine anions, six of which are at the
apices of the trigonal prism with the remaining three lying
beyond the centers of the three prism faces in the same plane
as the cations. This structure also has close relationships be-
tween the rutile-type and a-PbO,-type structures, as shown
in Fig. 6(d). Shear movement of ions readily transforms the
rutile-type structure to the PbCl,-type structure and the
PbCl,-type structure to the a-PbO,-type structure, as indi-
cated by arrows. We consider that the transformation can be
accomplished by such a mechanism of the rutile-type—
(fluorite-related-type or PbCl,-type)—a-PbO,-type transitions
within the shock process.

The amount of the a-PbO,-type phase increased with in-
creasing pressure up to about 10 GPa but decreased with
increasing pressure up to 33.4 GPa. This phenomenon can be
explained by the residual temperature effect. Shock-induced
residual temperature increases with increasing pressure, re-
sulting in a reverse conversion of the metastable a-PbO,
phase to the stable rutile-type phase under ambient pressure.
High temperature stability in a-PbO,-type MnF, was re-
ported by Lityagina et al'> At ambient pressure, the
a-PbO,-type phase transformed into the rutile-type phase af-
ter annealing at 400 °C for 4 h, while it did not change but
remained as a metastable state after annealing at 300 °C for
4 h.

Interestingly, the yield of the a-PbO,-type phase was ab-
normally large (Y=50%) at the interface between the sample
and the iron container for the sample shock loaded to
33.4 GPa, in which the average yield was only 6%, as shown
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in Fig. 3. The temperature history (cooling rate) of the
sample at the interface differs from that inside the sample.
The low-compressibility material (iron container) works as a
heat sink and the sample at the interface is cooled rapidly by
heat conduction. In this experiment, the interface between
the sample and the container is cooled more rapidly than the
inside of the sample. This observation lends support to the
hypothesis that the high-pressure phase reverted to the
a-PbO,-type phase, not to the rutile-type phase, during the
pressure release process, although the route for either the
rutile or a-PbO,-type structure is possible. In the static high-
pressure experiments, the shear stresses promote the appear-
ance of the a-PbO,-type phase during the pressure release
process.'? Shock compression introduces many dislocations
and defects that produce strain in the sample. Such a strained
domain in the fluorite-related-type or PbCl,-type phase
might tend to transform into the a-PbO,-type phase.

V. SUMMARY

The shock-induced phase transition of MnF, with the
rutile structure was investigated at pressures of up to
33.4 GPa by conducting shock recovery experiments.
a-PbO,-type MnF, was observed in the recovered sample
together with the rutile phase. A lamella pattern consisting of
two crystal phases (rutile and @-PbO,-type MnF,) was ob-
served by TEM. Rutile-type MnF, is considered to directly
transform into high-pressure phases (fluorite-related type or
PbCl, type) under the shock loading state and then into the
a-PbO, phase under the shock unloading state. The yield of
the a-PbO, phase was observed to be decreasing above
10 GPa. This is explained by the residual temperature effect.
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