aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

High-pressure structural study of MnF_{2}

Elissaios Stavrou, Yansun Yao, Alexander F. Goncharov, Zuzana Konbépkova, and
Constantine Raptis
Phys. Rev. B 93, 054101 — Published 1 February 2016
DOI: 10.1103/PhysRevB.93.054101


http://dx.doi.org/10.1103/PhysRevB.93.054101

High-pressure structural study of MnF,

Elissaios Stavrou,“?* Yansun Yao,*»* Alexander F.

Goncharov,"® Zuzana Kondpkova,® and Constantine Raptis’

L Geophysical Laboratory, Carnegie Institution of Washington, Washington, D.C., USA
2 Lawrence Livermore National Laboratory,
Physical and Life Sciences Directorate,
P.O. Box 808 L-350, Livermore, California 94550, USA

3 Department of Physics and Engineering Physics,

University of Saskatchewan, Saskatoon Saskatchewan, STN S5E2, Canada

4 Canadian Light Source, Saskatoon, Saskatchewan, S7N 2V3, Canada

°Key Laboratory of Materials Physics and Center for Energy
Matter in Extreme Environments, Institute of Solid State Physics,
Chinese Academy of Sciences, Hefei 230031, China
SDESY Photon Science, D-22607 Hamburg, Germany
"Department of Physics, National Technical University of Athens, GR-15780 Athens, Greece
(Dated: January 11, 2016)



Abstract

Manganese fluoride (MnF3) with the tetragonal rutile-type structure has been studied using a
synchrotron angle-dispersive powder x-ray diffraction and Raman spectroscopy in a diamond anvil
cell up to 60 GPa at room temperature combined with first principle density functional calcula-
tions. The experimental data reveal two pressure-induced structural phase transitions with the
following sequence: rutile — Srl-type (3 GPa)— a-PbCla-type (13 GPa). A complete structural
information, including interatomic distances, has been determined for the first time in the case
of MnF5 including the exact structure of the debated first high-pressure phase. First-principles
density functional calculations confirm this phase transition sequence and the two calculated tran-
sition pressures are in excellent agreement with the experiment. Lattice dynamics calculations also
reproduce the experimental Raman spectra measured for the ambient and high-pressure phases.
The results are discussed in line with the possible practical use of rutile-type fluorides in general

and specifically MnFy as a model compound to reveal the HP structural behaviour of rutile-type

SiO9 (Stishovite).



I. INTRODUCTION

High-pressure phase transitions in the rutile-type (Figure 1) structured (D}, S.G.
Pjo/mnm  (136) Z=2) difluorides’™ and oxides®® have attracted considerable interest
for several reasons. First, these compounds are archetypal simple ionic solids, making them
particularly suitable for testing theoretical approaches.! For example, the HP cotunnite-
type (PbCly) structure of TiO, (rutile) has been proposed?as the hardest known oxide.
Second, they are isomorphous (at ambient pressure) with the first high pressure form of
SiO, (Stishovite), thus making more achievable the high-pressure transformations®!°for the
materials of this structural family assuming that the HP phase diagram of these compounds
may be analogous to that of SiOs. The high-pressure phase diagram of these compounds
appears rich and diverse, with a variety of HP phases (mainly known structural types of
AX, compounds) but there is no well established high pressure structural route. Neverthe-
less, a typical rutile — CaCls-type (orthorhombic distortion of rutile SG Pnnm (58)) —
a-PbOq-type (orthorhombic SG Pben (60)) — CaFa-type (cubic fluorite SG Fm-3m (225) )
or PdFs-type (cubic modified fluoride) — a-PbCly-type (cotunnite orthorhombic SG Pnma
(62)) sequence of high-pressure phases has been proposed™!1? (see also Ref.! for a complete
review on ABy compounds under pressure) with an overall increase in cation coordination

number from 6 (rutile) to 9 (cotunnite).

Among various such rutile compounds, MnFs, together with ZnF,, have attracted a par-
ticular attention, mainly because the ionic radius ratio of cation to anion R4/Rx = 0.63
is the largest one compared to other members of this crystal class and close to the upper
limit (0.732) for a stable rutile structure.!? Moreover, it has been recently proposed!® that
the high-pressure phases of MnF, are effective in reducing exciton migration among Mn?T,
thus yielding an increased photoluminescence efficiency. Before we refer to the previous high
pressure studies on MnFy it would be useful to discus the general structural systematics of
rutile-type compounds under pressure. We can distinguish two main structural families,
namely the rutile and the fluorite family, based on the coordination number and the rela-
tive arrangement of the cations and anions. In the first family, except of the prototypical
tetragonal rutile where cations are 6-fold coordinated and anions 3-fold, the orthorhombic
CaCly-type (which is a simple distortion of rutile) can be also included. The phase transi-

tion from rutile to CaCls-type has been observed in several rutile-type difluorides and oxides



FIG. 1. Schematic representations of: (a) rutile-type , (b) Srls-type, (c) fluorite and (d) a-PbCls-
type crystal structures of MnF5. Blue and green spheres indicate Mn and F anions respectively.

3478) and it should be ferroelastic and of second order.>*78 Moreover, the a-PbO,-type

(e.g.
can be also viewed as an orthorhombic distortion of rutile keeping the 6-3 coordination. The
second family includes the prototypical cubic fluorite CaFy-type (Figure 1) where cations
form a FCC lattice and anions a simple cubic one (WP 8c 0.25), which results to a 8-4
coordination. Various, so called, distorted fluorite structural-types can be found in previ-
ous studies'? as high-pressure phases. For instance, PdFy-type and FeS,-type (pyrite) are
cubic modifications of fluorite where cations keep the FCC arrangement but the position
of anions deviates from the ideal one, resulting to anion-anion bonding in the case of the
FeSo-type. It is worth noting that the PdFs-type, although referred as pyrite-type in the
literature, represents the structure recently reported!® as the high-pressure phase of SiO,
above 261 GPa. A very slight orthorhombic distortion of PdFs results to the distorted PdF-
type (SG 61 Pbca).'” The coordination of both PdF, and distorted PdFa-type are usually
expressed as (6+2)-4 indicating the deviation from the 8-4 fluorite. On the other hand, a
simple tetragonal distortion of the fluorite, where anions keep the ideal cubic arrangement,
results to a tetragonal distorted fluorite structure like for example I//mmm.'" It can be
easily understood there are several different modifications (distortions) of the parent fluorite

structure with cubic, tetragonal or orthorhombic symmetries (see Fig. 1 of Ref'”). The
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exact route of the observed phase transitions for each compound depends on the relative
ionic radius ratio, the ionic character of the cation (i.e. existence of d electrons in the case
of transition-metals) and finally the degree of achievable hydrostatic conditions. The latter
circumstance represents the more crucial reason for discrepancies between theoretical pre-
dictions and experimental findings as it has been clearly shown in the case of CoF5.!” This
suggests that distinct, although closely related, structures (members of the same family as

previously described) may be observed depending on experimental conditions.!”

The high pressure structural behavior of MnF; has been extensively studied both
theoretically!® and experimentally®!21821 during the past three decades. However, a de-
tailed equation of states (EOS) of MnF, is not accurately established and only few indicative
volumes and lattice parameters have been reported at certain pressures up to 25 GPa for

12 and to ~ 30 GPa for shock compression.'® A common phase change

static compression
route can be concluded from the previous studies: rutile type MnFy transforms into a dis-
torted fluorite-type at about 3 GPa (depending on experimental conditions) and then into
a a-PbCly-type above 10 GPa. The exact crystal structure of the distorted fluorite phase is
still unclear. Yagi et al.? proposed a tetragonal crystal structure, S.G. P-/2m (111) Z=4,
distinct from any other structural type observed for AB; compounds. Other studies?? also
suggested a tetragonal cell without giving a SG. This has been debated by Smolander!”
based on ab-initio calculations where an orthorhombic Aea?2 (41) structure, also with Z=4,
has been proposed. Moreover, an a-PbOs-type (distorted rutile) has been observed as a
metastable phase upon pressure release after static'® or shock!® compression or in a very
narrow pressure range (0.7 GPa) between rutile and distorted fluorite structure.!? The pres-
sure of rutile to a-PbOs-type phase transition and the pressure stability range of the latter

structure strongly depends on hydrostaticity during measurements and crystallinity (single

or polycrystalline) of starting material.

In order to address these issues, we have carried out a detailed x-ray powder diffraction
, Raman spectroscopy, and computational study of MnFy up to 60 GPa. To the best of
our knowledge no Raman data have been reported previously for MnF, at high pressures.
Our results reveal two phase transitions to an orthorhombic structure (HP-I) and to a-
PbCly-type (HP-II) at about 3 GPa and 13 GPa, respectively. The previously debated,
HP-I phase is completely characterized, based on structural resemblance with the Srls-type,

which is found to be a distorted fluorite-like structure distinct from the various previously



proposed for MnFy. The pressure stability range of the HP-II phase is very extensive and
MnF; remains in this phase up to 60 GPa, which signals the high stability of this phase.
In contrast no indication of the a-PbQOs-type phase has been observed. Our first-principles
total-energy and lattice-dynamics calculations confirm the experimental findings whereas the
calculated equation of state and Raman spectra agree quantitatively with the experimental
data. The correlation between MnF5 and SiOy high-pressure phase change routes and the
anticipated high-pressure phases of SiO5 based on the behavior of MnF, (as model material)

are also discussed.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A single crystal of MnFy was grounded to fine powder for the angle dispersive x-ray
diffraction (XRD) measurements and loaded in a diamond anvil cell (DAC) with neon (Ne)
as pressure transmitting medium (PTM). For the Raman measurements, small chips from
the same piece of single crystal were used with Ne as PTM. Small quantities of ruby and
gold powder were also loaded, for determination of pressure through ruby luminescence??
and gold EOS, respectively. XRD data were collected at the Extreme Conditions Beamline
P02.2 at DESY (Germany)using a PerkinElmer detector. The monochromatic x-ray beam
(wavelength A= 0.2898 A) was focused to a nominal diameter of 4um. The images were
integrated using the FIT2D?** program to yield intensity versus 20 diagrams. Raman spectra
were measured using the 488 nm line from a solid state laser for excitation. An experimental
setup capable to record Raman spectra at very low wavenumbers (< 10 cm™!) using solid
state notch filters was used.

First-principles calculations were performed using the spin-polarized version of the Vi-
enna ab initio Simulation Package (VASP).?® Generalized gradient approximation (GGA)
was employed with projected augmented wave (PAW) potentials,?$*” and Perdew-Burke-

1.8 The wavefunctions were expanded in a

Ernzerhof (PBE) exchange correlation functiona
planewave basis set with an energy cutoff of 520 eV. Valence electron configurations of 3d°
4s? for Mn atom and 2s? 2p® for F atom were employed. Effects of electron correlations be-
yond the GGA approximation on the Mn d shell were taken into account by employing the
GGA+U method together with the simplified rotationally invariant approach.?? The value

of 5.9 eV is used for Ugrs (Uepp=U-J) since it can produce the cell parameters that agree

6



to within 3% with the experimental values. Brillouin zone integrations were carried out
using 8x8x 12, 6x6x12, 8x12x6, and 12x12x12 Monkhorst-Pack (MP) meshes®® for the
P42/mnm, Pbca, Pnma, and F'm-3m structures, respectively. In order to correctly describe
the magnetic effects, total-energy calculations were tested on three spin configurations, fer-
romagnetic (FM), antiferromagnetic (AFM) and nonmagnetic (NM), using the P42/mnm,
Pbca, Pnma, and Fm-3m structures. Results show that the AFM configuration always yields
the lowest energy for all tested structures. This finding agrees very well with the previous
theoretical studies on CoFy!” and FeF5.3! The AFM configurations were therefore employed
for all total-energy and lattice dynamics calculations. Phonon frequencies at the Brillouin
zone center were calculated using the density functional perturbation theory and from which

the Raman active modes were identified.

III. RESULTS AND DISCUSSION
A. Structural properties under pressure

Figure 2 shows integrated diffraction patterns of MnFy at selected pressures. The evo-
lution of the XRD data shows discontinuous changes at about 3 and 13 GPa, revealing the
occurrence of two phase transitions. No sign of other phase transitions has been observed
up to the highest pressure of this study (60 GPa). The patterns of the first HP phase re-
semble the expected (calculated) pattern of the P-42m structure proposed by Yagi et al.
but they reveal the existence of low intensity peaks that cannot be indexed with the P-/2m
tetragonal cell. Moreover, the relative Bragg peak intensities are not in good agreement
with the expected ones, as was also noted by Yagi et al.. From our detailed indexing we
concluded that a primitive cell with 8 formula units, instead of four in P-42m and Aea?2 ,
is needed in order to fully index the observed Bragg peaks. The observed Bragg peaks can
be very well indexed with an orthorhombic cell with a=10.091 A b=5.215 A and ¢=5.008
A at 7.2 GPa. The corresponding values of the lattice parameters resemble very much the
orthorhombic (0P24, S.G. Pbca (61) Z=8) phases of Srly (at ambient pressure) and ZrOs
(at high temperature?). This phase has been also proposed by Haines et al.'* as the high
pressure modification of a-PbO,. An almost perfect agreement between the observed and

the calculated intensities is obtained using the positional parameters of this phase.!' This
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structure can be viewed as a distorted fluorite type with doubling of one axis due to the
displacement of cations from the ideal FCC positions (see Fig. 1) forming a 7 fold coordina-
tion. This means that this structural type is intermediate between simple cubic or tetragonal
distorted fluorite structures (CN 6+2) and fluorite (CN 8). The Bragg peaks of the second
HP phase can be very well indexed with the known orthorhombic a-PbCls-type structure
(cotunnite, S.G. Pnma (62) Z=4). No indication of the a-PbOs phase has been traced and
MnFy remains in rutile-type up to 3 GPa where it transforms directly to HP-I. A plausible
explanation is that this phase was bypassed due to the very good hydrostatic conditions of

the present study, since Ne used as PTM remains liquid up to 4 GPa.??
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FIG. 2. XRD patterns of MnF5 at various pressures. The patterns at 2.9 and 13.4 GPa correspond
to a phase mixture of rutile-Srly (HP-I) and Srls-a-PbCly (HP-II) phases.



To determine the structural parameters the diffraction patterns were analyzed by per-
forming Rietveld refinements using the GSAS3* software. Typical refined profiles are shown
in Fig. 3 for (a) 1.4 GPa, rutile structure; (b) 7.2 GPa, Srly-type and (c) 15 GPa, a-PbCl,-
type. The corresponding structural details along with the theoretical values are summarized
in Table I. From the XRD data of MnF,, we have obtained the lattice parameters, the cell
volume per formula unit (V, s, ) and the interatomic distances for the three structures as
functions of pressure. The results are compared with the theoretical values shown in Figures
4 and 5 respectively. The experiment and theory agree very well in the lattice parameters
for all three phases. The plots of (V,, r..) versus pressure (Fig. 4) show a volume reduction
of 10.2% (theoretical value: 9.4%) for the rutile to HP-I transition at 3 GPa, and 9.3%
(theoretical value: 8.8%)for the HP-I to HP-II one at 13 GPa. Usually, such large volume
collapses are indicative of major atomic rearrangements which in this case involve the change
of the coordination number from 6 to 7 and from 7 to 9. We have fitted the experimental
pressure-volume data to a third-order Birch-Murnaghan equation of state®® and determined
the bulk modulus B and its first derivative B’ at zero pressure for the rutile and at the
experimental onset pressure for the two HP phases. The elastic parameters obtained in
this way are given in Table I. The obtained bulk modulus for rutile structure (98GPa) is
in good agreement with previous studies using measurements of sound velocities®® (88GPa)

and XRD? (94GPa).

Now we turn our attention to the interatomic distances (Fig. 5) and lattice parameters
(Fig. 4) evolution with pressure. From Fig. 4 it can be clearly seen that the a axis of the
rutile phase is much more compressible (about twice) than ¢ axis in very well agreement
with previous findings on other rutile-type difluorides and oxides.?” It has been proposed,3”
that the origin of this anisotropy maybe the repulsion of the cations parallel to ¢ axis
perpendicular to the edge shearing tetrahedra. From our detailed determination of the
interatomic distances we observe that indeed the short (along the ¢ axis, noted as Mn-Mn 1)
Mn-Mn distance remains almost unchanged with pressure in contrast to the long (between
corner and center atoms, noted as Mn-Mn II) which is clearly affected by pressure. Moreover,
the 4 equatorial Mn-F distances (noted as Mn-F II) remain almost constant (following the
constant Mn-Mn I distance) in contrast to the two very compressible axial Mn-F distances
(noted as Mn-F I). The evolution of the theoretical Mn-F I distances also show the same trend

of decreasing under pressure but they are less compressible compared with the experimental
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FIG. 3. Rietveld refinement results for MnFy at: (a) 1.4 GPa, rutile structure, (b) 7.2 GPa,Srls-
type, and (c) 33 GPa, a-PbCly-type. Symbols correspond to the measured profile, the red solid

lines represent the results of Rietveld refinements. The difference curves (blue curves) are shown

also. Vertical ticks mark positions of Bragg peaks.

values. The net effect of these observations is the increase of the distortion of the octahedra
which explains the mechanism of the increase of the coordination number. In the case of HP-
I we observe a smooth variation (decrease) of the 7 different Mn-F distances with increasing

pressure. On the other hand, the Mn-Mn distances show a very interesting trend. In the
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FIG. 4. (a) Pressure dependence of the lattice parameters of MnFy and (b) Volume-pressure data
for the rutile, Srls-type and a-PbCls-type of MnFs. Experimental and calculated values are shown

with solid and open symbols respectively.

Srl,-type structure, each Mn?* cation has 12 closer Mn?* neighbours, an equal number with
FCC fluorite structure, although not equal with each other. More specifically, we observe 7
different distances within the range of ~ 0.6 A at 4.9 GPa. From Fig. 5, it can be clearly
seen that with increasing pressure, there is an apparent decrease of this range (/~ 0.4 A
at 12.8 GPa) and all distances approach a mean value very close to the expected one (12
equals ones) for a fluorite structure with the same volume (red dashed line in Figure 5). It
is plausible to assume that with higher temperature this distortion may be altered and a
perfect FCC sublattice (fluorite or cubic PdFy) maybe formed. Indeed, a cubic fluorite-type
structure for MnF, has been reported'® at moderate temperature (> 200 °C). In the case
of cotunnite structure, Mn?* cations are 9-fold coordinated by F~ anions with 7 short and
2 (equal) longer distances of ~ 2.7 A(Figure 5(b)). As in the case of Srl,-type structure,
Mn?* cations have 12 closer Mn?* neighbours with 5 different distances: 4 with multiplicity

2 and 1 (noted in Figure 5(a)) with 4. A smooth decease with pressure for all distances,
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TABLE I. Experimental and theoretical structural parameters of rutile, Srls- and a-PbCls-type
phases of MnFy at selected pressures: space group (SG), number of formula units in the unit cell
Z, lattice parameters, cell volume per formula unit, bulk modulus B and its pressure derivative
B’, Wyckoff site and the corresponding coordinates. Theoretical values are presented under the

experimental values.

P(GPa) SG Z a(A) b(A)  c(A) V. (A3) B(GPa) B WP x y z

0 Pjy/mnm 2 4872(1) 4.872(1) 3.309(1) 39.28(1) 99(2) 4 Mn(2a) 0 0 0
F(4f) 0.3132(5) 0.3132(5) 0

49153  4.9153 3.320  40.11 0.304  0.304 0

1.45 Pjo/mnm 2 4.843(1) 4.843(1) 3.299(1) 38.69(1) Mn(2a) 0 0 0
F(4f) 0.297(1) 0.297(1) 0

4.8755  4.8755 3.3200  39.45 0.3034  0.3034 0

7.2 Pbea 8 10.092(3) 5.215(2) 5.008(2) 33.08(3) 118(4) 4 Mn(8c) 0.879(1) 0.039(1) 0.275(1)
10.097 5272 5102  33.945 0.884  0.034  0.267

F(8¢) 0.789(3) 0.341(3) 0.150(2)

0.794 0381  0.146

F(8¢) 0.980(4) 0.754(3) 0.480(3)

0.972 0.737 0.501

33 Pnma 4 5.239(3) 3.140(2) 6.249(4) 25.71(8) 148(6) 6 Mn(4c) 0.211(2)  0.25  0.402(2)
5318 3189 6311  26.76 0248 025  0.379

F(4c) 0.502(5) 0.25  0.852(4)

0527 025  0.831

F(4c) 0.122(5) 0.25  0.064(6)

0.145 0.25 0.069

except the longer Mn-F which remains almost constant, can be seen from Figure 5.

Concerning the slight discrepancies between experimental and theoretical values of the
interatomic distances the comments are as follows: (a) although we started with an almost

perfect powder substance and consequently with a uniform intensity ring-like 2D XRD image
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this has been, normally, partially altered (spotty-like)after the first phase transition, thus,
introducing an experimental error in the determination of the positional parameters.(b)
In principle, the U parameters in the GGA+4U calculations should change with both the
pressure and the structure. However, using different U parameters for different structures
would result in a change of the energy levels which hinders the enthalpy comparison. The
U parameters, as determined at ambient pressure using the rutile structure, may become
less accurate at high pressures and this may be one of the reasons why calculations do not
reproduce exactly the interatomic distances for HP phases.

The calculated enthalpies as functions of pressure for the rutile, Srlo-type and a-PbCls-
type of MnFy are shown in Fig. 6 over the pressure range 0-25 GPa. At ambient pressure,
the calculation correctly reveals the rutile structure as the thermodynamic ground state of
MnFy. The Srl,-type structure becomes more stable than the rutile structure at ca. 4.2 GPa,
which agrees well with the measured transition pressure of 3 GPa. At 13.1 GPa, the a-PbCls-
type structure replaces the Srly-type structure, consistent with the measured transition at
13 GPa. Along the way, we also examined the two previously proposed structures for HP-I,
namely the P-/2m structure? and the Aea2 structure.!® Interestingly, if we fully optimize
these two structures, they both become immediately unstable and transform directly to the
fluorite structure. This finding further validates the Srl-type structure as the correct HP-I.

The enthalpy of the fluorite structure (Fm-3m) is presented in Fig. 6 for a comparison.

B. Raman scattering under pressure

Four Raman-active zone-center modes are predicted from group theory for the rutile-type
structure with the symmetries: By, + E, + Ay, + By,. At ambient pressure inside the DAC
we observe 3: B, + Ay, + By, out of 4 expected modes (Figure 7). The 4th low frequency,
expected at c.a. 61 cm',*® Raman mode (of Bj, symmetry) is not evident in our spectra;
presumably, it is too weak for detection.®® The Raman frequencies of the observed Raman
modes are in excellent agreement with previous studies.®® The calculated frequencies for
the By, Aj,, and F, modes are 463 cm™!, 350 cm™!, and 233 cm™!, respectively, which
compare well with the experimental values of 457 cm™!, 340 cm~! and 245 cm™!. The
calculated frequency for the missing By, mode is 72 cm™'. The Raman spectrum of MnF,

at 4 GPa (Figure 7) is drastically changed confirming the phase transition observed also by
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FIG. 5. (a) Selected interatomic distances for the rutile, Srls-type and a-PbCls-type of MnF5 as a
function of pressure with black, red and blue respectively, Mn-F and Mn-Mn distances are noted
with solid squares and circles respectively for the two high pressure phases. (b) Bar diagram of
the various Mn-F distances up tp 4 A for the three different phases of MnF5, distances with very

close values are grouped together for clarity. See text for details.

XRD measurements. We would like to point out that analysis of Raman spectra has been
hindered by the intense luminescence exhibited by MnF, above the first phase transition'®
and this is probably the reason of no reported Raman data under pressure. The appearance
of multiple Raman modes strongly indicates that HP-I has a larger and lower symmetry cell
in relation to the rutile-type. This is in agreement with the proposed orthorhombic Srl,-

type (Z=8 vs 2 for rutile) structure as determined by the XRD measurements. Group theory
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of MnFs as a function of pressure. The enthalpy of the rutile phase is taken as the reference.

predicts 36 Raman-active zone-center modes with the symmetries: 9A,+9B8,4+9B5,+9B3,.

At least 16 Raman modes can be observed in the 4 GPa Raman spectrum.

Raman spectra at 30 and 40 GPa reveal the existence of the second high-pressure phase
HP-IT at these pressures. The relatively simpler Raman spectrum suggests a smaller cell
in comparison to the Srlo-type. Indeed cotunnite structure determined from XRD has a
smaller unit cell (Z=4 vs 8 for Srls-type). Group theory predicts 18 zone-center Raman
active modes: 6A,+381,+6B5;4+3D83, from which 12 can be observed in the 30 and 40 GPa
Raman spectra. In order to perform a tentative assignment we use the theoretical results

t!” combined experimental and theoretical study on the lattice dynamics of CoF,

of a recen
under pressure which transform to the cotunnite structure at ~ 45 GPa. To the best of
our knowledge there is no other HP Raman study of cotunnite-type fluorides. Moreover,
only one Raman peak of CoFs cotunnite phase has been observed by Barreda et al..!” A
negligible effect of different mass between Mn and Co is expected at these pressures. The

results of the assignment are shown in Figure 7.
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FIG. 7. Raman spectra of MnFy at various pressures. The black, red and blue vertical ticks mark
the calculated frequency of the Raman peaks for rutile, Srlo-type and a-PbCly-type phases of

MnF5 respectively.

IV. RELATION BETWEEN MNF,; AND SIO; HIGH PRESSURE PHASE DIA-
GRAMS

As already mentioned, one of the main reasons of the interest on the high pressure
structural behaviour of rutile structure fluorides is the use of such compounds as model
materials for the pressure induced phase transitions of SiO,. A direct comparison between
the phase diagrams is not straightforward for three main reasons: (a) the difference between

bonding schemes of oxides and fluorides , (b) hydrostaticity is poorer at higher, at least an
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order of magnitude, critical pressures in the case of SiOy and (c) experimental observations
of high pressure forms of SiO, are usually combined with applications of high temperature in
order to overcome the kinetic barriers. The latter case is of key importance since temperature
critically affects the actual structure observed at high pressures. For instance, the Srl,-type
structure of MnF, observed in this study is expected to transform to a higher symmetry
fluorite structure at temperatures of few hundreds °C. That being said, we believe that a
lack or not of an one-to-one structural correspondence is not sufficient to judge whether a
model compound is suitable.?’ Instead, here we focus on the structural families, based on
the coordination number and cation arrangement, as described in the introduction. Figure
8 shows a bar diagram with the critical pressures and the structural types observed for
MnF, in this study and SiO, from previous experimental!®3%40 and theoretical®! studies.
The various structural types of rutile family are noted with different colours. The, post-
pyrite, cotunnite structure of SiOs, although not experimentally observed yet, has been
predicted*! as the more stable structure above c.a. 730 GPa. It can be clearly seen that the
high-pressure structural behaviours of MnFy and SiOs fit perfectly not only on the phase
sequence but also on the pressure range of relative stability of each family. Although, to
the best of our knowledge,there is no prediction of a stable SiO, phase above cotunnite,
it is plausible to assume that the stability range of this phase extends to at least 2 TPa.
However, the actual phase which will be observed in future experiments may deviate from
cotunnite for the already mentioned above reasons: (a) bonding schemes, (b) hydrostaticity

and (c) temperature.

V. SUMMARY

The high-pressure phase transition sequence of MnF, has been explored by a combined
experimental and first-principles study up to 60 GPa. The exact crystal structure of the
intermediate phase (HP-I) is fully identified and characterized as Srly-type orthorhombic
that is distinct from all previously proposed structures. A full structural analysis has been
performed including the detailed determination of the various interatomic distances under
pressure which allows a better understanding of the mechanisms of the phase transitions.
It is noteworthy that, through the series of the observed phase transitions, the coordination

number of manganese increases from 6-(rutile) to 7- (modified fluorite) and finally to 9-
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FIG. 8. Bar diagram showing the pressure stability intervals of the different structural modifications
of MnFs and SiOs. Critical pressures values are obtained with XRD from this study for MnF5 and

XRD results or theoretical predictions for SiOg (see the references given in the text).

fold (cotunnite). Given the similarities between the HP phase diagram of MnF5y and SiOs,
a cotunnite-type (HP-II) 9-fold structure can be proposed as the highly anticipated post-

pyrite!® SiO, structure.
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