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Low-dimensional sublattice melting by pressure: Superionic conduction in the phase interfaces

of the fluorite-to-cotunnite transition of CakF,
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The pressure-induced phase transformation of calcium fluoride (CaF,) from the cubic-fluorite-type structure
(Fm3m) to the orthorhombic cotunnite (PbCl,) type structure (Pnma) is investigated from transition path
sampling molecular dynamics simulations. Starting from an artificially prepared transformation route connect-
ing fluorite to cotunnite, subsequent trajectory rectification evolved to a distinct picture of the favored mecha-
nism. The latter is characterized by nucleation and growth of the new phase. The overall transformation
mechanism was identified as a symmetry-lowering step from the cubic to the orthorhombic atomic configura-
tion which is caused by the reorganization of one half of the octahedral voids. At the interface between the
cubic and the orthorhombic structure, a pressure-induced local melting of the fluoride sublattice is observed.
This produces defects that allow for the reorganization of the calcium sublattice which eventually leads to the
recrystallization of the fluoride ions fixating one of the stable structures. Variation of the thermodynamic
parameters shows that the mechanism is conserved over the experimentally relevant range, however with an
increasing tendency towards incomplete transformation on lowering the temperature, in accordance with

experiments.
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INTRODUCTION

Transformation processes between liquid and solid phases
are phenomena of central importance in nature. The most
fundamental transition of this kind is represented by crystal-
lization from the melt. While this is one of the main synthetic
pathways in solid state synthesis, a more peculiar phenom-
enon is reflected by superionic conductors, a fascinating
blend of solid and liquid states that arises when only parts of
a compound become liquid. In CaF,, the fluoride sublattice is
well known to melt on raising temperature. The present work
is aimed at demonstrating pressure as an important thermo-
dynamic variable governing sublattice melting in CaF,. Re-
cently, the tremendous technological potential of ion con-
ducting materials based on distinct transport effects in
interface regions has been reviewed.' Inspired by these stud-
ies we decided to explore the possible similarities between
ion conduction in the interface region of CaF,-BaF,-CaF,
sandwich structures' and phase fronts forming during
pressure-induced structural transformations.

The polymorphism of CaF, encompasses two fundamen-
tal structural types, the (low pressure) face-centered cubic

fluorite structure (space group Fm3m), for which CaF, is the
prototype compound, and the (high pressure) PbCl, type for
the orthorhombic polymorph cotunnite (space group
Pnma).>* For salt-like compounds of composition AB,,
these structures offer an attractive combination of a close-
packed array of A atoms and interstitial sites of different
coordination number available for atom B. In the fluorite
structure the Ca ions are in a cubic close-packed (ccp) ar-
rangement, the fluoride ions occupy all the tetrahedral inter-
stitial sites. In the cotunnite structure, the array of A atoms is
hexagonal close-packed (hcp),* half of the fluoride ions ex-
hibit tetrahedral coordination, the other half is placed off-
center in the (ideally) octahedral voids of hcp, with fivefold
coordination. Ca is eightfold coordinated in the fluorite struc-
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ture, while the coordination number increases to nine in the
denser cotunnite structure. The fluorite and cotunnite struc-
tures are also realized by the fluorides of the heavier
alkaline-earth metals (Sr, Ba). The series of high-pressure
structures for AB, composition is enriched by a plethora of
other phases like Eul,, a-PbO,, on varying the halogen moi-
ety, like in CaCl,, or in oxide compounds like ZrO,. Despite
the chemical diversity of these compounds, the analogies in
their high-pressure behavior, particularly the reappearance of
the same atomic pattern among high-pressure polymorphs,
hints at common features.

Experimental investigations of the mechanistic details of
pressure-induced reconstructive phase transitions are compli-
cated by the first-order thermodynamics that often causes the
destruction of the crystal. Furthermore, these processes dis-
play a large pressure hysteresis. For CaF,, the fluorite-to-
cotunnite phase transition occurs in the range 9.5-20 GPa,’
with the cotunnite phase retransforming to the fluorite phase
on releasing pressure. The high-pressure polymorph can be
quenched from higher temperature, 300 °C, nonetheless the
crystallinity of the obtained material is poor.

To shed light on the mechanism of the reconstructive
phase transition we have performed isothermic-isobaric mo-
lecular dynamics simulations within a recently implemented
transition path sampling scheme.® The latter allows investi-
gating the transformation at the phase coexistence condi-
tions, and is particularly suited for observing phase nucle-
ation and growth in solid state reconstructive phase
transitions. The performance of our approach has been ex-
tensively demonstrated for alkaline halogenides.”!°

SIMULATION DETAILS

The simulation scheme as it is described in Ref. 6 requires
modeling of a first transition trajectory which is subsequently
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FIG. 1. (Color) Group-subgroup relation between the space
group of fluorite (Fm3m) and the space group of cotunnite (Pnma).
The path used for the geometric modeling is highlighted in red, the
preferred mechanism is highlighted in blue. The intermediate space
groups Immm and Cmca of the first branch and the final branch are
highlighted.

rectified in the course of transition path sampling iterations.
Such an initial pathway can be prepared from a geometric-
topological approach.” For this, we take advantage of the fact
that the space group of fluorite is connected to the space
group of cotunnite via several group-subgroups pathways.!!
The distance between the groups allows for several path-

ways. We have chosen the path from Fm3m to Pnma over
Immm (Fig. 1, red path) as a model for the first trajectory.
The transformation matrix | (1 % 0) (-1 % 0) (00 1)]
[41'1 0 41'1] was applied on the unit cell of the fluorite structure.
In a common cell the atomic coordinates were varied be-
tween two limiting parameter regions corresponding to the
CaF, and PbCl, structural motifs. From these interpolated
configurations a dynamical intermediate was derived, and
from it a first transition pathway, by propagating in both
directions of time.%’ The mechanism we used for preparing
the first transition trajectory contained a symmetric interme-
diate configuration, as it is shown in Fig. 2(b). This interme-
diate features trigonal prisms of Ca”* ions that are formed by
the fusion of adjacent tetrahedral on increasing the puckering
of the layers of the cubic structure.

While this initial trajectory does not need to be a likely
one, more probable routes are more frequently produced, and
the trajectory regime quickly departs from the disfavored,
symmetric intermediate structure, and shifts towards a pre-
ferred mechanistic regime characterized by nucleation and
growth. This pathway evolution occurred within 15-20 itera-
tions. From the first dynamical pathway, obtained from the
starting model, new trajectories are iteratively produced.® A
configuration is selected from a previous trajectory, and
modified for the next simulation step keeping the total mo-
mentum, total energy, and angular momentum unchanged.
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FIG. 2. (Color) Geometric model used as a starting transforma-
tion route (F green, Ca grey). The symmetry reduction from the
cubic to the orthorhombic structure corresponds to a path from

Fm3m to Pnma over Immm (cf. Fig. 1). a) Cubic structure, b)
intermediate, space group Immm, c) orthorhombic structure. The
cubic and orthorhombic structures are represented in a common cell
with orthorhombic metric.
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TABLE I. Interatomic pair potential parameters for CaF,.

A (eV) p (A) C (eV A% q*le?
Ca-Ca 5.8107319 0.119628 0.0 +4
Ca-F 2954.8346 0.264043 0.14469 -2
F-F 37.930398 0.145092 0.0 +1

Upon propagation of the new configuration in both forward
and backward time directions, the resulting trajectory is in-
vestigated for the fluorite-to-cotunnite transition. As a dis-
criminating order parameter between the fluorite and cotun-
nite structures, the average coordination number (CN) of the
fluoride ions by Ca* ions is used. It amounts to 4 for the
fluorite structure, and changes to 4.5 in the cotunnite struc-
ture in continuity (half of the fluorite ions in tetrahedral co-
ordination, CN=4, the other half in pyramidal coordination,
CN=5). Intermediate structures show a CN in between. The
simulation box contained 256 Ca** ions and twice as many
fluoride ions. A set of empirical force field parameters were
used. For the molecular dynamics simulation a time step as
small as 0.1 fs was chosen, in order to ensure time revers-
ibility. The equations of motion were integrated with the
DLPOLY package.'? Therein, the Melchionna-Nose-Hoover
algorithm was used to apply constant temperature and
pressure.'® The initial simulation pressure was initially cho-
sen as 9.5 GPa,? which represents the lower boundary of the
hysteresis obtained from experiments, where the high-
pressure structure starts forming. Experiments are performed
in a temperature range of 300 to 573 K. We performed dif-
ferent sets of simulations at different temperatures (300, 350,
400, 450, 500, 573 K) and also varied the pressure
(9.5—12 GPa). Anisotropic shape changes of the simulation
box were allowed for not biasing the mechanistic analysis
with respect to the experiments.

INTERATOMIC PAIR POTENTIAL

Empirical interaction potentials have been shown to per-
form very well in many molecular dynamics simulations of
salt-like compounds. For their use in phase transitions it is
crucial that the model appropriately reproduces all relevant
phases. Given the too focused scope of the published force
fields, that were able to cover only some of the features
required by our simulation, a new empirical force field for
CaF, was developed. Therein the ionic interactions were de-
scribed by a combination of Coulomb and London potentials,
and short range repulsive terms. The parameters of the Buck-
ingham pair potential model were fitted to reproduce the
equations of state of both the normal and the high-pressure
modifications. A relaxed fitting procedure as implemented in
the program GULP'* was used. The input was constructed
from a set of ab initio total energy values for configurations
of the normal and high-pressure structures at different vol-
umes. The total energy calculations were performed with the
FPLO package.!>™'7 The fitting error was defined as the re-
sidual of the total energies. The pair potential parameters are
shown in Table I.

PHYSICAL REVIEW B 74, 094106 (2006)

The equilibrium lattice parameter of the cubic modifica-
tion calculated with our pair potential (at 0 K), a=536.9, is
only 1.7% smaller than the experimental value of 546.2 pm
(Ref. 18) obtained by x-ray scattering. The calculated'* bulk
modulus of the normal pressure modification of CaF, is
97.9 GPa (at 0 K) which is 8.5% larger than the experimen-
tal value of 90.2 GPa (extrapolated to 0 K, from Ref. 19).
The elastic constants, C;;=166.2, (C,=63.8, Cy
=55.34 GPa, agree reasonably with experimental values
(C,;=165.4, C,=44.4, C44=34.2 GPa).?’ Moreover, the de-
veloped pair potential is able to reproduce the temperature-
induced transition from fluorite-type CaF, to a superionic
phase on raising temperature, as well as the melting
transition.?!

The axial ratios a/b and c¢/b are good indicators for the
adequate description of the structure under pressure as they
strictly reflect the close-packed arrangement of Ca>* ions.
The calculated ratios are a/b=1.665 and ¢/b=1.943, in ex-
cellent agreement with the experimental values.?

RESULTS AND DISCUSSION

The way of reconstructing the Ca close-packed hexagonal
pattern coded in the starting route [Figs. 2(a)-2(c)] disap-
pears during the early iteration steps, and a different mecha-
nism sets in. The latter involves shearing of Ca (100) layers,
like it is described in the following. The mechanistic analysis
is based on more than 100 transition pathways sampled after
decorrelation of the trajectories from the initial, disfavored
regime.

The signature of the onset of the cubic-to-orthorhombic
phase transition is an enhanced mobility of the fluoride ions
[Figs. 3(a)-3(d)]. While the arrangement of the Ca’* ions
remains as in the fluorite structure, the F~ ions can switch
between different tetrahedral voids, with excursions as long
as 650 pm. In the fluorite structure all tetrahedral voids are
occupied. Anion mobility is achieved through the creation of
a Frenkel defect, by episodic occupation of an octahedral
void [Figs. 3(a) and 3(b)], leaving an empty tetrahedral void
behind. The face-sharing arrangement of occupied tetrahe-
dral and octahedral voids represents a less favored configu-
ration, as it implies local F-F contacts that are shorter
(d<0.433a, a=lattice parameter) than in the fluorite struc-
ture [d=1/2a, Fig. 3(b)]. This configuration is quickly aban-
doned by migration of another fluoride ion into an octahedral
void, whereby an additional tetrahedral vacancy is formed
[Fig. 3(e)]. In this less dense part of the structure the recon-
struction of the Ca sublattice [Figs. 3(e) and 3(f)] is initiated.
Displacements of portions of (100) Ca layers along [011]
with respect to the fluorite structure remove the central octa-
hedral void [Figs. 3(e) and 3(f), right]. This is accompanied
by the formation of an octahedral void with a different ori-
entation, that shares a face with an adjacent occupied octa-
hedral void. The fluoride ions inside these octahedra move
off-center in pyramidal coordination, such that short contacts
are avoided. A displacement within an adjacent (100) Ca
layer rearranges another octahedron [Fig. 3(g)]. This second
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new octahedron shares a face with an octahedron of the pris-
tine cubic structure and an edge with the previously formed
new octahedron. Again the fluoride ions occupy the one half
of the octahedron (a pyramid) where no short contacts to
fluoride ions are formed.

FIG. 3. (Color) Snapshots from a typical con-
verged transition trajectory illustrating the local
changes in the atomic configurations and the
mechanism transforming the cubic (upper part)
into the orthorhombic (lowest part) structure.
Three adjacent octahedra are shown. Grey—
calcium, red—fluoride ions in octahedral voids,
orange—fluoride ions in tetrahedral voids.

In the cubic close-packed arrangement the centers of the
octahedral voids are connected by a single translation, which
is reflected in the equal orientation of the octahedra [Fig.
3(a), right]. The overall reconstruction of the Ca sublattice
during the phase transition rearranges half of them, which
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FIG. 4. (Color) Reconstruction
of the Ca sublattice by layer
shearing along [011] (red stripes
in c). Green stripes highlight pat-
tern of antiparallel shifts within
adjacent (100) layers. The two
layers are represented separately
for better visibility. ¢) Two adja-
cent (100) layers a) upper layer b)
lower layer.

results into two distinct sets of octahedral voids. This atomic

movement is the symmetry-lowering step.

The reconstruction of the Ca sublattice is achieved by
shearing of layers along [011] [Fig. 4(c), red stripes]. In ad-
jacent (100) layers (4* square nets) this involves antiparallel
shift of “ladders” of Ca®* ions [green bands in Figs. 4(a) and
4(b)], such that new octahedral voids are formed in between,
and the square nets are rearranged into 3°4% nets, with rows
of triangles.

The simulation procedure allows assessing the probability
of obtaining phase B starting from phase A.?> The equilib-
rium situation, AG=0, corresponds to an equal probability to
reaching phase A from B, and vice versa. Following the for-
malism given in Ref. 22 we use the index
In(@yorite/ Xeoumnite) (@ is proportional to the momentum
modification in phase I; I=fluorite, cotunnite) as a measure

of the distance from the thermodynamic equilibrium. For p
=9.5 GPa the index is 0.87, meaning that the pressure is
slightly undercritical. On enhancing the pressure (p
=12 GPa) the system is shifted closer to phase coexistence.
On lowering the temperature, the probability of getting the
cubic phase is larger, and the equilibrium is shifted towards
the cubic side. In this simulation regime, the tendency of
forming configurations that are a patchwork of cubic and
orthorhombic structure increases. This finds an echo in the
increasingly poor cristallinity of the samples in quenching
experiments.?

In the overall mechanism distinct directions for the reor-
ganization of the Ca sublattice and for the displacement of F~
ions appear. In Fig. 5(a) an early stage of the overall recon-
struction is shown. Ca>* ions displace along [011], vertically
in Fig. 5. The movement of fluoride ions has been traced by
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FIG. 5. (Color) Snapshots from a typical trajectory illustrating
the different mobility of fluoride ions at different times and different
places of the reconstructing structure. The displacements of fluoride
ions are traced in a time window of 1.2 ps. The Ca®* ions are shown
in red. a) In the reconstructing region octahedral voids are rear-
ranged and occupied by fluoride ions (transparent red polyhedra).
Only in this region anion mobility is observed. b) Shift of the phase
propagation front. Anion mobility is enhanced only in the interface
region (green polyhedra) between cubic (left) and orthorhombic
atomic pattern.
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“illuminated lines”?* over a period of 1.2 ps. This empha-

sizes the different mobility of fluoride ions in different re-
gions and at different stages of the transforming box. F~ ions
that are still in the fluorite configuration (left) display a short
trace, while F~ ions in the interfacial region (right) exhibit an
enhanced mobility reflected by a longer trace. Furthermore,
they form chains that propagate diagonally in the box [Fig.
5(a)]. The “jumps” are frequent in the regions where octahe-
dra are reconstructing (red polyhedra) and reach out to
neighboring regions, where the reconstruction is about to
start. While the overall F~ ions displacement follows crystal-
lographic directions, the local jumps are uncorrelated, such
that this region is liquid-like. The setup of an interfacial re-
gion hence corresponds to a local melting of the F sublattice.
Upon propagation of the phase front [Fig. 5(b), green poly-
hedra], the liquid-like interface is shifted such that enhanced
mobility characterizes this region only. This picture is intrin-
sically different from a conventional solid-solid transforma-
tion. In the latter, the displacement paths of rearranging at-
oms are well defined in both direction and length.

In terms of symmetry, the initial path over the Immm
intermediate is quickly abandoned (Fig. 1, red path), and a
different path is found in the course of our molecular dynam-
ics simulation (Fig. 1, blue path). The important step high-
lighted in the analysis described above (Fig. 3) lies in the
reorientation of half of the octahedral voids of the fluorite
structure. Upon occupation of different octahedral voids by
fluoride ions the latter become different in symmetry, be-
cause the (centering) vector connecting the octahedra is ex-
tinguished. At the same time, the fluoride ions are trapped in
their final position, effectively condensating from the liquid-
like interface into the final cotunnite structure. The path over
the Cmca intermediate (Fig. 1, blue pathway) allows a split-
ting of the fluoride positions (crystallographic and dynamic
at the same time) and corresponds to the preferred mecha-
nism identified from our simulations. Considering the details
of the mechanism, the translationsgleich (t) branch of the

path (Fm3m-Fm3-Fmmm) corresponds to the superionic re-
gion characterizing the interface, the klassengleich (k) seg-
ment (Fmmm-Cmca-Pnma) hosts the reconstructive steps,
and corresponds to a phase front propagation step (Fig. 5, red
polyhedra) involving freezing of the anionic sublattice and
formation of structural motifs of the new phase.

In summary, the transition is initiated by fluoride ions
switching to octahedral voids in the close-packed Ca sublat-
tice. The locally liquid anionic sublattice causes Frenkel de-
fects that enable the modification of an otherwise dense and
rigid close-packed atomic arrangement. This occurs by anti-
parallel Ca layer shearing along [011] and reorganization of
half of the pristine octahedral voids. The momentarily occu-
pation of octahedral voids causes short F-F contacts in terms
of adjacent face-sharing tetrahedra. This unfavorable con-
figuration is resolved by a local geometric change that reori-
ents the octahedron. This induces a propagation of the phase
interface causing the “freezing” of the formerly mobile fluo-
ride ions. Further propagation of the phase front is carried by
liquid-like fluoride ions that reach out to adjacent layers.

The nucleation and growth scenario accessible through
our simulation resolves different symmetry lowering steps
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into different regions of the simulation cell. Not only can the
global mechanism be identified. The fine granularity of the
simulations allow identifying the chemical aspects of sym-
metry lowering steps: the formation of a liquid-like interface,
and therein the rules of avoiding face-sharing arrangements
that “push” the fluoride ions in the right adjacent voids, lead-
ing to freezing of the fluoride sublattice.

The observation of this phenomenon is closely connected
to the applied simulation scheme which allows the unbiased
identification of transformation mechanisms,® domain forma-
tion, and interface geometries.>* Nevertheless, interface-
based ionic mobility was identified in CaF,-BaF,-CaF, sand-
wich structures.! As the identified superionic conduction
state only occurs in an interfacial region of the two stable
phase domains a direct experimental observation appears
rather difficult. However, within the few picoseconds of
liquid-like mobility of a single fluorite
— cotunnite—fluorite cycle, the fluoride ions diffuse by
more than 1 nm. Repeated transitions may hence lead to a
percolation of the F sublattices of the stable states that
should in principle be accessible to the experiment.

CONCLUSIONS

In conclusion, we performed transition path sampling
molecular dynamics runs of the phase transition of calcium
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fluoride induced by pressure. Using a pathway obtained from
a geometric mechanism as starting route, developed on the
basis of group-subgroup relationships, the simulations con-
verged to a favored mechanistic regime, characterized by
coexisting phases separated by a two-dimensional interface.
Therein the liquid-like mobility of the fluoride ions causes
the formation of Frenkel defects that allow for the recon-
struction of the dense Ca sublattice. Phase propagation oc-
curs on shifting the phase front, under freezing of the locally
liquid fluoride ions sublattice into the new phase, and melt-
ing in the interfacial region. The enhanced mobility of the
anions in confined, low-dimensional interfacial regions re-
calls the temperature-induced phenomenon of superionic
conduction in bulk materials. In this work we demonstrated
pressure as the thermodynamic parameter behind sublattice
melting.
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