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Using first-principles density functional theory calculations, we investigate the hydrostatic pressure-
induced reorientation of the Mn–F Jahn-Teller bond axis in the fluoride cryolite Na3MnF6. We
find a first-order isosymmetric phase transition (IPT) occurs between crystallographically equivalent
monoclinic structures at approximately 2.15 GPa, consistent with earlier experimental studies.
Mode-crystallography analyses of the pressure-dependent structures in the vicinity of the transition
reveal a clear evolution of the Jahn-Teller bond distortions in cooperation with an asymmetrical
stretching of the equatorial fluorine atoms in the MnF6 octahedral units. We identify a significant
(70%) change in the orbital occupancy of the eg manifold of the 3d4 Mn(III) to be responsible for the
transition, stabilizing one monoclinic P21/n variant over the other. The orbital reconstruction as a
driving force for the transition is confirmed by analogous calculations of isostructural 3d0 Na3ScF6,
which shows no evidence of an IPT up to 6.82 GPa.

PACS numbers: 61.50.Ks, 74.62.Fj, 71.15.Mb

I. INTRODUCTION

Perovskite transition metal compounds with ABX3 stoi-
chiometry, where X is either oxygen or fluorine, have been
extensively studied owing to their ability to support a rich
set of physical phenomena ranging from multiferroisim
to superconductivity1–4. Many of these properties are
a direct consequence of structural phase transitions and
symmetry reductions, which alter chemical bonding path-
ways and electronic properties through distortions and
rotations of BX6 octahedra through strong electron-lattice
coupling. Indeed, the physical properties of perovskites
can be tailored by changing the bonding environments
by manipulating the BX6 size, shape, and connectivity5

using chemical pressure or epitaxial strain6–9. Thus, for
electronic function engineering purposes it is useful to
understand the tendency of a perovskite to distort, or
undergo a structural transitions, which can be estimated
using the Goldschmidt tolerance factor10.

The tremendous success of perovskites has sparked in-
terest in a closely related set of materials, the A2BB’X6

double perovskites with multiple cations that order among
various planes in a periodic fashion (Fig. 1). The addi-
tional degree of freedom from compositional ordering not
found in simple perovskites11,12 can be used to obtain
desirable ferroic responses13,14, and explore correlated
electron properties15–17. It is important to note that while
there are a multitude of studies on perovskites and double
perovskites, most of the materials physics literature is
keenly focused on X=O transition metal oxides.1 Fluo-
ride compounds, however, also show an affinity for func-
tional electronic behavior, including mutiferroicity18–21,
ionic conductivity22. Yet these ternary fluorides have
received considerably less attention than their oxide
counterparts although they are ferroelastic23 and exhibit
polymorphism.24 As such, their properties are structure
and symmetry dependent, albeit they tend to adopt the

ideal undistorted structure more frequently.25

For the case of rock salt ordered double perovskites with
two possible B cations (B and B′) with X = F (fluorine),
these compounds are generally referred to by one of the
two prototypes illustrated in Fig. 1. The first class being
cryolite, after the compound Na3AlF6

26. This family con-
tains compounds with 12-coordinate A sites, whereby the
same cation on the A site is chemically identical to one
at the octahedrally coordinated B site (A = B), while the
B′ cation remains unique. This results in the stoichiom-
etry A3B′F6 for cryolite, and as a result the B cation
interactions are ‘interrupted’ by the A cation occupying
the B sublattice. The other prototype is elpasolite, which
is named for the mineral K2NaAlF6.27 It also refers to
structures with 12-fold coordinated A cations, but un-
like cryolite, the two octahedrally coordinated B sites
are chemically distinct species (B and B′).28,29 Thus the
stoichiometry for elpasolite is A2BB′F6.

Here we focus on the cryolite Na3MnF6 (tolerance fac-
tor of 0.89), which possesses a strong first-order active
Jahn-Teller d4 Mn3+ cation and exhibits a distorted mon-
oclinic P21/n (space group 14) structure with both in-
phase and out-of-phase MnF6 octahedral rotations in its
ground state (Fig. 2).30 It is ferroelastic and experimen-
tally undergoes an isostructural first-order monoclinic-to-
monoclinic phase transition with hydrostatic pressure31.
Such isostructural/isosymmetric phase transitions (IPT)
without symmetry reductions32 infrequently occur in in-
organic condensed matter phases—displacive transitions
are much more common33. Microscopic origins for such
transitions include spin-state transitions,34 electronic or
magnetic polarization rotation,35 or from bond reconfigu-
rations due to mechanical epitaxial strain constraints.36–40

For example, IPTs in Mn-based complex oxides have been
reported to be induced by chemical pressure,41 surface ef-
fects in nanoparticles,42 and thermal cycling by melting an
orbitally ordered state.43 In such cases, the driving force
is either a reduction in an electric polarization (YMnO3)
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FIG. 1. Ideal structures of the double perovskite fluorides
cryolite (A3B′F6, left) and elpasolite (A2BB′F6, right) as they
relate to the cubic ABX3 perovskite structure (top).

or due to the removal of the Jahn-Teller distortion alto-
gether.

The IPT in Na3MnF6 is experimentally found to be
reversible while showing characteristic first order hysteric
behavior. Above and below the critical pressure value for
the phase transition, the authors of Ref. 31 identified that
the short and long Mn–F bond lengths, which are signa-
tures of the Jahn-Teller distortion, persisted across the
transition. Unlike the related oxides, the bond distortions
remain and only the relative orientation of the distorted
bond pairs with respect to the monoclinic axes switch.
What are the atomic and electronic features responsible
for the phase transition: is it due to spontaneous strain,
the Mn electronic degrees of freedom, or strong electron–
lattice interactions? We are unaware of a theory that
captures the microscopic origin of this IPT in Na3MnF6

or related manganites where the Jahn-Teller distortion is
not removed across the isosymmetric transition.

Herein, we use density functional theory calculations
to identify the microscopic origin of the pressure-induced
IPT in the fluoromanganate Na3MnF6. We find that the
ground state monoclinic structure is stabilized through
a combination of energy lowering MnF6 octahedral rota-
tions and Jahn-Teller (JT) bond elongations; the latter
arise to remove the orbital degeneracy owing to electron
occupation of the majority spin e↑g-manifold presented by
a cubic crystal field. These combined effects produce a
crystal structure at ambient pressure that exhibits elon-
gated Mn–F bonds along the long, crystallographic c axis
depicted in Fig.2(b), and is common for manganates with
axial ratios c/a > 1.44,45
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FIG. 2. Equilibrium zero kelvin structure of Na3MnF6, and the
MnF6 octahedra of the (b) low pressure [P21/n]1 and (c) high
pressure [P21/n]2, phases. The long Mn–F bond axis, referred
in the text as the Jahn-Teller (JT) bond axis, is highlighted in
black and the ferrodistortive packing of these octahedra along
the c-axis is the distinguishing structural feature across the
monoclinic-to-monoclinic transition.

Upon application of hydrostatic pressure, we find a re-
orientation of the long JT Mn–F bond occurs for unit cell
volumes of 240±0.1 Å3, corresponding to an experimental
pressure between 2.10 GPa and 2.15 GPa in agreement
with Ref. 31. At the electronic structure level, we find
that the low-pressure fluoromanganate phases have fully
occupied dz2−r2 orbitals, whereas in the high-pressure
phase, the occupancy reverses to be predominately of
dx2−y2 orbital character. Unlike previously reported IPTs
in manganites, the Jahn-Teller mode is always present and
the strong orbital-lattice coupling facilitates the electronic
transition, which is marked by a giant (70%) change in
the orbital polarization of the Mn eg manifold through a
renormalization of the mode stiffness of the Jahn-Teller
distortion. Uncovering the microscopic origins of the tran-
sition sheds light on the effect of stress on the magnetic,
electronic and structural degrees of freedom in Na3MnF6,
but more broadly it reveals the Jahn-Teller distortion
need not be removed across such transitions and hence
well-defined orbitally ordered state may exists across such
phase boundaries in related phases.

II. COMPUTATIONAL & SIMULATION
DETAILS

We performed density functional theory calculations
with the general gradient approximation (GGA) of
Perdew-Burke-Ernzerhof revised for solids46 (PBEsol) as
implemented in the Vienna Ab initio Simulation Package
(vasp)47,48 with the projector augmented wave (PAW)
method49 to treat the core and valence electrons using the
following valence configurations: 2p63s1 for Na, 3p64s13d6

for Mn, and 2s22p5 for F. We used a 7× 7× 7 Monkhorst-
Pack k-point mesh50 with Gaussian smearing (0.1 eV
width) for the Brillouin zone (BZ) integrations and a
600 eV plane wave cutoff. Spin-polarized structural re-
laxations were performed until the Hellmann-Feynman
forces were less than 1 meV Å−1 for each atom position.
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Magnetic Order. The long-range spin order for
Na3MnF6 has not been previously reported. Therefore,
prior to carrying out the pressure study, we explored the
energetics for A-type antiferromagnetic order (in-plane fer-
romagnetic coupling between Mn sites, with out-of-plane
antiferromagnetic coupling) and ferromagnetic order on
the monoclinic P21/n (ambient) structure with the JT
Mn–F bond directed along the c axis. These two mag-
netic configurations are compatible with the 20 atom unit
cell used in all calculations. From our total energy cal-
culations of the fully relaxed phases, we find that the
ferromagnetic configuration is essentially degenerate with
the antiferromagnetic configuration: There is less than
0.1% difference in cell volume and an energy difference of
0.4 meV per formula unit (f.u.). These small differences
between the magnetic variants also persist for calculations
performed at elevated pressures. Owing to the strong ionic
character of the fluoride and the fact that there appears
to be very weak spin–lattice coupling, we use structures
with ferromagnetic (FM) order throughout to perform the
hydrostatic pressure simulations. As described below, the
FM order yields excellent agreement with experimental
structural data.
Application of Hydrostatic Pressure. We computa-

tionally mimic the experimental hydrostatic pressure
study by imposing the lattice constants and monoclinic
angles reported in Ref. 31 while allowing the internal
coordinates to fully relax to obtain the total energies
for both the low-pressure ([P21/n]1) and high-pressure
([P21/n]2) phases. Throughout we distinguish between
the two phases by using the space group label with an
additional index, 1 or 2, appended to the end to indicate
if it is the low-pressure (phase 1) or high-pressure (phase
2) Na3MnF6 structure. The starting atomic configura-
tion for the [P21/n]1 phases employ the positions ob-
tained from our fully relaxed zero pressure DFT-PBEsol
simulations, whereas for the [P21/n]2 structural relax-
ations, we initialize the atomic positions to those reported
experimentally.31

III. RESULTS

A. Na3MnF6 Equilibrium Structure

Before performing the hydrostatic pressure study on
Na3MnF6, we first determine the equilibrium structure
at zero pressure with ferromagntic spin order. Consis-
tent with experiments, we find a distorted monoclinic
structure with in-phase MnF6 octahedral rotations about
the c axis and out-of-phase tilts. The combination of
rotations and tilts gives the a−a−c+ tilt pattern as de-
scribed within Glazer notation51. Table I shows that the
PBEsol functional provides an accurate description of
the structural parameters of Na3MnF6 when compared
to experiment. The error in the cell volume is ∼0.05%,
under the constraint that the PBEsol structure has the
same monoclinic angle as that reported in Ref. 30.

TABLE I. Comparison between the internal coordinates given
in reduced units and lattice parameters a, b, and c (Å) for
monoclinic Na3MnF6 (P21/n) obtained from DFT-PBEsol
calculations and x-ray synchrotron experiments.30 The mon-
oclinic angle, β = 88.96◦, is constrained to the experimental
value. The unit cell volumes obtained from DFT and exper-
iment are 251.09 and 250.97 Å3, respectively. The Mn and
Na(1) cations occupy the Wyckoff positions (WP) 2a(0, 0, 0)
and 2b(0, 0, 1/2), respectively without free parameters, while
all other atoms are free to displace.

Atom WP PBEsol Experiment30

Na(2) 4e x 0.510 0.509

y 0.058 0.055

z 0.750 0.750

F(1) 4e x 0.122 0.115

y -0.063 -0.058

z 0.761 0.767

F(2) 4e x 0.722 0.719

y 0.828 0.829

z -0.058 -0.053

F(3) 4e x 0.162 0.163

y 0.724 0.721

z 0.068 0.067

a 5.472 5.471

b 5.684 5.683

c 8.075 8.073

To understand the complex atomic distortions in
the monoclinic phase, we first recognize that a group–
subgroup relationship exists between the ideal high-
symmetry cubic structure without octahedral distortions
or rotations, Fm3̄m, and the P21/n structure.52 Mode
crystallographic analysis53,54 then enables us to deter-
mine the full set of unique symmetry-adapted mode dis-
placements active in the Fm3̄m→ P21/n transition (see
Fig. 3 for schematic illustrations), described as irreducible
representation (irreps) of Fm3̄m. We find that the cubic-
to-monoclinic symmetry reduction requires a combination
of at least two of these modes; based on the physical
character (Fig. 3) and distortion mode amplitudes (Table
SI of the Supplementary Material available in Ref. 25)
of the modes present in the ground state structure, we
deduce that the symmetry reduction is driven by out-of-
phase octahedral rotations about the b axis and in-phase
rotations about c-axis, i.e., Γ+

4 ⊕X
+
3 .

B. Hydrostatic Pressure-induced Isosymmetric
Transition

We investigate phase stability of the monoclinic
Na3MnF6 by computing the total energy at various vol-
umes for both the [P21/n]1 and [P21/n]2 structures.55

Fig. 4 shows that the energy of both monoclinic phases in-
creases with increasing pressure (decreasing cell volume).



4

(a) Undistorted structure (b) Γ1  Q1 Jahn-Teller  
+  

(c) Γ3  Q3 Jahn-Teller  
+  (d) Γ4  out-of-phase tilting  

+  

(e) Γ5  scissors mode  
+  (f) X2  Q2 Jahn-Teller  

+  

(g) X3  in-phase rotation  
+  (h) X5  octahedral flattening 

+  

ϕ 

θ	


FIG. 3. Illustration of symmetry-adapted mode displacements
which appear in monoclinic Na3MnF6 labeled according to
irreps of the undistorted (a) Fm3̄m structure: (b) Γ+

1 : the Q1

Jahn-Teller (JT) mode commonly referred to as the breathing
distortion. (c) Γ+

3 : the Q3 (two out–four in) JT vibrational
mode. (d) Γ+

4 : the out-of-phase tilting of octahedra about the
b axis. The tilt angle is measured as (180◦ − φ)/2. (e) Γ+

5 :
“scissor” mode which brings equatorial F anions in the MnF6

octahedra closer together and reducing the intra-octahedral
F–Mn–F bond angle from the ideal 90◦. (f) X+

2 : the Q2

(two in–two out) bond stretching mode in the ab plane. (g)
X+

3 : in-phase rotations of the octahedra about the c axis. The
rotation angle is measured as (90◦−θ)/2. (h) X+

5 : anti-parallel
apical F displacements which lead to a flattening of the MnF6

octahedra. Note that the Na(2) cations are excluded for clarity
throughout, and broken lines indicate atomic displacements
in the layer below.

At low-pressure [P21/n]1, exhibiting the Jahn-Teller bond
axis oriented along the c axis, is more stable than [P21/n]2
(JT bond axis in the ab plane) by ∼20 meV. This ener-
getic stability remains until near the unit cell volume of
240 Å, where we find that both monoclinic structures are
stable within our simulations. Upon further increase in
pressure, [P21/n]2 is stabilized relative to [P21/n]1 by
nearly the same energetic difference. From our mode
crystallographic analyses, we find that the Q3 irrep has
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FIG. 4. Evolution of the total energy for the monoclinic
[P21/n]1 and [P21/n]2 structures with cell volume given rela-
tive to the relaxed zero kelvin [P21/n]1 ground state structure.
The shaded region highlights the pressure domain of phase
coexistence and the transition point about which the stability
of the monoclinic phases reverses (see inset, left). The inset
(right) shows the evolution of the Q3 JT mode with pressure
near the transition.

the largest response at the transition, exhibiting both a
discontinuity and sign change [Fig. 4 (inset)]. (We explore
the energetics of this mode in more detail below.) We
observe no change in space group symmetry or occupied
Wyckoff positions for all volumes computed, consistent
with available experimental results, which makes this
transition isosymmetric.

We now explore changes in the internal atomic positions
with pressure, focusing on the cooperative behavior of the
Mn–F octahedra. We first examine the changes in the Mn–
F bond lengths. Rather than using the symmetry-mode
description, we parameterize the structural distortions to
the MnF6 octahedra in terms of first-order Jahn-Teller
(JT) elongations Q2 and Q3

56. This allows us to describe
the JT modes by the position of the surrounding ligands
in an octahedral field whose normal coordinates are associ-
ated with the vibrational mode that leads to a crystalline
field removing the orbital degeneracy. The Q2 mode is a
tetragonal “two-in and two-out” bond distortion in the ab
plane [Q2 > 0, Fig. 3(c)], while Q3 is a three-dimensional
“two-out and four-in” bond distortion [Q3 > 0, Fig. 3(f)].

In Na3MnF6, the Q2 and Q3 vibrational modes are fer-
rodistortively aligned. In the monoclinic systems studied
here, the Q2 > 0 mode elongates the Mn–F bonds that
lie mainly along the b axis and shortens those along a,
while Q3 > 0 shortens the Mn–F bonds in the ab plane
while elongating the bonds along c axis.

We obtain the fraction of the Q2 and Q3 JT modes
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FIG. 5. Phase stability of [P21/n]1 and [P21/n]2 represented
in the Q2 − Q3 plane of the Jahn-Teller lattice distortions.
The red, green, and gray wedges illustrate the stability regions
for [P21/n]1, [P21/n]2, and the transition region, revealing
each structure is characterized by a dominant Q2 or Q3 mode.

present in the stable monoclinic low- and high-pressure
variants as a function of hydrostatic pressure by comput-
ing the magnitude of the Jahn-Teller normal modes as
follows:

Q2 =
2√
2

[F(3)− F(2)],

Q3 =
2√
6

[2F(1)− F (2)− F(3)] ,

where, F(1), F(2), and F(3) are the Mn–F bond lengths
directed along the c, a, and b axes, respectively. The
JT phase is defined by Θ = tan−1 Q2/Q3. Within this
formalism, Θ = 0◦ represents a JT distortion of octahe-
dra stretched along the c axis. Angles of Θ = ±120◦

correspond to JT distortions along the b and a axis,
respectively44,45,57.

Fig. 5 shows the stability of the monoclinic Na3MnF6

structures in the Q2-Q3 plane. For [P21/n]1, Θ = 2.99◦

at ambient pressure and evolves to a maximum of value
of 4.06◦ at the critical pressure. Thus in the low pressure
Na3MnF6 phase, the Q3 JT mode dominates the Q2 mode,
leading to a tetragonal distortion of the MnF6 octahedra
that also elongates the c axis and contracts the crystal in
the ab plane. Across the IPT there are no intermediate
values of Θ (grayed region). In the high pressure phase
[P21/n]2, a drastic increase in the value of Θ occurs,
i.e., Θ = 114.1◦ and reaches a maximum of Θ = 115.0◦,
which suggests a first order transition to a Q2-type JT
distortion and is consistent with the long bond becoming
the Mn–F(3) bond as observed in the [P21/n]2 phase.

C. Jahn-Teller Electronic Effects

We now investigate the electronic structure evolution
across the IPT to understand the coupling between the
electron and lattice degrees of freedom in Na3MnF6. Here,
Mn(III) is found in a high-spin d4 configuration with one
electron in the eg manifold, which appears as a strong
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FIG. 6. Low energy electronic band structure about the Fermi
level (horizontal line at 0 eV) with the projected eg orbital
character for Na3MnF6 at (a) [P21/n]1 (0.0 GPA), and (b)
[P21/n]2 (2.5 GPa). The MLWF for the occupied molecular
orbital for the (c) [P21/n]1 and (d) [P21/n]2.

Jahn-Teller distortion in the octahedra.58–60 Thus, we
anticipate that hydrostatic pressure directly affects the
value of Θ in the Q2-Q3 subspace. Importantly, the value
of Θ also provides a measure of the average character
of the occupied molecular orbital state |Θ〉 of the Jahn-
Teller ion for a given static cooperative JT distortion
as an arbitrary superposition of the eg orbitals wave
functions.44,61 It can be approximated for a system at
absolute zero as57

|Θ〉 = cos(Θ/2) |dz2−r2〉+ sin(Θ/2)
∣∣dx2−y2

〉
.

We now use Maximally Localized Wannier Functions
(MLWF)62,63 to transform our periodic wave functions
forming the valence band (VB) and conduction band
(CB) edges into a local real-space representation of the eg
(dx2−y2 and dz2−r2) orbitals. The subspace is spanned by
these atomic-like orbitals for the two Mn cations in the
unit cell to evaluate the percent character of each orbital
contributing to |Θ〉.

Fig. 6(a) shows the electronic band structure near the
Fermi level (EF ) for [P21/n]1 at ambient pressure. The
occupied bands are largely 3dz2−r2-like Mn states while
the 3dx2−y2 orbital forms the conduction band through-
out the Brillouin zone (BZ). It is significant to note that
Θ = 2.99◦ for [P21/n]1 at ambient pressure and this
corresponds to |Θ〉 being comprised of 99.9% dz2−r2 or-
bital character in agreement with the MLWF projection
Fig. 6(a). This result is characteristic of the orbital split-
ting anticipated with Q3 > 0, where the apical bonds
in the MnF6 octahedra are elongated and the equatorial
bonds contract45. The MLWFs reveal strong localization
of the atomic like 3dz2−r2 orbital on the Mn cations below
EF [Fig. 6(c)]; the majority spin e↑g electron occupies the
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TABLE II. Symmetry-adapted mode amplitudes (in Å)
present in the equilibrium Na3MnF6 [P21/n]2 phase at
2.50 GPa obtained from DFT-PBEsol calculations. The mode
amplitudes are normalized with respect to the parent Fm3̄m
structure.

Mode Space group (number) DFT-PBEsol

Γ+
1 Fm3̄m (225) 0.119

Γ+
3 I4/mmm (139) 0.103

Γ+
4 C2/m (12) 1.465

Γ+
5 C2/m (12) 0.219

X+
2 P42/mnm (136) 0.083

X+
3 P4/mnc (128) 0.892

X+
5 Pnnm (58) 0.786

orbital directed along the long JT-bond to reduce the
Coulombic repulsion induced by the F 2p electron cloud.

Fig. 6(b) depicts the electronic structure for [P21/n]2
at 2.50 GPa. From the projection onto the MLWFs, we
observe in the high pressure phase that the VB and CB
adopt mixed eg-orbital character throughout the BZ. The
occupied orbital, although dominated by atomic dx2−y2

character, has an admixture of dz2−r2 [Fig. 6(d)]. At
2.50 GPa, Θ = 114.2◦ in [P21/n]2 and this angle predicts
a wavefunction with 29.5% dz2−r2 orbital character—a
70% change in the orbital polarization. The mixed eg
molecular orbital state is typical for manganates with
a Q2-like JT distortion, i.e., the long-JT bond axis is
oriented in the ab plane.45,64,65

We now examine the energetics associated with the
changes in |Θ〉 by computing the Q2 −Q3 energy surface
(Fig. 7). We achieve this by incrementally increasing the
Q2 (X+

2 ) and Q3 (Γ+
3 ) symmetry-adapted mode ampli-

tudes in the [P21/n]1 phase at ambient pressure25 and
[P21/n]2 at 2.50 GPa (Table II) with respect to the undis-
torted reference structures.66 In Fig. 7, mode amplitudes
of Q2 > 0 represent a JT distortion which elongates the
Mn–F(3) bond and shortens the Mn–F(2) bonds in the ab
plane, while Q2 < 0 shortens Mn–F(3) and elongates Mn–
F(2). Similarly, Q3 > 0 mode amplitudes corresponds to
a two-out–four-in JT distortion, which stretches the api-
cal Mn–F(1) while shortening the Mn–F(2) and Mn–F(3)
equatorial bonds. Conversely, Q3 < 0 gives the four-out–
two-in JT bonding environment that elongates bonds in
the ab plane [Mn–F(2) and Mn–F(3)] and shortens the
Mn–F(1) bond.

Considering only JT modes in the equilibrium volume
of [P21/n]1 at ambient pressure, we find a single energy
minimum at Q3 ∼ 0.11 and Q2 = 0 [Fig. 7(a)]. In this
phase, a two-out–four-in Q3 JT vibrational mode sta-
bilizes Na3MnF6 at ambient pressure by approximately
38.6 meV/f.u. over the undistorted phase, which is con-
sistent with the structural and electronic investigations
already described. Despite having a small finite ampli-
tude of Q2 (X+

2 ) present in the equilibrium structure,25

Fig. 7(a) indicates that in the absence of other distortions
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FIG. 7. Calculated two-dimensional energy surface contours
for (a) [P21/n]1 at ambient pressure and (b) [P21/n]2 at 2.50
GPa with respect to the amplitude of the Q2 and Q3 JT modes
derived from mode crystallography. The filled (blue) circles
denote the position of minima in the potential energy surface.

any nonzero amplitude of Q2 leads to an energetic penalty
in [P21/n]1. Thus, an asymmetric Mn–F bond stretching
in the ab plane is an unfavorable distortion at ambient
conditions without the presence of another distortion.

From Fig. 7(b), we observe that our two-dimensional
energy surface predicts a single energy minimum for
[P21/n]2 at 2.50 GPa. Here, the minimum is located
at Q3 ∼ −0.048 and Q2 = 0. In the stable [P21/n]2
phase it is noteworthy that the stability regime for the Q3

vibrational mode is in a negative range. This indicates
that unlike the [P21/n]1 phase, at high pressures beyond
the IPT a four-out–two-in Q3 and not a two-out–four-in
Mn–F distortion is required to stabilize the structure.
According to the JT theory, a d4 cation with Q3 < 0 dis-
tortion splits the eg degeneracy by occupying the dx2−y2

orbital. Thus, the change in sign of the Q3 mode is in
accord with the dx2−y2 state forming the valence band
edge as observed in our calculations (Fig. 6). However,
since Q2 = 0 in the absence of any other distortion, at
high pressure Na3MnF6 would exhibit four equivalent
equatorial bonds, i.e., Mn–F(2) = Mn–F(3), in the re-
duced subspace. The latter is in contrast to the fully
relaxed atomic and electronic structure of the [P21/n]2
phase. The MnF6 octahedra exhibit multiple distortions
with an approximately Q2 > 0-like JT bonding environ-
ment. Indeed, the symmetry-adapted mode amplitudes
for Na3MnF6 at 2.50 GPa (Table II) indicate that the Q2

mode (X+
2 ) is finite and larger in amplitude (Q2 = 0.083)

than at ambient pressure (Q2 = 0.056).

We now seek to identify which other structural dis-
tortion (non-Jahn-Teller) acts to stabilize nonzero Q2

mode amplitudes in the equilibrium structures. From the
mode decomposition analysis at ambient and elevated
pressure, we observe that the largest contribution to the
equilibrium structures arise from the tilt (Γ+

4 ) and rota-
tion (X+

3 ) of the MnF6 units. To understand the nature
of the tilt–Q2 and rotation–Q2 coupling, we incrementally
increase the mode amplitude of Q2 at finite amplitudes
of the tilt and rotation (0%, 50%, 80%, 90% and 100% of
their maximum) with respect to the undistorted reference
structure.
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FIG. 8. Energy evolution from the coupling of the Q2 Jahn-
Teller distortion to the tilt and rotation at (a) and (b) ambient
pressure (filled symbols) and at (c) and (d) 2.50 GPa (unfilled
symbols), respectively. Normalized energy gain obtained by
increasing the amplitude of theQ2 mode at fixed percentages of
the out-of-phase tilt [panels (a) and (c)] and in-phase rotations
[panels (b) (d)] found in the ground equilibrium structures.

Fig. 8 shows that both the tilt and rotation modes cou-
ple to Q2 and give a net energy gain in the total energy in
both pressure regimes at finite amplitude. From Fig. 8(a)
we observe that as the amplitude of tilt distortion in-
creases in [P21/n]1, the curvature of the Q2 free energy
evolves from a positive parabola with a single minimum
at the Q2 = 0 to a double-well potential with negative
curvature about the origin and minima at finite Q2 for tilt
amplitudes ≥ 80%. This signifies a continuous softening
of the Q2 phonon mode induced by large amplitudes of
the tilt mode (Γ+

4 irrep), which effectively stabilizes the
finite value of the asymmetric stretching observed in the
ground state through a fourth-order biquadratic anhar-
monic interaction that renormalizes the mode stiffness
of the quadratic Q2

2 mode. The behavior of the MnF6

rotation–Q2 coupling in Fig. 8(b) shows that there is a
large energetic gain associated with increasing amplitudes
of the rotation mode. The single minima of the parabolic
energy curves indicate, however, that while this coupling
contributes to the total energy it does not soften the
Q2 mode frequency, but rather shifts the mode ampli-
tude of Q2 to a non-zero value through a linear-quadratic
interaction.

In the high pressure phase (2.50 GPa) phase [Fig. 8(c)
and (d)], we observe that the Q2 irrep is unstable with a
small energy gain < 1 meV at both 0% tilt and rotation
amplitudes. Fig. 8(c) shows that increasing the amplitude

of the tilt distortion in [P21/n]2 leads to an enhanced
energy stabilization, which ultimately promotes a larger
Q2 distortion in the high pressure phase. In contrast,
increasing the contribution of the rotational mode hardens
the Q2 mode, the negative curvature at the origin is lost
as shown in [Fig. 8(d)], and leads to a smaller amplitude
of Q2 through the coupled Q2

2QX+
3

interaction.

IV. DISCUSSION

Our calculations and structural analysis indicate that
the IPT is due to the spontaneous redistribution of the
electronic charge density among the eg orbitals of the
strong JT Mn cation. There is a giant change in orbital
occupation between the two isostructural variants ow-
ing to the persistent JT distortion across the transition.
Specifically, we find that at low values of hydrostatic pres-
sure the system is stabilized with the long bond along the
c axis with a filled dz2−r2 orbital which is characteristic of
a Q3 > 0 JT where c/a > 144,45. Mode crystallographic
analysis coupled with phenomenological Landau investi-
gations of the JT Mn–F bond distortions reveals that the
lattice strain induced by hydrostatic pressure renormal-
izes the mode stiffness of the JT vibrational modes across
the transition. The leading coefficient of the harmonic
Q2

3 term of Hamiltonian changes sign under hydrostatic
pressure.

Most significantly, we observe that across the tran-
sition the Q3 JT irrep switches from a two-out-four-in
(Q3 > 0 ) in [P21/n]1 to a four-out-two-in (Q3 < 0) in the
[P21/n]2 phase. While the key structural signature defin-
ing [P21/n]2 is a Q2-like Mn–F bonding arrangement, we
contend that the primary factor in the stabilization of the
high pressure phase in Na3MnF6 is the change in sign of
the Q3 distortion mediated by the Q2–MnF6 tilt interac-
tion. Table SI and Table II clearly show that the rotation
amplitude is unchanged under pressure. Our electronic
and phenomenological investigations indicate that at high
pressure, it is more favorable for the charge to localize in
the dx2−y2-like orbital. Thus, the characteristic Q2-like
Mn–F6 bonding distortion that differentiates the [P21/n]2
and [P21/n]1 phases is stabilized by second order effects.
We show that a strong coupling exists between the tilt
and Q2 lattice degrees of freedom owing to an anharmonic
interaction that stabilizes finite amplitudes of Q2 in the
equilibrium structures. The importance of this secondary
effect is highlighted by comparing [Fig. 8(a) and (c)], as
the energetic gain produced by the tilt–Q2 coupling is
increased approximately 20X in the [P21/n]2 phase at
equilibrium over the ambient case.

In addition, our electronic structure calculations show
that hydrostatic pressure has an effect on the crystal field
splitting in the stable phases of Na3MnF6. We observe
that energy gap between the filled dz2−r2 and the unoccu-
pied dx2−y2 is reduced from 0.43 eV at ambient pressure
to 0.34 eV at the transition. Across the critical pressure
for the transition, the band gap is 0.37 eV at 2.20 GPa.
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FIG. 9. Evolution of the total energy of Na3ScF6 with cell
volume relative to the DFT relaxed ground state structure.
The inset depicts the partial charge density obtained over the
energy window ranging from -2 eV to EF at (a) ambient pres-
sure (0.0 GPa) and (b) 6.82 GPa. Unlike Na3MnF6, neither a
structural transition nor charge redistribution is observed.

The continued application of hydrostatic pressure in the
high pressure phase further decreases the band gap at
approximately 0.02 eV/GPa which allows us to predict a
insulator-to-metal transition around ∼20 GPa.

Based on this understanding, we performed a similar
set of calculations for the d0 compound Na3ScF6, which
also crystallizes with P21/n symmetry and for which ex-
perimental structural data under hydrostatic pressure
exists.67 We find there is no discontinuity in either the
total energies (Fig.9) or in the evolution of the Sc–F bond
lengths up to a pressure of 6.82 GPa, which indicates that
no isosymmetric transitions occur up to a pressure that
is approximately 4.7 GPa higher than required for the
fluoromanganate. Indeed, Fig. 9 shows the partial charge
density for Na3ScF6 obtained by integrating over a finite
region from -2 eV to EF is highly uniform at both ambi-
ent Fig. 9(a) and high pressure Fig. 9(b). The absence of
both a JT instability and an anisotropic bonding envi-
ronment is consistent with the experimental findings and
the proposed electronic origin for the IPT in Na3MnF6,
highlighting the importance of the JT-active Mn(III).

V. CONCLUSION

We used first principles density functional calculations
to study the electronic and atomic origins of the first-
order pressure induced phase transition in Na3MnF6. We
identified that the isosymmetric transition originates from
two key features present in the fluoromangante: (i) a Jahn-
Teller active Mn(III) ion with an eg orbital degeneracy,
and (ii) the strong coupling of the cooperative Mn–F
bond distortions with hydrostatic pressure. We observe

that while simple structural arguments may identify the
[P21/n]1 phase of Na3MnF6 as being dominated by a Q3-
type JT distortion and the [P21/n]2 phase as Q2-type,
the combined effect of both distortions with collective
MnF6 tilts are essential to describing the stability of the
structure at ambient and hydrostatic pressures.

In the [P21/n]1 structures the Q3 > 0 JT distortion
splits the eg manifold into atomic-like occupied dz2−r2
and an unoccupied dx2−y2 orbitals owing to an elongated
JT Mn–F bond aligned along the crystallographic c-axis.
After the transition to the high pressure phase [P21/n]2,
the JT-bond axis reorients into the ab plane with the
structure largely characterized by a Q2-type bonding ar-
rangement. The transition above 2.15 GPa is arguably
driven by a spontaneous renormalization of the Q3 vi-
brational mode, i.e. Q3 < 0. The equilibrium structure
of the [P21/n]2 phase is stabilized by secondary lattice
effects which couple the tilt and Q2 JT phonon modes to
give the Mn–F(3) > Mn–F(1) > Mn–F(2) which is the
signature of the high pressure phase of Na3MnF6.

This mechanism for the IPT drives a giant orbital re-
construction within the occupied 3d manifold of Mn3+,
whereby the JT distortion is always present in the struc-
ture. While it is understood that fluctuations in the
orbital occupancy of the d orbitals can alter physical
properties and drive structural transitions,68 this study
presents an interesting case were the orbital degrees of
freedom are highly sensitive to the mechanical boundary
conditions owing to the cryolite structure. Finding mate-
rials where it is possible to induce large changes in orbital
polarization is an active area of research, because even
small changes in orbital occupations particularly in thin
films at surfaces and interfaces69–72 can produce drastic
variations in magnetic and transport properties. Given
the extreme nature of the orbital reconstruction we ob-
serve with hydrostatic pressure, we anticipate our study
will motivate new synthetic efforts focused on exploring
Na3MnF6 and related magnetic cryolites in thin film form.
Electronic structure calculations focused on evaluating
the feasibility of epitaxial strain to induced the IPT are
in progress.
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49 P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
50 H. J. Monkhorst and J. D. Pack, Physical Review B 13,

5188 (1976).
51 A. M. Glazer, Acta Crystallographica Section B 28, 3384

(1972).
52 The occupied Wyckoff sites for Na3MnF6 in the Fm3̄m

space group are 4a for Mn, 4b for Na(1), 8c for Na(2), and
24e for F.

53 B. J. Campbell, H. T. Stokes, D. E. Tanner, and D. M.
Hatch, Journal of Applied Crystallography 39, 607 (2006).

54 J. M. Perez-Mato, D. Orobengoa, and M. I. Aroyo, Acta
Crystallographica Section A 66, 558 (2010).

55 Fine sampling near the reported31 transition pressure is
achieved by extrapolating best fit lines of the evolution
of lattice parameters from the energetically more stable
[P21/n]2.

56 J. H. Van Vleck, The Journal of Chemical Physics 7, 72

mailto:neniancharles@drexel.edu
mailto:jrondinelli@northwestern.edu
http://dx.doi.org/10.3390/cryst1010003
http://dx.doi.org/10.1002/adfm.201300210
http://dx.doi.org/10.1002/adfm.201202655
http://dx.doi.org/10.1002/adfm.201202655
http://dx.doi.org/http://dx.doi.org/10.1016/j.actamat.2011.12.024
http://dx.doi.org/10.1557/mrs.2012.49
http://dx.doi.org/10.1557/mrs.2012.49
http://dx.doi.org/10.1021/cm402063u
http://dx.doi.org/ http://dx.doi.org/10.1016/0079-6786(93)90004-B
http://dx.doi.org/ http://dx.doi.org/10.1016/0079-6786(93)90004-B
http://dx.doi.org/10.1039/B926757C
http://dx.doi.org/10.1039/B926757C
http://dx.doi.org/10.1088/0953-8984/26/19/193201
http://dx.doi.org/10.1088/0953-8984/26/19/193201
http://dx.doi.org/10.1021/cm402550q
http://dx.doi.org/10.1021/cm402550q
http://dx.doi.org/ 10.1103/PhysRevLett.107.257201
http://dx.doi.org/ 10.1103/PhysRevLett.107.257201
http://dx.doi.org/ 10.1103/PhysRevLett.85.2549
http://dx.doi.org/ 10.1103/PhysRevLett.110.087203
http://dx.doi.org/10.1051/jp3:1997175
http://dx.doi.org/10.1103/PhysRevB.74.020401
http://dx.doi.org/10.1103/PhysRevB.74.020401
http://stacks.iop.org/0953-8984/23/i=11/a=113202
http://stacks.iop.org/0953-8984/23/i=11/a=113202
http://dx.doi.org/10.1103/PhysRevB.89.104107
http://dx.doi.org/ http://dx.doi.org/10.1016/S0167-2738(99)00302-1
http://dx.doi.org/ http://dx.doi.org/10.1016/S0167-2738(99)00302-1
http://dx.doi.org/http://dx.doi.org/10.1016/0022-1902(70)80495-X
http://dx.doi.org/http://dx.doi.org/10.1016/0022-1902(70)80495-X
http://dx.doi.org/ 10.1021/ic200956a
http://dx.doi.org/ 10.1021/ic200956a
http://www.canmin.org/content/13/4/377.short
http://www.canmin.org/content/13/4/377.short
http://dx.doi.org/ http://dx.doi.org/10.1016/S0927-796X(98)00015-1
http://dx.doi.org/ http://dx.doi.org/10.1016/S0927-796X(98)00015-1
http://dx.doi.org/10.1021/cr00083a013
http://dx.doi.org/10.1107/S0108270191009071
http://dx.doi.org/10.1107/S0108270191009071
http://dx.doi.org/10.1021/ic971171g
http://dx.doi.org/10.1021/ic971171g
http://dx.doi.org/10.1002/adma.200904229
http://dx.doi.org/10.1017/CBO9780511619885
http://dx.doi.org/10.1107/S0108768195001728
http://dx.doi.org/10.1107/S0108768195001728
http://dx.doi.org/10.1103/PhysRevB.83.094111
http://dx.doi.org/10.1103/PhysRevB.83.094111
http://dx.doi.org/10.1002/adfm.201001867
http://dx.doi.org/ 10.1103/PhysRevB.83.144107
http://dx.doi.org/10.1103/PhysRevLett.106.235502
http://dx.doi.org/10.1103/PhysRevLett.106.235502
http://dx.doi.org/10.1002/admi.201400042
http://dx.doi.org/10.1002/admi.201400042
http://dx.doi.org/10.1103/PhysRevB.81.054109
http://dx.doi.org/10.1103/PhysRevB.81.054109
http://dx.doi.org/ http://dx.doi.org/10.1016/j.solidstatesciences.2012.01.027
http://dx.doi.org/http://dx.doi.org/10.1063/1.4791596
http://dx.doi.org/http://dx.doi.org/10.1063/1.4791596
http://dx.doi.org/http://dx.doi.org/10.1016/j.jssc.2009.07.041
http://dx.doi.org/10.1103/PhysRev.124.373
http://dx.doi.org/ 10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1107/S0567740872007976
http://dx.doi.org/10.1107/S0567740872007976
http://dx.doi.org/10.1107/S0108767310016247
http://dx.doi.org/10.1107/S0108767310016247
http://dx.doi.org/http://dx.doi.org/10.1063/1.1750327


10

(1939).
57 J. Kanamori, Journal of Applied Physics 31, S14 (1960).
58 M. A. Carpenter and C. J. Howard, Acta Crystallographica

Section B 65, 134 (2009).
59 J. B. Goodenough, Reports on Progress in Physics 67, 1915

(2004).
60 J. B. Goodenough, Annual Review of Materials Science 28,

1 (1998).
61 A. Stroppa, P. Barone, P. Jain, J. M. Perez-Mato, and

S. Picozzi, Advanced Materials 25, 2284 (2013).
62 N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847

(1997).
63 A. A. Mostofi, J. R. Yates, Y.-S. Lee, I. Souza, D. Vander-

bilt, and N. Marzari, Computer Physics Communications
178, 685 (2008).

64 J. E. Medvedeva, M. A. Korotin, V. I. Anisimov, and A. J.
Freeman, Phys. Rev. B 65, 172413 (2002).

65 Y. Murakami, J. P. Hill, D. Gibbs, M. Blume, I. Koyama,
M. Tanaka, H. Kawata, T. Arima, Y. Tokura, K. Hirota,
and Y. Endoh, Phys. Rev. Lett. 81, 582 (1998).

66 The undistorted structures are constructed to have cell
volumes and monoclinic angles that correspond to the pres-

sure being studied with all mode amplitudes equal to zero
relative to the DFT-PBEsol relaxed monoclinic structures.
The energy maps are obtained from 225 self-consistent to-
tal energy calculations and then fitting these points to a
polynomial expansion in orders of Q2 and Q3.

67 S. Carlson, Y. Xu, and R. Norrestam, Journal of Solid
State Chemistry 135, 116 (1998).

68 Y. Tokura and N. Nagaosa, Science 288, 462 (2000).
69 T. Chatterji, F. Fauth, B. Ouladdiaf, P. Mandal, and

B. Ghosh, Physical Review B 68, 052406 (2003).
70 A. Tebano, C. Aruta, S. Sanna, P. G. Medaglia,

G. Balestrino, A. A. Sidorenko, R. De Renzi, G. Ghir-
inghelli, L. Braicovich, V. Bisogni, and N. B. Brookes,
Physical Review Letters 100, 137401 (2008).

71 M. J. Han, C. A. Marianetti, and A. J. Millis, Phys. Rev.
B 82, 134408 (2010).

72 E. Benckiser, M. W. Haverkort, S. Brck, E. Goering,
S. Macke, A. Fra, X. Yang, O. K. Andersen, G. Cristiani,
H.-U. Habermeier, A. V. Boris, I. Zegkinoglou, P. Wochner,
H.-J. Kim, V. Hinkov, and B. Keimer, Nature Materials
10, 189 (2011).

http://dx.doi.org/http://dx.doi.org/10.1063/1.1750327
http://dx.doi.org/http://dx.doi.org/10.1063/1.1984590
http://dx.doi.org/10.1107/S0108768109000974
http://dx.doi.org/10.1107/S0108768109000974
http://stacks.iop.org/0034-4885/67/i=11/a=R01
http://stacks.iop.org/0034-4885/67/i=11/a=R01
http://dx.doi.org/10.1146/annurev.matsci.28.1.1
http://dx.doi.org/10.1146/annurev.matsci.28.1.1
http://dx.doi.org/ 10.1002/adma.201204738
http://dx.doi.org/10.1103/PhysRevB.56.12847
http://dx.doi.org/10.1103/PhysRevB.56.12847
http://dx.doi.org/ 10.1016/j.cpc.2007.11.016
http://dx.doi.org/ 10.1016/j.cpc.2007.11.016
http://dx.doi.org/10.1103/PhysRevB.65.172413
http://dx.doi.org/10.1103/PhysRevLett.81.582
http://dx.doi.org/http://dx.doi.org/10.1006/jssc.1997.7607
http://dx.doi.org/http://dx.doi.org/10.1006/jssc.1997.7607
http://dx.doi.org/10.1126/science.288.5465.462
http://dx.doi.org/ 10.1103/PhysRevB.68.052406
http://dx.doi.org/ 10.1103/PhysRevLett.100.137401
http://dx.doi.org/10.1103/PhysRevB.82.134408
http://dx.doi.org/10.1103/PhysRevB.82.134408
http://dx.doi.org/ 10.1038/nmat2958
http://dx.doi.org/ 10.1038/nmat2958

