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We report systematic ab initio calculations of the electronic band structure, phonon dispersion relation, and the
structural characterization of FeF, in the rutile (P4,/mnm) structure as well as in several high-pressure phases
by means of the generalized gradient approximation (GGA) + U approximation. Using the phonon dispersion
relations, we calculated the Gibbs free energy and evaluated the phase transitions at 300 K, at which most
experimental measurements are performed. Calculated Raman and infrared vibrational modes, lattice parameters,
and electronic structure for all considered crystalline structures are compared with available experimental data.
Our calculations show that at 5.33 GPa, the FeF, undergoes a second-order proper ferroelastic phase transition,
rutile — CaCl,-type structure. This result is supported by the softening of the elastic shear module Cj in the rutile
phase, the softening (hardening) of the B;, (A,) Raman active mode in the rutile (CaCl,-type) structure near the
transition pressure, and the decrease of the square of the spontaneous strain e,, from the CaCl,-type structure. This
demonstrates that the rutile — CaCl,-type phase transition is driven by the coupling between the Raman active
B, mode and shear modulus C;. At 8.22 GPa, the CaCl,-type structure undergoes a first-order phase transition
to the Pbca phase, a distorted fcc Pa3 phase with a volume reduction of AV & 7%, as reported in experiments.
Upon further increase of the pressure, the Pbca phase transforms to a Fmmm phase othorhombic center-type
structure at ~20.38 GPa, with AV & 2.5%. Finally, at 25.05 GPa, there is a phase transition to the orthorhombic
cotunnite structure (Pnma space group), with AV =~ 5.8%, which is stable up to 45 GPa, the largest considered
pressure. The coordination number for the Fe ion in each phase is 6, 6, 6, 8, and 9 for rutile, CaCl,-type, Pbca,
Fmmm, and cotunnite structures, respectively. The evolution of the band gap, phonon frequencies, and magnetic
moment of Fe ion as a function of the applied pressure is reported for all studied phases. The exchange constants

Ji, J2, and J3, calculated for rutile and the lowest Gibbs free-energy high-pressure phases, are reported.
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I. INTRODUCTION

Rutile compounds are very important materials due to the
recognized set of applications.'® The most representative
compound of such a structure is TiO,, while, many other
dioxides and difluorides such as VO,, CrO,, RuO,, SnO,,
GeO, and ZnF,, FeF,, MgF,, MnF,, CoFe,, NiFe, also
crystallize in the rutile structure at ambient conditions. In the
case of high-pressure polyforms of the rutile structure, there is
a large interest in stishovite, the high-pressure polymorph of
SiO,, which appears in the lower mantle of the Earth.’

FeF, is an antiferromagnetic ionic insulator with a Néel
temperature of 78.4 K.'° Iron (II) fluoride attracted much
attention due to the diversity of reported interesting properties
such as the spin-phonon interaction,'' magnon squeezing,'®
temperature dependence of the Raman active phonons,'?
exchange bias,'? and the critical behavior of the thermal pa-
rameters at the Néel temperature'* between others. Complete
understanding of these properties requires good knowledge of
structural, electronic, and vibrational properties of FeF,, but
despite all the interest, this material has been understudied.

There have been only a few studies of the crystalline
structure of FeF, under pressure. Valerio et al.'® performed
theoretical studies for rutile FeF, up to 12 GPa. They only
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reported the evolution of lattice parameters and volume as a
function of pressure. Ming et al.'®!” reported their experimen-
tal results on the phase transition of FeF, under pressure by
means of x-ray experiments. They found that FeF, undergoes
a phase transition from rutile to a distorted fluoride structure at
8 GPa, and a subsequent phase transition to a hexagonal phase
at 25 GPa. However, that publication provides the evolution
of volume as a function of pressure, without any information
about space group or Wyckoff positions of the high-pressure
phases. Wang et al.'8 has considered the rutile toward CaCl,-
type structural phase transition, even though the I" frequency
modes show a large difference with reported experimental data.
In contrast, several studies, including theoretical calculations,
Raman spectroscopic, elastic, and x-ray diffraction measure-
ments have been reported for dioxides'*? (Si0,, PbO,, IrO,,
GeO,, and Cr0,) and other difluorides'®!726-30 (ZnF,, CdF,,
CoF,, NiF,, and MnF,). It was found noticed that the rutile
structure in these materials undergoes a proper second-order
phase transition under pressure to the orthorhombic CaCl,-
type structure. Hence, it is expected that FeF, in the rutile
structure could also undergo such a phase transition.

The electronic structure of rutiles has been studied for
some dioxides®'~*3 and difluorides,'>*>3*37 including FeF,.
Evolution of the energy gap as a function of pressure was
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studied for ZnF,, CdF,, and CrO,.2”-3® However, to the best
of our knowledge, there is no information about the electronic
structure or energy gap evolution with respect to pressure for
Fer.

In regard to the vibrational properties, Porto et al. presented
the Raman spectra for TiO,, MgF,, ZnF,, MnF,, and FeF,.%°
More recently, Benoit and Giordano*’ reported the Raman
and IR frequencies of MgF,, ZnF,, and FeF,, and the phonon
spectrum along the special directions M —I' — X and Z — T
at the equilibrium volume. Additionally, there are some other
reports on the IR spectra of FeF; at that volume.*'* However,
since there is no detailed report of the structural properties of
FeF, under pressure, the behavior of the vibrational modes as
a function of pressure is still unknown.

As a result, the dependence of thermal properties of this
system on the pressure is also unknown. For example, it
is expected that the B;, Raman active mode softens with
pressure, which could be an indication of a second-order
phase transition from the rutile to a CaCl,-type structure.
Observations of such a transition have been reported for other
difluorides.?-3° However, the phonon dispersion relation and
the behavior of phonon frequencies at high-pressure phases,
the post-rutile phase for FeF,, and many difluorides remain
unknown.

The lack of information about the structural, elastic,
electronic, magnetic, and vibrational properties of FeF, under
pressure has motivated this work. In this paper, we report
a density functional study of the FeF, in the low-energy
structure (rutile) and follow the structural changes as a
function of pressure, by means of generalized gradient ap-
proximation (GGA) + U for the energy exchange correlation.
After considering many different candidates for high-pressure
structures, we characterize only the lowest enthalpy ones by
describing the changes in different physical properties as the
pressure is applied. Additionally, we used the quasiharmonic
approximation based on the Debye model*® and the calculated
phonon frequencies*’ to search for the minimum Gibbs free
energies at a temperature of 300 K. We chose this temperature
to compare our results with available experimental data. The
evolution of properties for each phase was derived from the
range of pressure stability obtained from the calculated Gibbs
free energies.

The paper is organized as follows: In the next section, we
give a detailed description of the computational procedure.
The results and discussion of properties in the rutile phase
at equilibrium and under pressure are in Sec. IIIA. In
Sec. III B, we present the results for the high-pressure phases.
In Sec. III C are presented the results of the magnetic properties
of the studied phases. Finally, we discuss and summarize the
main results of this work in Sec. IV.

II. COMPUTATIONAL DETAILS

Calculations of the total energy are performed within the
framework of the density functional theory (DFT) and the
projector-augmented wave*>! (PAW) method as implemented
in the Vienna ab initio simulation package (VASP).>> We use
aplane-wave energy cutoff of 520 eV to ensure a high precision
in all our calculations. The exchange-correlation energy is
described within the GGA in the Perdew-Burke-Ernzerhof>*>’
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(PBE) prescription. The GGA + U method is used to account
for the strong correlation between the electrons in the Fe d
shell, on the basis of Dudarev’s method.>® In this method, the
onsite Coulomb interaction U and onsite exchange interaction
JH are treated together as Uey = U — J . For our GGA + U
calculations, we choose U =6 eV and J¥ = 0.95 eV for
the Fe atom. The same values have been used in previous
electronic-structure studies of FeF, with linearized augmented
plane wave*® (LAPW) and clusters of Fe30,4.%° To ensure the
quality of the chosen Uy, we compare the electronic and
structural parameters for the ground-state structure with the
earlier calculations®®” and we find a good agreement. To
further test the effect of U, we calculate the dependence of
the pressure at which the structural transition occurs for the first
two phase transitions (see Fig. 7) as a function of the value
of U.g. As the Uegr changes from 3.5 to 6.5 eV, the change
in the transition pressure is less than 0.4 GPa and less than
0.6 GPa for the first and the second phase transitions,
respectively. This indicates that the transition is not very
sensitive to the choice of Uy, no matter if the transitions
are of first or second order. We also found that the magnetic
moment was not very sensitive to the variations of U,g-.

The Monkhorst-Pack scheme is employed to discretize
the Brillouin-zone (BZ) integrations® with a mesh 4 x 4 x
6, 4 x4x6, 4x4x4, 4x4x4, and 4 x 8§ x 4, which
corresponds a set of 9, 12, 8, 8, and 16 special k points in
the irreducible BZ for P4, /mnm (rutile), Pnnm (CaCl,-type),
Pbca [distorted fcc (dfcc) I], Fmmm (dfcc II), and Pnma (co-
tunnite) structures, respectively. For the additional structures
considered in the high-pressure regime, we use a mesh most
suitable for each case. For the electronic-structure calculations,
we use the tetrahedron method with Blochl corrections®!
with a denser mesh. In the relaxed equilibrium configuration,
the forces are less than 1 meV/A per atom in each of the
Cartesian directions. The high degree of convergence for
the calculated forces is required for the calculations of the
dynamical matrix using the direct force constant approach (or
supercell method).%? The construction of the dynamical matrix
at the ' point is particularly simple and involves separate
calculations of the forces in which a fixed displacement from
the equilibrium configuration of the atoms within the unit cell
is considered. The symmetry aids by reducing the number of
such independent distortions to 8 independent displacements
for the tetragonal rutile, 12 for the CaCl,-type, Pbca, and
Fmmm, and 18 for the Pnma phase. Diagonalization of the
dynamical matrix provides both the frequencies of the normal
modes and their polarization vectors. It allows us to identify
the irreducible representation and the character of the phonon
modes at the zone center. The phonon dispersion curves are
calculated along several high-symmetry directions in the BZ.
The calculations of the phonon dispersion relation are done
using the supercells 3 x 3 x 3 (for rutile), 2 x 3 x 2 (for
CaCl,-type), 2 x 3 x 2 (for Pbca), 2 x 2 x 2 (for Fmmm),
and 2 x 3 x 2 (for Pnma) times the conventional unit cell.
This cell consists of two formula units (f.u.) for rutile and
CaCl,-type structure, and four f.u. for the orthorhombic phases
Pbca, Fmmm, and Pnma. The dynamical matrices are
obtained at the defined g points within the supercell and the
other g points were fitted by using Fourier transform methods.
The phonon dispersion curves are calculated along several
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high-symmetry directions in the BZ from the minimal set of
dynamical matrices. The phonon density of states (PDOS) is
obtained by integration of the phonon frequencies with a very
high number of k points.

III. RESULTS AND DISCUSSION
A. Rutile phase

1. Structural properties

Iron (II) fluoride (FeF,) crystallizes in the tetragonal
rutile structure with the space group P4,/mnm (D,} in the
Schoenflies notation) No. 136 and has two formula units per
conventional cell, as seen in Fig. 1(a). Here, the iron and
fluorine atoms occupy Dy, and Cp, symmetry sites. The Fe
atoms are located in the Wyckoff position (WP) 2a (0, O,
0) and F atoms are on 4f (x, x, 0). The rutile structure is
characterized by the lattice parameters a and ¢ and the x
from the 4f WP. In the ordered state, at low temperature,
the Fe?*spins align alternately along the fourfold [001] z axis,
showing an antiferromagnetic configuration, as indicated by
the arrows in Fig. 1(a).

The Fe atoms are octahedrally coordinated by F anions
that, however, do not form an ideal octahedron. The distortion
depends on the structure parameters a, c/a, and x, giving rise
to two different cation-anion distances. The apical distance
d, is defined between the Fe atom at (%, %, %) and the two
anions at (% + x, % F x, %), while the equatorial distance d, is
referred to four anions at (1 & x, 1 & x,0) and (1 & x, 1 £ x,
1). Thus, the distances d, and d, represent the height (z axis)
and the basal spacing of the octahedron, respectively.

In order to describe the proper magnetic behavior of the
FeF, system, we performed collinear calculations with fer-
romagnetic (FM) and antiferromagnetic (AF) spin configura-

(a) P4y /mnm
rutile

(b) Pnnm
CaCly-type
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tions. We found that the AF configuration has the lowest energy
for the rutile phase. The equilibrium lattice parameters were
calculated by minimizing the crystal total energy obtained for
different volumes. These lattice parameters were used to fit an
equation of state (EOS) with the help of a Birch-Murnaghan
third-order equation.%® The results for the equilibrium volume
Vo, bulk modulus By, bulk modulus pressure derivative By’,
magnetic moment of Fe per f.u. ug,, lattice parameters a and
¢, and WPs for rutile structure are summarized in Table I.
The experimental results are taken from Refs. 48 and 49.
We find a good overall agreement of our results with the
previous theoretical and experimental values.!>->3748:64.65 For
the apical and equatorial distances d, and d,, we obtained the
values d, =2.038 A and d, =2.145 A in good agreement
with the experimental values d, = 2.03 £ 0.07 Aandd, =
2.10 £ 0.04 A

2. Electronic properties

Previous theoretical results describing electronic properties
obtained within the Hartree-Fock approximation'>*> reported
an overestimated band gap of ~13 eV, as expected from that
method. Those studies also discussed the role of the Jahn-Teller
distortion in the electronic structure and how the spin splitting
can be produced along specific crystallographic directions.
Riss et al.>” compared the electronic structure of rutile at the
equilibrium to the structure formed with an ideal octahedron by
using ab initio calculations with a GGA exchange-correlation
functional. They reported a small energy gap of ~0.35 eV. Itis
well known that GGA offers an improvement in calculating the
electronic gap as compared to LSDA in strong correlated ma-
terials such as FeF,. However, it is not sufficient to overcome
the missing strong correlation. Hence, approximations such
as GGA + U, meta-GGA, hybrid exchange correlations, or
dynamical mean-field theory (DMFT) are necessary to account

(e) Pnma
cotunnite

dfec 11

FIG. 1. (Color online) Top view and oblique projection of the crystal structure of FeF, in the (a) rutile (P4,/mnm), (b) CaCl,-type structure
(Pnnm), (c) distorted fcc (dfcc) I (Pbca), (d) distorted fcc I (Fmmm), and (e) cotunnite (Pnma). Big (blue) atoms are Fe and small (white)
atoms are F. Each structure shows the coordination polyhedra, the coordination number for the Fe atom for P4,/mnm, Pnnm, Pbca, Fmmm,
and Pnma structures are 6, 6, 6, 8, and 9, respectively. Arrows indicate the direction of the magnetic moment of Fe atoms.
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TABLE 1. Structural parameters of FeF, for rutile and high-pressure (CaCl,-type, dfcc I, dfcc I1, and cotunnite) phases: a, b, and c are the
lattice parameters; V; is the equilibrium volume; Z is the number of formula units (f.u.) in the unit cell; By is the bulk modulus; By’ is the
first derivative of B, with respect to pressure; ig. is the magnetic moment of Fe per f.u.; and WPs are the optimized Wyckof position for each

structure.
Rutile-P4,/mnm (0 GPa) CaCl,-type dfce I dfcc IT cotunnite
This work Experiment® Pnnm (7.5 GPa) Pbca (13.2 GPa) Fmmm (22.4 GPa) Pnma (27.6 GPa)
a (A) 4.8005 4.696 4.70347 5.0083 4.8774 5.6667
b(A) 4.8005 4.696 4.61597 5.0432 4.8706 6.2828
c(A) 3.3218 3.308 3.27022 5.0281 4.9461 3.0335
Vo (A%) 76.55 72.96 71.0 127.0 117.5 108
VA 2 2 2 4 4 4
B, (GPa) 94.81 100 124.14° 153.92° 187.33° 206.4°
By’ 4.01 4.65
re (4B) 3.79 3.93¢ 3.785 3.789 3.796 3.784
WPs 2a(0, 0, 0) 4g(x,y,0) 4a(0, 0, 0) 4a(0, 0, 0) de(x, i, 2)
4f(x,x,0) x = 0.6747 8c(x, ¥, 2) 83 1. D) x =0.7716
x =0.3001 x =0.3011 y =0.2227 x =0.3418 z=10.1336
2¢(0, 1,0 y =0.3470 4e(x, 1. 2)
z =0.3486 x = 0.8478
z = 0.4407
4e(x, %, 2)
x =0.9639
7 =10.8305

4Reference 48.
bCalculated from elastic constants.
‘Reference 49.

for the strong correlations properly. For example, Novak
et al.*® using LSDA, GGA, LDA + U, and exact exchange for
correlated electrons (EECE) to study the electronic structure
of FeF, in the rutile phase, found the energy gap to be 0, 0.35,
3.0, and 4.2 eV, respectively.

In this paper, we employ GGA + U, which produces
very good agreement with the most exact published results.
Figure 2(a) shows the electronic band structure along the high-
symmetry directions M —I' — X — R — A — Z — I, density
of states, and the Brillouin zone for the rutile phase. We
obtained the energy gap of 3.14 eV, in good agreement
with results obtained with LDA + U.*® The valence band is
occupied by the d orbital from Fe (mostly a hybridization
between d» and d,,) and the conduction band by sp orbitals
from F. According to Fig. 2(a), we predict an indirect band
gap along some wave vector between R — A — Z and the I'
point. Although the system is antiferromagnetic, we notice
small differences between the majority and the minority spin
in the occupied band, along the M —I'" and A — Z. These
directions correspond to the Fe-F bond, the length of which
is different from the other Fe-F bond and which can distort
the octahedra, an observation also noticed in Ref. 37. That
work discussed how different energy levels were populated
with different orbital symmetry, resulting in different energies
for the spin-up and -down states. This observation leads to
the conclusion that the Jahn-Teller effect is responsible for the
spin splitting along specific directions.

Figure 3(a) shows the isosurface for the magnetization
around the Fe atoms. This magnetization is not isotropic: the
small pockets along the [110] are not present along the [100].
To investigate this magnetic anisotropy further, we calculate

the Laplacian of the charge density V2 Pup and V2 Pdown, Where
Pup and pgown are the spin-up and -down electron densities,
respectively. This value is plotted in Fig. 3(b), indicating
where the magnetization deviates locally from the average
value: enhanced (blue) or reduced (red). One can see that the
magnetization is not isotropically enhanced and it is reduced
along the Fe-F bonds, which means that the spin-up and -down
electrons are not compensating each other along the bonds.
This results in energy splitting along these directions for the
up and down electrons.

3. Vibrational properties

It has been reported®® that the B;, Raman mode frequency
decreases with decreasing temperature or increasing pressure,
contrary to the typical behavior observed for other Raman
active phonons. Thus, the Griineisen parameter y;(q) [y;(q) =
—0 Inw;j(q)/d InV for mode j, where g is the wave vector,
w is the frequency, and V is the volume] and the pressure
coefficient dw/9d P are negative for this mode. This softening
of the By, mode is associated with the rotation of the anions
around the central Fe atom. A similar behavior has been
observed in other isostructural rutile dioxides'®*>>6°-7! and
difluorides?3Y such as SiO,, Ru0,, CrO,, Sn0,, GeO,, MnF,,
and ZnF,. Analysis of the eigenvectors corresponding to
the softening of the B, Raman mode indicates a structural
instability, which is the precursor for a structural phase
transition.

To assess the behavior of all frequencies at the I point, let
us analyze the dependence of all ' modes as a function of
pressure. According to group theory, the rutile structure has
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FIG. 2. (Color online) Top row: Electronic band structure along the high-symmetry reciprocal space points from the corresponding Brillouin
zone (BZ); spin-up and spin-down contributions are shown as continuous and dashed lines, respectively. Middle row: Electronic density of
states of FeF,. Bottom row: The BZ for each structure: (a) rutile (P4,/mnm), (b) CaCl,-type (Pnnm), (c) distorted fcc I (Pbca), (d) distorted

fce I (Fmmm), and (e) cotunnite (Pnma).

the following phonon modes at the I" point:
I' = 2A5,(IR) + 4E,(R) + B4(R) 4 2By,

Q

t‘*
)

(a)

(b)

FIG. 3. (Color online) Isosurfaces of (a) the magnetization of Fe
and (b) the Laplacian of the magnetization in the rutile FeF,, red and
blue are for positive and negative values, respectively.

where R and IR are for Raman and infrared, respectively. A and
B modes are nondegenerate, whereas the £ modes are doubly
degenerate. One A, and one E, correspond to zero-frequency
acoustic modes, the rest are optical modes. The calculated
phonon frequencies and the pressure coefficients for all modes
for rutile phase at the I' point are listed in Table III. As we
conclude from this table, in addition to the B, Raman mode,
the IR E, and the silent modes By, and A,, have negative
pressure coefficients. To see the softening in the B, Raman
mode more clearly, we plot the pressure dependence of the
frequency of this mode in Fig. 4(a). The inset of Fig. 4(a)
shows a representation of the eigenvector By, in the structure
along the z axis. The F anions rotate perpendicular to the
[001] direction, while Fe atoms remain fixed, resulting in an
orthorhombic distortion of the tetragonal unit cell. According
to Fig. 4(a), the B;; Raman mode softens completely at
~5.65 GPa. It means that rutile structure is not stable beyond
this pressure. The pressure dependence of the Raman and IR
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FIG. 4. (Color online) (a) Evolution of the B;, Raman mode frequency v as a function of pressure for the rutile FeF, until the eigenmode
softens completely. The inset shows the unstable eigenvector B, mode viewed along the ¢ axis of the rutile unit cell. Dotted lines correspond

to the (110) and the (110) planes. The octahedron centered at (%, 1

rutile FeF,.

phonon frequencies at the I' point in the rutile structure is
plotted in Fig. 10.

We also calculated the full phonon spectrum of the rutile
FeF, as a function of pressure. We found that at 2 GPa, one
branch of the acoustic phonons softens in the vicinity of the I
point, along the I' — M direction. As the pressure increases,
this softening becomes more pronounced, so that at 5 GPa the
same branch also softens in the direction I' — X near the I'
point. The phonon spectrum and phonon density of states are
plotted in Fig. 5(a). The phonon spectrum is similar to the one
reported in Ref. 40, but there are remarkable differences in
the phonon density of states. In our results, the contribution
from Fe and F is almost equal up to 215 cm™!, while between
215 and 410 cm™!, most of the PDOS comes from the F
atoms. Finally, for frequencies above 410 cm~!, the PDOS are
almost completely dominated by the vibrations coming from
the fluorine atoms.

To establish the elastic stability as a function of pressure,
we also calculated the behavior of the elastic constants. The
tetragonal rutile structure is characterized by six independent
elastic constants C;;, Ci1, Ci2, C13, C33, C4s, and Cee. The

TABLEII. Calculated elastic stiffness constants C;; of rutile FeF,
compared to the published experimental results and their pressure
derivatives 9C;;/dP. The elastic shear modulus C; and the bulk
modulus B are calculated as follows: C; = %(C” —Cp); B =
%(Cn + 2C12) (Ref. 66).

2

This work Expt.* (1.5/298 K)

Cij (GPa) aC;j/oP (GPa)

Cy 125.40 2.74 126.50/121.11
Cs; 168.76 6.08 184.01/173.22
Cyy 87.32 2.92 84.37/78.99
Ces 43.36 1.52 36.81/36.20
Cp, 92.15 3.76 98.72/92.75
Cis 73.72 2.50 93.04/88.81

C, 16.62 —0.51 13.89/14.18

B 103.23 3.42 109.15/103.73

4Reference 67.

%) is outlined in gray. (b) Pressure evolution of the elastic constants for

bulk modulus B can be calculated as B = %(Cn + 2C12).

The elastic shear modulus C, = %(C 11 — C12) describes
the transverse acoustic soft mode along [110] with B,
symmetry. To calculate these elastic constants, we used two
different methods: (1) the strain-stress relationship for rigid
ions’? implemented in VASP, and (2) the contributions for
distortions with rigid ions and the contributions from the ionic
relaxations.”® The difference in the results obtained with these
two methods is of the order of 5 GPa for all the elastic constants
discussed above. Hence, we only list the results obtained with
method 1, which are in better agreement with experimental
results. We also include the experimental results at 1.5 and
298 K from Ref. 67 in Table II. Additionally, the evolution of
the elastic constants with pressure is presented in Fig. 4(b).
As shown in Table II and in Fig. 4(b), C, has a negative slope
(0C;; /0 P), as it has also been observed for other difluorides as
MgF,, MnF,, FeF,, CoF,, NiF,, and ZnF,.!”7%7 This is also
related to the instability of the rutile phase at high pressures.

B. High-pressure phases

The difluoride compounds with divalent cations AF, (A =
Ca, Sr, Ba, Pb, Mg, Mn, Fe, Co, Ni, Zn, etc.), crystallize
at ambient conditions in two different groups: the fluoride
(Fm3m) and rutile (P4, /mnm) structure. At higher pressures,
the AF, fluoride compounds such as CaF,,?7% BaF,,’’"8
and PbF, (Ref. 79) undergo a series of phase transitions
as follows: CaFe, (Fm3m) — PbCl, (Pnma) — NiyIn
(P63/mmc). For nonmagnetic difluoride compounds such as
MgF, (Refs. 29 and 80) and ZnF,?' the sequence for the
structural phase transitions goes as Rutile (P4,/mnm) —
CaCly-type (Pnnm) — PdF, (Pa3). While the rutile —
CaCl,-type phase transition is of the second order and it
is properly ferroelastic,”3! the phase transition CaCl,-type
— Pa3 is a first-order transition and involves a volume
reduction of 6%. For these transitions, there is no change in
the coordination number for the F atoms.

In the case of rutile difluorides AF,, where A is a transition
metal such as Mn, Co, and Ni, the sequence of transitions
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FIG. 5. Top row: Phonon dispersion relation along the high-symmetry points depicted in the Brillouin zone for each structure. Middle row:
phonon density of states. Bottom row: first Brillouin zone. FeF, phases: (a) rutile (P4,/mnm), (b) CaCl,-type structure (Pnnm), (c) distorted

fcc I (Pbca), (d) distorted fec II (Fmmm), and (e) cotunnite (Pnma).

is very different. According to Ming et al.'” MnF,, CoF,,
and NiF, have the phase transition sequence as P4,/mnm
— orthorhombic structure — DF — PbCl,-type structure,
P4,/mnm — DF — hexagonal structure, and P4,/mnm
— orthorhombic structure — DF, respectively, where DF
is “distorted fluoride” as described below. These studies
were performed in the 1960s and 1970s. To the best of
our knowledge, there have been no more experimental or
theoretical detailed studies about the phase transitions in these
compounds since then.

In the x-ray experiments performed on FeF,, Ming and
Manghnanini'® observed that the rutile structure began to
transform in a FeF,(II) phase at about 5 GPa and completes
this transformation at about 8 GPa. As the pressure increased
further, a third phase, FeF,(III), appeared and coexisted (as a
metastable phase) with the phase FeF,(II) from 25 to 32 GPa.
In the high-pressure studies performed on MnF,, CoF,, NiF,,
and ZnF,,% the phase (II) was called a distorted fluoride-type
structure. It had a small deviation from a cubic structure

(c/a < 1.01). The lattice parameter reported for this phase at
8.2 GPa was a = (5.064 & 0.003) A (Z = 4).1° At the phase
transition, the reduction in volume is about 8%. According to
Ref. 29, the distorted fluoride structure reported in Ref. 16
corresponds to the pyrite (Pa3, Z =4), which is also a
high-pressure phase of other dioxides and difluorides, such
as Ir0,,2! Sn0,,% Ge0,,?? Si0,,3* and MgF2,29’80 ZnF, 81

For FeF,(III), Ming et al.'® reported the lattice parameters
a =3.796 4 0.048 A and ¢ = 4.673 £ 0.060 A. Indexed as a
hexagonal cell with Z = 2, it is similar to the hexagonal phase
of ZnBr; reported in Ref. 85. At 32 GPa, Ming et al.'® found
a volume reduction of 5%. They suggested that the FeF,(III)
phase is probably an intermediate phase between the distorted
fluoride and the «-PbCl,-type structure. They also pointed out
that due to the low number of lines in the diffraction pattern
of the FeF,(IIl) phase, the volume of this phase is subject to a
large uncertainty (~4%).

To study the FeF, phase transitions reported in the literature
and to predict other possible high-pressure phases, we tested
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several structures that have been previously analyzed in the
study of other difluorides and dioxides. Following the results
observed for the soft B;; Raman mode, which is a precursor to
a phase transition, we wanted to test the CaCl,-type structure
(Pnnm, Z = 2) to check the possibility of a second-order
phase transition from rutile to this structure. Although it has
not been reported in the literature, it is important to test this
structure due to its appearance in many other dioxides'*~>> and
difluorides'®'7-20-30 guch as Si0,, PbO,, Ir0,, GeO,, CrO,,
and ZnF,, CdF,, CoF,, NiF,, and MnF,. At the same time,
we include the structures of pyrite (Pa3, Z =4), a-Pb0O,
(Pbcn, Z = 4), cubic CaF, (Fm3m, Z = 4), the orthorhombic
structures of AlHo, (Pnma, SG 62, Z = 4), AlPd,, (Pbca,
SG 61, Z =4), and the tetragonal structure (/4/mmm, SG
139, Z =2). To find the hexagonal phase reported in the
experiments, we study many different candidates: P622 from
Si0, (SG 177, Z = 12), P6,22 of CrSi, (SG 180, Z = 3), the
Co,P and Fe, (P62m, SG 189, Z = 3), CuyTe (P6/mmm,
SG 191, Z = 2), the Caln, and InNip (P63/mmc, SG 194,
Z =2), HNi, (P3, SG 143, Z =2), the Fe,P (P321, SG
150, Z = 3), SiO;, (P3,21, SG 154, Z = 3), the MoS, and
ZrCly (R3m, SG 160, Z = 3), VoN (P31m, SG 162, Z = 3),
FeCl, and NbZr, (P3m1, SG 164, Z = 2), the ZnBr,, CaGe,,
CaSi,, and TbFe, with space group R3m (SG 166, Z = 3),
the Ni,Si (P 6322, SG 1.82, Z = 3), CdBr, (P63mc, SG 186,
Z = 3). We also included the hexagonal phase of CoF, that
resembled the high-pressure phase of SiO, and GeO, reported
in Refs. 86 and 83. Its crystalline cell has the niccolite structure
(NiAs, P63/mmc) with cations randomly filling one half of
the octahedral sites of a hexagonally close-packed arrays of
anions. To build this structure, we tested several supercells, up
to Z = 16.

Figure 6 shows the most representative energy-volume
dependences for which the relative stability and coexistence
pressures of the phases can be extracted by the common-
tangent construction.” For almost all studied phases, we
tested the AF and FM spin configurations, and found that the
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FIG. 6. (Color online) Calculated energy per f.u. as a function of
volume for FeF,. The structures shown are rutile (—), CaCl,-type
(— — ), distorted fcc I Pbca (- - x - -), distorted fcc Il Fmmm (-—),
and cotunnite Pnma (——). The inset zooms in onto the area around
the phase transition from rutile to CaCl,-type structure.
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lowest-energy configuration always corresponded to the AF
state. Due to the fact that most available experimental results
had been obtained at 300 K (as in Ref. 16), we also considered
the effect of temperature by including corrections into the
free energy. Since the calculations were done at 0 K, their
outcome is the enthalpy H = E + PV. Hence, we needed
to obtain the free energy from the vibrational contribution
within the quasiharmonic approximation. Since the calculation
of phonons in the entire Brillouin zone (BZ) is very expensive
for all the studied phases, first, we calculated the Gibbs free
energy by using the quasiharmonic Debye model reported in
Ref. 46. This approach provided the first approximation for
the overall behavior of the different structures as a function
of temperature, at a lower computational cost. Then, we
calculated only the phonons in the entire BZ for the most
competitive phases to get the free energy.

Figure 7 shows the pressure dependence of the (a) enthalpy
difference AH (0 K), and (b) Gibbs energy difference AG

rutile

-0.17 CaCl -type / |
- et hexagonal 1
T dfecd -

AH (eV/fu.)
=
N

1

e

(98]
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-0.4 funnit \:
cotunnite
- (@) !
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FIG. 7. (Color online) Calculated pressure dependence of (a)
enthalpy difference AH (0 K) and (b) Gibbs energy difference AG
(300 K), both in eV per f.u., for the most representative phases. We
include the P6 hexagonal phase in (a) to demonstrate that it is not
competitive with any other phase.
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(300 K), both in eV per f.u. The major difference between
AH and AG is that the Pnnm phase is stable in a slightly
larger range of pressures at 300 K, and the Fmmm phase
becomes stable at 300 K. In Fig. 7, we plot the AH only for
the lowest-energy hexagonal phase P6 (from all the candidates
considered in this work) to demonstrate that these phases
are not energetically favorable compared to the other FeF,
high-pressure phases. This finding is in contradiction with
the experimental results reported in Ref. 16. We attribute this
discrepancy to either the uncertainty in the x-ray diffraction
analysis or to the insufficient number of hexagonal structures
considered in this study.

1. Rutile — CaCl,-type structure phase transition

According to Fig. 7(b), as the pressure increases to
~5.33 GPa, FeF, undergoes a phase transition from rutile to
the CaCl,-type phase. In this structure, the spins are aligned as
in the rutile phase [Fig. 1(b)]. For this phase, we have only two
typical distances within the FeFq polyhedron: d, = 1.995 A
and d, = 2.10 A. The space group Pnnm of the CaCl,-type
structure is a maximal nonisomorphic subgroup of P4,/mnm
(rutile). Figure 8 shows the evolution of volume V in A3 per
f.u. One can see that there are no discontinuities in the volume
between the rutile and CaCl,-type structures at the transition
pressure. This and the direct group-subgroup relationship
indicates the possibility of a second-order proper ferroelastic
phase transition.

The pressure dependence of the lattice parameters is pre-
sented in Fig. 9. At the transition pressure, the tetragonal lattice
parameter a splits into unequal a and b lattice parameters
of the orthorhombic CaCl,-type phase, whereas the pressure
evolution of the lattice parameter ¢ remains virtually the same.

As we pointed out, the rutile — CaCl,-type phase transition
involves the softening of the Raman active B;, mode, which
corresponds to the rotation of the FeOg octahedra about their
twofold axes parallel to the ¢ axis of the rutile structure
[see Fig. 4(a)]. Figure 1(b) shows how the polyhedron FeFg

o—o rutile

o—o CaCl-type]
dfcc 1 h
dfcc 11

’;\ ©— cotunnite
m“\*' 331 .
< | ]
>

30 F .

27 r ON

0 5 10 15 20 25 30
P (GPa)

FIG. 8. (Color online) Calculated pressure dependence of the
volume V in A® per f.u. The volume reduction for transitions rutile
— CaCl,-type — dfcc I — dfec I — cotunnite are 0%, 7%, 2.5%,
and 5.8%, respectively.
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FIG. 9. (Color online) Calculated pressure dependence of lattice
parameters for rutile, CaCl,-type, dfcc I, dfcc 11, and cotunnite phases.

rotates around the ¢ axis. According to the group theory,
the orthorhombic CaCl,-type phase has the following phonon
mode representation at the I point:

T =2A4,(R) + 2A, + 2Bi4(R) + 2B,,(IR)
+ By, (R) + 4By, (IR) + B3, (R) 4 4B3,(IR).

The B, Raman active mode of the rutile structure softens
with increasing pressure and the Raman active mode A, from
CaCl,-type structure becomes harder, as shown in Fig. 10(a).
The frequencies and the pressure coefficients of the CaCl,-
type phase phonon modes are listed in Table III; the phonon
dispersion relation and phonon density of states are plotted
in Fig. 5(b). Table IV shows the relation between the phonon
modes in the rutile and the CaCl,-type structures. The splitting
of some modes at the transition from rutile to CaCl,-type phase
can be seen from the correlation of the data in Table III and
Figs. 10(a) and 10(b) for the Raman and IR modes. According
to Fig. 5, phonon spectrum and PDOS for the rutile and CaCl,-
type phases are very similar. However, above 230 cm™!, the
PDOS for CaCl,-type phase shifts up by 60 cm~!. Hence, the
peaks in the PDOS of the CaCl,-type phase appear at higher
frequencies than those for the rutile phase. Additionally, the
intensities of the peaks also change. For example, the intensity
of the last peak for the rutile drastically increases in the CaCl,-
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FIG. 10. (Color online) Pressure dependence of (a) Raman and
(b) IR mode frequencies of all studied phases from Fig. 6, (c) the
square of the Raman active Bj, and A, soft modes frequencies v? for
rutile and CaCl,-type phases, and (d) the square of the spontaneous
strain ey, in the CaCl,-type phase of FeF,, where e, = (a — b)/
(a+Db).

type phase, which is the opposite to what occurs to the previous
peak.

To determine the transition pressure, the evolution of the
square of the By, and A, Raman active modes frequencies
v? is plotted in Fig. 10(c). The transition pressure derived
from the crossing point in this figure is ~5.51 GPa, in good
agreement with the value obtained from the Gibbs energy
difference in Fig. 7(b). However, this transition pressure is
slightly smaller than the pressure (~5.65 GPa) at which the
frequency of B, goes to zero [Fig. 4(a)]. The slopes of
the squared frequencies for rutile and CaCl,-type phases are
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—915.8 cm™2/GPa and 2453 cm~2 /GPa, respectively, and the
ratio of this slopes is —2.68. This ratio is slightly larger than the
ideal value of 2. Nevertheless, this value is similar to the values
observed for GeO, (—2.4) (Ref. 71) and SiO, (—2.27).%° From
the second-order phase transition Ginzburg-Landau theory,
we can conclude that the primary order parameter is the
spontaneous strain e;; = (a — b)/(a + b), where a and b are
the lattice constants of the CaCl,-type structure. Then, the
order parameter should follow e;; ~ (P — P,)%, where o = %
and P, is the critical pressure for the rutile — CaCl,-type
transition. Therefore, e should be a linear function of
(P — P.). We plot the pressure dependence of efs in Fig. 10(d).
The P. obtained is in good agreement with the transition
pressures obtained from the Raman mode softening and Gibbs
energies.

All these results support the original hypothesis from
Sec. IIT A1, where we postulated that the instability of the rutile
phase at high pressures could be related with the softening of
Bz Raman mode and shear modulus Cy, which could be a
precursor for a phase transition, as it was originally proposed in
Ref . 18. Hence, the second-order phase transition from rutile
to CaCl,-type structure is directly related with the coupling
between the Raman B, mode and the shear modulus Cy, as
was observed for other difluorides. '3

A very similar transition from rutile to CaCl,-type structure
was observed using neutron powder diffraction®® in NiF,,
which is an antiferromagnet very similar to FeF,. But, in
the experiments performed by Ming et al.'® on FeF,, the
transition discussed here was not observed. However, the
same authors also reported!” that MgF, undergoes a phase
transition rutile — distorted fluoride at 25 GPa. Contrary to
that, it was demonstrated using angle-dispersive x-ray powder
diffraction and density functional theory?® that MgF, has
the high-pressure phase transition sequence as follows: rutile
— CaClp-type — «-PbO, — PdF, (distorted fluoride) —
a-PbCl,. These results suggest that Ming et al. could not
observe the rutile — CaCl,-type transition in both MgF,
and FeF,, either due to insufficient number of data points
or because the second-order phase transition was difficult to
be measured due to limitations of their experimental setup.

2. Transition to distorted fcc phases

As pressure increases further, there is a first-order phase
transition from the CaCl,-type structure to the Pbca phase at
~8.22 GPa. Some difluorides and dioxides, such as IrO,,?!
Sn0,,2 Ge0,,% Si0,,% MgF2,29'80 and ZnF,,’! have a
high-pressure phase of a cubic structure with a space group
Pa3 (Z = 4). Our calculations indicate that this structure
is unstable in FeF,. We observe that the Pa3 phase suffers
distortion and transforms into the Pbca structure. It is very
reasonable because the Pbca space group is a maximal
nonisomorphic subgroup of the Pa3 space group. The change
in volume AV from CaCl,-type structure to Pbca at transition
pressure is ~7%. The transition pressure and AV is in
good agreement with the experimental results for the rutile
— distorted fcc transition.'® The experimental data for the
transition pressure and the AV are 8 GPa and 8%, respectively.
In this phase, the Fe ion spins are in the opposite directions
in the adjacent layers, forming the staggered magnetization
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TABLEIIL. Ab initio calculated Raman, IR, and silent phonon frequencies w (cm™"), and pressure coefficients dw/d P (cm™! /GPa) of FeF,
in the rutile, CaCl,-type, distorted fcc I, distorted fcc 11, and cotunnite phases at I" point.

Rutile CaCl,-type dfcc I dfcc I Cotunnite
P4, /mnm (0 GPa) Pnnm (7.5 GPa) Pbca (13.2 GPa) Fmmm (22.4 GPa) Pnma (27.6 GPa)
dw dw dw dw dw
Mode w 2 —  Mode w —  Mode w —  Mode w —  Mode o0 —
dpP dpP dpP dpP dPpP
Raman modes
B, 71.7 73 —-9.4 A, 70.5 21.3 A, 1555 —-0.8 By, 408.6 3.3 A, 1283 0.6
E, 248.9 257 4.6 By, 225.0 5.3 B, 214.0 3.2 B, 4438 33 Bs, 1463 14
Aig 337.6 340 7.8 By, 282.7 2.6 Bs, 248.1 3.5 Bs, 416.1 3.0 By, 1584 0.8
By, 479.7 494 6.5 Bs, 287.1 3.5 By, 248.6 2.6 A, 156.3 0.3
A, 396.5 49 A, 267.3 2.5 By, 2455 1.6
B, 527.1 3.9 By, 3251 -7.0 By, 2584 2.6
Bs, 329.3 3.0 A, 2719 1.6
A, 329.9 3.5 By, 2084 2.8
By, 343.2 3.5 A, 3406 2.8
By, 4564 7.0 By, 3132 2.1
By, 458.8 4.1 Bs, 3273 25
Bs, 479.6 3.9 By, 3800 1.4
Bs, 409.5 3.0
By, 4255 2.1
A, 4543 24
By, 4599 3.1
A, 5115 44
By, 546.1 3.5
Infrared modes
E, 170.4  175/230 —-1.7 B3, 146.8 —4.5 B, 102.1 —1.2 By, 3145 3.6 By, 1239 1.6
E, 261.1 245/249 2.5 B, 171.1 2.1 B3, 103.9 —1.1 Bs, 333.8 3.5 Bs, 176.5 22
A, 2949 312/387 6.8 B>, 273.8 0.7 B, 117.1  -0.7 By, 3304 3.3 By, 2395 1.0
E, 395.0 408/527 9.3 B3, 284.4 3.7 B, 182.7 0.1 Bs, 238.6 0.1
By, 343.7 5.5 B3, 194.4 0.1 B, 2917 2.6
Bs, 451.7 4.2 By, 197.6 0.1 By, 3035 1.1
By, 465.5 7.6 B3, 305.6 2.8 Bs, 3612 2.2
By, 309.3 2.6 B, 3669 2.6
B, 312.6 2.3 B, 421.1 29
B, 369.5 5.9 By, 451.6 2.6
By, 392.8 5.5 By, 521.1 4.1
B3, 393.7 5.5 B, 541.8 3.0
B3, 450.7 5.2
By, 459.6 5.2
By, 468.5 5.3
Silent modes
B, 134.7 —0.47 A, 132.9 A, 157.2 A, 98.3
By, 338.7 6.60 A, 391.6 A, 162.9 A, 3144
Ay, 234.9 —-1.76 A, 199.9 A, 3454

“References 39 and 40 for Raman and IR frequencies, respectively.

[Fig. 1(c)]. At 13.2 GPa, the FeF¢ octahedron is more distorted
than in the rutile or CaCl, type. The corresponding three pairs
of distances in the irregular octahedron are d; = 2.026 A,
dr =2.066 A, and d3 = 2.073 A.

According to the group theory, the orthorhombic Pbca
phase has the following I" phonon modes:

T' = 34,(R) + 6A, + 3B14(R) + 6B,(IR)
+3Byg(R) + 6B2,(IR) + 3 B3, (R) + 6B3,(IR).

As presented in Table III, the Raman active modes A,
By, and Bj, have negative pressure coefficients with values

of —0.8 cm~!/GPa, —7.0 cm~!/GPa, and —7.0 cm~!/GPa,
respectively. It is noteworthy that the latter value is very
close to the value for By, in the rutile phase. On another
hand, the IR Bj,, Bj3,, and B, modes also have negative
pressure coefficients of —1.2 cm™!/GPa, —1.1 cm™!/GPa,
and —0.7 cm~'/GPa. For this phase, the phonon spectrum
and PDOS show features that are different compared to the
rutile and CaCl,-type phases. In the dfcc I phase, the main
contribution due to Fe ions is below 300 cm~!, and for higher
frequencies almost all PDOS is due to F atoms. At the end of
the PDOS, we see a sharp peak around 490 cm ™!, which also
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TABLE IV. Phonon mode correlations between the rutile and the
CaCl,-type phases.

Rutile —= CaCl,-type  Rutile — CaCl,-type
Alg — Ag AZu — Blu
B, = A, 3E, — 3By, + 3By,
By, — By, Ay, — By,
Eg — BZg + B3g Eu — BZu + B3u
Ay, = B, 2By, — 2A,

appears in the CaCl,-type phase. Overall, the PDOS in dfcc I
phase is less sharp than in the rutile or CaCl,-type phases. This
is mainly due to an increase of the number of phonon branches
and larger dispersion. For this and the other orthorhombic
phases, we follow (with an exception of the dfcc II) the
same path along the Brillouin zone used for the rutile phase.
According to Fig. 5, the acoustic branches for dfcc I have larger
dispersion than in the rutile and CaCl,-type phonon spectra.

At ~20.38 GPa, there is a phase transition from dfcc I
to the Fmmm-type structure. We did not find any dioxide
or difluoride corresponding to this structure in the Inorganic
Crystal Structure Database (ICSD). To find this structure, we
used the CaF,-type (SG Fm3m) as the input crystal structure. It
is unstable in the FeF, compound: after distortion, it transforms
to the Fmmm structure, so we call it dfcc II. The dfcc II
structure is stable in the interval of pressures that is barely
4.7 GPa (see Figs. 7 and 8). This phase is a face-centered
orthorhombic structure, with a symmetry closer to the Pa3
than to the dfcc I [see Fig. 1(d) and Table I]. For this phase, we
also calculated the phonon spectrum, phonon density of states,
and pressure evolution of the phonon frequencies and reported
them in Table III and Figs. 5(d), 10(a), and 10(b). As shown
in Fig. 5(d), we used the primitive Brillouin zone, Z = 1, to
choose the high-symmetry special points to build the phonon
spectrum. This differs from the band-structure calculations
where we used the cell with Z = 4, due to the fact that FeF, is
an antiferromagnetic compound and therefore it is not stable
in a primitive cell. Since dfcc I and dfcc II phases are the
structures derived (distorted) from the fcc, the evolution of
the cell parameters is very similar, so none of the axes is more
compressible than the others. In the dfcc II, the Fe coordination
number is eight, all dr. r distances are equal to 2.12 A, and
the angles Oppe.r in the FeFg polyhedron are between 69.7°
and 70.9°. In this phase, the FeFg coordination polyhedron
has all angles equal to 90° and the cell parameter of 2.44 +
0.04 A, which is almost a perfect cube with the polyhedral
symbol CU-8, according to IUPAC.®® In this phase, the spins
are aligned as in the dfcc I phase [see Figs. 1(c) and 1(d)].

According to the group theory, the orthorhombic Fmmm
phase has the following phonon modes at the I" point:

T = Biy(R) + 2B1,(IR) + Byg(R) + 2By, (IR)
+ B3, (R) + 2B3,(IR).

As we can see from this equation and Table III, there are three
Raman, three IR optical modes, and three acoustic modes (B,
B»,, and Bs,). We found that the phonon dispersion relation
for dfcc I and dfcc II are stable only in the pressure range
shown in the Gibbs energy difference plot in Fig. 7(b).

PHYSICAL REVIEW B 85, 134110 (2012)

3. Cotunnite phase

At ~25.05 GPa, FeF, undergoes the last phase transition
from dfcc II to the Pnma structure. This phase is the same as
that of the mineral cotunnite. The cotunnite structure has also
been observed as a high-pressure phase in other compounds
such as PbF,,”” MgF,,” MnF,,°> Sn0,,% Ti0,,%°! and
Ge0,.%? The cell constants ratios (at 27.6 GPa) a/b = 0.902
and (a + b)/c = 3.939 are in the limit of the cotunnite-type
structures, for which a/b ranges from 0.80 to 0.90 and
(a + b)/c from 3.3 to 4.0 (see Ref. 29 and references therein).
In this phase, the coordination number for the Fe atoms is
9, and the distances dpe.r in the polyhedral FeFqg are 1.977,
2.194, and 2.443 A, and three pairs of 2.056, 2.144, and 2.369
A. The shape of this polyhedron is similar to the tricapped
trigonal prism with the symbol TPRS-9, according to [IUPAC.%
Figure 9 shows that the a axis is more compressible than the
other cell parameters. This is mainly due to the fact that along
the a direction, one bond length in the FeFy polyhedron is
larger than the other eight. We found that the cotunnite phase
was stable at least up to ~45 GPa, which was the largest
pressure considered in this work.

According to the group theory, the orthorhombic Pnma
phase has the following I" phonon modes:

T = 6A,(R) 4 3A, + 3B,(R) + 6B),(IR)
+6B34(R) 4 3B2,(IR) + 3B3,(R) + 6B3,(IR).

The phonon spectrum of this phase is more similar to the
spectrum of the dfcc I phase than to that of the others. Similarly
to the dfcc I and dfcc II phases, for the cotunnite phase, the
main contribution to the PDOS for frequencies above 375 cm™!
is due to the F ions. We calculated the phonon spectrum in the
range from 20.5 to 32 GPa and found that no phonon is softened
within this pressure range.

The value of the bulk modulus By for the rutile phase is
in very good agreement with both the experimental data*®
and the value obtained by means of elastic constants.®” At
high pressures, the value of B increases from one phase to
another, rutile (94.81 GPa at 0 GPa) — CaCl,-type (124.14
GPa at 7.5 GPa) — dfcc I (153.92 GPa at 13.2 GPa) —
dfce II (187.33 GPa at 22.4 GPa) — cotunnite (206.4 GPa
at 27.6 GPa). For comparison, the bulk modulus of the TiO,
cotunnite phase was experimentally measured and calculated
to be 431 GPa (Ref. 93) and 380 GPa,” respectively. It is clear
that the cotunnite phase is more compressible in FeF, than in
TiO,.

Figure 11(b) shows the pressure dependence of the Fe
magnetic moment up. in pp/f.u for the structures presented
in Fig. 6. There is no significant change in pp. at the transition
pressure from the rutile to CaCl,-type phase. The evolution of
the magnetic moment with pressure for each phase in Fig. 11(b)
can be fitted with the equation ug. = a + b P, where b is the
slope in pp/GPa and P is the pressure. The values of b for
rutile, CaCl,-type, dfcc I, dfcc 11, and cotunnite are 0.94, 0.74,
0.62, 0.47, and 0.44 mu g /GPa, respectively. The changes in
the magnetic moment are small within all equilibrium pressure
ranges for each phase. Similar trends are observed for the
electronic gap, where the constant b for rutile, CaCl,-type,
dfcc I, dfce 11, and cotunnite are 18.3, 19.4, 17.9, 18.2, and
11.8 meV/GPa, respectively. These values are rather small,
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FIG. 11. (Color online) Calculated pressure dependences of (a)
the energy gap and (b) the magnetic moment of Fe atom pup. in up
per f.u. for all studied phases.

which results in the total change of only 0.63 eV over the
entire range of 34 GPa. This is similar to ZnF,, where a change
in the band gap of ~0.4 eV over the range of 35 GPa was
observed.?’

C. Magnetic exchange couplings

The Heisenberg theory of magnetism assumes that it is
possible to describe magnetic interactions in a material by an
effective Hamiltonian with localized spin moments as

H=-2%"J;55;. (1
ij

where J;; is the magnetic spin-coupling constant between two
particular sites (i, j), and S‘i is the spin on the site i. In a
classical picture, this spin can be represented by a vector
pointing in the direction of local magnetic moments on this
site. The Heisenberg Hamiltonian is widely used to describe
the magnetic properties of solids as well as molecules.

Our method of choice for the calculation of the exchange
constants J;; uses the energy differences approach. In this
technique, the total energies of the equilibrium crystalline
structure of several magnetic configurations are calculated,
and these values are fitted to the Hamiltonian in Eq. (1).
In the present case, four different spin states have to be

PHYSICAL REVIEW B 85, 134110 (2012)

TABLE V. FeF, exchange couplings (in meV) for rutile and high-
pressure phases: CaCl,-type, dfcc I, dfcc 11, and cotunnite.

A J> J3
Rutile 0.033 —0.230 —0.020
CaCl,-type —0.039 —0.301 —-0.019
dfcc I —0.191 0.180 —0.025
dfcc II —0.637 —0.047 0.963
Cotunnite —0.084 —1.350 —0.178

taken into account to obtain three exchange constants J;, Ja,
and J3, corresponding to the exchange coupling between the
nearest, next-nearest, and third-nearest neighbor Fe2t ions,
respectively. In this procedure, three different cells have been
considered: the first one is the conventional cell, the second is
obtained by doubling the ¢ axis, and the third one by doubling
the surface of the basal plane of the conventional cell.

The calculated exchange-coupling values for all phases
are listed in Table V. We considered the spin of § =
2 for each Fe ion. In the case of the rutile phase, the
exchange constants were determined from inelastic neutron
scattering”: J; = 0.003 £ 0.004 meV, J, = —0.226 £ 0.006
meV, and J; = —0.012 & 0.004 meV. Our results are in
good agreement with the experimental values. The spins are
aligned ferromagnetically in the (001) plane (¢ plane) and
antiferromagnetically between the planes, chiefly due to the
dominant antiferromagnetic interaction J;.

The CaCl,-type phase also has a dominant antiferromag-
netic interaction J,, but with a larger value than that in the
rutile phase. This is attributed to the decrease in the lattice
parameter values when the pressure is applied.

The exchange couplings for dfcc I phase are very dif-
ferent from those of the previous two phases. There is a
competition between the ferromagnetic interaction of Fe**
nearest neighbors and the antiferromagnetic interactions of
Fe?* second neighbors. This is attributed to the change in
the crystal structure and the fact that each Fe atom sees a
different neighborhood. In this case, the interaction among
nearest neighbors is mediated by fluorine atoms; because of
that, J; is negative.

The crystal structure of the dfcc II phase has lattice
parameters smaller than those in the dfcc I phase, and,
therefore, larger values of the coupling constants. The mag-
netic configuration of the system changes from antiferro-
magnetic (dfcc I) to ferrimagnetic with three atoms coupled
ferromagnetically (dfcc II). The cotunnite phase is again an
antiferromagnetic crystal with a larger value J, due to higher
pressure.

IV. SUMMARY AND CONCLUSIONS

We presented a systematic study of the structural, elec-
tronic, magnetic, and vibrational properties of FeF, compound
at the rutile phase. The rutile phase is recognized to be
the ground-state configuration for this compound. From this
crystalline structure, using total-energy calculations of a large
set of different crystalline phases, we follow the structural
changes as a function of pressure by using the Gibbs free
energy obtained from quasiharmonic approximation at 300 K.
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The results show that the rutile phase is stable up to a pressure
of 5.3 GPa and undergoes a second-order proper ferroelastic
phase transition to the CaCl,-type structure. It was observed
that this transition is driven by the coupling between the
Raman active Bj, mode and shear modulus C; from the
rutile phase. This transition was found in similar dioxide and
fluoride rutile compounds, but it was not observed in previous
high-pressure experiments for FeF,. This could be due to
limitations of the experimental setup. Thereafter, in agreement
with the experiments, our results show that FeF, undergoes a
phase transition to a crystalline distorted phase of Pa3 group
symmetry at about 8 GPa. The volume reduction of 7% at
this transition pressure is in good agreement with the earlier
experimental findings.

We also explored other possible high-pressure phases
beyond the largest considered experimental pressure, and
we found that a face-centered orthorhombic phase (Fmmm,
another distorted fcc phase) was stable in the range of pressures
from 20.38 to 25.05 GPa. As the pressure increases, the
cotunnite-type structure becomes more stable than Fmmm-
type structure, up to a pressure of 45 GPa. To corroborate or
refute the experimental results for the phase transitions from
the distorted fcc to a hexagonal phase, we studied 22 different
hexagonal phases. We found that the energies of all those
structures are not competitive against the high-pressure phases
CaCl,-type, dfcc I, dfce I1, and cotunnite reported in this work.
Sensitive high-pressure experiments using a diamond anvil cell
should be able to identify the structures reported here.

The coordination number for the first three phases for the
Fe ions is 6, with the FeFg polyhedron more distorted in the
Pbca phase. For the Fmmm phase, the coordination number
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is 8, and it becomes 9 for the Pnma phase. We also observed
that the magnetic moment values are rather insensitive to the
Pressure change, while the exchange couplings reveal a large
dependence on the crystalline structure and the interatomic
distances.

After the lowest Gibbs free-energy structures were identi-
fied, a complete electronic and magnetic characterization was
performed. In particular, we see the electronic gap changing
from 3.14 eV for the rutile structure to 3.48 eV for the cotunnite
structure. The magnetic moment changes slightly, and the
system remains antiferromagnetic. The nearest-neighbor mag-
netic exchange couplings remain negative, while the coupling
between the next-nearest neighbors changes. These changes
should have an effect on the Néel temperature.
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