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Abstract. First-principles calculations based on density functional theory were used to study the high-
pressure phases of both ZnF; and CdF2. We found that the sequence of the pressure-induced phase
transitions is: Rutile (P42 /mnm) — CaClz(Pnnm) — PdF2 (Pa-3) and CaF2 (Fm3m) — PbCly (Pnma)
— NipIn (P6s/mmc) for ZnF; and CdF» respectively. In ZnF5 the behavior of the ground-state total
energy, of the Gibbs free energy and of the lattice constant vs. pressure shown that the phase transition
at 4 GPa from the rutile-type phase to the CaClz-type phase is a second-order phase transition. The
mechanism of the structural change was also revealed by the transition from the PbCls-type phase to the
NizIn-type phase in CdF2. Moreover, the high-pressure behavior of divalent metal fluorides was compared

and discussed.

PACS. 61.50.Ks Crystallographic aspects of phase transformations; pressure effects — 71.15.-m Methods

of electronic structure calculations

1 Introduction

The fluorides with divalent metals e.g. AFy compounds
(A = Ca, Sr, Ba, Pb, Mg, Mn, Zn, Cd etc.) are systems
with a great theoretical and experimental interests [1-12]
because of their properties and applications in different
fields. As an example, due to its excellent transmission
properties over a wide wavelength range from the UV to
IR domain, CaF5 is a system commonly used as a lens
material for photolithographic applications at wavelengths
in the deep ultraviolet region. Similarly, PbFs is an im-
portant scintillating material that exhibits also a superi-
onic conductivity behavior [13,14] while ZnFy exhibits a
large anisotropy of its dielectric properties when doped
with lithium [15]. Always with doping, CdF3 may be con-
verted into a semiconducting material using the elements
of the IIT column of the periodic table [16]. In all these
cases the unique physical properties are correlated to the
crystal structure of these AF5 systems, that at ambient
condition it may be divided into two groups: the rutile-
type (P42/mnm) and the fluorite-type (Fm3m). At higher
pressure, AF; compounds undergo to a series of phase
transitions that affect their physical properties [7,12]. For
the rutile-type (MgF3 [5,17]), the sequence of pressure-
induced phase transition is the following;:

Rutile (P42/mnm) — CaCly (Pnnm) — PdFy (Pa-3)
while for the fluorite-type is

* e-mail: wuzy@ihep.ac.cn

CaF3 (Fm3m) — PbCly (Pnma) — NigIn (P63/mmc)

fulfilled by CaFs [7,12], BaF; [3,18,19] and PbFy [4]).
Actually, pressure is really a critical parameter for struc-
tural stabilities, electronic and optical properties of AF,
systems.

ZnF5 and CdF, are important optical materials that
have been investigated mainly looking at the effects in-
duced by doping on the optical properties. Recently
the high-pressure structural behavior of ZnFs has been
investigated by Raman spectroscopy up to 6.8 GPa,
showing that a phase transition from the rutile-type to
the CaCls-type structure occurs at a pressure of about
4.5 GPa [11]. As far as we know, no high-pressure struc-
tural data are available for both ZnF; and CdF5. There-
fore in this manuscript we investigated by means of elec-
tronic structure calculations the high-pressure phases of
both ZnFs; and CdF5. The method has been proven
to be successful in previous phase transition investiga-
tions [12,20]. Moreover, we will further discuss the gen-
eral high-pressure behavior of the divalent metal fluoride
system.

2 Calculation method

While at ambient conditions ZnF'5 is a rutile-type difluo-
ride and its possible high-pressure phases are: P4s/mnm,
Pnnm and Pa-3 according to experimental data [11] and
the results of its analogue material MgFs [5,17], CdF2
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is a fluorite-type structure and its candidate phases are
Fm3m, Pnma, and P63/mmec. To start the analysis in
these systems we select the experimental unit cell param-
eters or the analogue materials.

The first-principle calculations performed in this
manuscript are based on the density functional the-
ory (DFT). The total energies have been calculated
within the full potential augmented plane wave (FPAPW)
plus the local orbitals (lo) method, implemented in the
WINE2K code [21]. The effects of the approximation to
the exchange-correlation energy were treated by the gen-
eralized gradient approximation (GGA) [22]. In order to
increase the reliability and to obtain a reasonable compar-
ison, we used the same radius of the muffin-tin sphere for
the same kind of atom in all calculations. The muffin-tin
radii of Zn, Cd and F were chosen 1.6, 1.7 and 1.8 a.u.
respectively. In the LAPW calculations, we set the energy
threshold between core and valence states at —7.0 Ry for
the ZnFs and —8.0 Ry for the CdFs. For the number of
the plane waves, the criterion selected was the muffin-tin
radius multiplied by Kqe. We set RyrKimee equal to
7.0 The K integration over the Brillouin zone was spec-
ified to be 1000 k-points. For each crystalline phase, we
calculated the minimum total energy of the unit cell for a
number of different volumes. The structure optimization
of the Fm3m phase was not performed but we specified
the convergence criterion (the different charge <0.0001) in
the self-consistency cycle. In the case of the Pnnm, Pnma
and P4s/mnm phases, we optimized the b/a ratio and
(or) the ¢/a ratio for each volume and relaxed all the in-
dependent internal atomic coordinates until the forces on
every atom were below the value of 1 mRy/bohr. For the
P63/mmec phase, the ¢/a ratio was also optimized and the
convergence criterion was chosen the same of the Fm3m
phase.

Once the minimum total energies of every phase was
obtained at each volume, we fit data with the Murnaghan
equation of state [23]:

(Vo/V)Bo
B)—1

BV
B, 1

BoV
E(V) = E, ng +1 (1)

where By and B, are the bulk modulus and its derivative,
FE)y is the ground-state total energy and Vj is the equilib-
rium volume. However, the relevant thermodynamic po-
tential is the Gibbs free energy (G) and the most stable
structure is that with the lowest G. This study refer to
the temperature T'= 0 K so that G is

7
Bp—1

BoVo 6 B}
1+—P
B 1 ( 3B,

G(P)=Ey+ -1

(2)

If the transition between two phases occurs, at the tran-
sition pressure Pr, G is the same for both phases. As a
consequence, the transition pressure may be obtained as
the negative slope of the common tangent between the
E40t(V') curves of the two phases.
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Fig. 1. Calculations of the ground-state total energy vs.
volume for the three candidate phases for the two systems:
ZnF3(A), CdF2(B). In the inset the calculated Gibbs free
energy vs. pressure for the corresponding phases: ZnFs (A),
CdF2 (B).

3 Results and discussion

The ground-state total energy as a function of the volume
for ZnF5 and CdF;, in each of candidate high-pressure
phases, is given in Figure 1. The solid lines are the fit
of the calculation data using the Murnaghan equation
of state [Eq. (1)]. The theoretical ground-state parame-
ters (lattice constants and By) are listed in Table 1 and
compared with the available experimental data [1,24,25].
The GGA calculations overestimate the lattice constants
by 2% while the bulk modulus of rutile-type ZnFs is in
good agreement with experiments. However, these values
are satisfactory and within the typical precision of GGA-
DFT calculations.

Figure 1a shows the phase transition sequence of ZnF',
e.g. P4dy/mnm — Pnnm — Pa-3. The first transition
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Table 1. Comparison of calculated (this work) and experimental values of the lattice constant and the bulk modulus of ZnF,

and CdFs.
ZDFQ Cng
P4y /mnm Pnnm Pa-3 Fm3m Pnma P63/mmec
theory experiment theory theory theory experiment theory theory
Lattice a=4.7534 a=47038 a=47872 a=25.0594 | a=>54739 a=>53885 a=259270 a=3.7602
parameter c¢=3.1943 ¢=3.1336 b =4.7451 [25] b=3.6746 c¢=6.1965
(A) [24] c=3.1734 c=17.0543
Bulk 107 103.8 [1] 87 116 96 - 85 71
modulus
(GPa)

Table 2. Comparison of calculation and experimental data of the
boundaries for ZnF2 and CdFs-.

transition pressure and volume collapse of the phase transition

ZDFQ CdF2
P4y /mnm-to-Pnnm  Pnnm-to-Pa-3 | Fm3m-to-Pnma  Pnma-to-P63/mmc
theory experiment theory theory theory
Transition pressure (GPa) 4 4.5 [11] 6.5 9 87
Volume collapse (%) 0.6 - 6.4 6.7 2.1

(P43 /mnm to Pnnm) takes place at 4 GPa and the second
(Pnnm to Pa-3) at 6.5 GPa according to the Gibbs free
energy as a function of pressure, as shown in the inset of
Figure la. The phase transition critical pressure (4 GPa)
obtained by our calculation is consistent with Raman ex-
periments (4.5 GPa) by Perakis et al. [11]. In Figure 1b we
shows that the sequence of the CdF, system: Fm3m —
Pnma — P63/mmc with transition pressures of 9 GPa and
87 GPa respectively. The volume collapses at the phase
transition boundaries for both ZnF5 and CdF5 have been
calculated at the related transition pressures as reported
in Table 2 for these systems.

The Landau theory predicts a second-order ferroelas-
tic phase transition from the rutile-type phase to the
CaCls-type that should involve a softening of the Raman-
active Biz mode [26,27], such as in the rutile-type oxides
GeOg [28] and SnOs [29]. However, in the rutile-type ZnFo
the B1z mode has not been observed yet in high-pressure
Raman experiment performed with a diamond anvil cell
(DAC) probably because of its weak intensity [11]. In the
present work, the F — V curves of the rutile and CaCl,
phases overlap in the average percent atom volume be-
tween 11.1 and 13.2 A3, as shown in Figure la. A behav-
ior typical of a second-order phase transition. At the same
time, no discontinuities in both cell constants and volume
are observed, e.g. the volume change is only 0.6% at the
critical pressure (4.0 GPa) suggesting that the P4 /mnm-
to-Pnnm transition is a second-order phase transition.
While according to the behaviors of the £ — V' curves
the phase transition from the CaCly-type structure to the
PdF,-type is clearly of the first-order, the G — P curves
and the volume collapse at the critical pressure of 6.5 GPa.
The structures of the rutile-type, the CaCly and the PdF,
phases are shown in Figure 2. The optimized lattice pa-
rameters shown that the oxygen z-coordinate of the rutile-
type phase decreases as a function of pressure, indicating

that the two apical Zn-F distances lying in the ab plane
decrease much more than the four equatorial distances. As
a consequence, the oxygen ions are not longer in the [110]
and [1-10] planes in a CaCle-type structure (see Fig. 2b).
With an additional compression, the coordination num-
ber of Zn increases from 6 (CaCly-type) to 6 + 2 (the
PdFs-type) with a large increase of the density. Actually,
the high-pressure structural behavior of ZnF5 looks very
similar to that of rutile-type dioxides and halides, such as
SnO3 [29], GeO4 [28,30], ZrO4 [31] and MgFs [5,17].

In the case of CdF5, the coordination number of Cd
increases from 8 (fluorite-type) to 9 (PbCla-type), then to
11 (NigIn-type) so that the Cd** ionic radius increases
with pressure. In order to understand the mechanism of
structural change from the PbCls-type phase to the NisIn-
type phase, we may describe the hexagonal NisIn struc-
ture as an orthorhombic structure, with a space group
Pnma, where ag = cp, bg = an, o :31/2ah, the Cd atomic
positions are (1/4, 1/4, 1/12) and those of F are (1/4,
1/4,5/12) and (0,3/4,1/4) [3]. Projection along the b axis
of these two orthorhombic structures is shown in Fig-
ure 3. According to the optimized atomic coordinates of
the Pnma phase at various pressures, the positions of some
F ions shifts are labeled with arrows in Figure 3. Looking
at Figure 3 the ZF5-F3-F6 increases with pressure in the
PbCly structure and become 180° in the NisIn structure.
The F1 ion shifts to the coordination polyhedron of Cdl
under compression, and finally becomes a coordination of
Cd1 in the P63/mmec due to the F1-Cd1 bond distance de-
creasing suddenly. The other F'~ ion in the background
has the same behavior, so that the coordination numbers
of Cd?* increase by two to become eleven at the phase
transition from Pnma to P63/mme. In other words, this
phase transition induces a rotation of the coordination of
the Cd polyhedra along the b axis. Similar behaviors have
been observed in CaFy [12], BaF5 [3,18,19] and PbFy [4].
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(A) Pdz/mnm (B) Pnnm

(C) Pa-3

Fig. 2. The crystal structures of the ZnF> compound with different space groups: P4s/mnm(a), Pnnm (b) and Pa-3 (c). The

6 + 2 coordination polyhedron of the Pa-3-type phase is outlined by red lines in the right C panel.

(B) Pnma (P63/mmc)

(A) Prma

Fig. 3. Projection along the b axis of the two orthorhombic
phases of the CdF;. (a) PbCla-type structure; (b) NizIn-type
structure.

The GGA electron energy band structures of both
ZnF5 and CdF2 have been calculated increasing pressure.
The influence of the pressure on the electronic structure
is summarized looking at the behavior of the energy gap
in Figure 4. The band gap of ZnF; is direct from I'V to
I'C, and it increases with pressure. On the contrary, in
the CdFy is indirect (WY — T'©) in the Fm3m phase,
becomes direct (I'V — I'C) in the Pnma phase and finally
again indirect (KY' — T'©) in the P63/mmec phase. Also
the gap of CdFs increases with pressure, but undergoes
a sudden decrease at the phase transition from the Pnma
to the P63/mmec (Fig. 4b). The solid lines in Figure 4 are
the least-square fit of the calculated data using a nonlinear
pressure-dependent function:

E(P)= E(0) + aP + BP?

where energy F is in eV, pressure P is in GPa and a and
( are the band gap pressure coefficients. In Table 3 the
band gap pressure coefficients of both ZnFs and CdF; are
listed.

The high-pressure behavior of AFy (A = Ni, Mg, Zn,
Co, Mn, Cd, Ca, Pb and Ba) is summarized in Figure 5.
For the rutile-type, the sequence of pressure-induced phase
transition is Rutile — CaCl,; — PdFs, while CaFy; —
PbCl; — Nisln is for the fluorite-type. The bulk mod-
ulus decreases with the radius of the metal ion increas-
ing for the same structure, as shown in Figure 5. The
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Fig. 4. The energy band gap of ZnF; (a) and CdFs (b) vs.
pressure.

bulk modulus decreases in the high-pressure phase for the
fluorite-type systems as a downward arrow | indicates in
Figure 4, but that of BaF, increases as an upward ar-
row | shows. The reason for this discrepancy is not clear,
and it is necessary to be analyzed in later work. For the
rutile-type systems, the bulk modulus decreases firstly,
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Table 3. Pressure coefficients for the energy band gaps of ZnF3 and CdFs.

ZHF2 CdF2
P45 /mnm, Pnnm and Pa-3  Fm3m and Pnma P63 /mmc

a (eV/GPa) 1.243 x 1072 2.712 x 1072 2.131 x 1072

B (eV/GPa?) 1.082 x 107° ~1.097 x 1074 ~3.474 x 1074
MW ]  the rutile-type structure (P42/mnm) to the CaCla-type
130 |- the rutile-type the fluorite-type ° 1 structure (Pnnm), in good agreement with Raman exper-
120 -_Ning/lng 1 Z g Z’;’: 1 imental results, then at 6.5 GPa the system transforms
T b 2nF, o P mme into a PdFs-type (Pa-3) structure. Our data, suggest that
O 110} l‘"CoF s 4 ZnF, will further transform into a PbCls-type structure at
o I D higher pressure. The behavior of the ground-state total en-
B 100 RS ‘ CdF, 7 ergies, the Gibbs free energies and the lattice constants vs.
§ o : i v . 4 pressure suggest that the P4s/mnm-to-Pnnm is a second-
E o L MnF, CaF 1 order phase transition. The CdF, system with a fluorite-
3 I : Ly P ® 71 type structure transforms into a PbCly-type structure at
o 7O § 4 9.0 GPa, then into a NisIn-type structure at 87 GPa. The
T ol = PA4Jmnm o0 PbF, 1 PbCls-to-NipIn phase transition is associated to a rotation
| 4 Pnnm § ] o | of the Cd coordination polyhedra along the b axis. More-
so © Pa3 ‘ ; BaF ] over, data showed that the energy band gaps of ZnF, and

P TR U RS SR R R R
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

lon radius of A*(V1) (A)

Fig. 5. Correlation plot between the radius of divalent metal
ions and bulk modulus (By). Experimental data for MnFa,
CoF2 and NiFy are from reference [1], BaFs [3], PbF2 [4],
MgF, [5], CaFs [12], ZnF2 and CdF: are from the present
work.

and then increases as the arrows show in the left of Fig-
ure 5.

In present analysis we did not consider the post-PdF,
phase in ZnFs, however experimental and theoretical data
assigned it to the cotunnite-type (a-PbCly) structure,
such as MgFy [5] and SiOg [32]. In CdFs, CaFs and
BaFs the PbCls-type phases will continuously transform
into the NisIn-type at higher pressures. However, data of
Haines et al. do not support the suggested trend towards
the NisIn-type structure for the PbCls-type MgFs and
the phase appears stable at least up to 227 GPa [5]. Sim-
ilarly, PbClz-type metal dioxides such as PbOs [33] and
ZrOq [31] do not show a trend towards a phase transition.
Therefore, the high-pressure phase transitions appear to
be driven mainly by the cation to anion radius ratio [3,30].
From our data we may extrapolate that the PdFs-type
ZnFs system should transform into a PbCly phase at
higher pressure, due to the similar radius between Mg and
Zn ions, e.g., the radius of the YIMg?* is 0.72 A and that
of V1Zn?* is 0.74 A [34].

4 Conclusion

We presented here ab initio calculations of a series of
high-pressure phases of ZnF5 and CdF;. The ZnFs sys-
tem undergoes first to a phase transition at 4 GPa from

CdF; increase with pressure, except in the case of CdF,
at the phase transition boundary from the Pnma to the
P63/mme structure. Finally, from the observed behaviors
we may claim that the high-pressure behavior of all diva-
lent metal fluorides indicate that both bulk modulus and
the critical pressure decrease when the metal ion radius
increases.
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