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First-principles study of structural stabilities, and electronic and optical properties of CakF,
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An investigation into the structural stabilities and the electronic and optical properties of CaF, under high
pressure was conducted using first-principles calculations based on density functional theory. Our results
demonstrate that the sequence of the pressure-induced phase transition of CaF, is the fluorite structure
(Fm3m), the PbCl,-type structure (Pnma), and the Ni,In-type structure (P65/mmc). At these phase transfor-
mations, the coordination number of Ca”* increases from eight to nine and then to eleven. The mechanisms of
the structure change were revealed from the PbCl,-type phase to the Ni,In-type phase. The energy band gap
increases with pressure in the Fm3m and the Pnma phases, but decreases in the P63/mmc phase. The band gap
pressure coefficients were obtained using a linear pressure-dependent fit function. In addition, the energy band
overlap metallization does not occur up to 218 GPa. The static dielectric constants g, vs pressure are also

discussed.
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I. INTRODUCTION

CaF,, a well-known face-centered-cubic ionic crystal, is
commonly designated as a lens material for photolithography
at wavelengths in the deep ultraviolet region, due to its ex-
cellent transmission properties without absorption bands
over a wide wavelength range from UV to IR. These optical
properties are related to its structural and electronic proper-
ties, such as a very large band gap.!~ In addition, CaF, is
proposed have an excellent internal pressure calibration in
moderate high-pressure and (or) high-temperature x-ray dif-
fraction experiments,®'” e.g., the achievable precision of
volume determination of quartz single crystals to 9.0 GPa
allows for pressure precision as high as 0.05-0.1%.° There-
fore structural stabilities, and electronic and optical proper-
ties of CaF, are of much theoretical and experimental
interest.!1?

Pressure-induced phase transformations of CaF, have
been reported by many research groups.'!~!315-1% In the first
report of CaF, as a function of pressure in 1966, Seifert
showed that it undergoes a pressure-induced phase transition
from the fluorite structure (Fm3m) to an orthorhombic
PbCl,-type structure (Pnma) in the pressure range
8—10 GPa,!" which has been confirmed by other groups us-
ing various methods, such as x-ray diffraction, Raman spec-
tra and theoretical calculations.'>"1%16-19 Recently the initial
stages of phase transformations in CaF, have been investi-
gated in detail by means of the strain gauge technique in an
ideal hydrostatic pressure at room temperature, which indi-
cates that the phase transition pressure is 8.01+£0.01 GPa.'8
The high-pressure phase (Pnma) has been shown to still be
stable up to 49 GPa at room temperature by x-ray diffraction
and Raman spectra.'>!% The phase transition occurs at room
temperature but is reversible under these conditions, with the
Pnma phase reverting to the Fm3m during decompression.
However, single crystals of CaF, in the PbCl,-type structure,
grown at 8.6 GPa and 1100 K in a molten Ca(0H), flux, are
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stable at ambient conditions.?” Moreover, the post-PbCl,
structure of divalent metal halides is also of considerable
current interest. There are three candidate phases for the
post-PbCl,: the Co,Si structure (Pnam, CN=10),?!, the dis-
torted Co,Si structure (P2,/a, CN=10) for ACl, (A=Pb, Ba,
and Sn)?? and the Ni,In structure (P65/mmc, CN=10) for
AF, (A=Pb and Ba),>>?°, respectively. The choice of the
high-pressure structure is governed by the cation-anion ra-
dius ratio r./r,.>! The corresponding value for CaF, is closer
to those of BaF, and PbF,. In addition, Ca and Ba are IT A
elements. Therefore, we may extrapolate that the high-
pressure behavior of CaF, is similar to those of BaF, and
PbF,, namely with the Ni,In structure at extreme pressure.
However, no reports about the post-PbCl, phase of CaF,
have been published up to now.

Experimentally, the indirect gap of CaF, was estimated
to be 11.8 eV at ambient condition' and the dielectric tensors
(e; and &,) were measured directly using a vacuum ultravio-
let spectroscopic ellipsometer with light from a synchrotron
source.” Different theoretical calculations of CaF, bulk elec-
tronic structure and optical properties have been compared
and discussed extensively.3=>17:192728 However, only a few
articles described the influence of pressure on the electronic
and optical properties of CaF,.'7!° More recently, theoretical
calculations have shown that the band gap of CaF, increases
with increasing pressures,'”!? and it becomes a direct gap
from the Fm3m phase to the Pnma phase.!” On further com-
pression, the gap closes and band overlap metallization oc-
curs around 210 GPa.!” The increase of the static dielectric
constants g, of the fluorite phase is practically linear with
pressure.'?

From the above it is clear that pressure is certainly a criti-
cal parameter for the structural stabilities, and electronic and
optical properties. The aim of this present work therefore is
to explore the influence of pressure on the electronic and
optical properties of CaF, in detail by electronic structure
calculations, which have been proven to be successful in
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studying the phase transition in our previous work.?-* First,
we must confirm the high-pressure phases (Pnma and
P65/mmc) and obtain the equation of state, then provide de-
tailed information on the electronic and optical properties,
and finally discuss the effect of pressure on the structural
stabilities, and electronic and optical properties of CaF,.

II. METHOD OF CALCULATIONS

According to the literature mentioned above, we designed
three possible candidate phases of CaF,, Fm3m, Pnma, and
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FIG. 1. (Color online) The

crystal structures of CaF, with

o space groups Fm3m (a), Pnma
(b), and P63/mmc (c).

(c) P6simmc

P65/mmec, respectively. The experimental unit cell param-
eters were used as the initial models for these phases. The
atomic positions for the Fm3m phase are Ca (0, 0, 0) and F
(1/4,1/4,1/4) and the lattice constant a is 5.4630 A.3! The
Ca and F ions of the PbCl,-type phase occupy the positions
(0.2539, 1/4, 0.1094), (0.8595, 1/4, 0.0731), and (0.4780,
1/4, 0.8344), respectively; the lattice constants are a
=6.018 A, b=3.614 A, and ¢=7.023 A>® Those of the
Ni,In-type phase are Ca (1/3,2/3,1/4), F1 (0, 0, 0), F2
(1/3,2/3,1/4), and a=4.253 A, ¢=5.516 A, y=120°.2 Fig-

TABLE I. Lattice constants at zero pressure and bulk modulii of three candidate phases for CaF,.

Fm3m Pnma P63/mmc
Theoretical Experimental Theoretical Experimental Theoretical
Lattice ag=5.52520 ap="5.466° ag=6.0274C ap=5.63+0.11¢ ay=3.88516
constants 53252 5.46301 by=3.6682 by=3.49%0.03 cu=5.9267
(A) 5.500 co=7.0413 co=7.15+0.07
5.5634 ay=3.7869"-
5.4444 ay=5.7775" ay=6.018" co=5.4135
53378t by=3.4830 by=3.614
5.515¢ c0=6.8491 cp=7.023
ap=6.069¢
by=3.643
co=7.109
ap=5.5029"
by=3.4111
co=6.9888
Bulk 776, 103- 81.0+1.2° 756, 105" 626
modulus 912 87+5¢ 864 91-
(GPa) 84.7, 82.74 82.0£0.7¢ 154f
103f 81.1]
82.14¢ 84.7%

G is the result using GGA in this work; L is the result using LDA in this work.

4Reference 5;

bReference 7;

‘Reference 13;
dReference 14;
®Reference 16;
fReference 17;
8Reference 19;
hReference 20;
iReference 29;
JReference 37;
kReference 38.
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FIG. 2. (Color online) Calculation of the total
energy vs volume for the Fm3m phase, the Pnma
phase and the P63/mmc phase of CaF,. The in-

set: calculated Gibbs free energy vs pressure for
all phases. (A) GGA; (B) LDA.
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ure | represents the schematic crystal structures of three can-
didate phases of CaF,.

The first-principles calculations performed in this paper
are based on the density functional theory (DFT). The total
energies were calculated within the full potential linearized
augmented plane wave (FPLAPW)+local orbitals (lo)
method, implemented in WIEN2K code.?* The effects of the
approximation to the exchange-correlation energy were
treated by the generalized gradient approximation (GGA)3
and the local density approximation (LDA)J3* It is well
known that LDA and GGA to DFT systematically underesti-
mate the band gap in semiconductors and insulators (an error
of a factor 2). The Engel-Vosko approximation (EVA)®
seems to lead to better band gaps rather than LDA and GGA,
but it cannot give reliable total energies. Therefore, EVA was
considered in our calculations of the electronic and optical
properties based on the optimized structure models by GGA.
In order to increase the reliability and a reasonable compari-
son, we used the same radius of the muffin-tin sphere for the

15

same kind of atom in all of the calculations. The muffin-tin
radii of Ca and F were chosen at 1.6 and 1.7 a.u., respec-
tively. In the LAPW calculations, we set the energy threshold
between the core and valence states at —6.0 Ry. For the num-
ber of plane waves, the criterion used was the muffin-tin
radius multiplied by K,,,, (for the plane waves) yielding a
value of 7.0. 2000 k points were specified in the whole Bril-
louin zone (BZ), which generated 47, 140, and 76 k meshes
for the Fm3m, Pnma, and P65/mmc, respectively. For each
crystalline phase, we calculated the minimum total energy of
the unit cell for a number of different volumes. Due to sym-
metry without atomic positions to relax in the Fm3m and
P6s;/mmc cases, we only specified the convergence criterion
(the different charge <0.0001) in the self-consistency cycle.
In the case of the Pnma phase, we optimized the c/a ratio
and the b/a ratio for each volume and relaxed all of the
independent internal atomic coordinates until forces on every
atom were below a tolerance value taken as 1 mRy/bohr.
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TABLE II. Phase transition pressures of CaF, and the volume collapses correspondingly.

Fm3m-to-Pnma Pnma-to-P63/mmc

Theoretical Experimental Theoretical
Transition 86 8-10',m 726
pressure (GPa) 6" 7.75-9.5¢ 68"

4,74 8.7-9.5¢

9.1f 8.01"
Volume 7.1%6 8.1%! 2.4%0
collapses 8.2%" 10%™ 2.5%"

10%¢ 11%°

7%t 8.3"

6.3%"

G is the result using GGA in this work; L is the result using LDA in this work
‘Reference 13;
dReference 14;
“Reference 16;
fReference 17;
hReference 20;
Reference 11;
MReference 12;
"Reference 18.

Once the minimum total energies of every phase were BV B (By-1)/(BY)
obtained at different volumes, they were fitted to the Mur- G(P)=Ey+ ,O g (1 —OP) -1]. (2
naghan equation of state®® as below: By—-1 By
BV, B,V (VO/V)B() If a first-order transition between two phases occurs, in both
E(V)=E;- -1 8| o1 (1) phases G will be equal at the transition pressure Py. Alterna-
0~ 0 0~

tively, the transition pressure may be obtained as the negative
slope of the common tangent between the two E, (V) curves.

The frequency dependent complex dielectric function
e(w)=¢g(w)+ie,(w) is known to describe the optical re-
sponse of the medium. For dielectric tensor calculations, the
BZ integration was performed using the tetrahedron method
with 1200 k points without broadening in all phases. The
imaginary part &,(w) was obtained from the electronic struc-
ture calculation, using the joint density of states and the op-

Where B, and B, are the bulk modulus and its derivative,
respectively, E; is the ground-state total energy and Vj, is the
equilibrium volume. On the other hand, the relevant thermo-
dynamic potential is the Gibbs free energy (G) and the stable
structure is the one with the lowest G. In this study the tem-
perature is limited to 7=0 K, so that G is

o] T T T B R R B B R Tl B R tical matrix elements. The real part &,(w) was derived from
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FIG. 4. (Color online) Projection along the b axis of two ortho-
FIG. 3. (Color online) The mean Ca-F distance and the mean rhombic phases (the PbCl,-type structure and the Ni,In-type
F-F distance calculated from the GGA results vs pressure. structure).
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FIG. 5. Energy band structures of CaF, at different pressures calculated by the EVA. (A) The fluorite-type phase at zero pressure, the
indirect band gap X —T'; (B) the PbCl,-type phase at 42 GPa, the direct band gap I'—T'; (C) the Ni,In-type phase at 218 GPa, the indirect

band gap ' - K.

&,(w) by using the Kramers-Kronig relationship. In order to
obtain the isotropic static dielectric constants g, or &;(0), the
components of the matrix trace were averaged by a sum over
states, namely, &;5,(0)=[e,(0)+8,,(0)+¢,,(0)]/3 for the
Pnma phase and &;,(0)=[2e(0)+¢&,,(0)]/3 for the
P65/mmc phase.

III. RESULTS AND DISCUSSION
A. Structural stabilities

The theoretical ground-state parameters (lattice param-
eters and B,) of CaF, are obtained and listed in Table I,
which also includes the available experimental and theoreti-
cal data for comparison. It is clear that our theoretical values
agree very well with the experimental data,>'*!171 as well as
with other calculations.'?2%2° The LDA generally underesti-

square: GGA
circle: LDA -
triangle: EVA

s i

L

Q.

g -

2 P6_/mmc

3 -K T

5:5 I T ]

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Pressure (GPa)

FIG. 6. (Color online) The energy band gap of CaF, vs
pressure.

mates the lattice constants while the GGA overestimates
them when compared with experiments. The bulk moduli
differ by up to 30 GPa between the LDA and the GGA, as
seen Table I, but the GGA in the present calculations yield
values closer to the experiments. The bulk moduli only
present a slight change, in our calculations, from the Fm3m
phase to the Pnma phase, which is also reported in Ref. 14
and is similar to that of PbF,.2° However, the B, of the CaF,
Pnma phase is 154 GPa bigger than that of the Fm3m phase
in Ref. 17 with the tight binding linear muffin-tin orbital
(TB-LMTO) method. The possible reasons for this discrep-
ancy are that the LMTO method is not accurate in the case of
axial ratio minimization and (or) five empty spheres were
added in the Pnma phase in their calculations. The B, of
P6;/mmc presents a significant decrease, which indicates
CaF, will become softer at extreme high pressure.

The total energy, calculated as a function of the volume
for three phases, is compared in Fig. 2. The solid lines are
the fit of the computed data using the Murnaghan equation of
state [Eq. (1)]. In Fig. 2, we observed the following sequence
of phase transition in CaF,: Fm3m— Pnma— P63/mmc.
The insets of Fig. 2 illustrate curves of the Gibbs free ener-
gies calculated as a function of pressure according to Eq. (2).
The first transition (Fm3m to Pnma) takes place at 8 GPa
and the second (Pnma to P6;/mmc) at 72 GPa in the GGA,
and 6 GPa and 68 GPa correspondingly in the LDA. The

TABLE III. The pressure coefficient for the energy band gap of
CaF, in three candidate phases (eV/GPa).

GGA LDA EVA
Fm3m 0.0684 0.0528 0.0785
Pnma 0.0066 0.0043 0.0101
P63/mmc —-0.0030 —-0.0026 -0.0007
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volume collapses have been calculated at transition pres-
sures. Table II summarizes the transition pressures and the
volume collapse of CaF,, also inconsistant with available
experimental data.

The coordination of Ca*t of eightfold, ninefold and
eleven-fold for the Fm3m, the Pnma, and the P6;/mmc are
displayed in Fig. 1, respectively. It is well known that the
ionic radius increases as the coordination number increases,
e.g., 1.12 A for Ca2*(VIII), 1.18 A for Ca**(IX), 1.23 A, for
Ca?*(X), and 1.34 A for Ca**(XII).* The mean Ca-F dis-
tance, calculated from the average of the distances between
the Ca?* and all its coordinated F'~ using the results of
GGA, decreases in each phase on compression, but it in-
creases suddenly at the two phase transition pressures (8 and
72 GPa), as shown in Fig. 3. At the boundary of phase tran-
sition (the Fm3m to the Pnma), the increase of the Ca-F
distance is 0.08 A and in good agreement with the increases
deduced from the ionic radii of Ca®* between eightfold and
ninefold given above. At the other phase transition the in-
crease of the mean Ca-F distance is 0.10 A, which extrapo-
lates the radius of Ca?*(XI) as 1.28 A. Figure 3 also shows

24 26 28 30

32 34

that the nearest-neighbor bond distances of F-F decrease
with increasing pressure. Especially at 72 GPa, the decrease
of the F-F distance is larger, which is attributed to the envi-
ronment change of the first cluster of F'~. There are ten ions
(4 Ca’>*+6F'") around one F'~ in the Pnma, fourteen ions
(6 Ca**+8 F'7) in the P65/mmc. The radius of F'~ may be
considered as a constant, thus the F-F distance must rapidly
decrease in order to offset the increase of the Ca-F distance
at the phase transition pressure.

In order to understand of the mechanisms of the structure
change from the PbCl,-type phase to the Ni,In-type phase,
we describe the hexagonal Ni,In structure as an orthorhom-
bic structure, also of the space group Pnma, where ag=cy,
bo=a,, cy=3"%a,, and the atomic positions of Ca are (1/4,
1/4,1/12), and of F are (1/4, 1/4,5/12) and (0,3/4,1/4).23
Projection along the b axis of these two orthorhombic struc-
tures is shown in Fig. 4. According to the optimized atomic
positions of the Pnma phase at various pressures, the paths
of some fluorine ions shift are labeled, as the arrows indicate
in Fig. 4. The <F5-F1-F6 increase with pressure increasing
in the PbCl, structure and become 180° in the Ni,In struc-
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FIG. 8. (Color online) Pressure dependence of the static dielec-
tric constants &.

ture. The F'1 ion shifts to the coordination polyhedron of Cal
on compression and becomes a coordination of Cal in the
P6+/mmc. The other F'~ ion in the back is of the same
behavior, thus the coordination number of Ca** adds two and
becomes finally eleven at the phase transition from the Pnma
to the P6;/mmec. In other words, this phase transition in-
volves a rotation of the coordination polyhedrons of Ca
along the b axis.

B. Electronic properties

The self-consistent band structures for CaF, were ob-
tained at ambient as well as at high pressures. The calculated
indirect gap (X —1T") is 7.27 eV in the LDA or 7.01 eV in the
GGA at zero pressure, in agreement with those of
references,>*!71? but it is much smaller than the experimen-
tal values (11.8 eV).! The reason has been mentioned in Sec.
I regarding the calculation method that DFT-LDA (GGA)
calculations underestimate the band gap by a factor of typi-
cally two. While the band gap calculated using EVA is
8.07 eV at zero GPa, as shown in Fig. 5(a), also less is ob-
tained experimentally.! Recently the hybrid B3PW and
B3LYP methods have been applied to calculate the band gap,
and give better results, i.e., 10.68 eV in B3PW and 10.57 eV
in B3LYP It is well known that the GW calculations give
energy band gaps in excellent agreement with experiment,
i.e., the band gap is 11.38 eV for CaF,,?” nearly close to the
experimental value. In a word, the discrepancy is due to the
fact that DFT Kohn-Sham states do not take into account the
quasiparticle self-energy correctly*® in our calculations.

Despite the energy band gap underestimated in DFT-LDA
(GGA, EVA), its high-pressure behavior can be still com-
pared and discussed in the calculations by using the same
exchange-correlation potential. As such we investigated the
effect of the pressure on the size of the energy band gap. The
gap in both the Fm3m phase and the Pnma phase increases
with increasing pressure, while there is a sudden decrease at
the phase transition from the Pnma to the P6s;/mmc, as
shown in Fig. 6. Figure 5 presents the indirect gap of the
Fm3m, phase which becomes a direct gap in the Pnma

PHYSICAL REVIEW B 73, 134103 (2006)

phase, and then again an indirect gap in the P63/mmc. The
solid lines in Fig. 6 are least-square fits to the calculated data
using a linear pressure-dependent fit function: E(P)=E(0)
+aP, where the energy E is in eV, the pressure P is in GPa,
and « is the band gap pressure coefficient. The a of the
Fm3m is positive and larger than that of the Pnma, but that
of the P6s;/mmc is negative, as seen in Table III. Kanchana
et al., reported that the band overlap metallization occurs
around 210 GPa in the Pnma phase,17 however, it does not
occur at 218 GPa for the P65/mmc phase in our calculation,
as shown in Fig. 5(c). The inconsistency is due to the factor
that the phase transition from the Pnma to the P63/mmc was
not considered in their calculations except for mention in the
section of structural properties. The band gap decreases with
pressure increasing in the P6s/mmec, but it is very difficult to
make it overlap according to the pressure coefficient.

C. Optical properties

The imaginary (absorptive) part of the electronic dielec-
tric function &, was calculated. A selection of &, with EVA
and representing three phases at various pressures is shown
in Fig. 7. At zero GPa, the major peaks in the range of
6-22 eV are in good agreement with those of Refs. 3 and
19, and inconsistent with the experiment2 if a shift of 4.2 eV
is applied in our calculations; those in the range of
22-34 eV could not be compared as no relative reports were
available. All peaks shift toward the high energy with an
increase of pressure in the Fm3m and the Pnma phases.
However, the features from 16 to 21 eV of the Pnma phase
disappear up to 66 GPa, as shown in Fig. 7(b). In the
P65;/mmc phase, the &, becomes very complicated. First, the
peaks also shift to the high energy in the pressure range of
68—-90 GPa, but they present abnormal behavior that shifts
toward lower energy above 90 GPa. This abnormal variation
may be attributed to the stronger pressure dependence in the
> and A directions of the P65;/mmc phase.

The static dielectric constants g,, one of the important
optical constants, were also calculated at various pressures.
The g, of the Fm3m phase is 2.06 in GGA, 2.17 in LDA, and
1.89 in EVA at zero pressure, which are larger than the ex-
trapolated value of 1.50 for the experiment of Ref. 2. But
they are in good agreement with the value of 2.02 in Ref. 3,
of 1.89 in Ref. 19, and of 2.04 in Ref. 41. This discrepancy is
also due to the shortcoming of DFT (T=0 K) as mentioned
in the above section. The pressure dependence of g is illus-
trated in Fig. 8. As can be seen, the increase of the g, with
pressure is linear in the Fm3m phase and the Pnma phase.
There is an abnormal change of the g at about 90 GPa in the
P63;/mmc, inconsistent with that of the &,. The analogous
behavior was also observed in the P6;/mmc phase of BaF,
under high pressure.?*

IV. CONCLUSION

In conclusion, ab initio calculations have demonstrated
that a phase transition of CaF, from the fluorite structure
(Fm3m) to the PbCl,-type structure (Pnma) occurs at 8 GPa
in GGA or 6 GPa in LDA, in good agreement with other
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theoretical and experimental data, and further predicted that
the Pnma phase will transform into the Ni,In-type structure
at about 70 GPa. At these phase transformations, the coordi-
nation number of Ca®* increases from eight to nine and then
to eleven. According to the optimized atomic positions of the
Pnma phase at various pressures, we have revealed the
mechanisms of the structure change from the PbCl,-type
phase to the Ni,In-type phase, which involves a rotation of
the coordination polyhedrons of Ca along the b axis. Pres-
sure not only makes the structural phase transitions of CaF2
occur, but also changes its electronic and optical properties
correspondingly. The indirect gap of the Fm3m phase be-
comes a direct gap in the Pnma phase, and then again be-
comes an indirect gap in the P65/mmc. The energy band gap
increases with pressure in the Fm3m and the Pnma phases.
However, the gap decreases in the P6s;/mmc phase. The
pressure coefficients were obtained using a linear pressure-

PHYSICAL REVIEW B 73, 134103 (2006)

dependent fit function. The energy band overlap metalliza-
tion does not occur up to 218 GPa. The static dielectric con-
stants g, also increases in the Fm3m and the Pnma phases
under compression, but presents an abnormal behavior in the
P65;/mmc phase at about 90 GPa.
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