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Detailed density functional theory (DFT) calculations of the structural, mechanical, thermodynamic, and electronic
properties of crystalline CaF, with five different structures in the pressure range of 0 GPa—150 GPa are performed by
both GGA (generalized gradient approximation)-PBE (Perdew—Burke—Ernzerhof) and LDA (local density approximation)-
CAPZ (Cambridge Serial Total Energy Package). It is found that the enthalpy differences imply that the fluorite phase
— PbCl,-type phase — NipIn-type phase transition in CaF, occurs at Pgga1 = 8.0 GPa, Pggao = 111.4 GPa by using
the XC of GGA, and A pa; = 4.5 GPa, PLpay = 101.7 GPa by LDA, respectively, which is consistent with previous
experiments and theoretical conclusions. Moreover, the enthalpy differences between PbCl,-type and NijIn-type phases in
one molecular formula become very small at the pressure of about 100 GPa, indicating the possibility of coexistence of two-
phase at high pressures. This may be the reason why the transition pressure of the second phase transition in other reports
is so huge (68 GPa—278 GPa). The volume changed in the second phase transition are also consistent with the enthalpy
difference result. Besides, the pressure dependence of mechanical and thermodynamic properties of CaF, is studied. It
is found that the high-pressure phase of NiIn-type structure has better stiffness in CaF; crystal, and the hardness of the
material has hardly changed in the second phase transition. Finally, the electronic structure of CaF, is also analyzed with
the change of pressure. By analyzing the band gap and density of states, the large band gap indicates the CaF; crystal is

always an insulator at 0 GPa—150 GPa.

Keywords: density functional theory (DFT), high-pressure, phase transition, coexistence
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1. Introduction

With the development of ultraviolet lithography tech-
nology, the calcium fluoride (CaF,) generally becomes the
focus in the semiconductor industry with its high transmit-
tance and low absorption coefficient.!!:?] For the high laser-
induced damage threshold and high transparency up to the
vacuum ultra-violet (UV) area, CaF, can replace fused sil-
ica and has many valuable optical properties for industrial
applications.>%) For example, it has been designated as the
lens material for photolithography at wavelengths in the deep
ultraviolet region.!®”] These optical properties are due to its
well-known face-centered cubic (FCC) ionic crystal structural
and electronic properties, such as a very large band gap.[8-1?]
Besides, CaF, has shown an excellent internal pressure cali-
bration in moderate high-pressure and high-temperature x-ray
diffraction experiments.!'3-1%1 Recently, the electrical trans-
port properties of CaF, nanocrystals have been investigated
by in situ impedance measurement up to 30 GPa.['”) Thus,
the behaviors of its elastic properties under the influence of
high pressure have attracted much attentions.!!8-30!

At the pressure of 0 GPa, CaF, shows the cubic flu-
In 1966,
Seifert found that CaF; can transform into a PbCl,-type struc-

orite structure with the space group of Fm-3m.

DOI: 10.1088/1674-1056/abc67d

ture with the space group of Pnma under pressure 8 GPa—
10 GPa.l"®! Then this result was confirmed experimentally
by powder diffraction in 1969.[') Afterward, in the year of
1992, Gerward obtained the exact transition pressure of about
9.5 GPa by synchrotron radiation,?’! and the high-pressure
phase is stable up to 45 GPa at 300 K. In 2002, Speziale
found that transition pressure is at 8.6 GPa and 1100 K and
the high-pressure phase of CaF, is stable up to 49 GPa at room

[21.22] Then, in 2005, the phase transition in ideal

temperature.
hydrostatic pressure and room temperature is 8.01 GPa.>]
More importantly, Dorfman reported that CaF, transforms
from PbCl-type structure to NipIn-type structure with the
space group of P63/mmc by angled-dispersive x-ray diffrac-
tion experiments at the pressure range of 63 GPa-79 GPa in
2010.1241 Other report!>>! showed some different results that
the pressure-induced Fm3m—Pnma phase transition starts at
14.0 GPa and the orthorhombic phase is stable up to 46.5 GPa.
In theories, most of the transition pressures in the first Fm3m—
Pnma phase transition are consistent with 0thers,l26_29] but
the ones in the second Pnma—P63/mmc phase transition are
quite different. For example, Wu reported firstly the second
phase transition of CaF, from PbCl,-type structure to NiyIn-
type structure occurs at 68 GPa—72 GPa by full-potential lin-
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earized augmented plane wave (FP-LAPW) method.*®! How-
ever, other reports predicted that the Pnma—P63/mmc phase
transition pressures of CaF, are 278 GPa, [281 105 GPa,®! and
80 GPa,?% respectively. Up to date, there is no unified con-
clusion on the changes that occurs near the second-order phase
transition of CaF,.

In this work, in order to study the performance of CaF,
under high pressure as accurately as possible, five potential
phase transition structures are researched by periodic DFT cal-
culations with two different exchange correlations, and the
structural, mechanical, thermodynamic, and electronic proper-
ties in crystal CaF, under hydrostatic pressure 0 GPa—150 GPa
are all studied.

2. Computational details

According to the literature mentioned above, five dif-
ferent candidate phases of CaF,, fluorite structure (Fm-3m,
No. 225), tetragonal structure (P4/mmm, No. 123), Ni,In-
type structure (P63/mmc, No. 193), orthorhombic structure
(Pmc2y, No. 26), and PbCl,-type structure (Pnma, No. 62),
are taken into consideration. We use experimental data as the
initial models of these phases. The Cambridge Serial Total En-
ergy Package (CASTEP)[31321 is used in all of our calculations
and the plane-wave OTFG ultrasoft pseudopotentials!3334!
within the density functional theory are employed to describe
the interaction between electrons and ions. In recent years,
much theoretical works focused on phase transition under high
pressure were done by CASTEP.[>3-38 Moreover, the thermo-
dynamic properties of CaF, were calculated with an approx-
imation method on the quasi-harmonic Debye model.**! In
order to get more accurate theoretical results, two different
forms of exchange—correlation (XC) energy are treated: one
is generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof (PBE)[*?! functional form, and the other one
is local spin density approximation (LDA) proposed by Ceper-

ley and Alder!*!! and parametrized by Perdew and Zunder!*?!

(CA-PZ). Besides, in the self-consistent field calculation, the
density-mixing minimization method!**! and the Broyden,
Fletcher, Goldfarb, and Shannon (BFGS)[44] method are used
to obtain the electronic wave functions and to get the relaxed
structures. After a series of convergence tests, for Fm-3m,
P4 /mmm, P63/mmc, Pmc2;, and Pnma structures of CaFj,
we utilized the 21 x 21 x 21, 14 x 10 x 14, 21 x 21x 15,
19 x 16 x 11, and 11 x 18 X 9 k-points grids for the ir-
reducible Brillouin zone, respectively, and the cutoff energy
for five structures is set as 650 eV. The k-points and cutoff
settings above ensured the band gap changed by less than
0.01 eV, so the adequate accuracy can be guaranteed. The ge-
ometry relaxation is performed by self-consistent calculations
to allow the space group, cell shape, and volume to change.
The total energy of the system, residual force, residual bulk
stress, and displacements of atoms are converged less than
5.0x107% eV/atom, 0.01 eV/A, 0.02 GPa, and 5.0x107* A,
respectively.

3. Result and discussion
3.1. Structural phase stability and pressure influences

It is well known that CaF, undergoes a second-order
phase transition procedure, as fluorite structure — PbCl,-type
structure — NipIn-type structure with increasing equivalent
hydrostatic pressure. In this part, to investigate phase stabil-
ity and phase transitions in detail, all five possible structures
(Fm-3m, PA/mmm, P63/mmc, Pmc2;, and Pnma structures)
of CaF; reported in other literature!* were selected, and fully
optimized by both GGA-PBE and LDA-CAPZ at 0 GPa as the
first step. In this step, the experiments data at ambient pres-
sure and temperature were used as input structure, and all of
the ionic configurations, cell shape, and volume were allowed
to change in the calculations of structural optimization. The
optimized lattice parameters of five structures are listed in Ta-
ble 1.

Table 1. Experimental and calculated lattice constants of CaF, at ambient conditions.

Lattice parameters (A)

Phases Space group Present work
Exp. Theo.
GGA LDA
Fluorite structure Fm-3m a=b=c=551 a=b=c=533 a=546612 a=15.52521201
a = 5.463140] a=5.4872128
a=>5.5788130
Tetragonal structure P4/mmm a=b=3.7471, a=b=3.6203, a=b=23.735
c=3.0192 c=29217 c=2.867431
NiIn-type structure P63 /mmc a=b=3.8675 a=b=3.7993, a=3.8851, c=5.926717]
c=5.9829 c=5.3609 a=3.9536, c=5.875110
Orthorhombic structure ~ Pmc2 a=3.54, a=3.39, a=3.324,
b=4.16, b=4.05, b= 4.146,
c=597 c=5.78 ¢ =5.686/%
PbCl,-type structure Pnma a=6.01, a=5.80, a=>5.63,b=3.49, a=06.0274, b = 3.6682,
b=3.65 b=13.48 c=7.15120 ¢ =17.0413120]
c=17.08 c=6.84 a=5.95b=3.58, a=15.9826, b = 3.6303,
c=7.033 ¢ =7.0499(28]
a=6.018,b=3.614, a=15.9909, b = 3.6025,
c=7.023122 c=7.0717121
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Overall, our results are very close to the experimental data
and other calculated results, which shows the reliability of our
calculation parameters. It can be seen that the results calcu-
lated with XC of GGA-PBE are slightly larger than that of
LDA-CAPZ, which is caused by the effect that GGA tends to
underestimate the binding energies while LDA tends to over-
estimate that one.

Then, to investigate the stability of CaF; under 0 GPa,
we calculated and compared the relationship between volume
and total energy of the five structures. Figure 1 shows the re-
sults calculated with GGA. The curves from the bottom rep-
resent the relationships of volume and total energy in fluorite
structure, PbCl,-type structure, Pmc2; structure, NipIn-type
structure, and P4/mmm structure, respectively. It means that
the stable order of five structures of CaF, at 0 GPa is fluorite
> PbClp-type > Pmc2; > NipIn-type > P4/mmm, and the
fluorite structure of CaF, is the most stable one. This result
is consistent with the experimental data and other theoretical

results. [18-30]
—2334.0
—~ A
> A 4
L
*
>
80 e
5 —2334.5} T
g v —=— Pmc2;
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2335.0 “eeerees®
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Fig. 1. Calculated energy versus volume per formula unit for five structures
of CaF, at 0 GPa.

Next, to investigate the phase transitions among our se-
lected five structures, we used the optimized structures as the
input structures and calculated the Gibbs free energy G of their

primitive cell. Generally, the Gibbs free energy G is!*’!

G=E+PV-TS, (1)

where E, P, V, T, and S are the internal energy, pressure, vol-
ume, temperature, and vibrational entropy, respectively. Since
the theoretical calculations were set at T = 0 K, the Gibbs free
energy G becomes equal to the enthalpy H

G=H=E+PV. )

Therefore, we can get the most stable structure under one pres-
sure by comparing the enthalpy value of different structures
under that pressure. Here, we calculated the enthalpy of five
different structures from 0 GPa to 150 GPa and obtained the
variations curves of the enthalpy difference between fluorite
structure and other four structures versus the pressure of CaF,
by both GGA and LDA, which is shown in Fig. 2. Under
one certain pressure, the enthalpy difference of a structure is

greater than O indicating that the enthalpy value of this struc-
ture is greater than that of fluorite structure. So it can be seen
that at lower pressure, the one with the lowest enthalpy is flu-
orite structure, and then PbCl,-type and Ni,In-type structures
are more stable at higher pressure. As a result, the curves im-
ply that the fluorite phase — PbCl,-type phase — NiIn-type
phase transition in CaF; occurs at Pgga1 = 8.0 GPa, Pggar =
111.4 GPa by using the XC of GGA, and P pa; = 4.5 GPa,
Pipar = 101.7 GPa by LDA, respectively. These results show
that the fluorite phase is the most stable structure when the
pressure is below 8.0 GPa (GGA) and 4.5 GPa (LDA). Sim-
ilarly, the enthalpy of NiyIn-type structure becomes the low-
est with the pressure larger than 111.4 GPa and 101.7 GPa
calculated by GGA and LDA, respectively, which indicates
that NipIn-type structure is the most stable one in the corre-
sponding pressure ranges. Besides, the value of enthalpy in
P4 /mmm and Pmc2, structures are always larger than the most
stable structures from 0 GPa to 150 GPa, showing the instabil-
ity of these two phases. Moreover, it can be seen that the en-
thalpy differences between PbCl,-type and Ni,In-type phases
in one molecular formula become very small at the pressure of
about 100 GPa, which indicate the possibility of coexistence
of two-phase at high pressures.

.
~.

8.0 GPa "

Enthalpy difference (eV)

- Pme2, s, 1114 GPa
— Fm-3m RO
ok -o-- P4/mmm S
B I Pnma -k._“‘--.
—_—— P’Gs/mmc
_3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
Pressure (GPa)
(b)
S
> _/__-_-__-_-.-_-::; ~
N N ~
SR PN o~
g LS ~
g TN -
8 4.5 GPa ™ n. ~
Z -1t s 101.7 GPa
> —---Pmc2, -.»,..\_\
= e Ffr;—?)m ~Z
< ---- P4/mmm S
ﬁg —2F . Pnma '--.._,“___“.
S —-—-- P63/mmec e
—3b 1 1

0 20 40 60 &80 100 120 140 160
Pressure (GPa)

Fig. 2. Enthalpy difference between fluorite structure and other four struc-
tures as a function of pressure by (a) GGA-PBE and (b) LDA-CAPZ.

The comparisons of the transition pressures between our
theoretical values and previous results are shown in Table 2.
As we can see that the present result calculated with GGA
(8.0 GPa) for fluorite — PbCl,-type phase transition agrees
well with the experimental and other theoretical transition
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pressure (4.7 GPa—14 GPa). As for PbCly-type — NisIn-
type phase transition, our results with both GGA and LDA are
within other theoretical and experimental data range (68 GPa—
278 GPa). We argue that the coexistence of PbCl,-type and
Ni, In-type phases may be the reason why the transition pres-
sure of the second phase transition in other reports is so huge.
It is worth mentioning that the transition pressure calculated
with LDA is smaller than that with GGA, which may be caused
by the overestimate of the binding energy of LDA. We know
that the distances between Ca>* and F~ ions will close to each
other with increasing pressure, and higher binding energy can
accelerate the process and promote the structural transition at

lower pressure.

In both PbCl,-type and NiyIn -type phase, every Ca atom
has three F atoms in its nearest neighbor, and the three F atoms
form a triangle with Ca atom in the middle. For example, at the
pressure of phase transition (111.4 GPa), the nearest distance
of Ca—F in PbCl,-type phase is about 2.03 A-2.04 A, and the
distance in NiyIn-type phase is about 2.01 A. Besides, the vol-
umes of PbCl,-type and NiyIn -type phase are quite the same
when the pressure is larger than about 100 GPa. These simi-
larities in structure may cause the two phases to have similar

energies under high pressure.

Table 2. The structural transition pressures from our results and other experimental and calculated data.

(6] Its (GP
Data sources ur results (GPa) Experimental data (GPa)  Other calculated data (GPa)
GGA LDA
Fluorite phase — PbCl,-type phase 8.0 4.5 9.6,1201 86,1211 8 01,123 8,120 ¢ [26] 4 7 148] g 1149]
PbCl,-type phase — NiyIn-type phase  111.4  101.7 64-79124 72,1261 80,1301 105,291 278281

In order to clarify the pressure influences on the volume
of CaF,, the changes of relative volume as a function of pres-
sure are calculated by both GGA and LDA, and the curves
are shown in Fig. 3. Generally, the volume is compressed by
increasing pressure smoothly. However, at the transition pres-
sure of fluorite to phase, the ratio of volume V/V; in CaF,
changes suddenly and decreases 7.37%—8.46%, while that ra-
tio decrease only 0.34%—-0.39% at transition pressure of the
PbCl,-type to NipIn-type structure. In other words, the volume
has hardly changed while the structural transition occurs be-
tween PbCl,-type and NiIn-type phases, which is consistent
with the approximately equal enthalpy of them at transition
pressure, suggesting the possibility of coexistence in PbCl,-
type and Ni,In-type structures.

1.0} 0.63

r 0.60
0.9}

0.57

V/Ve

0.54

0.8}

0.51

9 100 110 120 130
Pressure (GPa)

0.7¢

A%

0.6} -ey

0.5F

80 100 120 140 160

0.4 S ;
0 20 40 60
Pressure (GPa)

Fig. 3. Relative volume (V /Vj) as a function of pressure calculated by (a)
GGA-PBE and (b) LDA-CAPZ, the inserted picture emphasizing that value
from 90 GPa to 130 GPa.

In order to further investigate the pressure influences on
CaF; and the phase transition, figure 4 shows the variations
in the compression ratio of a, b, and ¢ axes in the PbCl,-type
structure with increasing pressure calculated by GGA-PBE.

Generally, the compression ratios for three lattice constants
alag, b/by, and ¢/ cy are quite different (the “0” subscript de-
notes the value under the pressure of 0 GPa), indicating the
compressible crystal of CaF, has anisotropy. Before 40 GPa,
the total compressions along the a and b directions are almost
the same, and smaller than that along the ¢ direction, which
means that the ¢ axis is much stiffer than the a and b axas in
the pressure range of 0 GPa—40 GPa. However, from 40 GPa
to 60 GPa, the ratios of a/ap and c¢/cy continue to decrease,
while the ratio of b/bg has only slight changes. Then, the com-
pression ratio along the a direction drops quickly from 0.85 at
60 GPa to 0.77 at 80 GPa, but the ratio along the b direction
at this pressure range increases from 0.90 to 0.92. Then, when
the pressure is larger than 80 GPa, the ratios a/ap and ¢/cg
decrease smoothly while b/by has almost no changes. It can
be understood as: at the pressure range of 60 GPa—150 GPa,
the interactions between atoms is mainly concentrated in y—z
plane (namely, the (1 0 0) plane), therefore, direction x (lattice
parameter a) is comparatively easier to be compressed than y
and z (lattice parameters b and c).

1.0F
£ a
= Ay et tee .
‘E 0.9F ) 2"‘-1_
g
3
o
3
2 osf a/ao
b ’ —-0--b/b0
© --A-c/cy
.7 1 1 1 1
0 0 40 80 120

Pressure (GPa)

Fig. 4. Calculated crystal constants versus pressures for PbCl,-type CaF,
by GGA.
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3.2. Mechanical and thermodynamic properties

As is known, mechanical properties can be used to certify
the phase stability of the crystal at different pressures, and the
elastic parameters are important indicators for analyzing me-
chanical properties.”) However, researches focused on me-
chanical properties with increasing pressure of CaF, are rare
in other literatures. In this part, elastic properties and mechan-
ical moduli of five structures in CaF, under pressures from
0 GPa to 150 GPa are calculated with both GGA-PBE and
LDA-CAPZ. Generally, the elastic constants C;;i; with respect
to the finite strain variables are defined as!®>!-53!

_ 1 PE(y)
X N %4 807_,-8%

3

)
X
where 0;; and ey are the applied stress and Eulerian strain
tensors, and ) and X are the coordinates. Although there are

21 independent components of the fourth-rank tensor C, the
number will be greatly reduced with the introduction of sym-
metry. Taking CaF, for example, there are nine independent
elastic constants in Pmc2; and PbCl,-type phases: Cij, Caa,
Cs3, Cr2, C13, C13, Cya, Css, Cgg, and the number of indepen-
dent elastic constants in P4/mmm and NiIn-type phases is
reduced to six: C11 = C22, C33, C12, C13 = C23, C44 = C55,
Ces6. However, for fluorite phase, there are only three indepen-
dent elastic constants: C1; = Cyp = C33, C1p = Ci13 = C23, Cyus
= Cs5 = Cgp. In order to study the mechanical properties of
CaF,, we firstly calculate the elastic constants of five different
phases at 0 GPa, and the results with GGA are listed in Table 3.
However, the comparisons of our results with other literatures
are unavailable, because the previous data are rarely reported.
In addition, we can see that Cgg in NiyIn structure is smaller
than zero, suggesting the instability of this phase at 0 GPa.

Table 1. Experimental and calculated elastic constants of five structures at 0 GPa.

Ciy Cn C33 Ciz Ci3 Cy3 Caa Css Ceo
Pmc2, phase (our work) 115.0 127.5 137.6 239 13.6 74.3 35.6 15.7 15.9
PbCl, phase (our work) 131.3 101.0 113.6 37.9 47.5 34.0 13.2 24.4 40.7
1-10 P4 /mmm phase (our work) 156.7 211.2 45.7 13.8 11.7 51.1
Ni;In phase (our work) 73.3 44.6 183.6 42.4 36.9 -55.2
Fluorite phase (our work) 153.4 38.8 29.1
Table 4. Elastic constants C;; of CaF; under various pressures 0 GPa—150 GPa.
Phase Pressure (GPa) Cy Cia C13 (&%) Cx Cs3 Cyq Css Ceg
0 153.36 38.76 29.05
2 164.41 46.65 31.47
Fluorite phase 4 17478 5437 33.77
6 184.88 61.96 35.61
8 194.62 69.37 37.35
8 168.52 72.97 79.44 158.57 85.69 194.86 26.32 45.71 55.26
10 177.50 81.46 86.25 171.10 94.32 208.49 28.26 49.48 58.88
20 212.00 123.48 118.20 224.33 135.30 269.53 47.35 63.49 76.73
30 239.37 165.51 148.63 273.93 171.22 324.00 61.62 74.74 92.96
40 263.24 207.44 179.34 321.49 205.26 375.62 75.36 83.83 111.59
PbClo-type phase 50 27695 249.88 20827  369.14 23805 42516 8742 9255 12549
60 273.31 292.43 238.08 424.94 270.26 472.46 101.81 101.88 138.82
70 268.64 316.20 261.00 497.42 310.24 516.53 119.56 112.15 137.78
80 351.14 325.57 274.03 554.68 354.48 555.88 133.42 116.88 134.14
90 431.68 343.17 283.53 601.03 401.73 590.69 147.37 119.27 137.07
100 513.03 360.24 295.69 641.78 448.32 626.55 161.19 121.40 139.06
110 592.50 380.80 304.63 678.88 499.04 655.93 173.98 122.08 142.36
1114 605.24 382.48 307.55 683.19 506.06 662.67 176.01 123.06 143.56
1114 742.52 511.53 285.58 796.50 119.83 115.50
120 787.77 535.83 302.09 850.05 124.44 125.97
NiIn-type phase 130 839.67 56379  319.67 910.80  127.60 137.94
140 891.28 591.96 338.77 972.86 132.36 149.66
150 943.59 619.53 357.03 1035.1 136.23 162.03
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Furthermore, the elastic constants under different pres-
sures calculated by GGA-PBE are listed in Table 4. The re-
sults as a function of pressure are also shown in Fig. 5 and
Fig. 6. In Table 4, it is found that in the PbCl,-type phase, C33
is larger than Cy; and Cp; when the pressure of 8§ GPa—80 GPa,
while C,, becomes the largest one when the pressure increase
to 90 GPa. This result indicates that from 8 GPa to 80 GPa,
the PbCl,-type structure is more elastic along ¢ axis than a
and b axes, but the crystal is more difficult to compress along
¢ axis when pressure larger than 90 GPa, which is consistent
with the crystal constants shown in Fig. 4. From Fig. 5, we
can see that C1, C2, and Cy4 in three phases increase linearly
with pressure, except the C;; at 60 GPa—70 GPa. Because that
(1 represents the compressibility along x direction, the CaF;
crystal is easier to compress along the x axis in the pressure
range of 60 GPa—70 GPa, which is consistent with the behav-
ior of a/ag in Fig. 4.
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Fig. 5. Pressure dependence of elastic constants Cyj, Ci2, and Cyq for three
different phases calculated by GGA, the inserted picture emphasizing that
value at 4 GPa-10 GPa.
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Fig. 6. Pressure dependence of elastic constants Cy3, C33, and Cgg for PbCl,-
type and NiyIn-type structures calculated by GGA.

Elastic constants are important tools for judging mechan-
ical stability of crystal. It is necessary to analyze the mechan-
ical stability of CaF; during the second-order phase transition
because the independent elastic constants of three phases in
CaF, crystal are related to the second-order change in the in-

ternal energy of a crystal under deformation. Generally, the

mechanical stability can be evaluated by Born description, in

which the elastic stability criteria are given below.>*!

For fluorite structure (cubic crystal),
Cy >0, C;1—Ci12>0, Ci1+2Cp>0. “4)
For PbCl,-type structure (orthorhombic crystal),

Ci1 >0, C11Cx >Ci, Cuu>0,Cs5>0, Cep>0,
C11C22C33 4+ 2C12C13Ca3 — C11C35 — CaCiy — C33C3, > 0.(5)

And for Ni,In-type structure (hexagonal crystal),
Ci1 > |Cra|, 2CH < C33(Cii+Cr2), Cas>0,Ce6 > 0. (6)

From Table 4, itis easy to see that in fluorite phase, C;; are
all larger than zero, and Cj; are always larger than Cj, from
0 GPa to 8 GPa, so the formula (4) is true. Similarly, we use
formulas (5) and (6) to calculate the PbCl,-type and Ni,In-
type structures, respectively and find that two phases satisfy
the Born elastic stability criteria, which confirms the reliability
of the second-order phase transition. However, Born stability
conditions are not suggested to use at high pressures, and the
stability criteria need to be reformulated at none-zero stress
case. So far, there are different ways for how to use elastic
constants to judge mechanical stability of crystal under high
pressure. One of them is given by Sin’ko and Smirnov, they
discussed this problem and told these conditions. >3-

For fluorite structure (cubic crystal),

(C11—=P) >0, (Cyu—P)>0,
(Cii—P) > [Cia+P|, (Ci1+2C12+P)>0. (7)

For PbCl,-type structure (orthorhombic crystal),

Ci1—P)>0, (Cnn—P)>0,
Css—P)>0, (Css—P)>0,

( (Cs3—P)>0.
(

(C11 +Ca —2C12 —4P) > 0,

(

(

(Co6 —P) >0,
(C11 +C33 —2C13—4P) > 0,
Cy +C33 —2C3 —4P) > 0,
C11+Cxn+C33+2C12+2C13+2C3 + 3P) > 0. )

For Ni,In-type structure (hexagonal crystal),

(Ci1—P)>0, (C33—P)>0, (Caa—P)>0,
(Ci1—P)>|Ci1a+P|,
(C11+C12)(C33 — P) > 2(Ci3+P)*. )

The stability criteria of “Cy; +2Cy, + P” of fluorite struc-
ture, and that of “(Ci1 + Cop + C33 + 2C12 + 2C13 + 2Co3 +
3P)” of PbCl,-type structure, always increase with the pres-
sure. In addition, it is obvious that the stability criteria of
“(C11 +C12)(C33 — P) > 2(C13 + P)*” of NiyIn-type structure
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are true from Table 4. Thus, we presented the other sta-
bility criteria with applied pressure in Figs. 7 and 8. From
Fig. 7, we can see that most of the mechanical stability cri-
teria are satisfied, except that C44—P in NiIn-type structure
is slightly smaller than 0. In Fig. 8, the other four criteria
are shown, in which M1 to M4 are Cy1 + Cy; — 2Cjp — 4P,
Ci1 +C33 —2C13 — 4P, Cyp + C33 —2Cr3 — 4P of the PbCl,-
type structure and Cj; + Cjo — 2P of fluorite and NiyIn-type
structures, respectively. M4 is always larger than 0, while M1
and M2 decrease quickly with pressure and become negative
at about 41 GPa and 66 GPa, respectively, and then increase
from 80 GPa. On the other hand, M3 is slow down with in-
creasing pressure before 70 GPa, but it drops sharply after that
pressure. These sudden changes of M1 to M3 in PbCl,-type
structure at 70 GPa—80 GPa suggest the deformation of the
structure, which is consistent with the changes of crystal con-
stants b and c in Fig. 4. The stability criteria are also calculated
by LDA, and the results are quite similar to the ones by GGA
(not shown here).
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Fig. 7. Stability conditions C;;—P as a function of pressure for three struc-
tures of CaF,.
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To further study the mechanical properties of CaF, under
pressures, we calculated the bulk modulus B, shear modulus
G, and Young’s modulus E with pressure with two kinds of ex-
change correlation-potential GGA-PBE and LDA-CAPZ, and

the ratios B/By, G/Gy, and E/E, are shown in Fig. 9. The
changes of these three ratios are also marked out at the criti-
cal pressure. Form the curves we can see that with pressure
increase, all three modulus increase almost linearly, except for
the pressure range of 60 GPa—80 GPa. Besides, the ratio B/B
grows faster than G/Gy and E/E obviously. It is known that
Young’s modulus E is the ratio of the pressure along an axis
over the strain along that axis in the range of pressure, so the
increasing of Young’s modulus E with pressure gradually in
Fig. 9 shows that the high-pressure phase of NiyIn-type struc-
ture has better stiffness in CaF; crystal.
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I
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Pressure (GPa)

Fig. 9. Calculated ratios of bulk modulus B/By, shear modulus G/G, and
Young’s modulus E/Ej as a function of pressure by both (a) GGA and (b)
LDA.

It is well known that the Poisson’s ratio v is always re-
lated to the mechanics of the crystal under pressure. A larger
value of v usually means good ductility, and a smaller v is

.71 For central force solids, which have the best

the opposit
ductility, the value is between (.25 and 0.5. Bur for ionic ma-
terials, the property of ductility is worse and the ratio of v is
about 0.25. For the covalent materials, the ratio of v is most
small (about 0.1).1°8] The calculated Poisson’s ratio v with
exchange—correlation potentials GGA and LDA as a function
of pressure is shown in Fig. 10 (black curves on the left). At
the ground state, the ratio v is about 0.28-0.3, and it increases
quickly with pressures. At the middle-pressure phase, this ra-
tio continues to increase with pressure and reaches the max-
imum of about 0.38 at 60 GPa, but then decreases. At the
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high-pressure phase of NijIn-type structure, the Poisson’s ra-
tio v maintains 0.36-0.37 and has hardly changes, indicating a
high-pressure phase shows more ionic features than the ground
state in its interatomic interactions.

Besides, the ratio of bulk modulus and shear modulus
B/G is related to the nature of the compound: hardness or
brittle. The key criterion was defined by Pugh:>*! when B/G
is greater than 1.75, the compound is generally ductile; while
when the ratio is less than 1.75, the compound is brittle. In
this part, we calculate the ratio B/G of CaF; from 0 GPa to
150 GPa by both GGA and LDA, and also plot this ratio with
the pressure increase in Fig. 10 (blue curves on the right). It
can be found that the curves of B/G with increasing pressure
are quite like the ones of ratio v, indicating that both two ratios
relate to materials’ mechanical properties. More importantly,
the ratio B/G is always smaller than 1.75 in all of three phases
and is larger in high-pressure phase than ground state, which
indicates that better ductility can be anticipated for CaF, un-
der high pressures. Moreover, the curves have obvious raises
in the critical pressure between fluorite and PbCl,-type struc-
tures, while the raises in the critical pressure between PbCl;-
type and NipIn-type structures are much smaller, suggesting
the hardness of the material does not change too much in the

second phase transition.
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Fig. 10. Poisson ratio v and ratio B/G of CaF, with increasing pressures.

Debye temperature, correlating with specific heat, elastic
constants, and melting temperature, is a fundamental parame-
ter for material’ thermodynamic properties. When the temper-
ature is much higher than the Debye temperature, the heat ca-
pacity of the solid follows the classic law, i.e., Dulong—Petit’s
law. Conversely, when the temperature is much lower than the
Debye temperature, the heat capacity will follow the quantum

law. Generally, we can theoretically obtain the Debye temper-

ature using the following equation: (]
h (3nNp\'/?
o= (4“5) Vm, (10)

where h, k, and N are the Planck’s constant, Boltzmann’s con-
stant, and Avogadro constant, respectively. 7 is the atom num-
ber per molecule and M is the molecular weight. vy, is the

average sound velocity, which can be calculated as

~1/3
iz "
m= 3 v ’

where v, and v are the sound velocities for longitudinal and

shear wave and can be described as

1/2 1/2
[ ()

where p denotes the density. B and G are bulk modulus and
shear modulus, respectively. In this part, Debye tempera-
ture @p and the average sound velocity vy are both calcu-
lated by two exchange—correlation potentials with increasing
pressures, and the results are shown in Fig. 11. We can see
that with increasing pressure, Debye temperature @p and av-
erage sound velocity vy, increase almost linearly except for
the pressure range of 50 GPa—70 GPa, and these two values in
high-pressure phases are much larger than that in low-pressure
phases. In Debye theory, the Debye temperature ®p is the
highest temperature of a crystal formed by a single normal vi-
bration. In addition, the abnormal behavior in 50 GPa—70 GPa
is related to the changes of the atom position in CaF,, which
is consistent with the behavior of crystal constants (Fig. 4) and
mechanical properties (Figs. 9 and 10).
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Fig. 11. Debye temperature @p and average sound velocity vy, as a function

of pressures calculated by GGA and LDA.

3.3. Electronic structure

In this part, we begin to investigate the pressure effects
on the electronic structure of CaF; by analyzing the variation
trend of the density of states (DOS) and band structure under
pressures. Firstly, the band gaps of CaF, calculated by both
GGA and LDA as a function of pressures are shown in Fig. 12.
Generally, the band gap is always an important parameter to
characterize the electronic structure of crystal. From Fig. 12,
we can see that at the ground-state phase, the band gap in-

creases quickly from about 7 eV to 7.6 eV with pressures. At
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the critical pressure of the first-order phase transition, the band
gap increases to about 8 eV suddenly. Then, with the pres-
sure increase at the PbCl,-type phase, the band gap increases
slowly and starts to decrease at 70 GPa, indicating the struc-
ture has changed around 60 GPa—-80 GPa, which is consistent
with the changes of crystal constants of b and c in Fig. 4. With
the pressure increase, the band gap has hardly changes at the
NiyIn-type phase and keeps around 5.5 eV-6 eV. Throughout
the calculated pressure range of 0 GPa—150 GPa, CaF,; main-
tains good insulation property. Our results in this part are con-

sistent with those in other literatures. [2°]

9
o 8
L
a,
3
0 7L
T
3
s} —s—band gap (GGA)
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ll--q....___.___._”.

0 40 80 120 160
Pressure (GPa)

Fig. 12. The band gap of CaF, under different pressures.

Generally, with the increase of pressure in crystalline ma-
terials, the distances among atoms decrease, which leads to
more overlap of the electron cloud and the tendency of ionic
bonds transforming to covalent bonds. As a result, the band
gap increases. On the other hand, when the pressure is large
enough, some electrons no longer belong to one atom or one
certain bond, those electrons become the so-called delocalized
electrons. Such a phenomenon results in a reduction in the
band gap. As far as we know, the research on the changes
of band gap with pressure is basically a theoretical analysis,
and it is only given in the experiment that the three phases
of CaF, are insulators no matter under zero pressure or high
pressure. *°! Figure 13 shows the charge density difference for
fluorite structure along (111) plane at O GPa, which serves as
a complementary tool for achieving a proper understanding of
the electronic structure of the system CaF,. From Fig. 13, we
can conclude that there exists an ionic character along the Ca—
F bond.

To further study the effect of pressure on the electronic
structure of CaF,, we investigated its total DOS and partial
density of states (PDOS) by GGA. Figure 14 displays the DOS
and PDOS of CaF, for fluorite structure at 0 GPa (Fig. 14(a)),
PbCl,-type structure at 8 GPa and 111.4 GPa (Figs. 14(b) and
14(c)), and NipIn-type structure at 111.4 GPa (Fig. 14(d)).

-2.500xX10~!

-1.625x10-1

- 7.500X102

- —1.250%x1072

- —1.000%x10~2

Fig. 13. Valence charge density difference (in units of e/A%) of fluorite struc-
ture along (111) plane at 0 GPa.

First, from Fig. 14(a), we can see that the peaks are in-
dependent near Fermi energy level and a gap more than 6 eV
exists, indicating the CaF, crystal at zero GPa pressure is a
type of insulator, which is corresponding with the band gap
in Fig. 12. It is worth noting that some states crossing the
Fermi energy is causing by the broadening of DOS. Besides,
two strong peaks (about —1.2 eV and —2.4 eV) in the valence
band occur below Fermi level, which are mainly contributed
by 2p electronics in F atoms, indicating the F atoms obtaining
most of the 3p electrons from Ca, and the characteristics of
ionic crystal in CaF,.

Then, from Figs. 14(b)-14(d), we can see that in PbCl,-
type and NiyIn-type phases, the positions of two F atoms are
not equivalent, which is different from the fluorite structure.
In Fig. 14(b), the band gap is larger than that in Fig. 14(a),
and the two nearly equal peaks in the valence band changed
into one bigger than the others, which shows the locality of the
PbCl,-type phase of CaF,. It also can be found that the DOS at
111.4 GPa (Fig. 14(c)) is wider than that at 8 GPa (Fig. 14(b)),
which is due to the electrons’ delocalization caused by pres-
sures. The energy range covered under DOS curves is about
—3.75 eV to 16.2 eV at 8 GPa, while the energy range is
widened as about —6.5 eV to 18.3 eV at 111.4 GPa. For the va-
lence band in PDOS, the highest two peaks shift from —1.2 eV
and —2.4 eV towards negative energy levels of —2.3 eV and
—4.3 eV, respectively. This phenomenon demonstrates that
the covalent bonds form in deeper energy level under pres-
sures, and bring strong bond strengths. It is obvious that at
111.4 GPa, the DOS of PbCl,-type structure (Fig. 14(c)) is lit-
tle different from that of NiyIn-type structure (Fig. 14(d)): On
the one hand, the valence band of CaF; in Ni,In-type structure
is slightly wider, and the two peaks are more independent. On
the other hand, the band gap in NiyIn-type structure reduces
significantly.
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Fig. 14. DOS and PDOS of CaF, for fluorite structure at (a) 0 GPa, PbCl,-type structure at (b) 8 GPa and (c) 111.4 GPa, and (d) NipIn-type

structure at 111.4 GPa.
4. Conclusions

In conclusion, detailed DFT calculations of the structural,
mechanical, thermodynamic, and electronic properties of crys-
talline CaF, with five different structures in the pressure range
of 0 GPa-150 GPa are performed by both GGA-PBE and
LDA-CAPZ, and the following results are obtained.

(i) The enthalpy difference implies that the fluorite phase
— PbCl,-type phase — NipIn-type phase transition in CaF,
occurs at Pgga1 = 8.0 GPa, Pggaz = 111.4 GPa by using the
XC of GGA, and PLDAl =45 GPa, PLDAZ =101.7 GPa by
LDA, respectively. This result is consistent with previous ex-
periments and theoretical conclusions.

(i) The enthalpy differences between PbCl,-type and
NipIn-type phases in one molecular formula become very
small at the pressure of about 100 GPa, indicating the pos-
sibility of coexistence of two phases at high pressures. This
may be the reason why the transition pressure of the second
phase transition in other reports is so huge (68 GPa-278 GPa).

(iii) The volume has hardly changed in the second phase
transition, which is consistent with the approximately equal
enthalpy of PbCl,-type and NiyIn-type phases at transition
pressure.

(iv) The pressure dependence of mechanical and thermo-
dynamic properties of CaF, are studied, and it is found that
the high-pressure phase of NiyIn-type structure has better stift-
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ness than that in CaF; crystal. Moreover, the ratio of B/G
and Poisson’s ratio v of CaF, has hardly changs in the second
phase transition, suggesting the hardness of the material does
not change too much in the second phase transition.

(v) The electronic structure of CaF, was also analyzed
with the change of pressures. By analyzing the band gap and
density of states, it is found that the CaF; crystal is always an
insulator at 0 GPa—-150 GPa.
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