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Effect of pressure on structural, electronic and optical
properties of SrF2: a first principles study
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We report results of the first principles calculations of structural, electronic and optical properties of SrF2 under pressure, performed using
full-potential linearized augmented plane wave (FP-LAPW) method based on density functional theory as implemented on WIEN2k code.
The exchange-correlation energy functional has been treated with generalised gradient approximation (GGA) for structural optimization,
while the Tran-Blaha modifed Becke-Johnson potential (TB-mBJ) has been employed for electronic and optical calculations. Our results
show that the first transition fromFm3m to Pnamstructure occurs at 5.8 GPa and the second transformation fromPnamto P63/mmcstructure
takes place at 24.8 GPa. Our electronic calculation indicates an indirect gapX-Γ of Fm3m structure, direct gapΓ-Γ of Pnamstructure and
indirect gapΓ-K of P63/mmcstructure. We do not observe the metallization up to 210 GPa. The linear optical properties such as absorption
coefficient, reflectivity, refraction index, conductivity and energy loss function have been derived from calculated complex dielectric function
for a wide energy range of 0-50 eV and pressure up to 50 GPa, and analyzed in detail.
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1. Introduction

SrF2, a strongly ionic crystal, is an important member of al-
kaline earth fluoride family (MF2, M = Ca, Sr, Ba). Their
structural, optical, lattice dymamic and elastic properties
have been extensively studied [1-6]. Due to their unique
properties, including low energy phonons, optical trans-
parency, high resistivity and anionic conductivity [7], SrF2

has been applied in scintillation detectors [8] and luminiscent
materials [9,10]. As other members of the MF2, SrF2 under-
goes a series of pressure induced phase transitions to highly
coordinated [11].

In contrast of the great number of experimental and the-
orical works of CaF2 [11-16] and BaF2 [11, 17-20] at high
pressure, there is a very little studies about pressure induced
phase transition and properties of SrF2. At ambient condi-
tions, SrF2 crystallizes in the cubic fluorite structure with a
space group ofFm3m, which consists of a cubic close-packed
array of cations occupying tetrahedral sites. The experimen-
tal works on MF2 under pressure have shown that the first
phase transition is from fluoriteFm3m to the orthorhombic
cotunnite-type ofPnam space group, that is characterized
by anions in a distorted hexagonal-close-packed (hcp) lattice
and cations situated within tricapped trigonal trigonal prisms
with the three outer anions in the plane of the cation. And
the second pressure-induced phase transition would be that
from orthorhombic structure to a hexagonal anti-Ni2In-type
of P63/mmcspace group, which is a subgroup of the cotun-
nite structure with an idealhcpanion lattice.

Experimentally, Kouroukliset al. [21] studied the
pressure-induced phase transition by means of the Raman
scattering and reported that under hydrostatic pressure, SrF2

can transform from cubicFm3m fluorite structure to or-
thorhombicPnamcotunnite-type structure around 5.0 GPa
at 300K. Jianget al. [11] determinated that this first transi-
tion can take place at 5 GPa, while the second transition from
Pnamstructure to hexagonalP63/mmcNi2In-type structure
was observed to occcur at 29 GPa by angle- dispersive X-ray
diffraction experiments. Cuiet al. [7] investigated the high-
pressure behavior of SrF2 by angle-dispersive synchrotron X-
ray poder diffraction measurement up to 50.3 GPa at room
temperature and observed the first and second transition at
6.8 and 29.5 GPa, respectively. Theoretically, Franciscoet
al. [22] made an atomistic simulation of SrF2 polymorphs
and reported that the pressure transition of C1 (Fm3m) to C23
(Pnam) is 5 GPa. Rajagopalanet al. [23] studied the struc-
tural phase stability and the electronic band structure of SrF2

under pressure using tight binding linear muffin-tin orbital
method, their calculations show that the first phase transition
of SrF2 was at 7 GPa and this material has wide band gap
with the band gap initially increasing with pressure, which
decreases upon further compression. Liuet al. [24] pre-
dicted the first and second phase transition pressure to be 5.77
GPa and 45.58 GPa, respectively by first principles calcula-
tion based on DFT with plane wave basis set. Due to its great
applicability, it is very important to understand the behavior
of SrF2 at different conditions. So far, to our best knowledge,
there is a very little studies about the properties of SrF2 under
pressure.

In present work, we report the results of theoretical inves-
tigation of pressure effect on the structural, electronic, optical
properties of SrF2 by means of full-potential linearized aug-
mented plane wave method within framework of the density
functional theory.
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2. Computational details

The full-potential linearized augmented plane wave
(FLAPW) method as implemented in WIEN2k package [25]
has been used. For structural calculations, the generalized
gradient approximation (GGA) proposed by Perdewet al.
[26] was employed as the exchange-correlation potential,
and the maximum quantum number (lmax ) for atomic wave
functions inside the atomic spheres was 10, the energy cutoff
for plane wave expansion of wave functions in the interstitial
region was taken to beKmax =7/RMT and the self-consistent
calculations are considered to be converged when the to-
tal energy of the system is stable within 10−4 Ryd. For
the integrations in the Brillounin zone, we use6 × 6 × 6,
6×5×9 and7×7×4 mesh parameter grid forFm3m, Pnam
andP63/mmc, respectively. The calculated total energies as
function of primitive cell volumen are fitted to the Birch-
Murnaghan equation of state [27].

The electronic and optical properties were calculated us-
ing Tran-Blaha-modified Becke-Johnson (TB-mBJ) semilo-
cal potential [28]. This potential has been proven to give the
more accurate band gap than LDA and GGA potentials, its re-
sults can be compared with those of hybrid functionals. The
advantage of TB-mBJ is that it is computationally cheaper.

The linear optical properties of materials can be under-
stood by means of the frequency dependent complex dielec-
tric function ε(ω) = ε1(ω) + iε2(ω). The imaginary part
of this complex dielectric function was calculated using the
method described in detail by Claudiaet al. [29], while
the real part can be obtained from imaginary part using the
Kramer-Kroning relationship [30]. The optical responses as
optical conductivity, refractive index, absorption coefficient,
energy loss function and reflectivity can be derived from the
dielectric function of material as continuation:

σ(ω) =
ω

4π
ε2 (1)

n(ω) =

√
(ε21 + ε22)1/2 + ε1

2
(2)

α(ω) =
2kω

c
(3)

L(ω) = −Im(ε−1) =
ε2

ε21 + ε22
(4)

R(ω) =
(n− 1)2 + k2

(n + 1)2 + k2
(5)

where, the extinction coefficient:

k(ω) =

√
(ε21 + ε22)1/2 − ε1

2
(6)

It is worth mentioning that in the optical calculations, we
used the k-mesh much denser than that in structural and elec-
tronic calculations.

3. Results and discussions

3.1. Geometry optimization and phase transition

In the Fm3m structure, the Sr2+ and F− ions are located at
(0, 0, 0) and (0.25, 0.25, 0.25), respectively. TheP63/mmc
hexagonal structure can be described as an orthorhombic
structure with Sr2+ and F− occupy special atomic positions,
Sr (1/3, 2/3, 1/4), F1 (0, 0, 0) and F2 (2/3, 1/3, 1/4) [12].
Unlike the two mentioned structures which can be obtained
with just lattice constants (a for Fm3m, a andc for P63/mmc),
thePnamstructure requires, besides lattice constants, internal
parametersu andv for the Sr2+ and two F− independent ions
which are at (u, v, 0.25) positions. The results obtained from
our calculations and from other experimental and theoretical
works are listed in Table I for comparison, it is observed good
consistency between the shown results.

There are two ways to determinate the transition pressure:
the first is calculating the total energy curves of the two rele-
vant phases to find out the common tangent, but this is diffi-
cult to give an accurate result [12], and the second is to cal-
culate Gibbs free energy, the stable phase is one with lowest
Gibbs free energy. In thermodynamic, the relation:

G = E + PV − TS (7)

is well known. Since, the theoretical calculations were per-
formed at zero temperature, then free Gibbs energy equals to
the enthalpy:

H = E + PV (8)

Hence, the intersection of enthalpy versus pressure curve de-
termines the transition pressure.

In the Fig. 1, we plot the calculated enthalpy difference of
Fm3m, PnamandP63/mmcstructure of SrF2 to that ofFm3m
structure as a function of pressure. As observed, below 5.8
GPa,Fm3m is energetically favorable structure in compar-
ison with Pnam, this indicates that at 5.8 GPa, occurs the
first phase transition of SrF2 , this result agrees well with the
experimental [7,11] and previous theoretical [22-24] works.
While the second transition would take place at 24.8 GPa be-
cause from this pressure,P63/mmcis stable structure due to
its lowest enthalpy. This predition do not match well with
experimental [7,11] and theoretical [24] results. Some of the
differences in phase transition pressures between experiment
and theory may reflect thermal effects. More critical to ac-
curacy of these predicted transition pressures is the similarity
between the calculated entalpy of cotunnite and Ni2In-type
phases. A small elthalpy difference between these structures
over a wide transition pressure makes the transition pres-
sure particularly sensitive to error in computational param-
eters [11].

Our calculations show that the volumen of SrF2 decreases
13.6% at the first transformation pressure, this result overesti-
mates a littile the experimental one that is 8-10% [11], and at
the second transition pressure, there is no remarkable change
in volumen that agrees well with the results obtained in pre-
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TABLE I. Lattice constantsa, b, c (̊A), internal parametersu, v, bulk modulusB (GPa)and its pressure derivativeB’ of Fm3m, Pnamand
P63/mmcphases for SrF2 with other experimental and theoretical results.

SrF2 Lattice constants (̊A) u v B (GPa) B’

Fm3m

Present work a = 5.8615 65.3409 4.5378

Exp work a = 5.7996a 69b

Other works a = 5.77c 74.35c 5c

a = 5.856d 68.8d 3.42d

a = 5.846e

a = 5.6469f

Pnam

Present work a = 6.241,b = 7.62,c = 3.89 Sr: 0.2523 0.1078 69.5775 4.6432

F1: 0.3553 0.424

F2: 0.9826 0.6633

Exp work 74g, 85h 4.7h

Other works a = 5.787f , b = 7.176f , c = 3.761f 117e, 127f

P63/mmc

Present work a = 4.0423,c = 5.2909 74.0556 4.6073

Exp work 125g, 99h 4.7h

Other works a = 3.866e, c = 4.891e 74g, 43.8e

aRef. 31,bRef. 32,cRef. 6,dRef. 5,eRef. 24,f Ref. 23,gRef. 11,hRef. 7.

FIGURE 1. Enthalpy difference of considered phases with respect
to Fm3m structure enthalpy as a function of pressure.

vious work [24] but underestimates the experimental result
that is approximately 5%.

In the Fig. 2, we show the calculated lattice constants as
a function of pressure, it is noted that the lattice constants of
three structure decrease as pressure increases, and there is no
notable difference of compressibility in thex, y, z directions
of Pnamand P63/mmc structures.

3.2. Electronic properties

The Fig. 3 shows the band structures of SrF2 obtained at am-
biente and high pressures. It is observed that the top of valen-

FIGURE 2. Lattice constants ofFm3m, PnamandP63/mmcof SrF2

as a function of pressure.

ce band is atX, Γ andΓ points, while the bottom of conduc-
tion band is atΓ, Γ andK for Fm3m, PnamandP63/mmc,
respectively. This result is consistent with that obtained for
CaF2 [16] and BaF2 [18]. The calculated indirectX-Γ energy
gap forFm3mat 0 GPa pressure is 10.79 eV, this agrees very
well with experimental value of 10.6 eV [33].

The calculated energy band gap of SrF2 within pressure
range from 0 to 50 GPa is shown in the Fig. 4. The band
gap of cubic and orthorhombic structures increases as pres-
sure increasing, but there is a drop of 0.88 eV of band gap
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FIGURE 3. Energy band structure of SrF2 at several pressures. (a) 0 GPa, (b) 20 GPa, (c) 50 GPa, (d) 210 GPa.

at the first transiton pressure, this result was not observed in
previous calculation [24], otherwise, before the second tran-
sition, our calculation does not indicate the reduction of band
gap ofPnamstructure as observed in [24] and for CaF2 [16]
and BaF2 [18], this is maybe due to our calculated second
transition pressure is much smaller than that obtained in [24],
because we observe a saturation in band gap ofPnamstruc-
ture between 28 y 30 GPa. In other hand, there is a collapse
of 2.56 eV at the second transition pressure, and the band
gap ofP63/mmcdecreases as pressure increases, but we do
not observe metallization up to 210 GPa.

In order to analyze the electronic properties of SrF2, we
have also calculated the partial density of state (PDOS) of
constituent atoms Sr y F, that is shown in the Fig. 5. The
peak at about -23 eV of lowest valence band is mainly de-
rived fromsstate of F, whilep state of Sr dominates the mid-
dle band of valence band at about -14 eV and the highest re-
gion of valence band is consituted mainly ofp state of F. The
conduction band at aproximately 11 eV arises mainly from
thed state of Sr and the decrease of energy gap ofP63/mmc
as pressure increases is due to the drop of conduction band
consisted ofd state of Sr.
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FIGURE 4. Energy gap of SrF2 as a function of pressure.

FIGURE 5. Partial density of states of Sr and F at several pressures.

3.3. Optical properties

We have carried out the calculations of dielectric function and
other linear optical properties are derived from this.

The dielectric function describes what an electric field
such as an oscillating light wave does to material. The quan-
tity ε1(ω) represents how much a material becomes polarized
when an electric field is applied due to creation of electric
dipoles in the material whileε2(ω) represents the absorp-
tion of material. Figure 6 illustrates the absortion coefficient,
imaginary and real parts of dielectric function as a functions
of photon energy. The material is transparent when the imag-
inary part is zero, the value of this data becomes nozero when
the absortion starts. Our calculation shows that at given pres-
sure, the absortion starts at a photon energy between 8 and
11 eV that indicates transparent character of SrF2 at infrared,
visible and near ultraviolet, in order pressure increases, the
absortion starts at smaller energy as the plot shifts towards
smaller energy region, this is consistent with calculated band
gaps above. Otherwise, at given pressure, there are two wide
absorption bands centered at about 15 eV and 25 eV.

FIGURE 6. Optical functions (a) absorption coefficient, (b) imagi-
nary and (c) real part of dielectric function as a function of energy
at several pressures.

FIGURE 7. Optical functions (a) refractive index, (b) reflectivity as
a function of photon energy at several pressures.
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FIGURE 8. Optical functions (a) conductivity, (b) energy loss func-
tion as a function of photon energy at several pressures.

The refractive index determines how much light is bent,
or refracted, when entering a material. The Fig. 7(a) shows
refractive index as a function of photon energy, it is observed
that this data is stable at energies smaller than 5 eV and higher
than 40 eV and has oscillating behavior between this values.
Generally, up to 16 eV, the refractive index increases as pres-
sure increases and from this photon energy, there is contrary
behavior. The Fig. 7(b) illustrates the reflectivity as a func-
tion of photon, at given pressure, SrF2 practically reflects no
light with energy smaller than 9 eV and higher than 38 eV and
region near 20 eV, SrF2 becomes good reflective material in
two regions, the first is between about 10 eV and 18 eV, and
the second from 25 eV up to 33 eV. The compounds with high
reflectivity in the high energy region can be used as a good
coating material to avoid solar heating. It is noted that the
reflectivity increases as pressure increases.

The photoconductivity spectra of SrF2 is shown in the
Fig. 8(a), the photoconductivity starts at about 10 eV that,

one more time the transparent nature of the studied material
is confirmed. And the Fig. 8(b) plots the energy loss as a
function of energy, there two peaks at given pressure, and
we attribute these energy losses to emision of phonons. Of
course, as pressure increases, the energy loss occurs at higher
energy because it need more energy for generating phonons
due to the reduction of atomic distance at high pressure.

4. Conclusions

We have made structure optimization ofFm3m structure and
high pressure phasesPnamand P63/mmcof SrF2, and we
predicted the first and second order phase transition of SrF2

occur at 5.8 GPa and 24.8 GPa, respectively, our results agree
well with other availabe experimental and theoretical works.
The electronic calculations shows the indirect band gapX-
Γ andΓ-K of Fm3m andP63/mmcphases, respectively, and
direct Γ-Γ of Pnamphase. The valence band of the three
studied structures arises mainly froms y p states of F and
p state of Sr, whiled state of Sr dominates the conduction
band. There is a drop of 0.88 eV in band gap at first transi-
tion pressure and 2.56 eV at second transormation pressure.
The band gap ofFm3m and Pnam structures increases as
pressure increases, while that ofP63/mmcdecreases as pres-
sure increases but it was not observed the metallization up to
210 GPa. The calculated optical properties show that SrF2 is
optically transparent in infrarred, visible and near ultraviolet,
and is a good candidate for avoiding solar heating at high en-
ergy. The material becomes more absorbent and there is less
energy loss as pressure increases.
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México for making the calculations. D. M. Hoat is grateful
to theConsejo Nacional de Ciencia y Tecnologı́a de Ḿexico
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