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a b s t r a c t

We report the density functional calculations of the electronic and optical properties of perfect LiCaAlF6
(LiCAF) and LiSrAlF6 (LiSAF) crystals. The calculations are based on the Perdew-Burke-Ernzerhof (PBE)
functional employing 35% exact exchange. Using optimized unit crystal volumes and equilibrium lattice
constants, both LiCAF and LiSAF are found to have indirect band gaps of 12.23 and 11.79 eV, respectively.
The band gap energies of these fluoride crystals are also observed to increase upon application of
pressure by uniform volume compression. Moreover, their bulk moduli are determined to be 108.01
(LiCAF) and 83.75 GPa (LiSAF), while their static dielectric constants are 1.27 (LiCAF) and 1.26 (LiSAF).
Considering the dielectric functions, refractive indices, and absorption coefficients, both perfect LiCAF
and LiSAF crystals are viable vacuum ultraviolet (VUV) to ultraviolet (UV) laser host media. With
knowledge of the different optical transitions and pressure dependence, our results yield helpful insights
on the use of these fluoride compounds as effective solid-state laser materials in the VUV region.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Lithium calcium hexafluoroaluminate (LiCaAlF6, LiCAF) and
lithium strontium hexafluoroaluminate (LiSrAlF6, LiSAF) crystals
are widely used as vacuum ultraviolet (VUV) and ultraviolet (UV)
laser host media [1e5]. These fluoride materials can be stimulated
by the fourth harmonics of a Nd:YAG laser, i.e. 266 nm [6e8]. When
doped with trivalent cerium (Ce3þ, Ce), the crystals become
attractive UV solid-state laser hosts with a central emission wave-
length of 290 nm and with a practical tuning range from 288 to
315 nm. The slope efficiencies of Ce:LiCAF and Ce:LiSAF have also
been reported to reach as high as 39 and 29%, respectively. The
broad gain-bandwidth of the crystals in the UV region has made
them appealing for ultrashort pulse generation and amplification.
Aside from being a lasermaterial, LiCAF can be used as a lens in VUV
Luong).
photolithography because of its optical transmission and low
thermal lensing distortion [9]. The absorption edge of LiCAF is
measured to be 112 nm, while that of LiSAF is 116 nm [10,11].
Although the properties of LiCAF and LiSAF crystals have been
previously studied, most reports focus on the experimental in-
vestigations thereby limiting the findings by sample quality, char-
acterization technique, or scientific instrumentation [12e14].
Theoretical and computational investigations are necessary to
supplement these experimental results to accelerate the develop-
ment of compact, solid-state, and tunable laser systems. Compu-
tational simulations, such as first-principles calculations, also aid
towards a better understanding of the properties of multielemental
and complex materials such as these fluoride crystals. We have
initially compared the electronic band structures of LiCAF and LiSAF
from numerical simulations [15]. Using the ABINIT program pack-
age based on pseudopotential and plane-wave expansion methods,
we initially employed local density approximation (LDA) calcula-
tions within the framework of density functional theory (DFT). We
have obtained results close to some experimental values, but LDA
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underestimates band gap energies as one expects from this
method. On the other hand, the Perdew-Burke-Ernzerhof (PBE)
functional has been used successfully in the past to investigate the
electronic structure and defects of LiCAF [16]. A better approxi-
mation than LDA is needed not only for the electronic but also for
the optical properties of these materials, especially when LiCAF and
LiSAF will be utilized in applications through doping with Ce or
other trivalent rare-earth ions such as europium (Eu3þ, Eu), erbium
(Er3þ, Er), and neodymium (Nd3þ, Nd). We therefore perform first-
principles calculations for the electronic and optical properties of
perfect LiCAF and LiSAF crystals. The PBE exchange-correlation
functional employing 35% exact exchange is used within the
framework of DFT to calculate electronic band structures, density of
states (DOS), and band gap energies. Optical properties such as
dielectric functions, refractive indices, and absorption coefficients
are also obtained for both fluoride crystals.

2. Crystal structure and calculation methods

LiCAF and LiSAF are colquiriite-type fluorides with a hexagonal
crystal structure belonging to the P-31c space group (group number
163). Both are optically uniaxial crystals with two formula units per
unit cell. Six fluorine (F) atoms surround a lithium (Li), calcium
(Ca)/strontium (Sr), or aluminum (Al) atom. Each Li, Ca/Sr, and Al
cation occupies a deformed octahedral site as shown in Fig. 1 (a)
[17,18]. DFT calculations were completed to obtain the optimized
volume, electronic band structures, total and partial DOS, and band
gap energies of the LiCAF and LiSAF crystals. These calculations
employed the projector-augmented wave (PAW) method as
implemented within the Vienna Ab Initio Simulation Package
(VASP) [19e24], with a plane-wave basis cutoff of 500 eV and the
hybrid PBE density functional using 35% exact exchange [25,26].
The addition of exact exchange presents a definite improvement
over the LDA description of the system properties as it improves the
description of the structural, electronic, thermal, and chemical
properties of wide band gap solid-state systems [27]. A previous
report on LiCAF crystal implemented a hybrid functional with 38.5%
exact exchange [16]. In this work, various amounts of exact ex-
change were initially tested, leading to the optimized value of 35%
which yielded a band gap energy close to the experimental refer-
ence. The same amount of exact exchange was then used for the
LiSAF crystal computations.

The perfect crystals of LiCAF and LiSAFwere usedwith a unit cell
composed of 18 atoms. The unit cell was initially optimized by
using the Murnaghan equation of state to fit the curve of the total
energy as a function of volume [29]. The lattice constants were then
Fig. 1. (a) Colquiriite-type structure and (b) first Brilloiun zon
obtained from the optimized volumes to compute the band struc-
tures, DOS, complex dielectric functions, refractive indices, and
absorption coefficients of the fluoride crystals. In order to generate
the charge density and wave function for the first run, a 3 � 3 � 1
Monkhorst-Pack k-point grid was utilized. For the band structure
and DOS diagrams, the k-points were chosen following the Bril-
louin zone in Fig. 1 (b) with the symmetry points: G (0,0,0), M (1/
2,0,0), K (1/3,1/3,0), A (0,0,1/2), L (1/2,0,1/2), and H (1/3,1/3,1/2)
[30]. All valence band maxima of the resulting diagrams were also
shifted to zero. To identify the effects of high pressure on the ma-
terial properties, the pressure dependence of crystal volume and
band gap energy was also investigated. Moreover, since the
dielectric function is related to the electronic band structure, the
complex dielectric function formed the basis of the optical property
calculations such as the refractive index and absorption coefficient.
The complex dielectric function, ε(u) can be expressed as

εðuÞ ¼ ε1ðuÞ þ iε2ðuÞ (1)

where the ε1(u) and ε2(u) are the real and imaginary parts,
respectively. The imaginary part ε2(u) of the dielectric function is
based on the Bethe-Salpeter equation and is given by Refs. [31e33]:

ε2ðuÞ ¼
�
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where M is the dipole matrix, i and j are the initial and final states,
respectively, fi is the Fermi distribution for the ith state, and Ei is the
energy of electron in the ith state. The real part ε1(u), on the other
hand, can be calculated using the Kramers-Kronig relation
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where P is the principal value of the integral. From the components
of the dielectric function, the refractive index (n) and absorption
coefficient (a) can be subsequently obtained by Equations (4) and
(5), respectively [34,35].
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e of hexagonal unit cell of the LiCAF and LiSAF crystals.
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3. Results and discussions

Fig. 2 shows the total energy as a function of the LiCAF and LiSAF
crystal volumes. The total energy as a function of the unit cell
volume is expressed in terms of the Murnaghan equation of state
[29]. Table 1 shows the optimized crystal volumes and the a and c
lattice constants of both fluoride materials. LiCAF has an optimized
volume of 209.55 Å3 with corresponding lattice constants of 4.99
(a) and 9.66 Å (c). On the other hand, LiSAF has an optimized vol-
ume of 227.71 Å3 with corresponding lattice constants of 5.08 (a)
and 10.25 Å (c). These values are larger than our previous LDA re-
sults by 0.42e5.0% and are closer to experimental values with a
difference ranging only from 0.08 to 0.53%. In addition, the bulk and
Young’s moduli of the fluoride crystals are also obtained. LiCAF and
LiSAF have calculated bulk moduli of 108.01 and 83.75 GPa,
respectively. The calculated Young’s moduli along the a- and c-axes
are 105.32 and 94.89 GPa for LiCAF and 86.33 and 83.45 GPa for
LiSAF. LiCAF's Young’s moduli are close to the observed isotropic
Young’s modulus approximation of 96 GPa, although particular axis
or direction of compression was not mentioned [38]. The Young’s
modulus is defined for a compression along one axis or direction,
while the bulk modulus is defined for a compression where the
Fig. 2. Optimized volumes of the LiCAF (black) and LiSAF (red) crystals. The curves are
fitted using the Murnaghan equation of state. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of lattice constants, crystal volumes, bulk moduli, and band gap energies for t
values inside the parentheses indicate the percent differences from the experimental res

Physical properties LiCAF

Previous results (LDA)
[15]

Present results
(PBE)

Experimental results
[28,36,37]

Lattice constant (Å)
a 4.97 (0.72) 4.99 (0.30) 5.01
c 9.59 (0.52) 9.66 (0.23) 9.64

Volume V0, (Å3) 205.76 (1.81) 208.45 (0.53) 209.55
Bulk modulus, B0

(GPa)
e 108.01 93.4

Band gap energy, Eg
(eV)

8.02 (36.60, 27.55) 12.23 (3.30,
10.51)

12.65
11.07
pressure is applied uniformly along all directions. To the best of our
knowledge, this is the first report regarding the Young’s modulus of
LiSAF and the bulk moduli of these fluoride materials.

Fig. 3 illustrates the electronic band structure diagrams of LiCAF
and LiSAF crystals along the high symmetry lines of the first Bril-
louin zone. For LiCAF, the maximum of the valence band is located
at the k-point between M and K, while for LiSAF, it is located at the
k-point between L and H. Similar to the conduction band minima
situated at the G point, both materials have indirect band gaps.
These band gaps have values of 12.23 and 11.79 eV for LiCAF and
LiSAF, respectively. Compared with experimental results as also
shown in Table 1, our present calculation gives only a difference of
3.30 or 10.51% for LiCAF and 2.99 or 10.26% for LiSAF which all
indicate good agreement within an acceptable uncertainty. We
have previously reported different results for the band structures of
these fluoride crystals [15]. Aside from the different locations of the
valence band maxima, the computed LDA band gaps for LiCAF and
LiSAF were 8.02 and 7.92 eV, respectively. These values correspond
to a difference ranging from 25.91 to 36.60% when compared to
experimental results. Even though it gives reliable band disper-
sions, LDA underestimates the band gap severely in contrast to the
hybrid PBE functional. We conclude that PBE þ exact exchange is a
better approximation of the band gap energies than LDA.

Fig. 4 shows the total and partial DOS for LiCAF and LiSAF
crystals. For both fluoride compounds, the lower and upper parts of
the valence band are derived from Al 3s and Al 3p and from F 2p,
respectively. Similarly, the conduction band minima of the two
crystals are derived fromAl 3s. Ca 4s and Sr 5s also contribute to the
conduction bands of LiCAF and LiSAF. When the two fluorides are
compared, the Ca 3s and Ca 3p positions in the LiCAF crystal are
farther from the valence band than the Sr 4s and Sr 4p positions in
the LiSAF crystal. This may come from the difference in electrostatic
interactions between Ca and F in LiCAF and Sr and F in LiSAF [18].
LiCAF has a smaller lattice constant than LiSAF, and the CaeF dis-
tance is only 2.283 Å compared to 2.431 Å of SreF. Moreover, the
AleF (1.804 Å) electrostatic interaction is stronger than those of
LieF (2.011 Å) and CaeF or SreF. The Al ion position is being dis-
torted as the surrounding F ions are being displaced. The SreF
interaction in LiSAF is then wider and softer than the CaeF inter-
action in LiCAF with the Al distortion in these colquiirite crystals.

The fluorescence emission and absorption edge of wide band
gap materials are highly dependent on the band gap energy. Band
gap engineering is generally achieved through lattice distortion by
changing thematerial compositionwith impurity doping. Since this
method often leads to altered material properties and growth
procedures, material compression under high pressure is a
remarkable alternative in changing the lattice parameters while
keeping the composition constant. To identify the effects of high
pressure on the properties of fluoride materials, the dependence of
he LiCAF and LiSAF crystals from previous calculations and experimental results. The
ults.

LiSAF

Previous results (LDA)
[15]

Present results
(PBE)

Experimental results
[18,28,36,37]

4.99 (1.77) 5.08 (0.08) 5.08
10.04 (1.70) 10.25 (0.31) 10.21
216.82 (4.42) 227.71 (0.38) 226.84
e 83.75 e

7.92 (34.82, 25.91) 11.79 (2.99,
10.26)

12.15
10.69



Fig. 3. Simulated electronic band structure diagrams of (a) LiCAF and (b) LiSAF crystals having indirect band gaps of 12.23 and 11.79 eV, respectively.

Fig. 4. Total and partial DOS of (a) LiCAF and (b) LiSAF crystals. The red, blue, and green lines represent different orbitals in each atom. With a minor contribution from Al 3s, the
conduction bands of LiCAF and LiSAF are mainly derived from Ca 4s and Sr 5s, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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the crystal volume and band gap energy on the pressure applied
uniformly on the crystals is also investigated. Fig. 5 shows the
crystal volume and band gap energy of the LiCAF and LiSAF crystals
at different pressures. The crystal volume compression up to 10%
refers to the pressure uniformly applied on the crystal in the range
of 0e50 GPa. The band gap of LiCAF increases monotonically with
increasing pressure. The band gap of LiSAF gradually increases but
then decreases above ~36 GPa. LiSAF has a maximum band gap of
13.12 eV at 35.43 GPa. At 50.49 GPa, LiSAF has only a band gap of
13.01 eV. With a higher bulk modulus, LiCAF would behave similar
to LiSAF and have a local maximum within a range higher than
50 GPa. These results imply that pure LiCAF can perform better than
LiSAF in a high pressure environment. The band gap energies of the
LiCAF and LiSAF crystals increase with high pressure applied
through uniform volume compression. The increase of band gap
energies with high pressure could be explained by the Madelung
potential. When pressure is applied on the crystal, the volume is
compressed, and the attractive potential of electrons and ions will
increases due to the denser packing. The conduction band (LUMO)
will be shifted to a higher energy while the valence band (HOMO)
will be shifted to a lower energy, resulting in an increase of the
band gap energy.

Our first-principles calculations of the optical properties of the
LiCAF and LiSAF crystals are based on the complex dielectric func-
tion which represents the linear response of the system to an
external electromagnetic field with a small wave vector. In our
calculations, the excitonic effect was ignored, while the local field
effect was considered. The complex shift in the Kramers-Kronig
transformation is only 0.1, which is a perfectly acceptable value
[39]. Fig. 6 shows the real and imaginary parts of the he complex
dielectric functions of the LiCAF and LiSAF crystals. The Kramers-
Kronig relation is used to extract the real part from the imaginary
part of the dielectric function. An important quantity from the real
part of the dielectric constant is the zero frequency limit. This value
where the energy is equal to zero, i.e. ε1(u¼ 0), represents the static
dielectric constant. The static dielectric constants of LiCAF and



Fig. 6. (a) Real and (b) imaginary parts of complex dielectric functions of the LiCAF (black) and LiSAF (red) crystals. LiCAF and LiSAF have a static dielectric constant of 1.27 and 1.26
respectively. In addition, LiCAF and LiSAF has four peaks each in Fig. 6(b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 5. Pressure dependence of (a) crystal volumes and (b) band gap energies of the LiCAF (black) and LiSAF (red) crystals. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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LiSAF are 1.27 and 1.26, respectively. The static dielectric constant
consists of ionic and electronic contributions, and these contribu-
tions from can be calculated from the dielectric constant and the
refractive index. The ionic contributions are found to be very small
for LiCAF and LiSAF crystals. On the other hand, the important in-
formation from the imaginary part of the dielectric constant are the
orbital transitions which can be matched to the DOS (Fig. 4). LiCAF
has four peaks located at 10.97, 14.40, 30.17, and 34.28 eV which
correspond to the transitions from F 2p to Al 3s, from F 2p to Ca 4s,
from Ca 3p to Al 3s, and from Ca 3p to Ca 4s, respectively. In
addition, LiSAF has also four peaks located at 13.09, 15.28, 24.01,
Fig. 7. (a) Refractive indices and (b) absorption coefficients of LiCAF (black) and LiSAF (red) c
13.03 and 14.55 eV, respectively. (For interpretation of the references to colour in this figu
and 26.97 eVwhich correspond to the transitions from F 2p to Al 3s,
from F 2p to Sr 4s, from Sr 4p to Al 3s, and from Sr 4p to Sr 5s,
respectively. Furthermore, Fig. 7 shows the refractive indices and
absorption coefficients of the LiCAF and LiSAF crystals. LiCAF and
LiSAF have maximum refractive indices and absorption coefficients
at 13.03 and 14.55 eV, respectively. Since LiCAF and LiSAF are
birefringent crystals, they have similar ordinary and extra-ordinary
components of refractive indices. Our results were compared with
the ordinary refractive indices for both LiCAF and LiSAF [40]. Our
results differ by around 17% for LiCAF and 19% for LiSAF. For a better
comparisonwith experimental results, the transmittance spectra of
rystals. LiCAF and LiSAF have maximum refractive indices and absorption coefficients at
re legend, the reader is referred to the web version of this article.)
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LiCAF and LiSAF crystals are obtained from the calculated absorp-
tion spectra. Our transmittance spectra spanning from the VUV to
the visible wavelengths are in good agreement with Ref. [8]. LiCAF
and LiSAF have good transmittance down to the VUV region. In
addition, previous experimental investigations report the LiCAF
and LiSAF absorptions around 125 nmwhichwas initially attributed
to possible color centers or impurities [10,11]. Based on our calcu-
lations, this observed absorption can be explained by the F 2p to Al
3s transition instead of the presence of unintentional absorption
centers.

With large band gaps, LiCAF and LiSAF crystals are indeed very
good candidates for solid-state VUV to UV laser host media. Our
first-principles calculations have identified different orbital tran-
sitions and pressure dependencies. These results will be helpful in
identifying dopants or working conditions (pressure, temperature,
etc.) to improve or tune the properties of the LiCAF and LiSAF
crystals. Further studies on the effects of different pressures and of
various dopants on the electrical and optical properties of these
fluoride compounds are anticipated in near future. Experimental
investigations based on the present results are expected as well.

4. Conclusion

The electronic and optical properties of perfect LiCAF and LiSAF
crystals were calculated based on DFT using PBE functionals
employing 35% exact exchange. Both LiCAF and LiSAF were found to
have indirect band gaps of 12.23 and 11.79 eV, respectively. These
results differ only by 2.99e10.51% from the experimental values.
Using a better approximation than our previous LDA calculations,
the dependence of the band gap energy on pressure applied by
uniform volume compression was also investigated. Within a
50 GPa range, LiCAF has a maximum band gap of 14.13 eV at
48.26 GPa, while LiSAF has a maximum band gap of 13.12 eV at
35.43 GPa. Their bulk moduli are also obtained to be 108.01 (LiCAF)
and 83.75 GPa (LiSAF) at zero pressure, while their static dielectric
constants are 1.27 (LiCAF) and 1.26 (LiSAF). Studying the DOS and
the complex dielectric functions, orbital transitions of LiCAF and
LiSAF crystals were identified. Considering the optical transitions
and pressure dependence, our results give helpful insights on the
use of these fluoride compounds as effective laser materials in the
VUV region. This leads towards the development of compact, solid-
state, short-wavelength, and tunable laser systems in the future.
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