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Abstract 

Electronic band structures and optical properties of LiCaAlF6 and 

LiYF4 crystals as potential vacuum ultraviolet materials in equilibrium 

and high pressure conditions 

Luong Viet Mui 

International Physics Course (IPC) 

Department of Physics, Graduate School of Science 

 

Vacuum ultraviolet (VUV) wavelengths have a wide range of 

technological applications such aslithography, sterilization, surface 

modification, and materials processing. The available VUV light sources 

include discharge tubes, gas lasers, higher-order harmonic generation, and 

synchrotron radiation. However, these sources are either large in size or 

unstable, and industry requires a new, compact, and solid-state light source 

with high efficiency and high output power. Several studies have also shown 

that wide band gap fluoride compounds can be used as VUV light sources. 

Aside from the wide band gap energies, fluorides with direct band gap 

transitions are also needed to develop solid-state light emitting devices with 

appreciable emission intensities. Lithium calcium hexafluoroaluminate 
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(LiCaAlF6, LiCAF) and lithium yttrium tetrafluoride (LiYF4, LiYF) are some 

of the fluoride materials that can be used as VUV laser host materials and 

short wavelength optical devices because of their high optical transmission 

down to the VUV region and low thermal lensing distortion. However, 

theoretical and experimental investigations of these fluoride crystals are still 

limited as of this moment. Previous calculations have underestimated the band 

gap energies, and experiments have not implemented different conditions such 

as varying pressure or sample temperature. Moreover, the optical properties 

of LiCAF and LiYF crystals such as absorption coefficient, refractive index, or 

transmission under high pressure are not yet investigated both theoretically 

and experimentally. 

In this regard, we investigate the electronic band structures and optical 

properties of perfect LiCAF and LiYF crystals as potential VUV materials. 

Using optimized unit crystal volumes and equilibrium lattice constants, LiCAF 

and LYF have found to have an indirect band gap of 12.23 eV and a direct band 

gap of 11.09 eV, respectively. The band gap energies of these fluoride crystals 

are also observed to increase upon application of high pressure through 

uniform volume and uniaxial compressions. At a pressure of 110.10 GPa 

applied through uniform volume compression, the band gap of LiCAF shifts 

from an indirect band gap of 12.23 eV at equilibrium (0 GPa) to a direct band 

gap of 14.21 eV. On the other hand, LiYF crystal maintains its direct band gap 

of 11.9 eV under high pressure up to 50 GPa. The uniform and uniaxial 
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compressions under high pressure are investigated not only to modify the band 

gap energy but also to find out the best conditions to obtain the maximum 

direct band gap for these two fluorides. Based on the theoretical and 

experimental results, it is more effective to apply pressure along the c-axis in 

order to increase the LiCAF and LiYF band gap energies. The optical 

properties such as refractive index, extinction coefficient, absorption coefficient, 

and reflectivity are also investigated at different pressures based on the real 

and imaginary parts of the dielectric function. The transmission spectra of 

these two fluoride compounds are calculated and are found to be in good 

agreement with experimental results. 

With these results, this study will lead not only to the better 

understanding of the fundamental physical phenomena and underlying 

mechanisms involving wide band gap fluoride crystals but also to the 

development of new optical devices in the VUV region. By applying pressure, 

we can modify the band gap energies of the fluorides, and the absorption 

coefficients and transmittances are shifted to higher energies. The findings 

feature a change in the electronic behavior and optical properties of the 

fluoride crystals with pressure. This investigation provides helpful insights 

toward the development of a solid-state and compact VUV light source based 

on LiCAF and LiYF crystals. High pressure compression can also be applied to 

other fluoride crystals to improve their properties toward VUV applications. 
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Chapter 1 

Purpose and motivation 

 

Vacuum ultraviolet (VUV) wavelengths are expected to have a wide 

range of applications for lithography, sterilization, surface modification, and 

materials sciences to name a few. Discharge tubes, gas lasers, high-order 

harmonic generation, and synchrotron radiation are some of the available light 

sources for VUV. These present sources, however, are very huge or unstable, 

therefore a new, compact, and solid-state light source is needed with high 

efficiency and high output power. Some of the possible solid-state VUV media 

are the wide band gap fluoride materials. Lithium calcium 

hexafluoroaluminate (LiCaAlF6, LiCAF) and lithium yttrium tetrafluoride 

(LiYF4, LiYF) are among the fluoride compounds that can be used as a VUV 

scintillator, lens, or host material because of its high optical transmission down 

to the VUV region and low thermal lensing distortion [1-4]. In addition, 

fluoride compounds with direct band gap transitions are needed in order to 

develop short wavelength solid-state light emitting devices with appreciable 
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emission intensities [5]. However, theoretical and experimental investigations 

of this fluoride crystals are still limited [6-10]. For example, previous 

calculations have underestimated the band gap energies [11-13], and the 

experiments have not implemented different conditions such as varying 

pressure or temperature. Moreover, the optical properties of LiCAF and LiYF 

crystals such as absorption coefficient, refractive index, or transmission under 

high pressure are not investigated both theoretically and experimentally. 

   V. W. Viebahn et al. first presented the LiCAF structure in 1971 and 

suggested its use as a laser host material [14]. In 1988, a laser made up of 

chromium-doped LiCAF (Cr3+:LiCAF) had a slope efficiency of 67 % and a peak 

emission wavelength at 760 nm [15]. M. A. Dubinskii et al. then pioneered the 

active investigation of LiCAF crystals as ultraviolet (UV) laser host materials 

over the past 20 years. In 1993, they identified cerium-doped LiCAF 

(Ce3+:LiCAF) as an efficient and convenient solid-state UV laser media. LiCAF 

and other fluoride compounds doped with Ce3+ showed a broad of emission from 

275 nm to 335 nm [16,17].  Some common growth techniques such as 

Czochralski and micro-pulling down methods were eventually improved to 

prepare high-quality and large Ce3+:LiCAF crystals [3,18,19]. Compared to a 

similar compound, lithium strontium hexafluoroaluminate (LiSrAlF6, LiSAF), 

LiCAF has a reduced excited state absorption (ESA) and an almost negligible 

solarization when doped with rare-earth ions such as Ce3+ [20]. Strong VUV 



20 
 

fluorescence were then reported recently for erbium (Er3+), thulium (Tm3+), and 

neodymium (Nd3+)-doped LiCAF crystals [21-24]. 

 

Fig 1.1  The transmission of colquiriite-type fluoride single crystals in 

the vacuum UV region. 

On the other hand, the first structural data of LiYF4 is obtained by 

Thomas et al. [25] in 1961, just one year after demonstration of the first laser. 

The host crystal LiYF4 is an incongruently melting compound with a scheelite 

structure. This compound is suitable for the introduction of trivalent rare-

earth ions, which serve as a substitute for the Y3+ ion. LiYF4 crystals doped 

with rare-earth ions have been proven to be efficient tunable all-solid-state 

lasing media that cover varied wavelength regions [26-29] . Nd3+-doped LiYF4 

crystal has been applied in infrared (IR) solid-state lasers with emissions 

ranging from 1.047 to 1.053 µm. With the use of an ultraviolet (UV) laser 

crystal Ce3+:LiYF4, a tunable laser output ranging from 306 to 330 nm can be 
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achieved. In addition to being an excellent laser medium, pure LiYF4 crystal 

can also be a valuable window material. The fluoride crystal may be used as a 

suitable optical material for lenses and other optical components. Due to its 

importance as host materials for laser applications, undoped or doped LiYF4 

was extensively studied during the last years. LiYF4 crystal is one of the few 

fluoride compounds which is direct band gap originally. Based on this property, 

this crystal can be used not only for laser host material but also for light-

emitting diode and optical devices in vacuum ultraviolet and ultraviolet 

regions.  

 

Fig 1.2  The transmission spectrum of LiYF4 single crystal 

Since the absorption or fluorescence wavelength is dependent on the 

band gap energy, wide band gap fluoride materials are preferred for the 

development of short wavelength optical devices. In addition, direct band gap 

transition is desirable for optical devices with strong emission. Band gap 

LiYF
4
 



22 
 

engineering is generally achieved using lattice distortion by controlling the 

composition of the material or by doping the material with impurities. These 

methods often lead to completely different material properties and growth 

procedures. On the other hand, material compression under high pressure is 

remarkable in changing the lattice parameters while keeping the composition 

constant. A silicon-germanium (Si-Ge) semiconductor superlattice has been 

predicted to have an indirect to direct band gap transition in 1987 [30]. 

Moreover, band gap transition has also been reported for lithium fluoride (LiF) 

under high pressure [31]. By applying a hydrostatic pressure of 70 GPa, the 

LiF compound transforms from direct band gap to indirect band gap insulator 

with changes on its optical properties.  

 

Fig 1. 3 : The direct and indirect band gap energy diagrams 

Exploring the possibilities of improving the properties of potential VUV 

fluoride materials, we investigate the effects of high pressure applied through 

uniform volume and uniaxial compression on the electronic band structure of 

perfect LiCAF and LiYF crystals by hybrid functional. First-principles 
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calculations are performed within the framework of density functional theory 

(DFT) employing amount of the exact exchange. The hybrid density functional 

studies of band gaps have demonstrated that including some HF exchange 

improves results dramatically. A laser-shock compression of a pure LiCAF 

crystal is also demonstrated to experimentally verify the numerical results of 

the lattice compressions. With an increase and a transition of band gap energy 

for LiCAF crystal while LiYF crystal maintains the direct band gap under high 

pressure, our findings provide helpful insights for the further development of 

this fluoride compounds as a VUV laser host material considering rare-earth 

ion doping or high pressure application. 

The outline of this dissertation is as follows. Chapter 2 introduces the 

density functional theory as well as the methodology used. Chapter 3 is a study 

on the electronic band structure and optical properties of LiCAF crystal at the 

equilibrium and high pressure application. The experiment of LiCAF crystal 

under uniaxial compression by laser-shock are presented in chapter 4. 

Similarity to chapter 3, chapter 5 presents the electronic band structure and 

optical properties of LiYF crystal. Conclusions of the dissertation are presented 

in chapter 6. 
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Chapter 2 

Theoretical framework 

 

Quantum mechanics was developed in the early part of the twentieth 

century to solve problems which couldn’t be explained by classical mechanics. 

To model the electronic structure of materials using quantum mechanics, 

Schrödinger’s equation must be solved; however in nearly all cases we can’t 

solve Schrödinger equation exactly. This chapter outlines the various 

approximations used and the mechanics of solving within these 

approximations, as well as some of the general physics used in this dissertation. 

 

1.  Density functional theory 

 

Since Dirac’s well-known quote more than 80 years have passed and his 

statement is still as true as at his time: "For any dynamical system with a 

classical analogue, a state for which the classical description is valid as an 

approximation is represented in quantum mechanics by a wave packet, all the 

coordinates and momenta having approximate numerical values ... 
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Schrodinger's wave equation fixes how such a wave packet varies with time, so 

in order that the classical description may remain valid, the wave packet 

should remain a wave packet and should move according to the laws of classical 

dynamics." [32-33]. Nevertheless with the advent of computer assisted 

calculations, several numerical techniques for solving the many-particle 

Schrödinger equation became feasible [34]. Density functional theory (DFT) is 

one of the most efficient methods to solve the Schrödinger equation, as it maps 

the complicated interacting many-body problem exactly to an equivalent non-

interacting single-particle one [36-37].  

The impact of DFT for the theoretical investigation of complex molecules 

and solids manifested itself in the Nobel Prize for Walter Kohn in 1998. In his 

Nobel lecture, he highlighted two of the important contributions DFT made to 

the field of many-body quantum physics [38-41]. On the one hand DFT 

simplified the understanding of these systems by reducing the complexity from 

the multiple-particle wave-function with 3N independent coordinates, where 

N is the number of electrons, to the density n(r) which can be much easier 

visualized, analyzed, and hence comprehended. This reduction in complexity 

on the other hand made numerical calculations possible. Numerical DFT 

calculations grew significantly in popularity in the 1990s once the balance 

between accuracy and computational cost was demonstrated [42-44]. 

Nowadays, DFT is successfully used to investigate materials properties from 

first principles. 
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Schrodinger equation is Eq. 2.2, where 𝑒2 =  ℏ = 1,  the H is the 

Hamiltonian of the system, ψ is the wave function and ri denotes the position 

vector of electron. 

𝐻 Ψ (𝑟1, 𝑟2, . . . , 𝑟𝑛) =  𝐸 Ψ (𝑟1, 𝑟2, . . . , 𝑟𝑛)        2.1 

this can be written explicitly as 

{∑ −
1

2
 ∇𝑖

2 + ∑ 𝑣𝑒𝑥𝑡(𝑟𝑖)

𝑛

𝑖=1

+  ∑ 𝑣𝑒𝑒(𝑟𝑖 , 𝑟𝑗) + ∑ 𝑣𝑋𝐶(𝑟𝑖)

𝑛

𝑖=1

𝑛

𝑖<𝑗

𝑛

𝑖=1

}  Ψ (𝑟1, 𝑟2, . . . , 𝑟𝑛) 

=  𝐸 Ψ (𝑟1, 𝑟2, . . . , 𝑟𝑛)   2.2 

The first term of left in the equation is kinetic energy of electrons, the 

second term 𝑣𝑒𝑥𝑡 is external potential by atom and the 𝑣𝑒𝑒 is electron-electron 

interaction, and the 𝑣𝑋𝐶  is exchange-correlation potential due to the Pauli’s 

exclusion principle and correlation energy which is remaining unknown piece 

of energy, n is the number density of electron which is larger than Avogadro’s 

number in solid. Solving the Schrodinger equation directly is hard because, it 

is too complicate to calculate, so, we need a suitable approximation which is 

called density functional theory. 

The mechanism of DFT to solve Kohn-Sham equation is represented in 

the Fig 2.1. At first, an initial guess for the electron density is assumed, which 

is required for the calculation of 𝑣𝑒𝑓𝑓(𝑟) , the diagonalization of the Kohn-Sham 

equations, and the subsequent evaluation of 𝜌(𝑟) along with 𝐸𝑡𝑜𝑡𝑎𝑙. As long as 
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the convergence criterion is not fulfilled, the numerical procedure is continued 

with the last  instead of the initial guess. When the criterion is satisfied, 

various output quantities are computed. 

 

Fig. 2.1 A flow chart of the iteration scheme. 

 

2.  Generalized gradient approximation (GGA) 

The idea of constructing a functional that is not as computationally  

demanding as fully non  local  functionals  and  yet  possesses  a  potential  that  

does  not  diverge  for  exponentially decaying  densities  would  be  

groundbreaking.  One  of  the  first  suggestions  into  expanding  the exchange 
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correlation parameter in function of the magnitude of the gradient of the 

density was given  in the original paper of Kohn and Sham [45] and  it  was 

referred  to  as a gradient expansion approximation  (GEA).  The insertion  of  

gradient-dependent  functionals  into  the  local  density approximation of the 

exchange correlation parameter  was  first thought to  be very attractive for 

applications but unfortunately most gradient expansion approximations did 

not lead to consistent improvements over the LSDA. Such failure could be 

explained by the fact that the gradient in real materials is so large that a given 

gradient expansion would break down. Indeed, the major drawbacks of the 

GEA were that its corresponding exchange correlation hole was not physical, 

nor  did  it  satisfy  the  normalization  conditions  of  the  exchange  and  

correlation  holes  and  the negativity  state  of  the  exchange  hole [46,47]. By 

eliminating  the  spurious  long-range  term  of  the second  order  expansion  

of  the  GEA  exchange-correlation  hole,  generalized  gradient approximations 

[48-50] (GGAs)  were  created  and  their  corresponding  exchange  correlation 

energy were approximated by: 

𝐸𝑥𝑐
𝐺𝐺𝐴 [𝑛↑, 𝑛↓] =  ∫ 𝑑3𝑟𝑛(𝑟) 𝜀𝑥𝑐  (𝑛↑, 𝑛↓, |∇𝑛↑|, |∇𝑛↓| … )               2.3 

GGA functionals have recently become quite popular in condensed matter 

physics.  As a general trend, GGAs yield more accurate atomization energies 

total energies and barriers to chemical reactions than LSDA [51-53].  

Furthermore GGAs can also correct the underestimation of bulk constant 

previously computed by LSDA. One of the arguably most crucial improvements 
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of the  GGAs  over  LSDA  is  the  prediction  of  the  correct  ferromagnetism  

configuration  of  bcc ground state metallic iron [54]. However, except for the 

case of Hydrogen, GGA bond lengths computations  are  not  better  to  

corresponding  LSDA  calculations  for  arbitrarily  chosen molecules [55, 56].  

Even though some GGAs provide some improvements over the LSDA, one 

should keep a realistic perspective of the predictive power of the GGAs and 

further understanding on the properties of each GGA functional is therefore 

required. One of the first serious attempts into writing a gradient functional 

that would be subjected to further improvements in the near future was 

performed by Perdew and Wang in 1986 (PW86) [48]. New physical insight was 

brought upon the exchange and correlation parameter when, 𝐸𝑥𝑐
𝐺𝐺𝐴 [𝑛↑, 𝑛↓] was 

rewritten as [57]: 

𝐸𝑥𝑐
𝐺𝐺𝐴 [𝑛↑, 𝑛↓] =  ∫ 𝑑3𝑟 𝜀𝑥

𝑢𝑛𝑝𝑜𝑙(𝑛) 𝐹𝑥𝑐
𝑢𝑛𝑝𝑜𝑙[𝑠(𝑟), 𝑟𝑠(𝑟)]                   2.4 

here 𝜀𝑥
𝑢𝑛𝑝𝑜𝑙(𝑛) =  −

3

4
(

3

𝜋
𝑛(𝑟))

1

3
 is  the  exchange  energy  in  an  unpolarized  

system  previously computed  from  the  LDA  formalism  and  𝐹𝑥𝑐
𝑢𝑛𝑝𝑜𝑙

 is  the  

dimensionless  enhancement  factor  over local exchange. In order to 

distinguish a GGA that would offer a consistent improvement over the previous 

LSDA, several authors decided to plot the GGA dimensionless enhancement 

factor 𝐹𝑥
𝐺𝐺𝐴 in function of reduced density gradient [57, 58]: 

𝑠(𝑟) =  
|∇𝑛(𝑟)|

2𝑘𝐹𝑛(𝑟)
                                                  2.5 



30 
 

for various values of Wigner-Seitz radius 𝑟𝑠(𝑟) =  (
3

4𝜋𝑛(𝑟)
)

1/3

 

Here, 𝑘𝐹 =  (3𝜋2𝑛(𝑟))
1/3

 is the local Fermi wavevector           

A non-monotonic behavior from various famous functionals such as Becke [49], 

Perdew and Wang (PW91) and the famous Perdew-Burke-Enzherof (PBE) [59] 

is observed after plotting the exchange part of the enhancement factor 𝐹𝑥 in 

function of the reduced density gradient 𝑠(𝑟). Huge discrepancies among the 

functionals appear for large regions of 𝑠(𝑟) and such differences might be 

explained by the inaptitude of well describing regions that contain large 

gradient by the density gradient expansion. Although some widely used 

gradient formalism such as the PBEGGA and PW91 predict several correct 

physical properties, one cannot guarantee their absolute superiority in the 

entire condensed matter field. 

As  one  would  have  expected,  even  though  the  correlation  energy  is  

a  lot  smaller  than  the exchange  energy,  rewriting  the  correlation  

parameter  as  a  functional  is  quite  complex.  In generalized gradient 

approximations, some interesting works have been done on  estimating  the 

correlation [52, 59, 60]  parameter but  further  improvements  are  still  

required  in  this  area. Unfortunately,  regardless  of  how  precise  these  

gradient  functionals  are  constructed,  DFT calculations are still not exact 

solutions of the full Schrodinger equation.  Even though the true ground state 

energy of a given system can be well approximated by pure DFT, one can still 
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not compute excited state energies.  In addition to the non-time dependence of 

DFT, there exist important situations for which DFT computations yield 

unphysical results. The underestimation of band gaps in semiconductors and 

insulators and the inaccurate weak Van der Waals attractions are  one  of  the  

main  disadvantages  in  the  density  functional  formalism.  Hence, instead of 

attacking the many-body problem from a pure electron density perspective, one 

might reconsider computing wave functions that would converge to an exact 

solution of the Schrodinger equation. 

 

3. Perdew-Burke-Ernzerhof (PBE) hybrid functional 

Density-functional-related methods have impressively proven their 

computational relevance during the last decades. Density-functional theory 

(DFT) is now established in computational materials science as well as in 

quantum chemistry. Although reasonably successful in the description of the 

energetics, the local-density approximation and gradient corrected functionals 

have several severe shortcomings. Moreover, present local- and semilocal-

density functionals severely underestimate band gaps. Although DFT, as a 

ground-state theory, is per se not capable to yield a description of excited states, 

the underestimation of band gaps imposes a severe problem if density-

functional theory is applied to the modeling of semiconductors and insulators.  

In hybrid functionals the otherwise semilocal-density functional is 

modified by adding a fraction of the exact exchange energy. Hybrid-functional 
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methods represent a sensible compromise between two simple mean-field 

methods [DFT and Hartree–Focks (HF)], and they often yield results that are 

astonishingly close to state of the art many-body methods (configuration 

interaction, perturbation theory). The formation energies of small molecules 

are, for instance, in substantially better agreement with experiment than with 

local functionals, and band gaps and the band structures agree often 

reasonably well with experiment.  

We therefore use the hybrid functional which performs the exact 

exchange mixing only for short range interactions in both HF and DFT. This 

allows the DFT exchange hole to become delocalized among the near neighbors 

of a reference point, but not beyond. As a starting point, we use the PBE0 

hybrid functional [61-63], which is based on the Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation functional [59]. PBE0 assumes the following form 

for the exchange-correlation energy:  

𝐸𝑋𝐶
𝑃𝐵𝐸0 =  𝛼𝐸𝑥

𝐻𝐹 + (1 − 𝑎)𝐸𝑋
𝑃𝐵𝐸 + 𝐸𝑐

𝑃𝐵𝐸      2.6 

where the mixing coefficient α=0.25 is determined by perturbation theory [17]. 

We now focus on the expression for the exchange energy 

𝐸𝑋
𝑃𝐵𝐸0 =  𝛼𝐸𝑥

𝐻𝐹 + (1 − 𝑎)𝐸𝑋
𝑃𝐵𝐸                               2.7 

Hence, Exchange correlation functionals that admix a certain amount of 

Fock exchange to (a part of) a local or semi-local density functional [64].  
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 Present a definite improvement over the (semi)-local density functional 

description of the properties of molecular systems.  

 Some hybrid functionals yield an improved description of structural, 

electronic, and thermo-chemical properties of small/medium gap solid 

state systems. 

 

Fig. 2.2 Theoretical versus experimental band gaps by different methods 

 

4. Vienna ab-initio simulation package (VASP) 

VASP is a complex package for performing ab-initio quantum-

mechanical molecular dynamics (MD) simulations using pseudopotentials or 

the projector-augmented wave method and a plane wave basis set. The 

approach implemented in VASP is based on the (finite-temperature) local-
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density approximation with the free energy as variational quantity and an 

exact evaluation of the instantaneous electronic ground state at each MD time 

step. VASP uses efficient matrix diagonalisation schemes and an efficient 

Pulay/Broyden charge density mixing. These techniques avoid all problems 

possibly occurring in the original Car-Parrinello method, which is based on the 

simultaneous integration of electronic and ionic equations of motion. The 

interaction between ions and electrons is described by ultra-soft Vanderbilt 

pseudopotentials (US-PP) or by the projector-augmented wave (PAW) method. 

US-PP (and the PAW method) allow for a considerable reduction of the number 

of plane-waves per atom for transition metals and first row elements. Forces 

and the full stress tensor can be calculated with VASP and used to relax atoms 

into their instantaneous ground-state. 

 

5. Computational methods 

Based on the experimental data of lattice constants and atomic positions, 

the total energy of system are calculated for both LiCAF and LiYF crytals. And 

then the unit cell volume is initially optimized by using the Murnaghan 

equation of state to fit the curve of the total energy as a function of volume [65]. 

The lattice constants are then obtained from the optimized volumes to compute 

for the electronic band structures and optical properties of fluoride compounds. 

For the band structure and density of states (DOS) diagrams, the k-points are 

chosen following the Brillouin zone with symmetry points. All valence band 
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maxima of the resulting diagrams are also shifted to zero. For the optical 

properties, the complex dielectric function forms the basis of the refractive 

index, absorption coefficient, and optical transmittance. The complex dielectric 

function represents the linear response of the system to an external 

electromagnetic field with a small wave vector. The complex shift in the 

Kramers-Kronig transformation is 0.1 which is a perfectly acceptable value. 

The complex dielectric function can be expressed as 

𝜀(𝜔)  =  𝜀1(𝜔)  +  𝑖𝜀2(𝜔)   2.8 

where the 𝜀1(𝜔) and 𝜀2(𝜔) are the real and imaginary parts of the dielectric 

function, respectively. The imaginary part 𝜀2(𝜔) is given by [66-68]: 

𝜀2(𝜔) = (
4𝜋2𝑒2

𝑚2𝜔2
) ∑ ∫⟨𝑖|𝑀|𝑗⟩2𝑓𝑖(1 − 𝑓2)  ×   𝛿(𝐸𝑓 −  𝐸𝑖 −  𝜔)𝑑3𝑘       2.9 

where 𝑀 is the dipole matrix, 𝑖 and j  are the initial and final states of electron, 

respectively. 𝑓𝑖 is the Fermi distribution for the 𝑖𝑡ℎ state, and 𝐸𝑖 is the energy 

of electron in the 𝑖𝑡ℎ state. The Kramers-Kronig relation is used to extract the 

real part from the imaginary part of the dielectric function [69]. Using the 

Kramers-Kronig relation, the real part 𝜀1(𝜔) is given by: 

𝜀1(𝜔) = 1 + 
2

𝜋
𝑃 ∫

𝜔′𝜀2(𝜔′)d𝜔′

(𝜔′2
− 𝜔2)

∞

0
   2.10 

where 𝑃 is the principal value of the integral. From the components of the 

dielectric function, the refractive index ( 𝑛 ), absorption ( 𝛼 ), and optical 

transmittance ( 𝑇 ) can subsequently obtained from Equations 4 to 6, 

respectively [70, 71]. 
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𝑛(𝜔) =  [
√𝜀1

2(𝜔)+ 𝜀2
2(𝜔) + 𝜀1(𝜔)

2
]

1/2

   2.11 

𝛼(𝜔) =  
2√2 𝜋 𝑓 [√𝜀1

2(𝜔)+ 𝜀2
2(𝜔) − 𝜀1(𝜔)]

1/2

𝑐
                         2.12 

𝑟 =  
(𝑛−1)2+𝑘2

(𝑛+1)2+𝑘2
     2.13 

where 𝑓  is the frequency and 𝑘  is the extinction coefficient given by the 

following expression: 

𝑘(𝜔) =  [
√𝜀1

2(𝜔)+ 𝜀2
2(𝜔) − 𝜀1(𝜔)

2
]

1/2

   2.14 

Based on the reflectivity 𝑅, the optical transmittance (𝑇) can be calculated by: 

𝑇 =  1 − 𝐴 − 𝑅     2.15 

In this calculations of the optical properties, the local field effects are 

neglected in the hybrid functional approximation because we calculated for 

perfect fluoride compounds that mean there is no microscopic changes of the 

cell periodic potential, whereas the changes of exchange correlation potential 

are taken into account. For the optical properties, the excitonic effects play 

important because of Coulomb interaction between electron and hole in the 

conduction and valence bands, respectively. This excitonic effects is 

approximating within hybrid functional, GW (Green’s function and the 

screened Coulomb interaction) routine is also performed to get better 
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approximations of excitonic effects for both fluorides in the equilibrium and 

high pressure conditions. 

The effects of high pressure on the material properties are also 

investigated at different pressures. Different amounts of pressures are applied 

on the LiCAF crystal through uniform volume compression by reducing the 

lattice constants at the same percentage. For LiYF crystal, the Pulay stress is 

applied as the external pressure to compress uniformly [72]. The atomic 

positions and lattice constants are optimized after applying pressure, and the 

pressure dependence of the crystal volume, electronic band structure, and 

optical properties is likewise studied. 

In this works, various amounts of exact exchange were initially tested, 

leading to the optimized values of 35% and 25% exact exchanges for LiCAF and 

LiYF crystals, respectively which yielded a band gap energies close to the 

experimental references. 
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Chapter 3 

The electronic band structure and optical 

properties of LiCaAlF6 crystal 

Lithium calcium hexafluoroaluminate (LiCaAlF6, LiCAF) crystal is 

widely used as vacuum ultraviolet (VUV) and ultraviolet (UV) laser host 

medium [21-24]. This fluoride material can be stimulated by the fourth 

harmonics of a Nd:YAG laser, i.e. 266 nm. When doped with trivalent cerium 

(Ce3+, Ce), the crystal becomes attractive UV solid-state laser host with a 

central emission wavelength of 290 nm and with a practical tuning range from 

288 to 315 nm. The slope efficiencies of Ce:LiCAF has also been reported to 

reach as high as 39 %. The broad gain-bandwidth of the crystal in the UV 

region has made it appealing for ultrashort pulse generation and amplification. 

Aside from being a laser material, LiCAF can be used as a lens in VUV 

photolithography because of its optical transmission and low thermal lensing 

distortion. The absorption edge of LiCAF is measured to be 112 nm. The PBE 

exchange-correlation functional employing 35% exact exchange is used within 
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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 this fluoride 

crystal at equilibrium and high pressure compression. 

1. Crystal structure of LiCaAlF6 crystal 

LiCAF is colquiriite-type fluoride with a hexagonal crystal structure 

belonging to the P-31c space group (group number 163). It is optically uniaxial 

crystal with two formula units per unit cell. Six fluorine (F) atoms surround a 

lithium (Li), calcium (Ca), or aluminum (Al) atom. Each Li, Ca, and Al cation 

occupies a deformed octahedral site as shown in Fig. 3. 1 (a). This structure is 

also described by an alternative stacking of metallic and fluorine atom layers 

parallel to c-axis [73-75]. The fraction coordinates of the representative atoms 

in the unit cell are shown in table 3. 1  

    

Fig. 3. 1 (a) Colquiriite-type structure and (b) first Brilloiun zone of 

hexagonal unit cell of the LiCAF crystal. 
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Table 3. 1: the atomic position of LiCAF atoms 

 x y z 

Li 1/3 2/3 1/4 

Ca 0 0 0 

Al 2/3 1/3 1/4 

F 0.3769 0.0312 0.1435 

 

In order to generate the charge density and wave function for the first 

run, a 3x3x1 Monkhorst-Pack k-point grid was utilized. For the band structure 

and DOS diagrams, the k-points were chosen following the Brillouin zone in 

Fig. 1(b) with the symmetry points shown in table 3. 2 [76]. The path of k point 

for band structures calculation is followed: Γ → M → K →A → L → H with 10 

k points per segment [77]. 

Table 3. 2: The reciprocal lattice vectors of highly symmetric points in the 

first Brillouin zone of hexagonal  

Γ 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 

H 1/3 1/3 1/2 
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2. Optimized volume of LiCaAlF6 crystal 

Figure 3. 2 shows the total energy as a function of the LiCAF crystal 

volume. The total energy as a function of the unit cell volume is expressed in 

terms of the Murnaghan equation of state. Table 3. 3 shows the optimized 

crystal volumes and the 𝑎 and 𝑐 lattice constants of fluoride material. LiCAF 

has an optimized volume of 209.55 Å3 with corresponding lattice constants of 

4.99 (𝑎) and 9.66 Å (𝑐).  

 

Fig. 3. 2 : Optimized volumes of the LiCAF crystal. The curve is fitted using 

the Murnaghan equation of state. 

This values are larger than our previous LDA results by 0.42 to 5.0 % 

and are closer to experimental values with a difference ranging only from 0.08 

to 0.53 %. In addition, the bulk and Young modulus of the fluoride crystal are 

also obtained. LiCAF had calculated bulk modulus of 108.01. The calculated 

Young moduli along the 𝑎- and 𝑐-axes are 105.32 and 94.89 GPa for LiCAF. 
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LiCAF’s Young moduli are close to the observed isotropic Young modulus 

approximation of 96 GPa, although particular axis or direction of compression 

was not mentioned [78]. The Young modulus is defined for a compression along 

one axis or direction, while the bulk modulus is defined for a compression 

where the pressure is applied uniformly along all directions. 

3. Equilibrium structure of LiCAF crystal 

After optimization the structure of LiCAF crystal, the optimized lattice 

constants, volume and the positions of atoms are using for electronic band 

structure and optical properties calculations at equilibrium structure (non-

pressure). 

3.1 Electronic band structure 

Figure 3. 3 illustrates the electronic band structure diagrams of LiCAF 

crystal along the high symmetry lines of the first Brillouin zone. The maximum 

of the valence band is located at the k-point between M and K. Similar to the 

conduction band minima situated at the Γ point, this material is to found have 

indirect band gap of 12.23 eV. Compared with experimental results as also 

shown in Table 3. 3, our present calculation gives only a difference of 3.30 or 

10.51 % which all indicate good agreement within an acceptable uncertainty. 

We have previously reported different results for the band structures of these 

fluoride crystals. Aside from the different locations of the valence band maxima, 

the computed LDA band gap for LiCAF was 8.02 eV. This value corresponds to 
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a difference of 25.91 % when compared to experimental results. Even though 

it gives reliable band dispersions, LDA underestimates the band gap severely 

in contrast to the hybrid PBE functional. We conclude that PBE + exact 

exchange is a better approximation of the band gap energies than LDA. 

 

Fig. 3. 3: Simulated electronic band structure diagram of LiCAF crystal 

having indirect band gaps of 12.23 eV. 
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Table 3.3  Comparison of lattice constants, crystal volume, bulk modulus, and 

band gap energy for LiCAF crystal from previous calculations and 

experimental results. The values inside the parentheses indicate the percent 

differences from the experimental results. 

Parameters Previous 

results (LDA) 

[20] 

Present results 

(PBE ) 

Experimental 

results 

[12, 13, 79] 

Lattice constants (Å) 

a 

c 

 

4.97 (0.72) 

9.59 (0.52) 

 

4.99 (0.30) 

9.66 (0.23) 

 

5.01 

9.64 

Volume (Å3) 205.76 (1.81) 208.45 (0.53) 209.55 

Bulk modulus (GPa) -- 108.01 93.4 

Band gap Eg 8.02 (36.60, 

27.55) 

 (direct)  

12.23 (3.30, 

10.51) 

(direct) 

12.65 

11.07 

 

 

3.2 Density of state of LiCaAlF6 crystal 

Figure 3. 4 shows the total and partial DOS for LiCAF crystal. For this 

fluoride compound, 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 minimum of this crystal is derived from Al 3s. Ca 4s also contribute to 

the conduction band of the LiCAF crystal.  
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Fig. 3. 4 The total and partial density of states of perfect LiCAF crystal 

3.3 Charge density distributions of LiCaAlF6 Crystal 

 

The valence charge density distributions in the LiCAF crystal are 

calculated to illustrate more clearly the electronic structure and bonding in 

this fluoride material. We pick up several crystal planes perpendicular to each 

axis to analyze the bonding of atoms. The charge density distributions of 

LiCAF crystal in the different planes (a) 001 plane, 1.45 Å from the origin 

perpendicular to the z-axis, (b) 010 plane, 2.80 Å from the origin perpendicular 

to the y-axis and (c) 100 plane, 2.85 Å from the origin perpendicular to the x-

axis are shown in the Fig. 3. 5. In the Fig. 3. 5 (a), fluorine is even a much 

smaller ion but its bonding is quite intensity. The Fig. 3. 5 (a) and (b) show 

that the bonding between fluorine and aluminum is much stronger than 

bonding between fluorine and lithium.  
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(001) 1.45 Å from the origin perpendicular to the z-axis 

 

(010) 2.80 Å from the origin perpendicular to the y-axis 

 

(100) 2.85 Å from the origin perpendicular to the x-axis 

Fig. 3. 5 The charge density distributions of LiCAF crystal in the different 

planes (a) 001 plane, 1.45 Å from the origin perpendicular to the z-axis, (b) 010 

plane, 2.80 Å from the origin perpendicular to the y-axis and (c) 100 plane, 2.85 

Å from the origin perpendicular to the x-axis 
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This difference can be explained by the distance between atoms. In the 

LiCAF crystal structure as shown Fig. 3. 1, six fluorine atoms surround a 

aluminum atom with the distance is around 1.83 Ǻ while that distance for 

fluorine and lithium is around 2.02 Ǻ. Moreover, the positive charges at the 

valence of Al and Li are 3 and 1, respectively. The distributions of charge 

around the anion and cation are spherical, supporting that LiCAF is a ionic 

crystal. 

 

3.4 Optical properties of LiCaAlF6 crystal 

 

Our first-principles calculations of the optical properties of the LiCAF 

crystals are based on the complex dielectric function 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. Fig. 3. 6 shows 

the real and imaginary parts of the he complex dielectric functions of the 

LiCAF crystal. 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(ω=0), represents the static dielectric 

constant. The static dielectric constants of LiCAF is 1.31. The static dielectric 

constant consists of ionic and electronic contributions, and these contributions 
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can be calculated from the dielectric constant and the refractive index. The 

ionic contributions are found to be very small for LiCAF crystal. On the other 

hand, the important information from the imaginary part of the dielectric 

constant are the orbital transitions which can be matched to the DOS (Fig. 3. 

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.  

  

Fig. 3. 6 The real (a) and imaginary (b) parts of dielectric function of LiCAF 

crystal. 

Furthermore, Fig. 3. 7 shows the refractive indices and absorption 

coefficients of the LiCAF crystal. LiCAF has maximum refractive index and 

absorption coefficient at 13.03 eV. Since LiCAF is a birefringent crystals, it has 

similar ordinary and extra-ordinary components of refractive indices [80]. The 

constant refractive indices for ordinary and extra-ordinary components are 

1.30 and 1.31 respectively. Our results were compared with experimental 
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values, it agrees that extra-ordinary part is greater than ordinary of refractive 

indices and it differs by around 8%. For a better comparison with experimental 

results, the transmittance spectra of LiCAF crystal is obtained from the 

calculated absorption spectra. Our transmittance spectra spanning from the 

VUV to the visible wavelengths are in good agreement with Ref.[81]. LiCAF 

has good transmittance down to the VUV region. In addition, previous 

experimental investigations report the LiCAF absorptions around 125 nm 

which was initially attributed to possible color centers or impurities [2, 3]. 

Based on our calculations, this observed absorption can be explained by the F 

2p to Al3s transition instead of the presence of unintentional absorption 

centers. 

   

Fig. 3. 7 The (a) refractive index and (b) absorption coefficient of LiCAF 

crystal. 
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3.5 Comparison of Ce:LiCAF and Ce:LiSAF crystals on solarization effect 

Excited state absorption (ESA), which is prevalent in rare-earth-doped 

fluorides, has been observed in both Ce:LiCAF and Ce:LiSAF. However, 

experimental investigations reveal that Ce:LiSAF experiences ESA to a 

greater extent compared to Ce:LiCAF. Several papers have suggested that 

ESA is a result of a transition from the 5d excited state energy level to the 

conduction band [16, 83, 84]. Therefore, the onset of the ESA band strongly 

depends on the host where a 5d level that is closer to the conduction band will 

manifest ESA with greater probability. Our calculations show that LiCAF has 

a higher band gap compared with LiSAF. Therefore, the 5d-to-conduction band 

distance in Ce:LiCAF is expected to be smaller compared to Ce:LiSAF.  

 

Fig. 3. 8 (a) Electronic band structure and density of states of LiSrAlF6 

crystal 

Associated with the strong ESA is solarization [81-87], which occurs 

when an electron promoted from the 5d level gets trapped in an impurity 
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present in the conduction band as shown in Fig. 3. 9. Solarization is the 

creation of color centers under UV excitation and is manifested by the 

observation of broad absorption bands in the energies other than the band gap 

[85]. When doped with trivalent cerium, the Ce3+ ions in the LiCAF or LiSAF 

structure are presumed to lie in the Ca2+ or Sr2+ octahedral sites [82]. The size 

of Ce3+ ion (1.15 Å) is about the same as the size of the Ca2+ ion (1.14 Å), but 

smaller than the Sr2+ ion (1.27 Å). The CeF6 cluster, therefore, has to be 

extended in LiSAF to compensate for this. Indeed, it has been reported that 

LiSAF is more prone to cracks and inclusions during crystal growth than 

LiCAF under the same crystal growth conditions [3]. The more pronounced 

ESA as described above combined with the greater amount of impurities leads 

to significant solarization in Ce:LiSAF. 

 

Fig. 3. 9 Schematic diagram of ESA and solarization effect in Ce:LiCAF and Ce:LiSAF 

crystals 
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4. Uniform volume compression 

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 the material 

composition with 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 the crystal volume and 

electronic band structure on the pressure applied uniformly on the crystals is 

also investigated. 

 

4.1 Electronic band structure of LiCaAlF6 crystal 

 

Figure 3. 10 illustrates the simulated LiCAF band structure at different 

pressures (uniform volume compression) when the ions are allowed to relax 

after compression. At equilibrium volume, LiCAF has an indirect band gap of 

12.23 eV (Fig. 3. 10 a), which is in good agreement with the experimental value 

of 12.65 eV [12].  
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Fig. 3. 10 Simulated electronic band structure diagrams of the LiCAF crystal 

at (a) 0, (b) 16.32, (c) 48.26 GPa, and (d) 110.10 GPa applied pressure. The 

band gap is close to becoming direct at 110.10 GPa applied pressure. 

The valence band maximum is located at the k-point between M and K, 

while the conduction band minimum is situated at the Γ-point. At 16.32 GPa 

(Fig. 3. 10b), the lattice constants are compressed by 5% (volume is compressed 

by 14.26%), and the indirect band gap increases to 13.32 eV. Increasing the 

pressure to 48.26 GPa (Fig. 3. 10c) results in the compression of the lattice 

constants and volume by 10% and 27.10%, respectively. As a result, the 

indirect band gap increases to 14.13 eV. When the applied pressure reaches 
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110.10 GPa, the lattice constants reduce to 85% of their equilibrium values, 

and the crystal volume is compressed to 61.41% (128 Å3). The band gap is close 

to becoming direct. 

 

 

Fig. 3. 11 Simulated electronic band structure diagrams of the LiCAF crystal 

at (a) 0, (b) 16.32, (c) 48.26 GPa, and (d) 110.10 GPa applied pressure. The 

band gap shift to direct at 110.10 GPa pressure, assuming picosecond 

experimental time scales. 

Figure 3. 11 shows the LiCAF band structures when pressure is applied 

in the picosecond scale such that ions are not allowed to relax. The results are 

similar to the relaxed-ion state at low pressure. Intriguingly, the band gap 

shifts from indirect to direct, with a value of 14.21 eV, at 110.10 GPa.  In this 
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instance, both the valence band maximum and the conduction band minimum 

are located near the M-point. This interesting result clearly demonstrates that 

pressure can induce an indirect-to-direct band gap transition in LiCAF. 

4.2 Density of state of LiCaAlF6 crystal 

Figure 3. 12 shows the total and partial density of states of the LiCAF 

crystal at 0 (Fig. 3. 12a) and 110.10 GPa for relaxed (Fig.3. 12b) and unrelaxed 

ions (Fig. 3. 12c).  At 0 GPa, the valence band is mainly derived from F 2p, (add 

comma) with minor contributions from Al 3s and Al 3p. In addition, the 

conduction band is mainly derived from Ca 4s, and the conduction band 

minimum is partly derived from Al 3s. The first absorption peak or 

transmission edge that is observed in experimental investigations of LiCAF 

arises from this minor Al 3s contribution [2, 13]. At 110.10 GPa, the valence 

band maximum is still derived from F 2p and the conduction band minimum 

is still derived by Al 3s when the ions are allowed to relax. However, if the ions 

are not allowed to relax, the conduction band minimum is now derived from Ca 

4s since the Al 3s bands are shifted to higher energy. 
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Fig. 3. 12: Total and partial density of states of the LiCAF crystal at (a) 0 and 

110.10 GPa applied through uniform volume compression for the case when 

(b) ions are not allowed to relax and (c) ions relax. 

4.3 Pressure dependence of band gap energy and volume 

 

Figure 3. 13 shows the unit cell volume and band gap of the LiCAF 

crystal at different pressures (uniform volume compression). The volume is 

inversely proportional to pressure, while the band gap monotonically increases 

with increasing pressure within the range of 0 to 50 GPa. At 0 GPa 

(equilibrium), the LiCAF crystal has a unit cell volume of 208.45 Å3 and an 

indirect band gap energy of 12.23 eV. Applying a pressure of ~50 GPa 

compresses both the a and c lattice constants by 10 %. The volume also 

compresses uniformly by ~27 %, and the band gap increases by ~16 %. The 

computed crystal volumes are in excellent agreement with experiment, 

differing only by 0.13-0.50% in the pressure range 0-15 GPa [75]. 
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FIG. 3. 13: (a) Unit crystal volume and (b) band gap energy of the LiCAF 

crystal at different pressures applied through uniform volume compression. 

The band gap increases monotonically with pressure up to 50 GPa. 

This high-pressure increase in the band gap and the transition from 

indirect to direct band gap can be explained by the Madelung potential. The 

binding energy of ionic crystals results from the electrostatic interaction of 

oppositely charged ions which is strongly dependent on the distance of charges. 

When pressure is applied on the crystal, the volume is compressed, and the 

attractive potential of electrons and atoms increases due to dense packing. The 

valence band which is mainly derived from the p-orbital is more localized 

compared to the conduction band which is mainly derived from the s-orbital. 

The conduction bands are greatly shifted to energies higher than the shifts of 

the valence bands resulting in an increase of the band gap energy. 

Furthermore, the conduction band minimum at the Γ-point is occupied by Al 

3s, while the lower part of the conduction band near the M-point is occupied by 

Ca 4s. At a high pressure of 110.10 GPa, the electronic bands of Al 3s shift to 

higher energies than those of Ca 4s causing the band gap transition from 
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indirect to direct. Based on this phenomena, the electronic behavior of LiCAF 

can be then modified by applying pressure on the crystal. 

As a phase transition from the LiCAF-I to the higher pressure LiCAF-II 

structure has been experimentally observed between ~7 and 9 GPa, we tested 

our simulation parameters by running optimizations for both structures at 

pressures ranging from 0 to 50 GPa. For these simulations, we used the 

hydrostatic pressure model in order to best mimic the experimental conditions, 

allowing the ions to relax at each set pressure. Within our model, LiCAF-II 

optimizes to the LiCAF-I structure for pressures between 0 and 4 GPa. For 

pressures 4 – 7 GPa, we predict the LiCAF-I structure to be more stable. The 

crystal structures are nearly degenerate between 7 and 10 GPa, with the phase 

transition occurring at 9.7 GPa, in excellent agreement with the experimental 

results. The band gaps and crystal volumes predicted for the two structures 

are nearly identical in the pressure range 0 – 50 GPa, differing by a maximum 

of 0.15 eV and 1 Å3, respectively.  

5. Pressure dependence of band gap energy under uniaxial 

compression 

Figure 3. 14 shows the total energy as a function of the a and c lattice 

constants. The total energies are expressed in terms of the Murnaghan 

equation of state. The bulk modulus and the compressibility (which is inversely 

proportional to the bulk modulus) are also obtained. Along the a-axis, LiCAF 

has an equilibrium lattice constant of 4.99 Å, a bulk modulus of 105.32 GPa, 
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and a compressibility of 9.49 MPa-1. On the other hand, along the c-axis, LiCAF 

has an equilibrium lattice constant of 9.66 Å, a bulk modulus of 94.89 GPa, 

and a compressibility of 10.54 MPa-1. A lower bulk modulus and higher 

compressibility indicate that the c-axis is easier to compress than the a-axis. 

 

FIG. 3. 14 : Optimized (a) a and (b) c lattice constants of the LiCAF crystal. 

 

Figure 3. 15 shows the lattice compression ratio and band gap energy 

of the LiCAF crystal at different pressures applied through uniaxial 

compression. Pressures in the range of 0-13 GPa are applied to the a-axis and 

c-axis, separately. Both lattice constants steadily decrease with increasing 

pressure. At ~13 GPa, the lattice constants compress by 12.02% and 12.42% 

along the a- and c-axis, respectively. On the other hand, the band gap increases 

with increasing pressure up to ~7.6 GPa, then decreases for higher pressures. 

Maximum band gap energies of 12.52 and 12.63 eV are achieved when 7.6 GPa 

is applied to the a-axis and c-axis, respectively. These results suggest that it is 
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more effective to apply pressure along the c-axis in order to increase the band 

gap.   

 

FIG. 3. 15: (a) Lattice constant compression and (b) band gap energy of the 

LiCAF crystal at different pressures applied through uniaxial compression. 

Maximum band gap energies of 12.52 and 12.63 eV are achieved with 

uniaxial compression along the a-axis and c-axis, respectively using 7.6 GPa 

applied pressure. 

 

6. Conclusions 

The electronic and optical properties of perfect LiCAF crystal were 

calculated based on DFT using PBE functionals employing 35 % exact 

exchange. The LiCAF was found to have indirect band gap of 12.23 eV. This 

result differs only by around 3% from the experimental value. Our calculated 

electronic band structure is helpful to explain the small solarization effect on 

Ce:LiCAF comparing with Ce:LiSAF crystal. Using hybrid functional, the 

optical properties of LiCAF crystal were firstly calculated and it is giving the 
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explanation of the experimental absorption at around 130 nm.  The dependence 

of the band gap energy on pressure applied by uniform volume and uniaxial 

compression were also investigated. Through uniform volume compression, 

LiCAF’s indirect equilibrium band gap of 12.23 eV would shift to a direct band 

gap of 14.21 eV at 110.10 GPa and picosecond time scales, arising from the 

energetic swap of the Al 3s and Ca 4s orbitals. Through uniaxial laser-shock 

compression, we estimate that the LiCAF crystal has a band gap of ~12.60 eV. 

Our findings have highlighted the change in the electronic behavior of this 

fluoride compound upon application of high pressure. These results can be used 

to instruct the development of tunable, compact, solid-state VUV light sources 

based on LiCAF as a laser host material. 
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Supplemental Information 

 

Table S3. 1. Lattice constants, crystal volumes, and band gap energies of the 

LiCAF at different pressures applied through uniform volume compression. 

The values inside the parentheses indicate the percent differences compared 

to the equilibrium value (0 GPa).  

Pressure 

(GPa) 

Lattice constants (Å) 
Crystal 

volume (Å3) 
Band gap (eV) 

a c   

0 4.99 9.66 208.45 12.23 

16.32 4.74 (5.00) 9.18 (5.00) 178.72 (14.26) 13.32 (8.91) 

48.26 4.49 (10.00) 8.69 (10.00) 151.96 (27.10) 14.13 (15.54) 

61.10 4.24 (15.00) 8.21 (15.00) 128.01 (38.59) 14.21 (16.19) 

 

 

 

 

 

Table S3. 2. Lattice constants, crystal volumes, and band gap energies of the 

LiCAF at different pressures applied through uniaxial compression along the 

a-axis. The values inside the parentheses indicate the percent differences 

compared to the equilibrium value (0 GPa).  

Pressure 

(GPa) 

Lattice constants (Å) 
Crystal 

volume (Å3) 
Band gap (eV) 

a c   

0 4.99 9.66 208.45 12.23 

3.40 4.79 (4.01) 9.66 200.10 (4.01) 12.46 (1.88) 

7.66 4.59 (8.02) 9.66 191.74 (8.02) 12.52 (2.37) 

13.01 4.39 (12.02) 9.66 183.39 (12.02) 12.48 (2.04) 
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Table S3. 3. Lattice constants, crystal volumes, and band gap energies of the 

LiCAF at different pressures applied through uniaxial compression along the 

c-axis. The values inside the parentheses indicate the percent differences 

compared to the equilibrium value (0 GPa).  

Pressure 

(GPa) 

Lattice constants (Å) 
Crystal 

volume (Å3) 
Band gap (eV) 

a c   

0 4.99 9.66 208.45 12.23 

3.45 4.99 9.26 (4.14) 199.82 (4.14) 12.52 (2.37) 

7.63 4.99 8.86 (8.28) 191.19 (8.28) 12.63 (3.27) 

12.72 4.99 8.46 (12.42) 182.71 (12.35) 12.58 (2.86) 
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Chapter 4 

Experimental results for uniaxial compression 

of LiCaAlF6 crystal 

Wide band gap materials are desirable for the development of short 

wavelength optical devices. Fluoride compounds have been shown to have wide 

band gaps that allow them to be highly transmitting down to the VUV region. 

In addition, fluoride compounds with direct band gap transitions are needed in 

order to develop short wavelength solid-sate light emitting devices with 

appreciable emission intensities. This is generally achieved through band gap 

manipulation where the lattice is distorted, by controlling the composition of 

the material or by doping the material with impurities. These methods often 

lead to completely different material properties and growth procedures. 

Another way of achieving direct band gap transition is by material compression 

under high pressure. This technique is remarkable at changing the lattice 

parameters while keeping the composition constant. A silicon-germanium (Si-

Ge) semiconductor superlattice was predicted to have an indirect to direct band 
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gap transition by a substrate in 1987 [30]. Moreover, band gap manipulation 

has also been reported for lithium fluoride (LiF) under high pressure [31]. 

Application of 70 GPa hydrostatic pressure to LiF transformed it from a direct 

to an indirect band gap insulator, simultaneously altering the optical 

properties of the crystal. 

1.  Experimental set up 

Room-temperature X-ray diffraction (XRD) spectroscopy of a nominally 

undoped LiCAF crystal were performed, using the NW14A beam line of the 

Photon Factory Advanced Ring of the High Energy Accelerator Research 

Organization (KEK). Laser-shock compression is a new experimental 

technique which is used to abruptly apply pressure to a material. Uniaxial 

compression is achieved by focusing a 10 J, 500 ns laser pulse onto the material 

as shown in Fig. 4. 1. This provides an estimated laser-shock pressure of ∼11 

GPa [88-90]. In our experiment, the laser beam was oriented incident to either 

the a- or c-axis of the crystal. The XRD patterns were then obtained from 

single-shot diffraction images. The uncompressed and compressed LiCAF 

signatures were both present in the patterns. The compressed signature was 

identified by drawing tangent lines. Each diffraction point was then converted 

to a line pattern, where each end point on the pattern corresponds to a 

diffraction point before compression. The experimental results were compared 

with Laue XRD simulations to determine the a and c lattice compression after 

laser shock. The maximum compression ratio at each time delay was estimated 
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assuming that the lattice constant changes only along the direction of 

compression. 

 

Fig. 4. 1 The experimental set up for uniaxial compression of LiCAF crystal 

by laser-shock 

 

2.  X-ray diffraction results 

 Figures 4. 2 and 4. 3 show the tangent XRD patterns of the LiCAF 

crystal obtained using laser-shock compression along the a-axis and c-axis, 

respectively.  The changes along the (4, -1, 2) plane of the crystal are observed 

within a time delay of 0 to 35 ns. These XRD patterns are then compared to 

the Laue XRD simulation patterns shown in Figs. 4. 2(h) and 4. 3(h) in order 

to determine the maximum compression ratio along each axis.  

Pulse width: 100 ps 

Repetition rate: single pulse (from 1kHz pulse train) 

Photon number: 10
9

 photons/pulse 
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Fig. 4. 2 XRD patterns of the LiCAF crystal with laser-shock compression 

along the a-axis at different delay times of (a) 0, (b) 5.90, (c) 12.1, (d) 16.3, (e) 

20.5, (f) 21.7, and (g) 29.3 ns. h) Laue XRD simulation used to obtain 

compression ratios. 

 

Fig. 4. 3 : XRD patterns of the LiCAF crystal after laser-shock compression 

along the c-axis at different delay times of (a) 0, (b) 6.65, (c) 11.9, (d) 15.5, (e) 

18.8, (f) 23.1, and (g) 31.1 ns. (h) Laue XRD simulation used to obtain the 

compression ratios. 
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Figure 4. 4 illustrates the lattice constant compression ratio of the 

LiCAF crystal with laser shock at different delay times. Comparison with the 

calculated lattice compression ratios in Fig. 3. 14a indicates that the pressure 

experienced by the crystal is at most 7.5 GPa.  The estimated maximum laser-

shock compression ratios are 93.4 (a-axis) and 91.8% (c-axis).  The maximum 

lattice compressions of 6.6% and 8.2% occur at 29.3 and 31.1 ns delays, 

respectively. The experimental results verify that it is more efficient to 

compress the LiCAF crystal along the c-axis rather than along the a-axis.  By 

comparing our experimental compression ratios with our numerical results, we 

predict that LiCAF will have a band gap energy of ~12.60 eV, 35 ns after 

uniaxial laser-shock compression along the c-axis. 

 

Fig. 4. 4 Lattice constant compression of the LiCAF crystal obtained at 

different delay times after the laser shock. 
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4.3 Conclusions  

Using 100 – ps X-ray pulses of synchrotron radiation with the laser-

shock compression technique, the ratio compression of the a and c-axis of 

LiCAF crystal were investigated under the pressure of ~11GPa. Both a and c-

axis of LiCAF crystal show the maximum compression after around 30ns by 

laser-shock. Comparing with the calculations in the chapter 3, the 

experimental result also confirmed that the c-axis of LiCAF crystal is easier to 

compression than the a-axis. Through uniaxial laser-shock compression of the 

c-axis, we estimate that the LiCAF band gap will increase by ~0.4 eV, yielding 

an experimental ban gap of ~13.0 eV. Further experiments with high-power 

laser system and shorter time scale are doable to confirm our calculation in 

chapter 3 and to study more about electronic behavior of wide band gap fluoride 

compounds. We also suggest the high pressure uniform compression by 

diamond anvil which hopefully can achieve VUV laser emission from direct 

band gap fluorides. 
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Chapter 5 

The electronic band structure and optical 

properties of LiYF4 crystal 

Lithium yttrium fluoride (LiYF4) is one of the scheelite-structured ionic 

crystals that has been investigated theoretically and experimentally [6, 7, 91, 

92].It has a wide and direct band gap of 10.55 eV [8] and high transparency in 

the VUV region [4]. LiYF4 crystal is one of the few fluoride compounds which 

is direct band gap originally. Based on this property, this crystal can be used 

not only for laser host material but also for light-emitting diode and optical 

devices in vacuum ultraviolet and ultraviolet regions. In this chapter, we 

calculate the electronic band structure and density of states as well as the 

optical properties of a perfect LiYF4 crystal as a VUV laser host material. The 

dependence of these physical quantities on pressure are investigated through 

uniform volume and uniaxial compression. The LiYF4 band gap energy and 

absorption edge can be modified by compressing the crystal uniformly under 

high pressure. 
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1. Crystal structure of LiYF4 crystal 

 

The perfect crystal of LiYF4 shown in Fig. 5. 1 (a) is used with a unit cell 

composed of 24 atoms. LiYF4 is a scheelite-type fluoride with a tetragonal 

crystal structure belonging to the 𝐼 41/𝑎 space group (group number 88) and 

with four formula units per unit cell. Lithium (Li) and yttrium (Y) ions have 4 

and 8 fluorine (F) ions as their nearest neighbors, respectively. The Y and F 

ions have two nearest neighbor distances of 2.244 and 2.297 Å, while the Li 

and F ions have a nearest neighbor distance of 1.897 Å [93, 94]. 

 

Fig. 5. 1: (a) Scheelite-type structure and (b) first Brillouin zone of tetragonal unit 

cell of the LiYF4 crystal. 

The reference atomic positions of LiYF crystal are given in the figure 5. 

1. The coordinates of high symmetry k points in the first Brillouin zone are 

shown in the table 5. 2. The k point path to calculate the electronic band 

structure is following Γ → X → Y → Σ → Z → Σ1 → N → P → Y1 [77]. 
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Table 5. 1: the atomic positions of LiYF4 crystal  

 x y z 

Li 0 1/4 1/8 

Y 0 1/4 5/8 

F 0.2192 0.5846 0.5436 

 

Table 5. 2: the symmetry points of the first Brillouin zone for tetragonal structure. 

Γ 0 0 0 

X 0 0 1/2 

Y -ζ ζ 1/2 

Σ -η η η 

Z 1/2 1/2 -1/2 

Σ1 η 1-η -η 

N 0 1/2 0 

P 1/4 1/4 1/4 

Y1 1/2 1/2 -ζ 

 

 

3. Optimized volume of LiYF4 crystal 

The total energy per unit cell of the LiYF4 crystal is plotted as a function 

of unit cell volume in Fig. 5. 2. At equilibrium, LiYF4 has an optimized volume 

of 289.31 Å3 with corresponding lattice constants of 5.17 Å (𝑎 −axis) and 10.82 

Å (𝑐 −axis). These values are very close to the experimental crystal volume and 

lattice constants with a difference of only less than 1.0 % [93, 94]. The bulk 

modulus of LiYF4 is also obtained after fitting with the Murnaghan equation 

of state [65]. LiYF4 has a bulk modulus of 75.04 GPa which is lower than the 

Where η = (1+a
2
/c

2
)/4   and ζ = a

2
/(2c

2
) 
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experimentally measured value of 81 Gpa [95] and the previous calculated 

value of 94.8 Gpa [96]. Table 5. 3 compares the calculated crystal volume, 

lattice constants, and bulk modulus of LiYF4 with previously reported values. 

 

Fig. 5. 2 Optimized volumes of the LiYF crystal. The curve is fitted using the 

Murnaghan equation of state. 

 

3. Equilibrium structure of LiYF crystal 

Based on the experimental reference data such as lattice constants, and 

the atomic positions of LiYF crystal, we optimized by PBE0 functional with the 

plane-wave basis cutoff is 500 eV and convergence energy is 10-6, and then the 

optimized values are using for electronic band structure and optical properties 

calculations. 
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3.1 Electronic band structure 

 

The electronic band structure of the LiYF4 crystal at equilibrium along 

the high symmetry lines of the first Brillouin zone is shown in Fig. 5. 3. Both 

the valence band maximum and the conduction band minimum of LiYF are 

situated at the Γ point. LiYF4 has a direct band gap energy of 11.09 eV which 

is higher than the previous reported values of 7.54 or 10.55 eV [8, 11]. Previous 

reports have used the orthogonalized linear combination of atomic orbitals 

(OLCAO) [11] or local density approximation (LDA) [8] which often 

underestimate the band gap energies. By using hybrid functionals that 

incorporate a fraction of nonlocal Hartree-Fock exact exchange, our 

calculations overcome the underestimation, resulting to more accurate values. 

 

Fig. 5. 3:  Simulated electronic band structure diagram of the LiYF4 crystal 

having direct band gap of 11.09 eV at gamma point. 
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Table 5. 3 Comparison of lattice constants, crystal volume, bulk modulus, and 

band gap energy for LiYF crystal from previous calculations and experimental 

results. The values inside the parentheses indicate the percent differences 

from the experimental results. 

Parameters Calculations 

[11, 70] 

PBE0 Experimental 

[69, 95] 

Lattice constants (Å) 

a 

c 

 

5.13 

10.67 

 

5.17 (0.19) 

10.82 (0.75) 

 

5.16 

10.74 

Volume (Å3) 280.49 289.31 (0.98) 286.51 

Bulk modulus (GPa) 94.8 75.04 (7.36) 81 

Band gap Eg 7.54 

 (direct)  

11.09 

(direct) 

-- 

 

3.2 Density of state 

The total and partial DOS of the LiYF4 crystal at equilibrium are shown 

in Fig. 5. 4. Three bands can be observed from the total DOS in the range of – 

25 to 16 eV. The bands from – 22.62 to – 17.64 eV are due to the F 2s and Y 4p 

orbitals. On the other hand, the valence band from – 3.46 to 0 eV is mainly 

derived from the F 2p orbital, while the conduction band from 10.70 to 16 eV 

is mainly derived from the Y 4d orbital. The Li 2s orbital has minor 

contributions to both valence and conduction bands. The direct band gap of 

LiYF4 originates from the transition from F 2p of the valence band maximum 

to Y 4d of the conduction band minimum. 
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Fig. 5. 4:  Total and partial DOS of the LiYF4 crystal. The red, blue, and green lines 

represent different  orbitals  in  each  atom. 

 

3.3 Charge density 

 

To illustrate more clearly the electronic structure and bonding in LiYF4, 

we report on the valence charge distribution of LiYF4 crystal. Based on this 

physical property, it may helpful for doping on this material. Figure 5. 5 shows 

the charge density at the different planes. Fig. 5. 5 a) is the charge density at 

the 001 plane, 2.20 Å from the origin perpendicular to the z-axis.  Fig. 5. 5 b) 

is the charge density at the 010 plane, 1.30 Å from the origin perpendicular to 

the y-axis. Fig. 5. 5 c) is the charge density at the 100 plane, 0.00 Å from the 

origin perpendicular to the x-axis. From the figure 5. 5, we can see that the 

bonding between Y and F is much stronger than bonding between Li and F. Li 

is a much smaller ion compared to F and Y. Charge distribution of Y is less 
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intense than Li and F. Distribution of charges around ions are very spherical, 

indirectly supporting the viewpoint that LiYF4 is an ionic crystal. Fig. 5. 5 c) 

shows the bonding between Li and Y versus to F. The spherical charge density 

Li ion is much smaller than Y ion, however, the bonding between Li and F ions 

is stronger than the bonding between Y and F. This is a reason for the Y ion 

can be easily replaced by other similarity radius cation in the LiYF4 crystal. 

 

(001) 2.20 Å from the origin perpendicular to the z-axis 

 

(010) 1.30 Å from the origin perpendicular to the y-axis 
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(100) 0.00 Å from the origin perpendicular to the a-axis 

Figure 5. 5. The charge density contours in the different planes (a) 001 plane, 

2.20 Å from the origin perpendicular to the z-axis, (b) 010 plane, 1.30 Å from 

the origin perpendicular to the y-axis and (c) 100 plane, 0.00 Å from the 

origin perpendicular to the x-axis. 

3.4 Optical properties of LiYF4 crystal 

The optical properties of the LiYF4 crystal are based on the complex 

dielectric function 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 0.1, which is a perfectly 

acceptable value. Figure 5. 6 shows the real and imaginary parts of the complex 

dielectric functions of the LiYF4 crystal. The Kramers-Kronig relation is used 

to extract the real part from the imaginary part of the dielectric function [69]. 

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(𝜔 = 0), 

represents the static dielectric constant. The static dielectric constant of LiYF4 
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is 2.03. The static dielectric constant consists of ionic and electronic 

contributions, and these contributions can be calculated from the dielectric 

constant and the refractive index. The ionic contributions are found to be very 

small for this fluoride crystal. On the other hand, the important information 

from the imaginary part of the dielectric constant are the orbital transitions 

which can be matched to the DOS (Fig. 5. 4). LiYF4 has two main peaks located 

at around 15.00 and 32.12 eV which correspond to the transitions from F 2p to 

Y 4d, from F 2s and Y 4p to Y 4d, respectively. 

   

Figure 5. 6: the real part (a) and imaginary parts of dielectric function of the LiYF4 

crystal. 

Based on the real and imaginary parts of dielectric function, the optical 

properties of LiYF4 crystal such as the refractive index, absorption coefficient, 

transmittance and reflectivity are calculated and shown in Fig. 5. 7. Since 

LiYF4 is a birefringent crystal, its refractive index has similar ordinary (𝑛𝑜) 

and extra-ordinary (𝑛𝑒) components. The calculated refractive indices confirm 
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that YLiF4 is a positive birefringent crystal where the extra-ordinary refractive 

index ne is greater than the ordinary refractive index no. The maximum 

refractive indices are 2.00 and 2.12 for ordinary and extra-ordinary 

components, respectively. These occur at 11.89 eV. The ordinary and extra-

ordinary refractive indices become constant at 1.38 and 1.42, respectively, for 

wavelengths longer than 400 nm. Our calculations differ by around 3.13 % 

compared with the experimental refractive index for wavelengths ranging from 

225 to 2600 nm (0.48 to 5.51 eV) [97]. The difference could be due to the 

temperature of the sample during the experiment as the refractive index 

decreases significantly with temperature [98]. Our calculations are done at 0 

K, while the experiments were done at liquid nitrogen temperature (77 K) [97]. 

LiYF4 has an absorption band in the VUV region from 100 to 200 nm. We will 

perform future experiments to confirm these absorption bands. LiYF4 is highly 

transparent down to the VUV region with an absorption edge around 121 nm. 
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Figure 5. 7: the optical properties such as refractive index (a), absorption coefficient 

(b), transmission (red) and reflectivity (blue) (c) of the LiYF4 crystal 

In high energy region, the group velocity of the wave packet passing through the 

material increases than the velocity of light in free space (vg > c or vg is negative). 

Hence, the material shows superluminal behavior. 

 

4. Uniform volume compression 

Similarity with LiCAF crystal, we investigate the effects of high 

pressure on the electronic band structure and optical properties of LiYF crystal 

by uniform compression of the Pulay stress. Originally, LiYF4‘s band gap is 

direct and it is very high potential material for VUV laser emission as well as 

light-emitting diode by doping with p or n type of semiconductor. The 
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dependence of the crystal volume and band gap energy on the uniaxial 

compression of this fluoride crystal is also investigated. 

4.1 Band structure of LiYF4 crystal at high pressure 

The simulated band structures of the LiYF4 crystal at different 

pressures along the symmetry lines of the first Brillouin zone are also shown 

in Fig. 9., The band gap of LiYF4 increases from 11.09 eV at equilibrium to 

11.63, 11.86, and 11.86 eV when a pressure of 10, 30, and 50 GPa, respectively, 

is applied to the crystal. LiYF4 maintains a direct band gap regardless of the 

applied pressure as both the valence band maximum and the conduction band 

minimum are still located at the Γ point. This observation is different from 

other materials which exhibit band gap transitions from direct to indirect such 

as LiF or from indirect to direct such as LaAlO3 [99, 100]. 

 



83 
 

 

 

Figure 5. 8 The simulated electronic band structure diagrams of LiYF4 

crystal at (a) 10, (b0 30 and (c) 50 GPa. LiYF crystal maintains direct band 

gap under high pressure up to 50 GPa 
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4.2 Density of state 

 

To implement the electronic band structures at different pressures, the 

corresponding total and partial density of states are calculated and shown in 

figure 5. 9. From total and partial density of states, it shows that the 

expansions of the bands by pressures.  

   

Figure 5. 9: The total and partial density of states of LiYF4 crystal at (a) 10, 

(b) 30 and (c) 50 GPa, respectively. 

The transition between band gap energy is still from F2p to Y4d orbitals. 

The increase of valence band width is from 3.46 eV at the zero pressure to 3.56 

eV, 4.24 eV and 4.70 eV for 10 GPa, 30 GPa and 50 GPa, respectively. The 

width of conduction band increases to 3.56 eV, 4.24 eV and 4.92 eV for 10 GPa, 

30 GPa and 50 GPa applied pressures. 

 

4.3 Pressure dependence of band gap energy and volume 
 

To identify the effect of high pressure on the band gap energy, the 

dependence of the crystal volume and band gap energy on the pressure applied 

uniformly on the crystal is investigated. The calculated pressure is in the range 

of 0 to 50 GPa with step of 5 GPa. At each applied pressure, the band gap, 
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optimized volume and lattice constants are calculated and shown in figure 5. 

10. The crystal volume decreases with increasing pressure and it is 211.95 Å3 

(compressed by 25.67 %) at the pressure of 50 GPa. The lattice constants are 

compressed 10.98 % for a axis and 6.20 % for c axis.  

  

Fig. 5. 10: (a) Optimized crystal volume and (b) lattice constants of the LiYF4 

crystal at different pressures. The crystal volume and lattice constants 

decreases monotonically since the pressures are applied through uniform 

volume compression. 

The band gap of LiYF4 gradually increases but then decreases after 

about 45 GPa. LiYF4 reaches to the maximum band gap of 11.87 eV at 45 GPa. 

And then, the band gap energy is slowly decreased by higher pressure 

application. At the pressure of 50 GPa, LiYF4 still has a direct band gap of 

11.86 eV. In the range of pressure from 0 to 17 GPa, our calculated compressions of 

volume and lattice constants are good agreement with theoretical and experimental 

results which is done by X-ray diffraction [6-7]. 
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Fig. 5. 11: Band gap energy of the LiYF4 crystal at different pressures. LiYF4 

has a band gap energy which gradually increases up to 30 GPa and stays 

almost the same up to 50 GPa. 

 

4.4 Optical properties 

 

Figure 5. 12 shows the real and imaginary parts of complex dielectric function 

of LiYF4 crystal at different pressure of 0-50 GPa. For both real and imaginary parts, 

the first peak of spectra are shifted to higher energy level with increasing of intensities. 

The static dielectric constant increases to 2.28 and the first peak shifts to 14.01 eV at 

the 50 GPa. The imaginary part of dielectric function is related to density of state and 

it was explained in the equilibrium part by orbital transitions. At we mentioned before, 

by applying high pressure, the valence and conduction bands are expanded, this leads 

the wider spectra of optical properties. 
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Figure 5. 12: the real part (a) and imaginary parts of dielectric function of the LiYF4 

crystal at different pressure. 

Similarity with dielectric function, there is a blue-shift for refractive index 

and absorption coefficient by pressure application.  

The refractive index and absorption coefficient of LiYF4 crystal at the 

different pressure are shown in figure 5.13. Because of similarity of extra-

ordinary and ordinary components of refractive index, the figure 5. 13 (a) only 

shows the extra-ordinary component of refractive index while figure 5.13 (b) 

shows the absorption spectrum of LiYF crystal. The constant refractive index 

increases to 1.51 at the pressure of 50 GPa from 1.42 at 0 GPa. The maximum 

refractive index is 2.36 at 15.48 eV for 50 GPa. The absorption coefficient of 

LiYF4 crystal increases from 19.20 x 105 cm-1 at equilibrium to 22.87 x 105cm-1 

at 50 GPa while the location of peak is shifted from 13.72 eV to 15.48 eV. 
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Figure 5. 13: The refractive index (a) and absorption coefficient (b) of the 

LiYF4 crystal at different pressure. 

The transmission spectrum of LiYF4 crystal is calculated from 

absorption coefficient and reflectivity at different pressures and shown in 

figure 12. To compare with previous experimental result, horizontal axis of 

spectrum was converted to nanometer. The transmission edge is shifted to 

shorter wavelength when pressure increases. At zero pressure, the 

transmission edge is 121 nm while it is 111 nm at 50 GPa.  

 

Figure 5. 14: the transmission spectrum of LiYF4 crystal at different pressure. 
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5. Pressure dependence of band gap and lattice constants under 

uniaxial compression 

 

Figure 13 shows the lattice constant compression and band gap energy 

of the LiYF4 crystal at different pressures applied through uniaxial 

compression. Pressures in the range of 0 to 16 GPa are applied separately along 

the a-axis and c-axis of the crystal. At 0 GPa, the a and c lattice constants of 

LiYF4 are equal to the equilibrium values of 5.17 and 10.82 Å, respectively. 

Both lattice constants decrease with increasing pressure. At ~ 14 GPa, the 

lattice constants compress by 12.56 % for the a-axis and by 11.09 % for the c-

axis. The more compressibility of a-axis can be explained by the interaction of 

ionic inside the LiYF unit cell. As the results of charge density distribution, 

fluorine atoms have highest charge density comparing with yttrium or lithium. 

Therefore, the compressibility depends on the interaction between fluorine 

atoms. The distances between fluorine atoms in a-axis and c-axis are 3.4 and 

2.7 Å, respectively. It leads the a-axis is easier compress than c-axis for LiYF 

crystal. The band gap increases monotonically when pressure along the c-axis 

is increased from 0 to 16 GPa. On the other hand, a maximum band gap energy 

of 11.19 eV is achieved when 3.41 GPa pressure is appied along the a-axis. The 

band gap energy starts to decrease when pressures greater than 3.41 GPa are 

applied along the a-axis. Applying pressure on the crystal along its c-axis 

generally results to a higher band gap. It is therefore more efficient to compress 
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along the c-axis rather than the a-axis in order to increase the band gap 

through uniaxial compression. 

 

Fig. 5 15 Simulated (a) lattice constant compression and (b) band gap energy 

of the LiYF crystal at different pressures applied through uniaxial 

compression.  

 

6. Conclusions 

The electronic band structure and optical properties of a perfect LiYF4 

crystal were calculated based on DFT using PBE0 hybrid functional. Our 

calculations identified the properties of this fluoride crystal at different 

pressures. At equilibrium (0 GPa), LiYF4 was found to have a 289.31-Å3 crystal 

volume and 75.04-GPa bulk modulus, which are all close to the reported 

experimental values. LiYF4 was also determined to have a 11.09-eV direct 

band gap originating from the F 2p to Y 4d transition. Using a better 

approximation compared to previous reports, we investigated the band gap 

energy, refractive index, absorption coefficient, and optical transmission of 
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LiYF4 at different pressures applied through uniform volume compression. 

LiYF4’s band gap energy increased with pressure without any transition from 

direct to indirect. At 50 GPa, LiYF4 had a band gap of 11.86 eV with both the 

valence band maximum and conduction band minimum still located at the Γ 

point. The absorption band and absoprtion edge were likewise blue-shifted as 

the applied pressure increased. The absorption edge shifted from 121 to 111 

nm when pressure is increased from equilibrium to 50 GPa. LiYF4 can be a 

very good VUV laser host material owing to its wide and direct band gap as 

well as its controllable absorption spectra through crystal lattice compression. 

Our findings featured the change in the electronic behavior and optical 

properties of this fluoride material with pressure. Experimental investigations 

based on the present results are expected in the near future. This investigation 

provides helpful insights toward the development of a solid-state and compact 

VUV light source based on LiYF4. High pressure compression can also be 

applied to other fluoride crystals to improve their properties toward VUV 

applications. 
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Chapter 6 

Summary and conclusions 

The hybrid functional employing an amount of exact exchange is one of 

most powerful methods to calculate accurate band gap energy. With different 

materials, the percentage of exact exchanges are different. Firstly, various 

amounts of exact exchange were initially tested, we estimated that values for 

LiCAF and LiYF are 35 % and 25 %, respectively which yielded a band gap 

energy close to the experimental values. LiCAF was found to have indirect 

band gap of 12.23 eV from the transition between F 2p of valence band 

maximum and Al 3s of the conduction band minimum. On the other hand, LiYF 

was found to have direct band gap of 11.09 eV originating from F 2p to Y 4d 

transition. With wide band gap, both LiCAF and LiYF are potential candidates 

for VUV laser host materials and optical devices. 

By our electronic band structures and density of states, it is helpful to 

explain some physical phenomena that is experimentally difficult to explain 

such as the solarization effect on the Ce:LiCAF and Ce:LiSAF crystals or the 
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absorption peak of LiCAF crystal at around 131 nm is not contamination 

absorption. Moreover, by knowing the transition between band gap, 

modification band gap energy is more easier by doping or impurities. 

To be best of our knowledge, the optical properties such as refractive 

index, absorption coefficient or transmission of LiCaAlF and LiYF perfect 

crystals were calculated for the first time. The GW (Green’s function and the 

screened Coulomb interaction) routine is performed to calculate the optical 

properties of both fluorides in the equilibrium and high pressure conditions. In 

this performance, the excitonic effect is considered. These results were 

compared with experimental observations. Both LiCAF and LiYF are positive 

birefringent crystals where extra-ordinary refractive index is greater than the 

ordinary refractive index. The calculated transmission of LiCAF is very good 

agreement with experiment while transmission of LiYF is firstly calculated at 

the VUV region where experiment is not achieved. The transmission edges of 

these fluoride compounds are 112 nm and 121 nm respectively. 

For the first time, band gap energies of LiCaAlF6 and LiYF4 crystals 

were also modified by high pressure application through uniform volume and 

uniaxial compression. We predict that, through uniform volume compression, 

LiCAF’s band gap shifts from indirect to direct at 110.10 GPa and picosecond 

time scales, arising from the energetic swap of the Al 3s and Ca 4s orbitals. For 

LiYF crystal, it is original and maintains the direct band gap in the range 0 – 

50 GPa of pressure. Wide direct band gap of fluoride materials is not only used 
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for light emitting diodes but also hopefully laser emission in the VUV region. 

The absorption bands and absorption edges were likewise blue-shifted as the 

applied pressure increased.  

The investigations of band gap energy under uniaxial compression show that 

in increasing the band gap of the both fluoride compounds, working along the 

c-axis is more efficient than working along the a-axis because of band gap 

energy and compressibility. This result for LiCAF crystal was confirmed by 

experimental laser-shock compression in chapter 4. Based on success of very 

first experiment, we suggest the high pressure laser-shock with very short time 

scale as well as diamond anvil for uniform volume and uniaxial compression 

in the near future. Our finding featured the change in the electronic behavior 

and optical properties of these fluoride materials with pressure. More 

experimental investigations based on the present results are expected to 

development of a solid-state and compact VUV light sources. Future 

theoretical and experimental research will probe the effects of pressure on 

other fluoride compounds in order to gauge whether the electronic properties 

of these crystals can also be tuned to improve their efficacy in VUV applications. 
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