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Abstract. Based on the density functional theory (DFT), the first-principles methods
are used to study and compare the electronic structures and optical properties of Mg-,
Sr-doped CaF, systems with those of CaF; bulk in detail. In contrast to CaF, bulk,
the band gaps of doped systems become narrower and the new peaks of density states
appear. The orbital interactions between Mg, Sr atoms and Ca atom are enhanced
near the Fermi level, besides, the doped systems all show single dielectric properties
and their absorption coefficients for ultraviolet light are reduced greatly, for Ca;SrFy¢
system, there is a small absorption peak at 25.44 eV. Compared with CaF, bulk, doped
systems have much lower extinction coefficients and much higher light transmittance
in the ultraviolet region. In addition, their reflection and loss peaks all display red shift
and the peak value reduce.

PACS: 31.15.E-,71.20.-b, 78.20.-e
Key words: density functional theory, electronic structure, optical property, dope

1 Introduction

Calcium fluoride (CaF,) crystals have been widely used as optical medium materials for
many years due to their excellent properties such as high transmittance and broad trans-
mittance range (from far UV to mid-IR), low refractive index, high chemical resistance
and high laser damage threshold [1]. Recently, large size CaF, crystals are required as
an important lens material for photolithographic processing of silicon integrated circuits
(IC) at wavelengths in the deep ultraviolet (DUV) region [2]. Calcium fluoride crystals
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have so many advantages that attract a number of scholars to research into them [3-8].
Calcium fluoride has typical fluorite structure consisting of a simple cubic array of flu-
orine ion (F-) with every alternate cube occupied by calcium ion (Ca?*). This kind of
fluorite structure enables high doping concentration of foreign ions, especially for doped
with transition-metal and rare-earth ions. For CaF; doped systems, the changes in elec-
tronic structures and optical properties can introduce new characters different from those
of CaF; bulk. For example, in the case of CaF,:Yb single crystal thanks to its broad emis-
sion bands, it shows very good performances as tuneable laser and as ultra-short pulse
laser generator [9,10]. Recently, the synthesis and upconversion luminescence properties
of Er¥*:CaF, nanoparticles co-doped with Yb3* as sensitizer were reported [11]. Lately,
high power diode-pumped femtosecond laser as well as self-Q-switched laser based on
Yb doped and Na-Yb co-doped CaF, crystals were developed [12]. Light emitting struc-
tures based on nanocrystalline Si/CaF; system were developed featuring a great depen-
dence of the photoluminescence properties from the nanoparticles size [13]. Additionally,
there are other literatures about synthesis of CaF, nanoparticles or hollow sphere doped
with rare-earth and alkaline-earth ions, such as Eu®* [14,15], Tb3* [16,17] and Ce®* [18]
were successively reported. Besides, Magnesium(Mg) and Strontium(Sr) doped calcium
fluoride nanocrystals were synthesized by co-precipitation method by C. Pandurangappa
[19], for Mg:CaF; and Sr:CaF, nanocrystals, their morphological features, optical absorp-
tion spectrum and photoluminescence spectrum were studied in detail. However, in the
experiment, there would be interaction among elements in the interface between met-
als and calcium fluoride films, which may affect the structures and optical properties of
CaF, doping systems, so there are limitations in the experimental research and the com-
putational simulation at the atomic level is particularly important. Currently, theoretical
reports on the physical mechanism about the crystal structures, electrical and optical
properties of Mg-, Sr-doped CaF; systems are very rare.

In this paper, using the first-principles methods based on the density functional the-
ory (DFT), we have studied the electronic structures and optical properties of CaF, bulk
and Mg-, Sr-doped CaF, systems. To be specific, we have calculated the total density of
states (DOS) and partial density of states (PDOS), the real and imaginary parts of complex
dielectric functions, absorption coefficients, refractive indexes, extinction coefficients, re-
flectivity and loss functions. The present results are compared with the available exper-
imental results. Our results would play a guiding role in preparation and development
in the field of application about Mg-, Sr-doped CaF, systems.

2 Theoretical systems and calculation method

2.1 Theoretical systems

CaF, bulk belongs to cubic fluorite structure, its space group is Fm 3m and lattice con-
stants a(b,c) are 5.4630 A [20]. The unit cell of CaF, is composed by four calcium atoms
and eight fluorine atoms, there is equal bond length between each calcium atom and each
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fluorine atom in the nearest close-packed planes. In this paper, we select 2x1x1 CaF, su-
percell consisting of 24 atoms as the calculated system with formula CagFis, of which
a Ca atom is replaced by Cr, Mo and W atoms respectively with doping concentration
12.5%. The molecular formulas are CayMgF;4 and CazSrFye, their structure models are

shown in Fig. 1.
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Figure 1: Crystal structures of CaF, bulk and doped systems. (a) CaF; bulk, (b) CagFy4 system, (c) CayMgF4
system, (d) CaySrFy4 system.

2.2 Calculation method

Our simulations are performed with the Cambridge serial total energy package (CASTEP)
code, which is based on DFT using a plane-wave pseudopotential method [21]. The gen-
eralized gradient approximation (GGA) in the scheme of Perdew-Burke-Ernzerhof (PBE)
is used to treat the exchange-correlation function [22]. In order to make the wave func-
tion become more smooth, then reduce the cutoff energy and calculated amount, we use
the ultrasoft pseudopotential [23] to describe the electro-ion interaction. The valence-
electron configurations for the Ca, F, Mg and Sr atoms respectively are Ca 4s?, F 25?2p5,
Mg 3s2 and Sr 5s2. The plane-wave functions of valence electrons are expanded in a
plane-wave basis set. Reciprocal-space integration over the first Brillouin zone is approx-
imated through a careful sampling at a finite number of k points using a Monkhorst-Pack
mesh [24]. In our calculation, the cut-off energy has been assumed to be 500 eV. Self-
consistency is considered to be achieved when the charge density difference between
succeeding interactions is less than 2 x 10~ eV /atom, and the geometries are considered
to be converged when the forces on each ions becomes 0.03 eV/A (1 A=0.1 nm) or less.
In the optimization process, the maximum stress is set to 0.05 GPa. Our calculated struc-
tural parameters of CaF, bulk are listed in Table 1. The results are in good agreement with
the available experimental results [20] and the theoretical reference [25], which show that
our calculation method is reliable. Besides, the optimized structural parameters of 2x1x1
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CaF; supercell and doped systems are shown in Table 2, Compared with CaF; supercell,
the volume of CayMgF;4 becomes smaller, the bond length between each Mg atom and F
atom in the nearest close-packed planes is shorter, this is due to that the radius of Mg?*
is less than that of Ca2*. But for CaySrF¢ system, the radius of Srt is larger than that of
Ca?*, so its volume is larger than that of CaF, bulk, and the bond length between each
Sr atom and F atom in the nearest close-packed planes is longer. To sum up, there are
obvious structural changes after CaF, bulk doped with Cr, Mo and W atoms.

Table 1: Lattice constants a(b,c), bond length dc,_f between each calcium atom and fluorine atom in the
nearest close-packed planes, and bulk modulus B for CaF; bulk.

a(b,c)/A dCufF/A B(GPa)
This work 5.5106 2.386 84
Experiment[20]  5.4630 2.365 82.71
Reference[25] 5.5637 - -

Table 2: Lattice constants, bond length between each X (Ca, Mg, Sr) atom and F atom in the nearest close-
packed planes, and band gaps for optimized 2x1x1CaF; supercell and doped systems.

Systems a/A b(c)/A c¢/a dxr/A Eg/eV
2x1x1CaF, 11.023 5.5117 0.5000  2.3866 7.124
CayMgFs 10922 54565 0.499%  2.2721 6.702
CaySrFyy  11.120 55562 04997 24771 6.997

3 Results and discussion

3.1 Band structures and density of states

Based on the optimized structures, the band structures, DOS and PDOS of CaF, bulk and
doped systems are shown in Fig. 2 and Fig. 3 respectively. For CaF, bulk, the highest
energy of valence bands and the lowest energy of conduction bands are both located at
I'(G) point, its direct gap is seen to be 7.124 eV, which is in accordance with the theoreti-
cal result 7.07 eV reported by Verstraete M and Gonze X [25]. Experimentally, the direct
band gap is 12.1 eV and the indirect gap is estimated to be 11.8 eV [26]. Compared with
the experimental value, our calculated band gap is lower. As we know, DFT belong to
the ground-state theory and systematically underestimate the band gap in many-body
system, which affect the level distribution of electronic state and the energy of interband
transition among electrons, but they don’t affect the qualitative analysis and comparison
about the electronic structure and optical properties. For Cay;MgF;4 and Ca;SrFy4 sys-
tems, whose highest energies of valence bands and lowest energies of conduction bands
are located at different points, their indirect gaps are 6.702 eV and 6.997 eV respectively.
Compared with CaF, bulk, the band gaps of doped systems narrow, the reason is that
orbital interactions between Mg 2p3s, Sr 3d atates and Ca 3d state are enhanced, which
leads to the conduction bands moving to the low level.
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Figure 2: Band structures of CaF, bulk and doped systems. (a) CaF; bulk, (b) CayMgF14 system, (c) CaySrFy4
system

To gain more insight on the difference between the crystal structures and the bonding
characteristics about Mg- and Sr-doped CaF, systems, we investigate the DOS and PDOS
of CaF, bulk and doped systems as shown in Fig. 3. From Fig. 3(a) we know that there
are five intervals for DOS of CaF; bulk, in the conduction band (CB), the region located
between 6.9 eV and 10.8 eV is mostly dominated by Ca 3d state, the lowest valence band
(VB) around -36.9 eV to -35.1 eV is constituted by Ca 4s state, the next band ranging from
-20.8 eV to -15.6 eV is divided into two narrow sub-bands and they are mainly composed
of F 2s and Ca 3p states. Finally, the band in the range of -3.1D 0.8 eV near the Fermi
level is mainly formed with F 2p state. Fig. 3(b, c) display the DOS and PDOS of Mg-
and Sr-doped CaF, systems, for doped systems, the peak positions of DOS owing to
the contributions of 2s, 2p states of F atom and 4s, 3p states of Ca atom in the valence
bands are roughly the same as those of CaF, bulk. In contrast to CaF, bulk, for Ca;MgFi¢
system, there is new peak of DOS formed with Mg 2p state around -39.8 eV-38.1 eV.
The two new peaks of DOS of CaySrF;4 system in the valence band are located at 30.7D
-29.0 eV and 12.7D -11.0 eV, which are mainly constituted by 5s and 4p states of Sr atom
respectively. The new peaks of DOS of doped systems correspond to the low level and
they are relatively separate, so the interaction with other valence band is weak and the
influence on the system is few. Besides, for doped systems, whose peaks of DOS around
8 eV in the conduction bands are primarily formed with 3d state of Ca atom, as well
as small contributions of 2p3s states of Mg atom and 3d state of Sr atom, and there are
orbital interactions between Ca 3d and Mg 2p3s orbits and Sr 3d orbit.

Fig. 3(d) shows the DOS of CaF, bulk and doped systems near the Fermi level. We
learn that the peaks of DOS of three configurations near the Fermi level are mostly dom-
inated by 2p state of F atom. For CayMgF;s and Ca;SrFy, there are also small contri-
butions of 2p3s states of Mg atom and 3d state of Sr atom. Compared with CaF; bulk,
there are phenomena that the orbital interactions between Ca atom and doped atoms are
enhanced weakly, which indicate that the Mg and Sr atoms slightly change the bonding
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characteristics of crystals. Moreover, the band widths of doped systems are roughly the
same as that of CaF, bulk, which shows that the nonlocality of electrons and the expan-
sibility of atomic orbitals near the Fermi level are unchanged.
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Figure 3: Total DOS and PDOS of CaF; bulk and doped systems. (a) CaF; bulk, (b) CayMgF1¢ system, (c)
CaySrFy¢4 system, (d) the DOS near Fermi level.

3.2 Optical properties

The macro-optical response functions of solid usually are described by complex refractive
index in linear response range, which is described by the following equation

N(w)=n(w)+ik(w)

(1)

According to the definition of direct transition probability and the kramers-Kronig
relation, we can deduce the crystal refractive index N(w), absorption coefficient a(w)
and so on [27]. The formulas are as follows
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Here ¢, is the real part and ¢, is the imaginary part of dielectric function. C and V
represent the conduction band and valence band. t is the reciprocal lattice vector, Ec(K)
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and Ey (K) are corresponding to the intrinsic levels of the conduction band and valence
band. BZ is the first Brillouin zone and |eMcy (K)|? is the matrix element of momentum
transition. In addition, w is the angular frequency and Ay is the wavelength of light in
vacuum. These fundamental relations reflect the light-emitting mechanism that spectra
are produced by electronic transitions among energy levels, which are the theoretical
basis to analyze the optical properties of crystals.

From above formulas we know that other optical parameters could be deduced from
¢1(w) and e2(w). As we know, the complex dielectric function e(w) plays a pivotal role
in characterization about the physical properties of materials and is treated as a bridge
to connect the microscopic models of physical processes with micro electronic structures
of solid. Firstly we analyze the dielectric functions of CaF, bulk and doped systems, and
then we study their absorption coefficients, refractive indexes, extinction coefficients, re-
flectivity and loss functions respectively. The optical properties are deduced from the
matrix element of momentum transition of electron transition between occupied states
and unoccupied states, so whether the band structures are accurate or not which has a
great influence on the calculated results, optical properties calculated in the paper are
scissors corrected [28,29] by value 4.976 eV, which is the difference in band gap between
our value (7.124 eV) and experimental result (12.1 eV). For Mg- and Sr-doped CaF; sys-
tems, there are no experimental reference values about their band gaps, so doped systems
are not scissors corrected. Table 3 displays a series of experimental optical parameters,
from Table 3 we acquire that our calculated optical properties of CaF, bulk are approxi-
mately in accordance with the experimental results [30-33]. For Mg- and Sr- doped CaF,
systems, C. Pandurangappa et al [19] studied their morphological features, optical ab-
sorption spectrum and photoluminescence spectrum. In addition, there is no few report
on the optical properties of Mg- and Sr- doped CaF; systems, so we analyze a series of op-
tical properties of doped systems through making comparison with those of CaF, bulk.

Table 3: Experimental and calculated values of €1(0), 1(0), optical absorption edge a;g4.(w), the positions of
the first absorption peak sz(w) and the first reflection peak PR(w) about CaF;, bulk.

CaF, This work Experiment

€1(0) 1.39 -

n(0) 1.18 1.26[30]
ocedge(w) 10.55 eV 12.00 eV [31]

Pyw) 15.55 eV 11.12 eV[32]

Pr(w) 17.00 eV 11.02 eV [33]

3.2.1 Complex dielectric functions of CaF; crystal and doped systems

Fig. 4 displays the real parts €1 (w) and the imaginary parts > (w) of dielectric functions
of CaF, bulk and doped systems, of which the illustrations show the experimental real
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part &1 (w) and imaginary part &,(w) of dielectric function of cleaved CaF5(111) at room
temperature [32]. We can know that our calculated ¢(w) curve trends of CaF, bulk are
roughly in accordance with the experimental curve trends. €;(w) is the static dielectric
constant of materials when w is zero, we get the &1 (0) of CaF; bulk is 1.39, for Cay;MgF,
and CaySrFy4 configurations, whose €1(0) respectively are 1.21 and 1.19, which are less
than that of CaF, bulk. As we know, ¢(w) curve represents the dielectric properties of
materials, we select the point from positive to negative value as the critical value, as
shown in the red dotted line I. the materials show the dielectric properties when the pho-
ton energy is less than the critical value and display metallicity when the photon energy
is greater than that value. We acquire that the &1 (w) curve trends of doped systems are
basically consistent with that of CaF, bulk. CaF; bulk shows the dielectric properties as
well as metallicity. However, the doped systems all show single dielectric properties, so
it could keep the dielectric properties after CaF, crystal doped with Mg and Sr atoms
respectively.
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Figure 4: Experimental and calculated real parts e1(w), imaginary parts €;(w) of dielectric functions of CaF,
bulk and doped systems.

The threshold energy of € (w) for CaF, bulk are 11.18 eV, it is dominated by the direct
optical transition from the highest valence band to the lowest conduction band, when
the photon energy is greater than this value, the number of possible transition increases
sharply and the value of €1 (w) also increases rapidly. For CayMgF; and CaySrFy sys-
tems, their threshold energies produced by indirect optical transition respectively corre-
spond to 10.80 eV and 11.06 eV, they are less than the value (11.18 eV) of CaF; bulk. For
CaF; bulk, its two main peaks of &, (w) respectively at 14.08 eV and 30.10 eV. The peak at
14.08 eV should be mainly caused by optical transitions between F 2p state in the highest
valence band and Ca 3d state in the lowest conduction band. The peak at about 30.10 eV
is formed with the optical transition between F 2p and Ca 4s states. From Fig. 4 we also
know that there are both two main peaks of €;(w) for doped systems and they are located
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at around 14.7 eV and 30.8 eV respectively, the optical-transition modes of two peaks are
the same as those CaF, bulk. Besides, for Ca;SrFy4 system, there is a new peak of &> (w)
at 25.42 eV, which maybe results from the optical transition between Sr 3dD3d states.
Compared with CaF; bulk, we find that the main peaks of €;(w) show red shift and the
peak values decrease. The reason for this phenomenon is that the orbital interaction be-
tween Mg 2p3s, Sr 3d states and Ca 3d state are enhanced leading to the conduction band
moving to the low level.

3.2.2 Absorption, Refractive indexes, Reflectivity and Loss functions of CaF, bulk
and doped systems

Calculated absorption coefficients a(w), refractive indexes n(w), reflectivity spectrums
R(w) and loss functions L(w) of CaF, bulk and doped configurations are presented in
Fig. 5-8 respectively.
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Figure 5: Absorption of CaF, crystal and doped systems.

From Fig. 5 we know that the optical absorption edge of CaF, bulk lies in the vac-
uum ultraviolet at 10.55 eV, which is slightly less than the experimental value (12 eV)
[31], and the optical absorption edges of CayMgF4 and CaySrFi4 systems respectively
are 10.12 eV and 10.39 eV, from these data we acquire that the absorption edges of doped
systems slightly move to the direction of the long wave in the ultraviolet region. Besides,
we acquire that there are two main peaks of absorption spectra for CaF, bulk at 15.55
eV and 31.89 eV, the experimental value about the first absorption band corresponds to
11.12 eV [32], the reason for the difference between our result and experimental value is
that the absorption coefficient of CaF, bulk is influenced by temperature but theoretical
calculation is in the ideal conditions no taking temperature into account. In addition,
the absorption coefficient of CaF, crystal in the ultraviolet region is very low, which is
consistent with the experimental reference [32]. For Ca;MgF;4 system, whose two main
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absorption peaks respectively locate at 15.40 eV and 31.25 eV, and those of Ca;SrF;¢ cor-
respond to 15.18 eV and 31.21 eV, moreover, there is a new absorption peak at 25.44 eV
for CaySrFy4 , based on the fact that DFT systematically underestimate the band gap, we
think the new absorption peak maybe caused by the optical transition between Sr dDd
states, which is consistent with the analysis results of the dielectric function. Combined
with the analysis of the band structures, we know that the doped systems not only re-
duce the band gap but also make the absorption peak expand slightly to the low level,
the absorption edge display red shift. Moreover, the absorption coefficients of doped
systems are much lower than that of CaF; bulk, that is to say, it could greatly reduce the
absorption for ultraviolet light after CaF, bulk doped with Mg and Sr atoms.
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Figure 6: Refractive indexes of CaF, crystal and doped systems.

The refractive indexes of CaF; bulk and doped systems including n(w) and k(w) as
shown in Fig. 6. The static refractive index n(0) can be got by the limit value of n(w). For
CaF,, CayMgF14 and CaySrFy4 configurations, whose n(0) respectively are 1.18, 1.10 and
1.09. The main peaks of n(w) of CaF, correspond to 14.24 eV and 30.63 eV respectively. In
contrast to CaF; bulk, n(w) peaks of doped systems show red shift and locate at around
13.7 eV and 29.8 eV, besides, the peak values reduce significantly. From Fig. 6 we also
acquire that the peaks of extinction coefficient k(w) of CaF, bulk are mainly located in
the ultraviolet region around 11-36 eV, the extinction coefficient of CaF, bulk is very low
in the visible and ultraviolet regions, which indicates that the light transmittance is high,
this is consistent with the experiment reports on the optical properties of CaF; crystal
[1,32]. Compared with CaF, bulk, the peak positions of k(w) of doped systems display
red shift, moreover, the extinction coefficients of doped systems are much lower and the
light transmittances are much higher in the visible and ultraviolet regions, so it could
improve the light transmittance especially for ultraviolet light after CaF, bulk doped
with Mg and Sr atoms.

Fig. 7 and Fig. 8 respectively display the graphs of reflectivity and loss functions of
CaF; bulk and doped systems, From the figures we know that there are two main re-
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Figure 8: Loss functions of CaF, crystal and doped systems.

flection peaks for CaF, bulk, which are 0.40 and 0.53 respectively at 17.00 eV and 32.83
eV, the peak at 17.00 eV arises from optical excitation of electrons in the valance and the
peak at 32.83 eV is caused primarily by excitations of the core states of Ca?*. The experi-
mental measurements show that the reflection spectra peaks are located in the regions of
6-26 eV and 30-36 eV [32], so our results accord with the experimental values. Compared
with CaF; bulk, the trends of reflection curves of doped systems are similar, besides, the
reflection peaks of doped systems show slight red shift and the peak values decrease sig-
nificantly, it shows that the optical excitation of electrons and excitations of the core states
weaken obviously. Fig. 8 exhibits the loss function L(w) which is the physical quantity
describing energy loss of electrons in uniform dielectric. The peaks of L(w) spectra rep-
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resent the characteristic associated with the plasma resonance and the corresponding
frequency is the so-called plasma frequency [34]. From Fig. 8 we also acquire that the
main peaks of L(w) curve of CaF; bulk are narrow and sharp, which respectively locate
at 17.29 eV and 33.07 eV determining two screened plasma frequencies, at the same time,
they correspond to the zero crossing of ¢;(w) and the abrupt reductions of two peaks
of reflection spectra. Similarly, for each doped system, there are two main loss peaks
also showing plasma frequencies and zero crossing of €1 (w) with the abrupt reductions
of three peaks of R(w). Compared with CaF, bulk, the loss peaks of doped systems all
display red shift and the peak values reduce greatly. To sum up, it could greatly reduce
the reflectivity and the energy loss in the ultraviolet region after CaF; bulk doped with
Mg and Sr atoms.

4 Conclusions

Based on DFT, we use a plane-wave pseudopotential method to study and compare the
band structures, electronic and optical properties of doped systems and CaF; bulk. The
results are as follows

(1) The orbital interactions between Mg 2p3s, Sr 3d states and Ca 3d state are en-
hanced leading to the band gaps of doped systems narrowing;

(2) There are new peaks of DOS resulting from the orbital transitions of Mg 2p and Sr
5s4p states;

(3) Doped systems show single dielectric properties, their absorption edges display
red shift and the peak values reduce significantly;

(4) It could greatly reduce the absorption for ultraviolet light after CaF, bulk doped
with Mg and Sr atoms;

(5) Doped systems could improve the light transmittance especially for ultraviolet
light;

(6) It could greatly reduce the reflectivity and the energy loss in the ultraviolet region
after CaF, bulk doped with Mg and Sr atoms.

To sum up, our results will be treated as the theoretical guidance for the subsequent
experimental research on new performances of CaF, doped systems.
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