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a b s t r a c t

Ab-initio calculations based on density-functional theory have been employed to study the electronic
structure and some optical properties of the pure BaY2F8 (BYF) crystal. The band gap is calculated to
be 7.5 eV. The electronic structure calculations revealed that the top of the valence band is dominated
by the fluoride p-states, while the very bottom of the conduction band has predominantly yttrium d-
character. The optical response in ultra-violet region is determined by calculating the complex dielectric
tensor. It was found that the BYF crystal does not exhibit large optical anisotropy. Its principal absorption
occurs due to electronic transitions from populated 2p states of the F to empty d-states of neighboring Y
and Ba atoms.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

The fluoride compounds form an important class of materials
that show peculiar chemical and physical characteristics: low
refraction index, low phonon energy and wide-in-wavelength
transmission region [1]. They are usually very attractive for optical
applications because combine high quantum efficiency with favor-
able chemical and mechanical proprieties [2].

Barium yttrium fluoride, BaY2F8 (BYF), is a material that pro-
vides a convenient crystalline matrix for effective upconversion
processes thanks to its very low phonon energy (⁄x � 350–
380 cm�1 [3]). Owing to its good thermo-mechanical properties it
is also investigated as active material for solid-state laser host
[4]. Recently, the BYF doped with rare earth ions attracted atten-
tion due to its scintillation properties [5]. Despite considerable
experimental effort to understand the mechanical and optical
properties of the BYF, there is still a lack of theoretical knowledge
of the compound, especially considering its band structure and
absorption–emission characteristics.

The objective of this paper is to determine the electronic struc-
ture of the pure BYF crystal employing the state-of-art density-
functional theory based calculations, and on this basis to analyze
its optical absorption spectrum in the ultra-violet range (up to
40 eV). The interpretation of this spectrum in terms of band struc-
ture give insight into the manner by which the crystal respond to
external electromagnetic perturbation. To the best knowledge of

authors, it is the first time that this kind of approach is applied
to study the BYF system.

2. Calculations details and optimization of the crystal structure

The calculations were performed using the Full Potential Linear
Augmented Plane Wave (FP-LAPW) method [6], the first-principles
method based on density-functional theory (DFT) [7] and imple-
mented in WIEN2k computer code [8]. In this method, the wave
function and the potential are expanded in spherical harmonics
inside non-overlapping spheres surrounding the atomic sites (muf-
fin-tin spheres) and a plane wave basis set in the remaining space
of the unit cell (interstitial region) is used. The muffin-tin radius
RMT was assumed to be 2.6, 2.0 and 1.5 au for Ba, Y and F, respec-
tively. The valence wave functions inside the sphere are expanded
up to lmax = 10. The plane wave cut off of Kmax = 7.0/RMT is chosen
for the expansion of the wave functions in the interstitial region
while the charge density was Fourier expanded up to Gmax = 12.
For k-space integration a mesh of 18 k-points in the irreducible
part of the Brillouin zone was used. Exchange and correlation ef-
fects were treated by generalized-gradient approximation
(GGA96) [9]. The 56Ba: 5s25p66s12, 39Y: 4s24p64d15s2 and 9F:
2s22p5 electronic states were considered as valence ones, treated
self-consistently within the scalar-relativistic approach, whereas
the core states were relaxed in a fully relativistic manner.

The BYF crystallizes in a monoclinic structure with the C2/m
space group [10]. The reticular constants are a = 0.6982 nm,
b = 1.0519 nm, c = 0.4264 nm, with angle c between the a-axis
and the c-axis of 99.7�. The primitive unit cell contains two
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molecules of BaY2F8, i.e. 22 atoms. However, the WIEN2k package
does not accept this description of the BYF structure due to the fact
that some Wyckoff atomic positions are semi-populated. For this
reason, the BYF crystal is represented by the triclinic structure with
the space group P-1 (transformation from the C2/m to the P-1
structure was executed by PowderCell software [11]). In the light
of new description, the lattice parameters are a = b = 0.6313 nm
and c = 0.4264 nm, with angle a = b = 95.33� and c = 112.84�. The
primitive unit cell contains one molecules of BYF, i.e. 11 atoms,
from which the five are crystallographically inequivalent: the Ba,
the Y, and the three types of the F: F1, F2 and F3.

The BYF crystal structure was computationally optimized by
permitting all the atoms inside the unit cell to move until the equi-
librium is reached, in which the forces sensed by each atom are less
than 3 mRy/au. Resultant theoretical structure is, however, found
to be practically identical to the one experimentally determined,
published in the Ref. [12]. This fact is presented in Table 1 which
compares some selected inter-atomic distances in the BYF (first
coordination spheres of the Ba and Y atoms).

3. Electronic structure

The calculated total density of states (TDOS) of the BYF com-
pound is shown in Fig. 1. The spectrum consists of series of very
well separated bands, reflecting a strong ionic character of atomic
bonds in the crystal. The relatively broad band (with the width of
approximately 3 eV) at the very top of the valence region is domi-
nated by the F-2p states, containing almost six electrons per atom.
This fact shows that the F attracted one extra electron inside its
atomic sphere owing to its high electro-negativity. The Ba-5p
states are concentrated within one narrow band positioned at
the energy of �8 eV, and the rest of populated states lie in the low-
er energy part of the TDOS spectrum, as demonstrated in Fig. 1. The
first peak at the very bottom of the conduction region, whose
width is approximately 1 eV, has predominantly Y-d character.
The next band, which begins at 8.5 and terminates at approxi-
mately 12 eV, consists of various peaks and contains a mixture of
the Y-4d and Ba-5d states. The high-intensity peak centred at
13 eV, whose width is about 2 eV, originates from empty 4f states
of the Ba, while the rest of the conduction band at higher energies
consists of the hybridized states of the Ba, Y and F. The similar
ordering and relative positions of Ba and F bands is reported for
other fluoride compounds, such as BaLiF3 [13]. The calculated value
for the BYF band gap is 7.5 eV. Although we did not find any pub-
lished experimental result for the BYF band gap, there exist indi-
rect indications that it is much larger. The Ref. [14] reports the
excitation spectrum of 5d ? 4f emission of Er in BYF:Er, from
which one can estimate absorption edge of the host at approxi-
mately 10–11 eV. This indication is confirmed in the Ref. [15]
which study absorption of Dy in BYF:Dy up to energy of approxi-
mately 10 eV, at which seems to begin the host absorption. Dis-
crepancy between calculated and experimental gap should be

attributed to the well known deficiency of the GGA to accurately
describe electronic correlations.

4. Optical properties

The information about the optical response of solid materials
can be accessed from the knowledge of their complex dielectric
tensor e. The imaginary part of this tensor is directly proportional
to the intensity of optical absorption and can be determined by
computing the electric dipole matrix elements between the occu-
pied and unoccupied electronic states. In the limit of linear optics,
neglecting electron polarization effects and within the frame of
random phase approximation, the expression for the imaginary
part of e is the following [16]:

ImeabðxÞ ¼
4p2e2

m2x2

X
i;f

Z
BZ

2dk

ð2pÞ3
jhufkjPbjuikijjhufkjPajuikij

� dðEf ðkÞ � EiðkÞ � �hxÞ ð1Þ

for a vertical inter-band transition from a filled initial state juiki of
energy Ei(k) to an empty final state jufki of energy Ef(k) with the
same wave vector k. x is the frequency of the incident radiation,
m the electron mass, P the momentum operator, and a and b stand
for the projections x, y, z.

In the case of anisotropic material, eab is a complex, symmetric,
third-order tensor whose number of independent non-zero com-
ponents depends on the crystal symmetry. As the BYF has the low-
est, triclinic symmetry, its dielectric tensor has six independent
components: exx, eyy, ezz, exy, exz e eyz.. We calculated imaginary part
of all of them using the formula (1) for the range of incident radi-
ation energies from 0 to ⁄x = 40 eV. The real part of dielectric ten-
sor is then determined using Kramers–Kronig relations. Both real
and imaginary parts of e were calculated with a mesh of 221k-
points in the irreducible wedge of the first Brillouin zone.

Every symmetric tensor can be reduced to its diagonal form by
transforming the Cartesian coordinate system {x, y, z} in which it
has been presented to another orthogonal system {x0, y0, z0}, usually
called the principal axis system. We diagonalized the dielectric
tensor of the BYF by resolving the eigenvalue problem:

detðImeij � kIÞ ¼ 0 ð2Þ

which is reduced to polynomial expression of the third degree in k:

ak3 þ bk2 þ ckþ d ¼ 0 ð3Þ

where

a¼�1
b¼ Imexxþ Imeyyþ Imezz

c¼ðImexyÞ2þðImexzÞ2þðImeyzÞ2� Imexx � Imeyy� Imexx � Imezz� Imeyy � Imezz

d¼2 � Imexy � Imexz � Imeyzþ Imexx � Imeyy � Imezz� Imexx � ðImeyzÞ2

�Imeyy � ðImexzÞ2� Imezz � ðImexyÞ2

Table 1
Selected Ba–F and Y–F inter-atomic distances in the BYF crystal, as calculated by the FP-LAPW method and compared with experimental data [12].

Nearest-neighbor distance Theory Experiment Nearest-neighbor distance Theory Experiment

Inter-atomic distances in the BYF (Å)
Ba–F3 2.714 2.715 Y–F3 2.241 2.242

2.714 2.717 2.241 2.226
Ba–F2 2.737 2.737 Y–F2 2.259 2.259

2.737 2.738 2.259 2.258
Ba–F1 2.859 2.859 Y–F1 2.276 2.275

2.859 2.861 2.276 2.276
Ba–F1 2.929 2.929 Y–F1 2.326 2.326

2.929 2.928 2.326 2.326

1634 J.M. Dantas, M.V. Lalic / Optical Materials 32 (2010) 1633–1636



Author's personal copy

The eigenvalues (k1, k2, k3) are expressed in terms of the calcu-
lated Im(eij) with the aid of the software Math Cad, but these
expressions are not presented here due to their very long and com-
plex form. As a result, we determined the three components of the
BYF dielectric tensor along its principal optical axes. Their imagi-
nary parts, proportional to the optical absorption spectrum of the
BYF, are presented in Fig. 2.

From Fig. 2 it can be seen that the absorption curves have very
similar form along the three principal axes, with the main peaks

centred on the same energy values. Thus, we conclude that the
BYF crystal does not exhibit large optical anisotropy. It mostly ab-
sorbs the light whose energy lies within the energy interval of the
first absorption peak, with theoretical limits from 7.5 to 12.5 eV.
Due to underestimation of the theoretical gap value, however,
the limits of this interval should be shifted to 3–4 eV higher
energies.

With the objective to analyze the manner by which the BYF ab-
sorbs the incident radiation, we interpreted its absorption spectra

Fig. 1. Calculated total DOS of the BaY2F8. The dominant orbital characters of the bands are indicated. Dashed line denotes Fermi level.

Fig. 2. Imaginary part of the dielectric tensor of the pure BYF crystal calculated along its principal optical axes and expressed as function of the incident radiation energy.

Fig. 3. Imaginary part of the dielectric tensor k2 of the pure BYF crystal interpreted in terms of inter-band electronic transitions.
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in terms of the electronic structure shown in Fig. 1. As the absorp-
tion curves are similar, we choose one of them (actually k2) as the
representative, and presented its decomposition in terms of elec-
tronic inter-band transitions in Fig. 3.

The first, lowest energy peak, originates from the electron trans-
fer from the very top of the valence band to the very bottom of the
conduction band. It is thus dominated by the electronic transitions
from the full F-2p states to the empty d-states of neighboring Ba
and Y ions. The transitions from the F-2p to the Ba-4f states
contribute very little to overall absorption. The second peak, posi-
tioned between 15 and 20 eV, originates from two contributions:
(1) the transitions from the Ba-5p to the Ba-5d states, and (2) the
transitions from the F-2p states to the empty states at higher en-
ergy (hybridization band in Fig. 1). The last type of transitions is
responsible for the formation of the next structure in the absorp-
tion spectrum, situated between 20 and 25 eV. The radiation with
the energy between 25 and 29 eV is absorbed via Y-4p to Y-4d elec-
tron transition, while the transitions from the F-2s to the Y-4d
states dominate the highest energy part of the absorption spec-
trum, yet characterized with low intensity. Again, all energy inter-
vals reported above should be shifted about 3–4 eV to higher
values in order to match the experimental situation.

5. Conclusion

We employed the first-principles, DFT based, FP-LAPW method
to study structural, electronic and optical properties of the pure
BaY2F8 (BYF) crystal. It was found that the calculated atomic posi-
tions within the BYF unit cell agree very well with the published
experimental data. The calculated electronic structure revealed
the orbital character of the most important bands. The top of the
valence band consists of the fluorine 2p states while the conduc-
tion band bottom is dominated by the Y and Ba d-states. The gap
is calculated to be 7.5 eV, underestimated in relation to experi-

ment. The optical absorption of the BYF in the ultra-violet region
was analyzed by calculating its dielectric tensor. It was concluded
that BYF does not exhibit large optical anisotropy. Its absorption
spectrum is interpreted in terms of inter-band electronic transi-
tions. The analysis showed that the BYF absorbs mostly in the en-
ergy region that corresponds to the lowest energy absorption band
owing to transitions from the F-2p states to the Y and Ba d-states.
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