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Abstract

The structural, electronic and optical properties of CeClz and CeBrs crystals are investigated using the density functional theory within
generalized gradient approximation (GGA). The calculated lattice parameters are in good agreement with the experimental data. The energy band
structures and density of states are obtained. The optical properties of CeCly and CeBr3, including the dielectric function, absorption spectra,
refractive index, extinction coefficient and reflectivity are all calculated, and the results are compared with the available experimental data.
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1. Introduction

Cerium trihalides, as typical rare-earth trihalides scintillator,
possess excellent scintillation properties, such as high light
output, fast decay time and excellent energy resolution.
Therefore, they are widely used in various fields such as
high energy physics, positron emission tomography (PET),
as well as some chemical processes involved in the nuclear
industry [1]. At present, the structural, electronic and optical
properties of CeF3 have been extensively investigated using
both experimental and theoretical methods [2-6]. Comparing
with the CeF3 compound, CeCl; and CeBrs show preferable
optical and scintillation properties, for example a higher light
yield (28 000, 68 000 ph/MeV) [9,10]. The electronic structures
and absorption spectra of CeCl3 and CeBr3 have been studied
by a number of experimental techniques, such as electron-
energy-loss spectroscopy (EELS), X-ray photoemission (XPS)
and bremsstrahlung isochromat spectroscopy (BIS) [11,12].
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Their structures have also been studied using some theoretical
methods [5-8]. But to our knowledge, there is no theoretical
report about electronic and optical properties of CeCls and
CeBr3; using the first-principles method. Moreover, exploring
the electronic and optical properties of CeCl3 and CeBrj3 should
have important significance to improve the range of practical
applications of cerium trihalides.

In this work, we present a series of first-principles density
function theory calculations on the structural, electronic
and optical properties of CeCls and CeBr;. We investigate
the optical properties, including the dielectric function,
absorption coefficient, refractive index, extinction coefficient
and reflectivity.

2. Computational method

The calculations are performed using the plane-wave
pseudopotential method based on density functional theory
(DFT). The Perdew—Burke—Ernzerhof (PBE) generalized
gradient approximation (GGA) [13] is used for the exchange
and correlation correction. The reason is that a number of
studies show that the DFT methods based on the GGA
scheme can compute accurately the properties of transition
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metals [14—18]. The structural optimizations are conducted
using the Broyden—Fletcher—Goldfarb—Shanno minimization
(BFGS), modified to take into account the total energy as well
as the gradients. The optical properties are then calculated
based on the linear response theory. A plane-wave cutoff energy
of 450 eV has been employed throughout.

For optical properties calculations, it is important to use a
sufficient number of k-points. Meanwhile, the number of empty
bands is essential for the accuracy of the calculations. The
changes of the optical properties with the number of k-points
and empty bands in the optical matrix elements calculation are
tested. For the sampling of the Brillouin zone, the electronic
structures and optical properties used a 8§ x 8 x 10 and 10 x 10 x
12 k-point grid generated according to the Monkhorst—Pack
scheme [19], respectively. The number of empty bands is 50.

The optical properties of CeClz and CeBr3 are determined
by the frequency-dependent dielectric function ¢(w) = ¢1(w) +
ie2(w) that is mainly connected with the electronic structures.
The imaginary part e>(w) of the dielectric function e(w) is
calculated from the momentum matrix elements between the
occupied and unoccupied within selection rules and given by
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where  is the light frequency, e is the electronic charge. v
and v, are the conduction and valence band wavefunctions at
k, respectively. The real part &1 (w) of the dielectric function
&(w) can be derived from the imaginary part €;(w) using
the Kramers—Kronig dispersion equation. All other optical
constants on the energy dependence of the absorption spectrum,
the refractive index, the extinction coefficient, the energy-loss
spectrum, and the reflectivity can be derived from &1 (w) and
&2(w) [20].

3. Structure determination

Both CeCls and CeBr3 are hexagonal structures with space
group P63/m, where cerium and halide occupy 2a in (1/3,
2/3, 1/4) and 6 h in (0.375, 0.292, 1/4) sites, respectively [21,
22]. The crystal structures are optimized by force and stress
minimization. In the process of optimization, all atoms are
moved towards their equilibrium positions. The experimental
and calculated lattice parameters are summarized in Table 1.
For CeCl3 and CeBrs, the values of the lattice constant a are
overestimated by 2% and 4% comparing with the experiment
results, respectively. At the same time, the values of the lattice
constant ¢ are underestimated 2% and 3%, respectively. These
deviations are within the admitted range of the errors of the
first-principles methods. Thus, our structures are in reasonable
agreement with the experiment.

4. Electronic properties

In the following, we calculate the electronic structures of
CeCl3 and CeBrsj at their equilibrium structures. For CeCl3, the
energy band structure and partial densities of states are shown
in Figs. 1 and 2, respectively. The energy band structure is

Table 1
Crystal structures of CeClz and CeBrj
a=b) cA) V(A
CeCl3 Experiment® 7.451 4313 207.367
Calculation® 7.617 4.209 211.511
CeBr3 Experiment?® 7.936 4.435 241.895
Calculation® 8.265 4.272 252.772
4 Ref. [21].
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Fig. 1. Band structure of CeClj crystal.

calculated along the way that contains the highest number of
high-symmetry points of the Brillouin zone, namely G — A —
H— K— G —- M — L — H. The zero energy is arbitrarily
taken at the Fermi level (dashed line).

The lowest bands around —36 eV consist of 5s states of Ce.
The Ce 5p states are located at around —19 eV. The bands
around —16 eV are derived from the 3s states of Cl. The energy
bands in the range from —6 to —2 eV correspond to the 3p
states of Cl that decides the top of the valence band. These
results are in agreement with the experimental data [11]. Above
the Fermi level, the conduction band consists of 4f and 5d
states of Ce. The 4f states have a sharp peak due to its strong
localization character. In addition, we found a partly filled f
band situated right at the Fermi level. The result does not match
the BIS spectrum of CeCl3. This discrepancy may arise from
the different treatment method of the 4f states of Ce. If the 4f
electron is kept in the core, the calculated result was found to
be in agreement with the experimental results [23]. Otherwise,
because of the localized character of the f states, the unpaired
electron cannot lead to the metallic behavior, its effective mass
tending toward infinity [24]. Therefore, CeCls is an insulator.
Moreover, the 4f! — 4f0 and 4f — 5d calculated energy gap
are 0.64 eV and 1.92 eV, respectively. The band gaps predicted
by DFT are smaller than experimental data, which means that
our results underestimate the real band gaps of CeCls. In our
calculation, the scissors operator (SO) on both the electronic
structure and the optical properties are not considered.

The energy band structure and partial density of states of
CeBr3 are displayed in Figs. 3 and 4. They are very similar to
those of CeCl3 except that the peaks are stronger than those of
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Fig. 2. (a) Partial density of states for CeCl3 crystal; (b) A magnified view of
the Ce PDOS around the Fermi level.
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Fig. 3. Band structure of CeBr3 crystal.

CeCl3. It can be seen that the width and the location in energy
of the Ce atom are not affected by the halogen ligand CI/Br.
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Fig. 4. (a) Partial density of states for CeBr3 crystal; (b) A magnified view of
the Ce PDOS around the Fermi level.

5. Optical properties

The dielectric function of CeCljs is calculated based on its
electronic structure. The &(w) and e;(w) as a function of
the photon energy are shown in Fig. 5. The imaginary part
&2(w) of the dielectric function is directly connected with the
energy band structure. The first peak A at 0.87 eV is due to
the transitions from the occupied f states at and just below the
Fermi level to the small but finite amount of d states in the
sharp fd peak just above the Fermi level. Peak B (3.98 eV)
corresponds to the transition 4f' — 5d° of Ce. The main
peaks of C (7.28 eV), D (11.88 eV) and E (12.87 eV) are
ascribed to the transition from Cl 3p VB to Ce 5d CB. The
peak F (22.17 eV) corresponds mainly to the transition of
inner electron excitation from Ce 5p VB to CB. It is noted
that a peak in &2(w) does not correspond to a single interband
transition since many direct or indirect transitions may be found
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Fig. 5. The imaginary part €;(w) and real part €1 (w) of the dielectric function
&(w) of CeClj crystal.
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Fig. 6. (a) The absorption spectra of CeClz; (b) the absorption spectra of
CeBr3. The dotted lines represent experimental data and solid lines stand for
the calculated result.

in band structure with an energy corresponding to the same
peak [25-27].

The absorption spectra of CeCly are shown in Fig. 6(a),
where the dotted lines represent experimental data and solid
lines stand for the calculated result. In the Fig. 7(a)—(c), the
solid lines show the calculated results of the refractive index,
extinction coefficient and reflectivity of CeCls, respectively. It
is found that the calculated absorption spectrum is in agreement
with the experimental data except for at 22.97 eV where the
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Fig. 7. The calculated optical constants of CeCl3 and CeBr3, (a) refractive
index; (b) extinction coefficient and (c) reflectivity. The solid lines and dashed
lines stand for CeClz and CeBr3, respectively.

calculated peak value is stronger. This discrepancy could arise
from the different treatment method of the Sp states of Ce.
According to the experimental result, the absorption peaks at
22.97 and 25.12 eV originate from the transition of 5p3/;
and 5py/; states of Ce to the lower conduction band. In our
calculation, we do not consider the spin—orbit-split for 5p
states. The other could be the broadening of the experimental
and theoretical curves. The degree of such broadening can
influence the intensity of the peak, but it is not given in the
experiment. In our calculation, we used Gaussian smearing
which is 0.5 eV. However, larger smearing widths result in
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Fig. 8. The imaginary part €5 (w) and real part €1 (w) of the dielectric function
&(w) of CeBrj3 crystal.

lower intensities for the heights of the peaks. The investigation
of the excited state can appropriately explain the origins of
absorption peaks. Thus, it is expected to make clear the reasons
that lead to the discrepancy through further research on the
excited state for CeCls in the future. To our knowledge, there
have not been yet any experimental results on the dielectric
function, refractive index, extinction coefficient and reflectivity.
Therefore, we hope that our results could serve as a reference
for future experimental study.

Fig. 8 shows the calculated dielectric function of CeBrs.
The absorption spectra of CeBrsz are shown in Fig. 6(b). In the
Fig. 7(a)—(c), the dashed line shows the calculated results of the
refractive index, extinction coefficient and reflectivity of CeBr3,
respectively. They exhibit similar features to optical properties
of CeCls.

6. Summary and conclusions

In summary, we calculate the crystal structure, band
structure, density of states, and optical properties of CeCls and
CeBr3 by means of the density functional theory within the
generalized gradient approximation. Our structural parameters
are in good agreement with the experimental results. The
electronic structures and absorption spectra of CeClz and CeBr3
are obtained and compared with the experimental data. Our
results show good agreement with the available experimental
data when we considered the 4f states of Ce as core state. We
also present the dielectric function, refractive index, extinction
coefficient and reflectivity of CeCl; and CeBr3. Moreover, the

imaginary part €2(w) of the dielectric function is discussed in
detail. We are not aware of any published data on the dielectric
function, refractive index, extinction coefficient and reflectivity
of CeCl; and CeBr; materials. Therefore, our results can be
used to cover this lack of data for CeCl; and CeBr3.
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