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The band energy structures of CeF2Cl and CeFCl: crystals have been calculated using the projector augmented-
wave (PAW) method and the hybrid exchange-correlation functional PBEO. The valence band top consists of 2p
states of F and 3p states of Cl. An energy gap is observed between the 5d states of Ce in the bottom part of the
conduction band of both crystals, forming two subbands, 5d1 and 5d2, with very different effective electron masses
(2.49 mg and 0.19 mo for CeF2Cl and 5.95 mo and 0.84 mq for CeFCl», respectively). The 4f states of Ce are placed
within the forbidden band. The obtained values for the band gap of CeF2Cl and CeFCl: crystals are 6 eV and 4.6

eV, respectively.
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Introduction

Inorganic crystals of lanthanide fluorides have proven
themselves as excellent scintillators with applications
spanning various fields of science and technology,
including medicine, high-energy physics, radiation
security, and space technologies [1]. The luminescent
characteristics of these crystals are determined by their
energy structure, particularly the positioning of lanthanide
4f and 5d states relative to the top of the valence band and
the bottom part of the conduction band, and their band gap.

Previous studies [2-5] have analyzed the series of
CeXjs crystals (X = F, Cl, Br, 1), but research on the further
improvement of scintillation properties of lanthanide
halide crystals is still relevant. A promising direction for
investigations lies in exploring the crystal structures with
mixed halogens, as it introduces new possibilities for
controlling the band gap, directly influencing the light
output in such scintillators [6]. Additionally, this approach
improves the temperature stability of crystal luminescence
and their radiation resistance by utilizing halogens with a
higher atomic number.

Theoretical investigations on the energy structure of
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crystals belonging to the CeCls«xBrx and CeBrslx families
have been previously reported in works [7, 8]. This study
represents the completion of this research cycle, providing
data for CeF3Cly crystals.

It is anticipated that CeF,Cl and CeFCl; crystals will
exhibit luminescent properties like CeFs; and CeCls
crystals. Thus, it is crucial to highlight the fundamental
scintillation characteristics of these materials. The
fluorescence spectrum of CeFs; is recognized for its
characteristic doublet with peaks at 290 nm and 340 nm
[9]. The former is caused by the 5d—4f transition in the
Ce3* ion [10] with fast decay Kinetics [11]. CeFs crystal
demonstrates a relatively high light output of
2400 photons/MeV [12].

In contrast, the CeCls crystal has a significantly higher
fluorescence light output corresponding to CeFs,
amounting to 46000 photons/MeV [13]. Additionally, this
crystal has a substantially lower temperature dependence
of luminescence compared to a structurally similar
LaCls:Ce (5%) crystal, as it lacks transitions from the 5d
states of cerium to the bottom part of the conduction band,
which negatively impacts the temperature stability of the
LaCls:Ce decay constant [14]. The major peaks in the
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CeCl; crystal's fluorescence spectrum, caused by
irradiation with energies of 4 eV and 5.4 eV, are analogous
to LaClz:Ce and characterized by positions at 3.7 eV and
3.4 eV, respectively [14].

I. Calculations

All calculations have been conducted within the
density functional theory (DFT) framework utilizing the
projector augmented-wave (PAW) method. Nevertheless,
in its conventional form, this approach has two notable
deficiencies. There is an underestimation of the band gap
[15], which complicates the interpretation of acquired
data, given that CeF3 crystal belongs to the class of wide-
bandgap dielectrics [16]. Additionally, famous exchange-
correlation functionals, such as the local density
approximation (LDA) [17] or its gradient-corrected
improvement, generalized gradient approximation (GGA)
[18], are constructed based on the model of a
homogeneous electron gas, which can be a too strong
approximation in the presence of strongly localized states
of lanthanide 4f and 5d electrons. Therefore, to investigate
the electronic structure of CeF,Cl and CeFCl; crystals, the
hybrid exchange-correlation functional PBEO has been
used, which was efficient in similar theoretical studies [7,
8]. In these calculations, the parameter o was set to 0.25.

Before starting calculations, computer models of the
investigated crystal cells have been constructed. For their
assembly, lattice parameters of CeF3 [19] and CeCls [20]
crystals have been taken from the Materials Project open
database. Each lattice contains eight ions in the elementary
cell (two cerium ions and six ions of the respective
halogen). To create models of CeF,Cl crystals within the
CeF; crystal structure, two fluorine ions were replaced by
two chlorine ions. A similar procedure has been performed
to model CeFCl, but using the CeCls lattice instead. In
both cases, after completing the construction of the
computer lattice models, a BFGS geometric optimization
procedure has been done [21].

In the calculations the following parameters have
been used: the size of Monkhorst-Pack is 10x10x10;
energy cutoff for constructing the plane wave basis — 48
Hartree (1306 eV) beyond the PAW sphere and 108
Hartree (2938 eV) within the augmentation sphere;
number of bands - 200.

All calculations were performed using the open-
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source software ABINIT [22], which incorporates all the
aforementioned theoretical approaches.

I1. Results and Discussions

Figure 1 depicts the calculated partial densities of
states for CeF,Cl and CeFCl; crystals. The peaks in the
valence bands of both crystals originate from the
hybridized p-states of halogens, specifically 2p F and 3p
Cl. The 4f levels of the cerium ion are placed within the
forbidden band. The energy gap between the top of the
valence band and 4f states band is 3.7 eV for CeF,Cl and
2.6 eV for CeFCl,. The bottom part of the conduction band
is formed by the 5d levels of cerium.

From the density of states plots (Figure 2), it is evident
that the valence bandwidth is 2.3 eV for CeF,Cl and 2.9
eV for CeFCl,. For both crystals, a significant intensity
variation in the density of states of the conduction band (in
the proximity of 8 eV for CeF.Cl and 7 eV for CeFCly)
can be observed. The obtained information about the
energy structure of the studied crystals suggests the
existence of two energetically separated subbands, 5d1
and 5d2, akin to what has been demonstrated for other
crystals of the serial [7, 8, 23].

Figure 3 illustrates the band energy structure of the
investigated crystals. The difference in the dispersion of
the states at the bottom of the conduction bands can be
distinguished visually (marked by square brackets beside
the right axes of the diagrams). To confirm the presence
of subbands 5d1 and 5d2 in the conduction band of the
studied crystals, effective masses of electrons in these
subbands were calculated in the proximity of the I point
(where the band gap in both cases has its minimum). The
calculated values are m* =2.49 my for the 5d1 subband
and m* =0.19 mp for the 5d2 subband of CeF,Cl and
m* = 5.95 mo for the 5d1 subband and m* = 0.84 mq for
the 5d2 subband of CeFCl,. Such values confirm the
existence of a subband of localized states in the lower part
of the conduction band, suggesting the potential for
promising luminescent properties due to the effective
formation of self-localized Frenkel excitons resulting
from the 4f—5d1 transitions. The calculated band gaps are
6 eV and 4.6 eV for CeF.Cl and CeFCly, respectively.
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Fig. 1. Partial density of states of CeF,Cl and CeFClI; crystals.
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Fig. 2. Density of states of CeF,Cl and CeFClI; crystals.
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Fig. 3. Energy band structure CeF,Cl and CeFCl; crystals.

Figure 4 presents the energy level diagram of
CeF3.Cly crystals. To construct this diagram, we used data
from the current study and previous investigations of
CeCl; [23] and CeF; [24] crystals. The diagram highlights
a certain similarity in the energy structures of CeFsz and
CeF,Cl, as well as CeFCl; and CeCls crystals. It is crucial
to note that, unlike the series of CeCls.xBrx and CeBrsxlx
crystals, whose synthesis was successfully carried out in

[25] and [26], the investigation of the
CeF3Clyx series remains purely theoretical.
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Fig. 4. Calculated energy band schema of CeFs, CeF.Cl,

CeFCl, and CeCls; crystals.
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Conclusions

Using the projector augmented-wave (PAW) method
and the hybrid exchange-correlation functional PBEO, we
computed the partial and total density of states, as well as
the band energy structure of cerium crystals with mixed
halides CeF,Cl and CeFCl..

It was determined that the valence band of the crystals
is formed through the hybridization of halogen p-states
(2p F and 3p CI). The 4f states of cerium are located within
the forbidden band gap. The bottom part of the conduction
band is composed of Ce 5d states. The calculated band gap
widths are 6 eV and 4.6 eV for CeF,Cl and CeFCly,
respectively.

It has been demonstrated that both crystals have a
peculiarity in the form of energetically separated subbands
5d1 and 5d2 in the lower part of the conduction band,
characterized by different effective masses of electrons in
these states (CeF,Cl: m* =2.49 my and m* = 0.19 my;
CeFCl;;: m*=595mp and m*=0.84mp). This
observation aligns well with results obtained for similar
crystals CeXs (X=F, Cl, Br) [23, 24], CeCls.Brx [7], and
CeBrS_xlx [8]
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EnepreruyHa cTpyKTypa 3MIIIAHMX IaJOreHiIHUX KPUCTAJIIB

CeF2Cl ta CeFCl:

Ulvsiscoruii nayionanvnuii ynieepcumem imeni leana @panka, Jlvsis, Ypaina, yaroslav.chornodolskyy@Inu.edu.ua
2Hayionanonuil yuieepcumem “Jlvsiscoka nonimexuixa”, JIveis, Yxpaina,
SHayionanvna axademis cyxonymuux éiiicox imeni 2emomana Illempa Cazaiioaunozo, JIvsis, Yipaina,
ACymcwruii deporcasnuii ynieepcumem, Cymu, Ykpaina

Po3paxoBano 3ouHI enepretwuHi cTpykTypu kpuctamiB CeF2Cl ta CeFClz 3a momomoroio meromy
NIpoeKLiiHNX npuenHanux XBuwib (PAW) ta ribpuaHoro ooMiHHO-KopensniiiHoro ¢pyHkunionanry PBEQ. Bepuna
BaJIeHTHOI 30HU (opmyeThes 3 2p-craHiB F i 3p-craniB Cl. B HIKHIM 9acTHHI 30HH MPOBITHOCTI A1 000X
kpucraiiB Mix 5d-cranamu Ce CrocTepiraeTbesi CHepreTHYHA IiIHHA, sSiKa YTBOpIo€e JBi miazonu, 5d1 i 5d2, i3
pisHUMH eDeKTHBHUMH MacaMH eaekTpoHiB (2,49 mo i 0,19 mo mms CeF2Cl i 5,95 mo ta 0,84 mo amsa CeFCly,
BinnoBigHO). B 3a0oponeHiit 30Hi 3HaxonaTees 4f crannm Ce. OTpuMmaHi 3HaYCHHS IIMPHHU 3a00pOHEHOT 30HU
kpucraniB CeF2Cl ta CeFCl2 cranoBisaTh 6 eB Ta 4,6 ¢B, BiamnosiaHo.

KiouoBi cjoBa: CHOUHTHIATOP, 30HHA CTPYKTypa, TYCTHHa CTaHIB, €KCUTOH, METOJ MPOEKIiIHuX
MPUETHAHUX XBUIIb.
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