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ENERGY STRUCTURE OF CeCl2Br AND CeClBr2 CRYSTALS

Ya. M. Chornodolskyy1 , V. O. Karnaushenko1 , S. V. Syrotyuk2 ,

L. D. Bolibrukh2 , S. O. Ihnatsevych1, O. T. Antonyak1 , A. S. Voloshinovskii1
1Ivan Franko National University of Lviv,

8, Kyryla & Mefodiya St., Lviv, UA�79005, Ukraine
2Lviv Polytechnic National University,

12, S. Bandera St., Lviv, UA�79013, Ukraine
(Received 01 August 2023; in �nal form 25 August 2023; accepted 28 August 2023; published online 19 September 2023)

Band-energy structures of CeCl2Br and CeClBr2 crystals have been calculated using the projected
augmented wave method (PAW) and the hybrid exchange-correlation functional PBE0. A valence
band is formed by mixed 3p Cl and 4p Br states. There is an energy gap between the 5d states of Ce
at the bottom of the conduction band, where subbands 5d1 and 5d2 have di�erent e�ective electron
masses of 2.3m0 and 0.06m0. 4f Ce states are located in the middle of the band gap. The calculated
band gap values for CeCl2Br and CeClBr2 crystals are 4.5 eV and 4.0 eV, respectively.
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I. INTRODUCTION

Inorganic scintillators like lanthanide �uoride crystals
are intensively studied by scientists around the world due
to their high light yield and fast decay kinetics [1, 2].
Nowadays, researchers focus on �nding new compounds
that eliminate the shortcomings important for practical
usage.
In recent years, many works have been published

on the study of crystals of the CeX3 type (where
X = F,Cl,Br, I) [3, 4] and LaF3:Ln (Ln = Ce− Lu)
[5, 6, 7]. One of the most popular crystals of this
series is CeBr3, which demonstrates unique scintillati-
on properties. Unfortunately, the crystal has signi�-
cant hygroscopicity [8], which severely limits the scope
of its practical use. In [9], it has been demonstrated
that mixing halogens in CeCl3−xBrx structures, despi-
te a slight decrease in the light yield, signi�cantly
improved hygroscopic properties of such crystals. A
detailed analysis of this approach will open the possi-
bility of designing scintillators that will satisfy vari-
ous applied scenarios. This method has already been
successfully used to improve the scintillation properti-
es of some crystals, including LaBr3−xIx: Ce [10] and
CeBr3−xIx [11, 12]. In the current work, we present
theoretical studies of CeCl2Br and CeClBr2 crystals,
supplementing previously obtained information about
CeCl3 and CeBr3 crystals [4] and interpret the results
of experimental studies of the work [9].
The CeCl3 crystal has a signi�cant luminescence

yield � 46 000 photons/MeV [13]. Also, good
temperature stability of the decay time is expected
since there are no transitions from the 5d Ce states
to the bottom of the conduction band, which cause
the noted drawback in the structurally and chemically
similar LaCl3:Ce [14]. Peaks with energies of 3.7 eV
and 3.4 eV are observed in the emission spectra of the
crystal at excitation energies of 4 eV and 5.4 eV [15].
Among all cerium �uoride crystals, the CeBr3

crystal has the highest luminescence output value
(68 000 photons/MeV) [16]. The luminescence spectrum

of this crystal is characterised by a typical doublet
of the 4f Ce states at the energies of 3.35 eV and
3.17 eV [17]. The CeBr3 crystal, having worse lumi-
nescent properties than LaF3:Br, has a signi�cantly lower
value of background radioactivity [18], which is crucial
for precision sensors.

II. MODELLING AND CALCULATIONS

Theoretical calculations have been made within the
density functional theory (DFT) framework using the
augmented projected wave (PAW) method [19], which
allows taking into account the fast oscillations of the
electron wave functions near the core, using limi-
ted computational resources. All above approaches are
implemented in the open-source software Abinit [20,
21], which has been chosen for this study. To descri-
be the exchange-correlation interaction of electrons, the
PBE0 hybrid functional has been used, which is a typi-
cal choice for strongly localised systems like CeX3 [3, 4].
Computer models of CeCl2Br and CeClBr2 crystal latti-
ces have been used as input parameters for the calculati-
ons. Table 1 presents their parameters obtained using
X-ray di�raction in [9]. In the study, the crystals have a
hexagonal P3c1 structure [9]. The geometry optimizati-
on of lattices with the �xation of their volume has been
made before the calculations.

Crystal α = β
(
�A
)
c
(
�A
)
Volume (�A

3
)

CeCl2Br 7.65 4.37 221.47

CeClBr2 7.80 4.41 232.25

Table 1. Lattice parameters of CeCl2Br and CeClBr2
crystals [9]

All calculations have been performed on a 10×10×10
Monkhorst�Pack grid. The wave functions have been
described by plane waves with a cut-o� energy of
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48 Hartrees (108 Hartrees within the PAW sphere). For
a detailed analysis of the dispersion of the conduction
band bottom states, 200 have been considered.

III. RESULTS AND DISCUSSION

Figure 1 shows the partial densities of states of
CeCl2Br (a) and CeClBr2 (b) crystals. In both crystals,
the top of the valence band is constructed by the

overlapped 4p Br and 3p Cl states. There is a typical
high intensive peak 4f Ce in the middle of the band gap.
The bottom of the conduction band is formed by the 5d
Ce levels. The obtained band energy structure is similar
to CeX3 crystals [3, 4], and the peculiarity caused by
using mixed halides is manifested only in the change of
the valence band structure.
Di�erences in the total densities of states of the studied

crystals are visually weakly noticeable (Fig. 2). In both
cases, the width is 3.5 eV for the top of the valence band
and 0.5 eV � for 4fCe.

Fig. 1. Partial density of states (PDOS) of CeCl2Br (a) and CeClBr2 (b) crystals

Fig. 2. Total density of states (DOS) of CeCl2Br (a) and CeClBr2 (b) crystals

Fig. 3 presents the calculated band structures of
CeCl2Br (a) and CeClBr2 (b) crystals. The minimum
value of the band gap (Eg) is at the proximity of Γ poi-
nt and is equal to 4.5 eV and 4 eV for CeCl2Br and
CeClBr2, respectively. Based on the results of the work
[4], it is expected that when the concentration of bromide
ions increases, a decrease in the band gap occurs. The di-
spersion of states of the bottom of the conduction band

in both crystals is almost the same. In the case of the
CeCl2Br crystal, the position of the 4f Ce states is shi-
fted to the higher energies region by 0.5 eV compared
to CeClBr2. Based on the above information, it can be
concluded that the change in the concentration of bromi-
ne ions in the CeCl3−xBrx structure opens up the possi-
bility of controlling the amount of light output of lumi-
nescence, which is inversely proportional to the value of
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the band gap of crystals [22].
As previously shown in works [3, 4], the lower

part of the conduction band of CeX3 crystals (X =
F,Cl,Br) has a peculiarity in the form of an energy gap
between states characterised by radically di�erent e�ecti-
ve masses. Fig. 3 highlights the subbands 5d1 and 5d2 of

the conduction band of CeCl2Br and CeClBr2 crystals.
The e�ective masses for both crystals are the same and
are 2.3m0 for the 5d1 subband, and 0.06m0 for 5d2 (m0

is the mass of a free electron). Such value of the e�ective
mass of electrons in the 5d2 states facilitates the formati-
on of the Frenkel exciton [3, 4].

Fig. 3. Electron energy band structure of CeCl2Br (a) and CeClBr2 (b) crystals

IV. CONCLUSIONS

1. The augmented projected waves (PAW) method,
in conjunction with the hybrid functional of
exchange-correlation interaction (PBE0), allows
conducting theoretical studies of the electronic
energy structure of cerium crystals with mixed
halogens like CeCl2Br and CeClBr2.

2. The top of the valence band of both crystals is
constructed by the 3p and 4p states of the Cl and
Br ions, and the bottom of the conduction band
is formed by the 5d states of cerium. Also, there
are 4 states of Ce in the middle of the band gap.
In the case of CeCl2Br crystal, the position of 4f
Ce states is 0.5 eV higher than in CeClBr2. The
calculated band gap is 4.5 eV and 4 eV for CeCl2Br
and CeClBr2, respectively.

3. The lower part of the conduction band of the
studied crystals has a feature in the form of an
energy gap between the 5d states of Ce, which
are characterized by di�erent values of e�ective
electron masses. Also, the e�ective masses for the
5d1 and 5d2 subbands of Ce are 2.3m0 and 0.06m0,
respectively. Such high values of e�ective electronic
masses facilitate the formation of Frenkel excitons,
which positively a�ects the scintillation properties
of crystals.

4. The change in the concentration of bromine ions in
the CeCl3−xBrx structure opens up the possibility
of controlling the value of the luminescence light
yield as a value inversely proportional to the gap
width.
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ÅÍÅÐ�ÅÒÈ×ÍÀ ÑÒÐÓÊÒÓÐÀ ÊÐÈÑÒÀËIÂ CeCl2Br ÒÀ CeClBr2
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Íà ñüîãîäíi íåîðãàíi÷íi ñöèíòèëÿòîðè íà îñíîâi ôòîðèäíèõ êðèñòàëiâ ëàíòàíiäiâ iíòåíñèâíî äî-
ñëiäæóþòü ó÷åíi âñüîãî ñâiòó, îñêiëüêè âîíè ìàþòü âèñîêå çíà÷åííÿ ñâiòëîâèõîäó òà øâèäêó êîìïî-
íåíòó êiíåòèêè çàãàñàííÿ. Óñå ÷àñòiøå ïîñòà¹ ïèòàííÿ ïîøóêó íîâèõ ñïîëóê, ÿêi íiâåëþþòü âàæëèâi
äëÿ ïðàêòè÷íîãî âèêîðèñòàííÿ íåäîëiêè. Îñòàííiìè ðîêàìè îïóáëiêîâàíî íèçêó ïðàöü iç äîñëi-
äæåííÿ êðèñòàëiâ òèïó CeX3 (äå X = F,Cl,Br, I) òà LaF3:Ln (Ln = Ce−−Lu). Óíàñëiäîê ñâî¨õ
óíiêàëüíèõ ñöèíòèëÿöiéíèõ âëàñòèâîñòåé êðèñòàë CeBr 3 ìà¹ çíà÷íó ãiãðîñêîïi÷íiñòü, ùî ñèëü-
íî îáìåæó¹ ñôåðó éîãî ïðàêòè÷íîãî âèêîðèñòàííÿ. Â îñòàííiõ ïóáëiêàöiÿõ, ïðèñâÿ÷åíèõ öié òåìi,
ïðîäåìîíñòðîâàíî, ùî çìiøóâàííÿ ãàëîãåíiâ ó ñòðóêòóðàõ CeCl3−xBrx, ïîïðè íåçíà÷íå çìåíøåííÿ
âåëè÷èíè ñâiòëîâèõîäó, äà¹ çìîãó ñóòò¹âî ïîëiïøèòè ãiãðîñêîïi÷íi âëàñòèâîñòi. Äåòàëüíiøå äîñëi-
äæåííÿ òàêîãî ïiäõîäó äàñòü çìîãó ïðî¹êòóâàòè ñöèíòèëÿòîðè, ùî çàäîâîëüíÿòèìóòü ðiçíîìàíiòíi
ñöåíàði¨ ¨õ âèêîðèñòàííÿ. Ó öié ïðàöi ìè ïðåäñòàâëÿ¹ìî òåîðåòè÷íi äîñëiäæåííÿ êðèñòàëiâ CeCl2Br
òà CeClBr2, ùî äîïîâíþþòü ðàíiøå îòðèìàíi âiäîìîñòi ïðî êðèñòàëè CeCl3 òà CeBr3 òà iíòåðïðå-
òóþòü ðåçóëüòàòè åêñïåðèìåíòàëüíèõ äîñëiäæåíü ðîáîòè. Çîêðåìà, ðîçðàõîâàíî çîííî-åíåð åòè÷íó
ñòðóêòóðó êðèñòàëiâ CeCl2Br òà CeClBr2 çà äîïîìîãîþ ìåòîäó ïðè¹äíàíèõ ïðî¹êöiéíèõ õâèëü PAW
òà ãiáðèäíîãî ôóíêöiîíàëó îáìiííî-êîðåëÿöiéíî¨ âçà¹ìîäi¨ PBE0. Óñòàíîâëåíî, ùî âàëåíòíà çîíà
êðèñòàëiâ ôîðìó¹òüñÿ 3p-ñòàíàìè Cl òà 4p-ñòàíàìè Br, à â íèæíié ÷àñòèíi çîíè ïðîâiäíîñòi óòâî-
ðþ¹òüñÿ åíåð åòè÷íà ùiëèíà ìiæ 5d-ñòàíàìè Ce, äå ôîðìóþòüñÿ äâi ïiäçîíè 5d1 òà 5d2 ç ðiçíèìè
åôåêòèâíèìè ìàñàìè åëåêòðîíiâ 2.3m0 òà 0.06m0 âiäïîâiäíî. Ïîêàçàíî, ùî 4f -ñòàíè Ce ðîçìiùåíi â
ñåðåäèíi çàáîðîíåíî¨ çîíè. Îäåðæàíi çíà÷åííÿ øèðèíè çàáîðîíåíî¨ çîíè äëÿ êðèñòàëiâ CeCl2Br òà
CeClBr2 ñòàíîâëÿòü 4.5 åÂ i 4.0 åÂ âiäïîâiäíî.

Êëþ÷îâi ñëîâà: ñöèíòèëÿòîð, çîííà ñòðóêòóðà, ìåòîä ïðè¹äíàíèõ ïðî¹êöiéíèõ õâèëü, øèðèíà
çàáîðîíåíî¨ çîíè.
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