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The band energy structures of CeF2Cl and CeFCl2 crystals have been calculated using the projector augmented-
wave (PAW) method and the hybrid exchange-correlation functional PBE0. 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 m0 and 0.19 m0 for CeF2Cl and 5.95 m0 and 0.84 m0 for CeFCl2, respectively). The 4f states of Ce are placed 
within the forbidden band. The obtained values for the band gap of CeF2Cl and CeFCl2 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 

CeX3 crystals (X = F, Cl, Br, I), 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 

crystals belonging to the CeCl3-xBrx and CeBr3-xIx families 

have been previously reported in works [7, 8]. This study 

represents the completion of this research cycle, providing 

data for CeF3-xClx crystals. 

It is anticipated that CeF2Cl and CeFCl2 crystals will 

exhibit luminescent properties like CeF3 and CeCl3 

crystals. Thus, it is crucial to highlight the fundamental 

scintillation characteristics of these materials. The 

fluorescence spectrum of CeF3 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]. CeF3 crystal 

demonstrates a relatively high light output of 

2400 photons/MeV [12]. 

In contrast, the CeCl3 crystal has a significantly higher 

fluorescence light output corresponding to CeF3, 

amounting to 46000 photons/MeV [13]. Additionally, this 

crystal has a substantially lower temperature dependence 

of luminescence compared to a structurally similar 

LaCl3: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 

LaCl3:Ce decay constant [14]. The major peaks in the 
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CeCl3 crystal's fluorescence spectrum, caused by 

irradiation with energies of 4 eV and 5.4 eV, are analogous 

to LaCl3: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 CeF2Cl and CeFCl2 crystals, the 

hybrid exchange-correlation functional PBE0 has been 

used, which was efficient in similar theoretical studies [7, 

8]. In these calculations, the parameter α 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 CeCl3 [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 CeF2Cl crystals within the 

CeF3 crystal structure, two fluorine ions were replaced by 

two chlorine ions. A similar procedure has been performed 

to model CeFCl2 but using the CeCl3 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-

source software ABINIT [22], which incorporates all the 

aforementioned theoretical approaches. 

II. Results and Discussions  

Figure 1 depicts the calculated partial densities of 

states for CeF2Cl and CeFCl2 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 CeF2Cl and 

2.6 eV for CeFCl2. 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 CeF2Cl and 2.9 

eV for CeFCl2. For both crystals, a significant intensity 

variation in the density of states of the conduction band (in 

the proximity of 8 eV for CeF2Cl and 7 eV for CeFCl2) 

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 Γ point 

(where the band gap in both cases has its minimum). The 

calculated values are m* = 2.49 m0 for the 5d1 subband 

and m* = 0.19 m0 for the 5d2 subband of CeF2Cl and 

m* = 5.95 m0 for the 5d1 subband and m* = 0.84 m0 for 

the 5d2 subband of CeFCl2. 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 CeF2Cl and CeFCl2, respectively. 

            
Fig. 1. Partial density of states of CeF2Cl and CeFCl2 crystals. 
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Figure 4 presents the energy level diagram of  

CeF3-xClx crystals. To construct this diagram, we used data 

from the current study and previous investigations of 

CeCl3 [23] and CeF3 [24] crystals. The diagram highlights 

a certain similarity in the energy structures of CeF3 and 

CeF2Cl, as well as CeFCl2 and CeCl3 crystals. It is crucial 

to note that, unlike the series of CeCl3-xBrx and CeBr3-xIx 

crystals, whose synthesis was successfully carried out in 

[25] and [26], the investigation of the  

CeF3-xClx series remains purely theoretical. 

 

 
Fig. 4. Calculated energy band schema of CeF3, CeF2Cl, 

CeFCl2 and CeCl3 crystals. 

Conclusions 

Using the projector augmented-wave (PAW) method 

and the hybrid exchange-correlation functional PBE0, we 

computed the partial and total density of states, as well as 

the band energy structure of cerium crystals with mixed 

halides CeF2Cl and CeFCl2. 

It was determined that the valence band of the crystals 

is formed through the hybridization of halogen p-states 

(2p F and 3p Cl). 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 CeF2Cl and CeFCl2, 

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 (CeF2Cl: m* = 2.49 m0 and m* = 0.19 m0; 

CeFCl2: m* = 5.95 m0 and m* = 0.84 m0). This 

observation aligns well with results obtained for similar 

crystals CeX3 (X=F, Cl, Br) [23, 24], CeCl3-xBrx [7], and 

CeBr3-xIx [8].  

 

 

 

  
Fig. 2. Density of states of CeF2Cl and CeFCl2 crystals. 

 

 
Fig. 3. Energy band structure CeF2Cl and CeFCl2 crystals. 
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Розраховано зонні енергетичні структури кристалів CeF2Cl та CeFCl2 за допомогою методу 

проекційних приєднаних хвиль (PAW) та гібридного обмінно-кореляційного функціоналу PBE0. Вершина 
валентної зони формується з 2p-станів F і 3p-станів Cl. В нижній частині зони провідності для обох 

кристалів між 5d-станами Ce спостерігається енергетична щілина, яка утворює дві підзони, 5d1 і 5d2, із 

різними ефективними масами електронів (2,49 m0 і 0,19 m0 для CeF2Cl і 5,95 m0 та 0,84 m0 для CeFCl2, 

відповідно). В забороненій зоні знаходяться 4f стани Ce. Отримані значення ширини забороненої зони 
кристалів CeF2Cl та CeFCl2 становлять 6 еВ та 4,6 еВ, відповідно. 

Ключовi слова: сцинтилятор, зонна структура, густина станів, екситон, метод проекційних 

приєднаних хвиль. 
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