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Multitype of cerium centers in optical nanoceramics on the bases

of BaF2−CeF3
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The absorption (SP) and photoluminescence (PL) spectra of BaF2−CeF3 crystals and nanoceramics based on

them have been investigated. In samples of both types, under excitation at the excitation band λex = 285 nm, a

doublet photoluminescence band with maxima at 305 and 320 nm (Ce1 centers) was found. In contrast to this, in

optical nanoceramics were found 3 additional PL bands: λex = 310 nm, λrad = 370 nm (Ce2 centers), λex = 250 nm,

λrad = 425 nm (Ce3 centers) and λex = 345 nm, λrad = 550 nm (Ce4 centers). The nature of the found centers has

been identified.
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Introduction

BaF2 single-crystals offer many excellent physical proper-

ties, including non-hygroscopicity, relative ease of machining

and polishing, low raw material cost, high melting point

(1386 ◦C) and high thermal conductivity (11.72W/K at

286K). These crystals have been widely used as scintillation

crystals in γ-radiation detectors because of their high density

(4.89 g/sm 3) and their luminescence at 195 and 220 nm

with very short attenuation times of about 800 ps (cross-
luminescence band (CL). Among fluoride compounds,

unalloyed BaF2 crystals are known as the fastest scintillators

with a decay time of 0.6 ns and an emission component of

220 nm [1,2]. However, the integral intensity of the fast

component is low.

Alongside the above fast components, unalloyed BaF2
crystals have slow components of auto-localized excitons

(ALE) with a maximum at 300 nm and decay time around

700 ns. In many scintillator applications, the relatively slow

glow of the ALE is undesirable. The Ce3+ ion is an active

alloying impurity due to the high probability of radiative

d− f -transition [3]. Studies of scintillation properties of

BaF2 doped Ce3+ crystals with 0 − concentration of

30mol% showed that with increasing cerium concentration

the ALE luminescence disappears [2,4]. The cerium

luminescence arising instead of ALE emission has a rather

short (20−70 ns) decay time compared to that of ALE

luminescence.

Recently, there has been an increasing research interest in

optical ceramics (including alkaline earth fluoride crystals)
as active laser and scintillation materials [5]. The advantage

of ceramics compared to single-crystals is the possibility

of obtaining large aperture samples. The fluoride optical

ceramics have been shown to dramatically improve mechan-

ical properties: microhardness increased by 15%, fracture

resistance K1c in 4−6 times [6]. The development of laser

fluoride ceramics has been the subject of intensive research

in recent years [7–14]. Regarding scintillation ceramics,

a significant increase in UV luminescence yield and ra-

diation resistance was recorded for the known scintillator

BaF2 : Ce
3+ [15,16] when transitioning from single-crystals

to ceramics [14–16].

In papers [17,18] the structure of CaF2 and BaF2 based

nanoceramics obtained by hot pressing are investigated. By

analyzing electron microscopic photographs of the ceramic

chip, the authors identify single-crystalline grains with

dimensions on the order of 100 µm. A fine lamellar

structure is evident within the individual grains. The chip

surface is composed of strictly oriented layers with an

average width of 30 −40 nm for CaF-based 2 nanoceramics

and 50−100 nm for BaF-based2. Using cross-sectional

profiles perpendicular to the direction of the layers, the

average layer height was estimated to be 0.5−2 nm for

CaF2-based nanoceramics and 15 nm for BaF2-based.

The difference in microstructure between single-crystals

and nanoceramics should lead to the formation of specific

types of structural and impurity centers characteristic of

nanoceramics. However, the spectral luminescence prop-

erties of BaF2-based nanoceramic samples have not been

investigated in sufficient detail. On this basis, comparative

studies of luminescence characteristics of BaF2 : Ce single-

crystals and optical nanoceramics based on them have been

carried out in the present paper to reveal specific features

of the spectral characteristics.
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Research samples and methodology

BaF2 crystals doped with 0.12mol% CeF3were grown by

vertical directional crystallization [19]. Lead fluoride was

used as a fluorinating agent. The ceramics were obtained

by hot-pressing [9,10] from powdered precursor prepared

according to the method described in papers [20,21]. The

base of the precursor is barium hydrofluoride BaF2HF,

which releases fluorinating agent HF during heat treatment.

Cerium fluoride dissolves in the matrix during the sintering

process [22]. This process makes it possible to produce

ceramics with a 100% density.

The optical transparency of ceramics is determined by

the feedstock quality. In contrast to glass welding and

single-crystal growth from melt, the technological process of

optical ceramics production does not contain the operation

of purification of the initial material. Organic impurities

and mechanical inclusions of foreign particles in the sample

increase light absorption and light scattering. Even a

seemingly flawless charge can produce almost opaque

ceramics. Increasing the vacuum level leads to improved

optical transparency [9,10,20,21].
Optical treatment of the sample surfaces was carried out

(Fig. 1).
The optical absorption spectra of the samples were

measured with a Specord M-40 spectrophotometer. The PL

spectra were measured at room temperature with a setup

based on the KSVU-12 and SPM-20 monochromators and

excited by a xenon lamp. The excitation part contained

a KSVU-12 monochromator, while the registration part —
a SPM-20 monochromator and a PMT-106 photomultiplier

tube. The resulting spectra are not corrected for PMT

sensitivity.

Experimental results and their discussion

Absorption spectra of unirradiated BaF2−CeF3 crystals

show intensive absorption bands with maxima at 205,

285 nm, which are responsible for f −d-ion transitions Ce3+

(Fig. 2, curve 1). In addition to these bands, the absorption

spectra of the unirradiated ceramic samples show additional

bands in the 282 nm area and a weak broad band in the

250 nm area (Fig. 2, curve 2) [16]).
Under excitation in the 285 nm band of unirradiated

BaF2 : Ce
3+ crystal, bands with maxima at 305 and 320 nm

a b

Figure 1. Appearance of the single-crystal (a) and ceramic (b)
BaF2 : Ce

3+ samples examined.

200 300 400 500
0

0.5

1.0

1.5

λ, nm

12

D
, 
ar

b
. 
u

n
it

s

Figure 2. Absorption spectra of unirradiated samples of single-

crystals (1) and nanoceramics (2) based on BaF2 : CeF3 .
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Figure 3. PL spectra at excitation in the 285 nm band of

unirradiated BaF2 : Ce3 (1) and unirradiated ceramics (2).

are observed in the PL spectrum (Fig. 3, curve 1). In

the 200−800 nm spectral area of the unirradiated crystal

BaF2 : Ce
3+, no other PL bands are detected.

In PL spectra of unirradiated BaF2 : Ce
3+ ceramics un-

der excitation in 285 nm band, besides 305 and 320 nm

luminescence bands available in single-crystals, additional

broad band with maximum in 550 nm area was found

(Fig. 3, curve 2). It should be noted that, as in the paper [5],
in the ceramic samples compared to crystals, the intensity

of the PL band at 305 nm is enhanced relative to the band

at 320 nm.

Excitation spectra of 305 and 320 nm PL bands are iden-

tical in unirradiated crystalline and nanoceramic BaF2 : Ce
3+

samples, there are bands with maximum at 285 nm (Fig. 4,
curves 1, 2). In the excitation spectrum of the 550 nm PL

band of the BaF2 : Ce
3+ ceramic sample, bands with max-

imums at 250, 285 and 345 nm are observed (Fig. 4,

curve 3). The 285 nm band —is the excitation band of the

305 and 320 nm maximum PL bands as it strongly overlaps

with the 250 and 345 nm excitation bands.
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Figure 4. Excitation spectra of BaF2 : Ce
3+ ceramics in lumines-

cence bands 305 (1), 320 (2) and 550 nm (3).

500300 800

0.3

0.4

0.5

λ, nm

In
te

n
si

ty
, 

ar
b

. 
u

n
it

s

400 700600

Figure 5. The PL spectrum of unirradiated BaF2 : Ce
3+ ceramics

under excitation at the tail of the 250 nm (240 nm) band.

Under excitation on tail of the 250 nm band (i.e., at

λex = 240 nm) of unirradiated BaF2 : Ce
3+ ceramics, PL

bands with maximums at 305, 320, 380, 425 and 550 nm

are found (Fig. 5). The contributions of the 305 and

320 nm bands to the luminescence are greatly reduced

with excitation in the 250 and 345 nm bands compared

to the excitation in the 285 nm band as it is due to

the excitation of the 305 and 320 nm PL bands on the

tail of the 285 nm excitation band. This is because the

285 nm excitation band strongly overlaps with the tails

of the 250 and 345 nm excitation bands. On the other

hand, in the excitation spectrum of the 550 nm PL band

the intensity of the 250 nm excitation band has the lowest

intensity. Therefore the 250 nm absorption band cannot

be the 550 nm luminescence band since the most intense

excitation band of this PL band is at 345 nm. We consider

the 345 nm band to be the PL excitation band at 550 nm.

The occurrence of the 550 nm PL band upon excitation

in the 285 nm band is due to the 320 nm luminescence

reabsorption since this PL band strongly overlaps with the

345 nm excitation band. With this in mind, we identify

the 250 nm excitation band as the PL excitation band

at 425 nm.

The complexity of the absorption and PL spectra of

ceramic samples as compared to single-crystals can be

attributed to the presence of cerium ions in defective

positions, namely localized at grain boundaries or disloca-

tions [23].
The emission of cerium ions in area λ = 280 − 360 nm

is due to electronic transitions 5d−4 f in the Ce3+ ions.

The luminescence intensity under X-ray excitation depends

on the cerium concentration and reaches a maximum

value at a concentration of 0.1mol%. A further increase

in the cerium concentration leads to a decrease in the

luminescence intensity. Concentration quenching of X-ray

cerium luminescence may be due to either an increase in

the probability of emission-free transitions in excited cerium

ions or a decrease in the probability of cerium ion excitation

in the electron-hole recombination process [3].
We have not been able to reliably determine the 380 nm

excitation band of the PL. However, given that in the

paper [3] found a luminescence band with a maximum

of 370 nm, which is excited in the 310 nm band, we can

conclude that the 380 nm luminescence band we found is

the 370 nm band found in [3]. Therefore, we believe that

the 380 nm band is excited in the 310 nm band.

Considering that

1) Ce1-centers are found in both BaF 2−CeF3 based

single-crystals and nanoceramics;

2) In single-crystals at the investigated cerium concentra-

tion no luminescence of other cerium centers was detected

besides Ce1-centers;

3) According to the work of [24], in single-crystals

BaF2−CeF3 at concentrations CeF3 of 0.1mol%, single

trigonal cerium centers are mostly formed,

Ce1 centers are identified as trigonal cerium C3V -centers.

With increasing impurity concentration, paired and more

complex impurity centers, including various clusters [25],
begin to appear in the structure of alkaline earth fluoride

crystals. Based on this fact and also taking into account

the opinion of the authors of [3], we attribute Ce2 centers

to paired cerium centers whose luminescence is caused by

5d−4 f — transitions in Ce3+ ions, shifted towards lower

energies due to interaction with other neighboring Ce3+

ions.

In paper [5] the luminescence of cerium ions was

detected in BaF2 : CeF3 based optical ceramics in the 300

to 450 nm wavelength range. The authors suggested that

this long wavelength wing of luminescence is due to

optical centers perturbed compared to isolated centers due

to changes in the local impurity environment associated

with the presence of various defects or impurities in the

cerium environment. The latter may be due to the fact that

the synthesis of ceramic samples in their structure forms

single-crystalline grains of the order of 100µm, between

which a thin layered structure of nanometric size [17,18]
is formed. The regular crystalline structure is disrupted at

the boundaries of the single-crystalline grains and between
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the nanolayers. Cerium dissolves in the matrix during

the sintering process [22]. This leads to the formation

of new defect states around cerium impurities located at

the boundaries of grains and nanolayers, which lead to

additional absorption and PL bands of impurity centers in

the spectrum compared to single-crystals.

In paper [26], a study of pulsed cathodoluminscescence

of CeF3 crystals has revealed a low-intensity narrow lu-

minescence band with a maximum at 543 nm, which the

authors attribute to inter-combination transitions between

singlet and triplet transitions within an isolated divalent ceria

center Ce2+ formed in the electron irradiation process. The

authors [26] assume that the Ce3+ ion in the ground state is

ionized directly or through the 6s state by electron radiation,

transforming into the Ce4+ ion. An electron is knocked out

of the conduction band from an Ce3+ ion and captured by

another Ce3+ ion, forming an Ce2+ ion in an excited state

from which it can have emission transition to the ground

state 3H4 emitting a broad luminescence band with peaks at

433 and 487 nm or nonradiatively to the 1D2 level. Further,

there is a emission transition from the 1D2 level of ion Ce2+

to 3H4 level, which corresponds to a narrow band with a

wavelength of 543 nm.

Since the single-crystalline samples were produced by

melting (by vertical directional crystallization) and the

nanoceramic samples were synthesized without melting (by

hot pressing from powdered precursor, where dissolution of

cerium fluoride in matrix occurs in the sintering process), in

the nanoceramics some of the cerium fluoride may not have

completely dissolved in barium fluoride and be the source

of 550 nm luminescence.

A comparative analysis of our results and the literature

shows the following.

1. If the nature of the band with maximum 550 nm

we found would be due to inter-combination transitions of

the divalent cerium center, then this band should appear

in both single-crystalline and nanoceramic samples since

it corresponds to transitions of the isolated cerium center

and cerium ions in both single-crystals and nanoceramics

are preferably in isolated state. However, the luminescence

band with maximum at λ ∼ 550 nm was detected by us only

in ceramic samples.

2. As the authors of [26] themselves state, it is difficult

to realize excitation to the level 1D2 of the divalent cerium

ion in the PL study. However, in our studies the PL band is

easily excited in the 345 nm band.

3. The luminescence, due to inter-combination transitions

on divalent cerium centers, is narrow [26], but the lumines-

cence we detected is broadband.

Taken together the above facts show that the 550 nm band

is not related to inter-combination transitions in the non-

dissolved barium fluoride phase of CeF3, but conditioned

on the creation of complex defect states at grain boundaries

and interlayer boundaries.

Conclusion

Thus, in single-crystalline samples of BaF2 : CeF3, trigonal

cerium C3V -centers (denoted as Ce1-centers) are mainly

formed which give rise to luminescence bands with 305

and 320 nm maxima (λex = 285 nm). The presence of

intergranular and interlayer boundary transition areas in

nanoceramics leads to the formation of additional impurity

cerium centers relative to single-crystals. As a result, new

bands with maxima 282 and 250 nm are formed in absorp-

tion spectra of nanoceramics and in PL spectra, except

for C3V -centers observed in single-crystalline samples, ap-

pear additional bands with 370 maximums (λex = 310 nm)
caused by Xe2-centers, 425 maximums (λex = 250 nm) —
Xe3-centers, and 550 maximums (λex = 345 nm) — Xe4-

centers. Nature of the detected new cerium centers

in nanoceramic samples: Ce2-centers are identified as paired

cerium centers, Ce3- and Ce4-centers — cerium centers in

complex with different defective states at grain boundary

interfaces and interlayer interfaces in nanoceramics.
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