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Radiation-induced processes in M,_Pr,F, (M2* = Ca, Sr, Ba, x = 0.35) solid solutions
have been studied. It is shown that the radiation coloration of M gsPrj 35F 535 crystals is
due to the trapping of charge carriers at anion sublattice defects. The efficiency of color
centers formation in the investigated solid solutions grows in the row Ca — Sr — Ba. It
may be caused by the increase of the pre-irradiation defects as a result of the different

cluster types formation in Mg g5Prj 35F5 35 mixed systems.

WccnenoBaHpl  pagudalMOHHO-CTUMYJINPOBAHHLIE TPOIECCHI B TBEPALIX PAaCTBOPaxX
M, Pr.Fs., (M2* = Ca, Sr, Ba, x = 0.35). IlokasaHo, 4YTO PajUALMOHHOE OKPAIIMBAHIE
KPHUCTAIIOB M0,65Pr0.35F2.35 MOJKeT ObITh OOYCJIOBJIEHO 3aXBATOM HOCHUTENel sapsga Ha me-
dexTax aHMOHHOI moapelreTKu. dPPeKTUBHOCTL 00pa30BaHUsd IEHTPOB OKPACKU B KPHUCTAJ-
nax Mg gsPrg 35F 5 35 yBemmunBaerca B pagy Ca — Sr — Ba. Ilocnennee moxer ObITh CBA3AHO
C POCTOM KOJMUYECTBA MAOPALHAIMOHHBIX AedeKTOB 3a cueT 00pasoBAHUA PABIUYHBIX THUIIOB
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1. Introduction

Nonstoichiometric fluorite-structured
M, ,R,Fo. (M2* =Ca, Sr, Ba, R3* =Ln,
x < 0.5) solid solutions give an opportunity
to modify the material properties through
variation of composition and defect struc-
ture. Luminescent study of these crystals in
case of R3* = Ce, Eu, Pr points to the essen-
tial changes in their parameters as com-
pared with low doped MF5:R crystals [1—4].

Since the mixed crystals correspond to
multi-component systems, their radiation sta-
bility should be depended on types of M2* and
R3* jons and RF3 concentration. The first re-
sults of investigations on radiation stability
of M, RF»,4y solid solutions were presented
in [5, 6]. The study of Ba,_R,F,,, (R = La%*,
Ce3*, 0.01 < x < 0.45) crystals revealed the
complex dependence of radiation coloration
on RF3 content [4, 7]. High radiation stability
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was found for C3065EU035F235 and
M065C6035F235 (M = Ca, Sr, Ba) crystals [1, 2].

The present work is devoted to investigation
of radiation-induced phenomena in high-con-
centrated M,_,Pr,Fo,, (M2* = Ca, Sr, Ba, x =
0.35) solid solutions.

2. Experimental

Mixed crystals M065Pr035F235 were
grown from high purity (>99.99 %) pow-
ders by the Bridgman technique in CF, at-
mosphere [8]. Chemical composition of the
solid solutions determined by electron probe
microanalysis (EPMA) and inductively cou-
pled plasma atomic emission spectroscopy
(ICP-AES) corresponds to Mg g5Prg 35F2 35-

According to XRD analysis |V|065PI'035F235
crystals have fluorite lattice and do not con-
tain PrF; phase. A partial deficiency in the
main fluorine positions (anion vacancies) as
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well as excessive interstitial fluorine ions
was revealed in these mixed compounds.
The crystals were X-ray irradiated (W-
anode, 160 kV, 9 mA) at room temperature.
Absorption spectra were recorded by SPE-
CORD 40 spectrophotometer. Thermally
stimulated luminescence measurements were
performed with the heating rate of 0.2°C/s.
Emitted light was registered by PMT-100.
Afterglow spectra were recorded using FLS
920 Edinburgh Instruments spectrometer.

3. Results

X-I‘ay irradiation of M065Pr035F235 (M =
Ca, Sr, Ba) crystals at 8300 K results in the
appearance of additional absorption in UV
and VIS spectral ranges (Fig. 1). The num-
ber of strongly overlapping bands does not
allow their separation and identification.
Absorption in 200-260 nm range are ex-
pected to be due to hole-type centers [9].
The bands with maxima around 310-
330 nm are traditionally assigned to hole
centers stabilized by rare-earth ion [10, 11].
In the longer wavelength range the bands at
~ 870-390, 425 and ~500 nm are revealed
for CagesPro3sF23s: SroesPTo3sF235 and
Bag 65Prg 35F2 35 crystals, respectively. Their
positions are typical for F-type absorption
bands in alkali-earth fluoride crystals CaF,,
SrF2 and BaF2 [12_14].

Integral of the induced absorption spec-
tra plotted against the irradiation time for
M065Pr035F235 crystals are presented in
Fig. 2a. It is clearly seen the linear grows
of the induced absorption with dose without
saturation up to D = 120 Gy. This fact im-
plies the high concentration of pre-radiation
defects. The coloration efficiency (evaluated
as an integral of the induced absorption)
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Fig. 1. Induced absorption spectra of
CapesProssFaas  (a),  StoesProssFass  (b),
Bap gsProssFo35 (¢) crystals recorded in

5 min. (1), 20 min. (2), 60 min. (3), 4 h. (4),
5 days (5) after X-irradiation. Inset: anneal-
ing of color centers (integral under the in-
duced absorption curve) at 300 K. Dose
80 Gy.

increases in the row Ca — Sr — Ba,
shown in Fig. 2b.

General decrease of the induced absorp-
tion starts immediately after irradition. In
the case of Bagg5Prg35F2 35 the color centers
destruction is accompanied by shift of the
band from ~500 to 450 nm. The latter re-
veals the presence of several types of in-
duced centers.

The bleaching process comes about stage-
by-stage which is indicative of the different

as
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Fig. 2. Integral of the induced absorption spectra vs. irradiation time for CajgsPryssF, 35 (1),
Sr0.65Pr0.35F2.35 2), Bao_sspr0_35F2_35 (3) (a). Dose rate ~10 Gy/min. Coloration efficiency of
My 65Pro 35F 2 35 crystals irradiated by dose 80 Gy (b).
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Fig. 8. Afterglow spectra (a) and decay (b) in X-irradiated Cagg5Prga5F235 (1, 17), Sryg5P10 355235
(2, 2') and Bag g5Prj 35F5 35 (3, 8) crystals. D = 80 Gy, 300 K.

thermal stability of induced defects (see in-
sets in Fig. 1). The initial fast stage with
duration of about 4-5 h. is accounted of
centers unstable at room temperature,
whereas the presence of the second, slow
stage indicates the presence of deeper traps.
The first stage of the color centers destruc-
tion is accompanied by the afterglow corre-
sponded to 3Pj, — 4f2 radiative transitions
in Pr3* ion (Fig. 3a). Afterglow decay fol-
lows a hyperbolic low I ~ t7P where p is less
than 1 (0.85, 0.75 and 0.68 for
Cap 65PT0.35F2.35) STo.e5PT0.35" 2350 BaoesPToasM2.35,
respectively) (Fig. 3b) which is typical for
tunnelling mechanism of recombination
processes [15].

Thermostimulated luminescence (TSL) of
the crystals irradiated at 300 K is shown in
Fig. 4. Peaks at ~50°C (C3065Pro35F235),
~80°C (Sr065Pr035F235) and "'7500
(Bag g5Prp.35F2.35) are present in the low-
temperature range. These peaks are respon-
sible for observed afterglow and the first
stage of induced absorption relaxation. The
series of high-temperature peaks at ~115,
175, 3880°C (CaggsProasFasg), ~230°C
(Sr065Pr035F235) and "'105, 175, 290, 400°C
(Bag g5Prp.35F2.35) correlates with the pres-
ence of the second, slow stage of color cen-
ters destruction.

It should be noted that extremely low
TSL intensity of MggsPrg35Fo 35 crystals
complicates the study of the recombination
spectra. For qualitative analysis of emission
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in TSL peaks filters with different trans-
mission were used (see Fig. 4d). The spec-
tral composition of TSL peaks in 50-150°C
region for all Mg g5Prg 35F> 35 samples corre-
sponds to A > 450 nm range and can be as-
cribed to 3P, — 4f2 radiative transitions in
Pr3* ions which were observed in afterglow
spectra at room temperature.

On the contrary, emission in high-tem-
perature peaks belongs to UV region ~280—
380 nm. Luminescence in the most promi-
nent peak at 175°C in Baos5pr035F235 cor-
responds to radiative transitions in Cev*
ions. Emission intensities for the rest of the
high-temperature peaks are lower than sen-
sitivity of the experimental set-up. The
same situation takes place in
tC?o.esPro.35F2.35 and  Srq g5Pro 35F2.35 crys-
als.

It should be noted that presence of Ce3*
ions are revealed in emission spectra under
photo- and X-ray excitation. Concentration
of Ce3* ions in MygsPrpasFa35 crystals
grows in the row Ca — Sr — Ba. Based on
this fact one can suppose high temperature
TSL peaks are due to recombination of
charge carriers on Ce3* ions.

4. Discussion

When analizing radiation-induced effects
in high-concentrated solid solutions one
should take into account their structural
properties. M,_R,F,,, (M=Ca, Sr, Ba,
x < 0.5) mixed systems have fluorite lattice
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Fig. 4. TSL glow curves of CajgsPrya5F, 35 (8), SrygsProasFass (), BaggsPrgasfass (¢) measured
without filter (1) and using filter I (2), II (3). D = 80 Gy, 300 K. Transmittance of the filters (d).

and contain an excess of anion vacancies
(v,1) and interstitial fluorine ions (F;") [16—
18]. Typical feature of the nonstoichiomet-
ric solid solutions is the formation of defect
clusters which include alkali-earth M2* and
rare-earth R3* ions as well as v," and F;".

Composition and structure of the clusters
depend on the ratio of the ionic radii (r) of
rare-earth (R3*) and the host (M2*) cations
r(R3%)/r(M2*) [16]. If this relation is close to
1.02—-1.08 the formation of [(M,R)4F29] clus-
ters takes place. Besides M2* and R°* ions
this type of clusters includes one anion va-
cancy and three (or four) fluorine intersti-
tials F,". When r(R3*")/r(M?*)=0.7-0.8,
[(M,R)gF3g] clusters, containing up to eight
anion vacancies and twelve interstitial fluo-
rine ions, are typical. Schematic view of the
possible cluster types is shown in Fig. 5.

In Mg gsPro35F2 35 systems r(Pr3*)/r(M2*)
ratio equals 1.07, 0.95 and 0.79 for

Cag 5Prg.35F 2355 SroesProssfaas  and
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Bag 65Prg 355235, respectively (values of
ionic radii are taken from [16, 19]). For
Cagg5Prp3sF2 35 crystals one can suppose
the formation of [(M,R)4Fo6] clusters
whereas for Baoe5pr035F235 System
[(M,R)gF36] clusters should be typical. In the
case of SrqggPrg35Fo 35 the presence of both
cluster types are expected.

The specificity of M,_Pr,F,,, solid solu-
tions is the great number of preirradiation
defects — v," and F;,” which may capture
electrons and holes created under X-irradia-
tion. The presence of the bands attributed to
F- and V-type color centers in induced absorp-
tion spectra confirms this assumption. Taking
into account different clusters types in
Mo 65Pro.35F 235 crystals the concentration of
pre-irradiation defects should increase in
Ca — Sr — Ba row. This fact explains the ex-
perimentally observed growth of coloration
efficiency of mixed systems in sequence of
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Cap g5Pro 35235 =
Bag 65Pro 35F2.35-

Afterglow decay of M065Pr035F235 solid
solutions points to a tunnelling recombina-
tion. The main condition for tunnelling
processes is overlapping of wave-functions
of recombination centers, i.e. small distance
between defects. Mixed systems are ex-
pected to satisfy this condition since the
most part of possible traps are concentrated
in the clusters. Tunnelling recombination also
may be thermally assisted [20, 21]. The obser-
vation of low-temperature TSL peaks for x-ir-
radiated |V|065PI'035F235 crystals (See Fig. 4)
allows us to suggest the thermally assisted
tunnelling processes in the mixed systems.

In this case the energy of thermally as-
sisted tunnelling recombination of electrons
and holes at lattice defects may be non-ra-
diatively transferred to 3P0 level of Pr3*
ions. The following 3P0%4f2 radiatively
transitions are observed in afterglow. It
should be noted that 4f15d! — 4f2 and
1S, — 4f%2 luminescence of Pr3* ions ob-
served under photo- and X-ray excitation
are absent in the afterglow spectra. The en-
ergy of charge carriers recombination may
be enough for excitation of 3P0 level but too
small for population of high-energy 4f15d!
(~5.5-5.6 eV) and 1.5'0 (-5.8 eV) states of
Pr3+ ions.

High-temperature TSL peaks in
Mg 65Pro 35F 2 35 crystals correspond to lumi-
nescence of Ce3* ions which are present in
mixed systems as uncontrolled impurities.
The recombination of electrons and holes in
this case may take place via delocalized
states with the following excitation of 5d
levels of Ce3*. Due to high radiative effi-
ciency 5d — 4f transitions in Ce3* may be
observed in TSL spectra even at trace ce-
rium impurity in erystals.

Absorption bands typical for transitions
in divalent Pr2* ions in alkali-earth fluoride
crystals [22, 23] have not been revealed in
irradiated M065Pr035F235 crystals. The
similar effect of reduced efficiency for ra-
diation-induced reaction R3T + e  — R2T
with the increase in R3" content was ob-
served for M, R,F,,, systems in [5]. Ac-
cording to [22-25] only single Pr3* ions in
cubic, tetragonal or trigonal sites can be
reduced by irradiation in alkali-earth fluo-
ride crystals. In the mixed systems the con-
centration of such sites are expected to be
low since the most part of praseodymium
ions are concentrated in clusters. So, the
contribution of this charge conversion proc-

Sr e5P035F2.35 =
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r(R*)/r(M>)~0.7-0.8

r(R*)/r(M*)~1.02-1.08

1se

R3+

[MM,R),F,] cluster [(M,R)F,] cluster

Fig. 5. Schematic view of the possible cluster
types in My g5Prp 35F 5 35 crystals [17].

ess to radiation coloration of Mg g5Prg35F2 35
solid solutions should be negligible. Besides,
a competition for electron trapping between
Pr3* ions and anion defects may occur in
Mo 65PTo 35F2.35 systems.

At the same time in rare-earth doped
MF, crystals R3* ions can trap holes [26,
27]. According to [27] the efficiency of R3*
conversion into tetravalent state as the re-
sult of oxidation reaction R3* + h — R4t
tends to grow with increase in R3* concen-
tration. The presence of Pr4* ions in X-irra-
diated at 300 K Cs,NaYFg:Pr crystals was
revealed by EPR technique in [28]. However
experimental data as to absorption of Pr4*
in UV-VIS spectral ranges for fluoride hosts
are absent. One can only suppose the hole
trapping at Pr3* and impurity Ce3* ions in
M065Pr035F235 mixed Systems. In this case
anion vacancies serve as electron traps.
However the possibility of this mechanism
requires additional extensive studies.

5. Conclusions

Radiation-induced phenomena in
M065Pr035F235 (M2+ = Ca, SI’, Ba) have been
studied. The data obtained indicate that the
color centers creation in MggsPrg3sF2 35
crystals is due to the trapping of charge
carriers at anion sublattice defects. The co-
loration efficiency of the investigated solid
solutions grows in Ca — Sr — Ba row. This
result is in line with the suggested increase
in the concentration of pre-irradiation defects
in  CaggsProssFass = SroesProssFaas =
Bag 65Pro 35F 2 35 sequence due to occurrence
of different cluster types. The following de-
struction of radiation-induced defects may
occur via thermally assisted tunnelling re-
combination of charge carriers.

Contrary to low doped MF,:Pr crystals,
absorption bands typical to transitions in
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Pr2* were not found in X-ray induced ab-
sorption spectra of Mg g5Prg35F2 35 crystals.
Taking into account the struectural proper-
ties of the mixed systems this fact may be
explained by negligible concentration of sin-
gle Pr3* ions which can be reduced by irra-
diation.
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Fiz. Tverd.

Panianiiini nedextTn y TBepaux posumnax M, Pr.F,..
(M2* = Ca, Sr, Ba, x = 0.35)

A.A.Boapunyeéa, H.B.Illupan, O.B.I'ekmin

Hocmimseno pagianiliHo-cTuMy/Ip0BaH] mporecy y Teepaux posumaax M, Pr.F,, . (M2* = Ca,
Sr, Ba, x = 0.85). Ilokasano, mo pagiamnifine sabapsrensa KpucraniB My g5Prg 35F 5 35 Moxe
0yTHM BYMOBJIEHO 3aXOIJeHHAM Hociie Bapaxy Ha gederxrtax amiomnoi mixarpatru. Edex-
TUBHICTh YTBODEHHS IeHTpiE sabapBienHsa B Kpuctanax MggsPryasF, 35 spocrae B pany

Ca — Sr — Ba. Ocranme moxe 6yTm moB’sg3aHo 31 30iAbIIeHHAM KiJgbKocTi gopamiamiiinmx
ZedeKTiB 3a PaxXyHOK YTBOPEeHHA PisHMX THIIB KjacTepiB y cuctemax Mj gsPrg 35F 5 35-

318

Functional materials, 19, 3, 2012



