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Luminescence properties of CaF,:Pr (0.2 mol %) and CajgsPrgssF, 35, crystals were
studied at 10 K. Excitation and emission spectra show two types of the Pr®* centers with
the typical 1S — 4f2 radiative transitions. High level of rare-earth ions aggregation in
CaF, and pecuharltles of the defect structure in Ca,_Pr, F2+X solid solutions point to the
formation of Pr3*-based clusters. Emission from 1SO level is attributed to Pr* ions in-
cluded in the clusters.

UccnenoBaHbl JNIOMUHECIGHTHBIE cBolictBa kKpucramros CaF,Pr (0.2 mon %) m
Cagy g5Prp 35F2 35 mpu 10 K. CriexTpsl Bo3OYKIeHNA U JTIOMUHECIEHIIUN YKA3LIBAIOT HA HaJIM-
yWe ABYX TUIOB I[EHTPOB CBEUEHWS, AJA KOTOPBIX XapaKTePHBI 1S0 — 4f2 wanyuaTennHBIE
mepexofbl. Bricokas a(peKTUBHOCTL arperanuy pesKoseMelbHEIX MoHOB B CaF, m ocoben-
HOCTU ;IecpeKTHom CTPYKTYPHI TBepAnIX pactsopos Ca,  Pr.F,. ceugererncTsyor 06 obpaso-

Banuu Prét
M B COCTAB KJACTEPOB.

1. Introduction

Praseodymium doped fluoride crystals
are of the special interest due to the process
of Photon Cascade Emission (PCE), i.e. ob-
taining two luminescence photons by one ex-
citation photon [1]. Crystals of such type
are already used as transformers of VUV
radiation in various devices [2]. The possi-
bility of the cascade emission in low-doped
CaF,.Pr crystals was shown in [3, 4]. The
efficiency of 1S0 — 4f2 radiation transitions
increases with rise in Pr3* concentration up
to 1 % PrF;. However there is no informa-
tion as to evolution of emission centers and
their structure in high-concentrated CaF,—
PrF; crystals.

192

-KJIACTEPOB. 1SO JIOMUHECLEHIOUS MOMKeT GBITh OTHeceHa K moHam Prot , BXOms-

High reciprocal solubility of CaF, and
PrF; enables obtaining stable Ca,_Pr,Fo,,
solid solutions with the fluorite structure in
wide concentration range [5]. In other
words there is a possibility for increasing of
the doping level up to 85 mol % PrF; in the
case of Cay_Pr,Fo,,.

In this work the origin of 1Sj-emission
centers were studied in a wide concentration
range starting from the small content in
case of CaF,:Pr (0.2 mol %) crystal and up
to high values of PrF; in fluorite type solid
solutions Cao_65Pr0_35F2_35.

2. Experimental

Mixed Systems C3065Pro35F235 as well as
CaF,:Pr (0.2 mol %) crystals were grown by
slow cooling down the melt inside a cruci-
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Fig. 1. Emission spectra of CaF,:Pr (0.2 mol. %) and CaggsPrys5Fo35 crystals in the region of

1SO - 1I6 transition.

ble, similar to the growth by the Bridgman
technique in CF, atmosphere from high pu-
rity (>99.99 %) powders [6]. According to
electron probe microanalysis (EPMA) and
inductively coupled plasma atomic emission
spectroscopy (ICP-AES), the chemical com-
position of investigated solid solution corre-
SpOHdS to C3065Pr035F235 formula.
According to XRD analysis
Cag g5Prg 35F2 35 crystal has the fluorite lat-
tice and does not contain PrF; phase.
Measurements of emission and excitation
spectra were performed at Deutsches Elek-
tronen Synchotron (DESY, Hamburg) using
synchrotron radiation from DORIS III stor-
age ring and facility of SUPERLUMI sta-
tion at HASYLAB [7]. Time-integrated
emission and excitation spectra were meas-
ured at 10 K using an ARC 0.3 m Czerny-
Turner monochromator-spectrograph "Spec-
tra Pro 300i" (f/4) equipped with CCD de-
tector from Princeton Instruments. The
spectral resolution was 3.3 and 5.5 A for
excitation and luminescence measurements,
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respectively. Excitation spectra were cor-
rected on the incident photon flux. Emis-
sion spectra were not corrected for the spec-
tral sensitivity of the detection system.

3. Results

Luminescence  spectra of  CaF,Pr
(0.2 mol. %) and CagggPrg 35F2 35 crystals
in the region of 1S,— lI; transition
(~400 nm) under synchrotron excitation in
6.0-8.0 eV energy range are shown in Fig.
1. Variation of emission spectrum caused by
transitions from 1S0 level depends on the
excitation energy.

The set of three luminescence bands in
the range of 390-393 nm is observed in
crystal with low Pr3* concentration. The re-
lation between the intensities of these tran-
sitions remains constant at different excita-
tion energies. Transitions with maxima at
396, 400 and 406 nm dominate in the emis-
sion spectra; their relative intensities vary
with excitation energies. In Cag g5Prg 35F2 35
crystals peaks broaden and merged.
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Fig. 2. Excitation spectra of CaF,:Pr (0.2 mol. %) and Ca 55Pry 35F5 35 crystals at 10 K for emission 235 nm

(a), 3892 nm (b) and 396 nm (c).

Excitation spectra of the observed lumi-
nescence bands are shown in Fig. 2. Excita-
tion of 390-393 nm emission is charac-
terized by the bands with maxima at 6.46,
7.17 and 7.8 eV. Excitation spectrum of
396 nm peak is represented by two maxima
at 6.85 and 7.52 eV, and "shoulders”
caused by the excitation bands for 390-
393 nm. The direct 3H4—>ISO transition
(~5.8 eV) is strongly forbidden and cannot
be seen in the excitation spectra.

Results, presented in Figs. 1 and 2, point
to presence of at least two types of centers
with the typical 1S, — I transition of Pr3*
in Can:Pr (0.2 mol. 0/0) and Caoe5Pr035F235
crystals.

Redistribution in emission intensities de-
pending on the excitation energy implies
that observed spectra are the superposition
of the different transitions. As shown in
Fig. 1, under excitation in the 6.7-7.8 eV
energy range luminescence bands peaking at
396 and 403 nm dominate in the spectrum
of CaF,—Pr (0.2 mol. %). The change of ex-
citation energy results in the increase of
393 and 400 nm bands and shift of low en-
ergy peak from 403 to 406 nm. Basing on
this correlation, one may assign the ob-
served radiative transitions at 390-393,
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Fig. 3. Schematic views of 1:0:3 (a) and 1:0:4
(b) clusters [9].

400 and 406 nm to one type of emission
centers (centers I), whereas the second type
is characterized by bands with maxima at
396 and 403 nm (centers II).

Variation of emission spectrum depending
on excitation energy is observed for both
CaFZ:Pr (0.2 mol. 0/0) and Cao_65Pr0_35F2_35.
An increase in contribution of the centers II
results in redistribution in transition inten-
sities in C3065Pr035F235 System.

Two types of emission centers are clearly
evident in excitation spectra of CaF,:Pr
(0.2 mol. %) and CagggPrg 35F5 35 crystals
(see Fig. 2). Observed excitation bands at
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6.46, 7.17 and 7.8 eV (centers I) and 6.9,
7.5 eV (centers II) correspond to the transi-
tions from the ground state to components
of split 4f15d1 configuration of Pr3* ions.
For single Pr3* ions in tetragonal sites max-
ima of excitation bands for 472 — 4f1541
transitions are at 5.6, 6.7 eV (eg) and
8.4 eV (tgg)-

4. Discussion

At least two types of emission centers
with typical 1So-luminescence were revealed
in Can—Pr (0.2 mol. 0/0) and C3065Pr035F235
crystals. The observed structure of emission
spectra in the region of 400 nm is caused by
radiative transitions from 1S0 level to Stark
components of 175 multiplet and their pho-
non replicas. For low symmetry of emission
center maximal number of sub-levels of
split 1I6 multiplet can reach 13 (2J+1). The
proximity of 1S, level with 4f15d! configu-
ration permits efficient admixture of 5d
components to 1S0 state. Strong intrinsic
coupling of 5d states with lattice can also
influence on the line shapes of the optical
transitions emanating from 1S, state, and
1So-luminescence can take on the vibronic
character [8].

The main condition for observation of
1S,-emission is the energy gap between 1S,
and 4f15d! states of Pr3* ion [2, 4]. The
energy of 1S, level (=47 000 cm™1) slightly
depends on crystal host whereas the energy
of 4f15d1 state of Pr3* ion is determined by
crystal field in particular local environ-
ment. If the energy of the lowest excited
4f15d1 state is higher than the energy of
1S, level, i.e. E(4f15d1) > E(1S), 1s(i — 4f2
emission is observed. In case of E(4f15dl) <
E(18(), the result of excitation to 4f15d!
levels is the inter-configurational
4f15d1 — 42 luminescence.

For low Pr-doped calcium fluoride crys-
tals (0.01 mol. % PrF3) Pr3* single ions in
tetragonal symmetry (C,y) sites are the
dominating emission centers. In this case
E(4f15d1) < E(ISO) and 4f15d1 — 4f2 lumi-
nescence is typical [2, 4].

Appearance of 1S, — 4f2 radiative tran-
sitions with the increase of PrF3 content in
CaF, crystals and their domination in the
high-concentrated C3065Pr035F235 solid so-
lution indicate the formation of emission
centers with local environment different
from C4v.

One of the typical features of fluorite-like
non-stoichiometric solid solutions Ca,_R,F,,,
is the formation of defect clusters, which

Functional materials, 19, 2, 2012

include anion vacancies (v,") in the main
position 8¢ (0.25, 0.25, 0.25), interstitial
F;~ fluorine ions, alkali-halide M2+ and
rare-earth R3" cations. Neutron diffraction
studies of C3068L3032F232 crystals [9] re-
vealed the fluorine interstitials located on
three-fold symmetry axes in 32f (0.41,
0.41, 0.41) position. Interpretation of the
obtained structural data resulted in the
model of associates known as 1:0:3 and
1:0:4 clusters [9], which in general can be
regarded as dimers (1:0:3) and trimers
(1:0:4) of rare-earth ions. The local environ-
ment of R3" ions in the clusters are irregu-
lar polyhedra with 9-(in case of 1:0:3) or
10-vertices (1:0:4).

Taking into account the proximity of
La3* and Pr3* ionic radii (1.32 A and 1.28 A
for c.n. 8) and similar to Caggglag3oFas3)
results as to occupation of crystallographic
positions in CaggPrg ¢F, ¢ system [10], one
may suggest similar cluster structure for
tC?o.espro.35F2.35 and Cag gglag 3oF232 crys-
als.

Proposed in [9] possible types of clusters
structure point to the modification of local
environment of Pr3* ions in clusters in com-
parison with the C,y centers. It is well
known that splitting of 5d state depends on
crystal field symmetry of the rare-earth ion
[11]. One may suppose that changing in co-
ordination polyhedron of Pr3* ions due to
the clusters formation causes the shifting of
the lowest excited 4f15d! state to the high-
energy region. The latter enables observa-
tion of radiation transitions originating
from 1.5'0 level. Similar luminescent properties
Of Can:Pr (0.2 mol. %) and C3065Pr035F235
imply the structural similarity of emission
centers in these crystals. In terms of the
cluster model, centers I and II can be as-
signed as praseodymium ions in 1:0:3 and
1:0:4 clusters.

Theoretical calculations [12] indicate the
stability of dimers and trimers of rare-earth
ions in low-doped CaF, crystals. According
to [13] the dimers are considered to be
dominant aggregate defects. At the same
time observation of three ion up-conversion
in CaF,:Pr (0.1 mol. %) crystals [14] indi-
cates the presence of the trimers. Centers I
may be 1:0:3 clusters, since concentration
of the dimers is high enough even at small
praseodymium content due to the high ag-
gregation efficiency of rare-earth ions in
CaF, crystals [18]. At the same time centers
II can be assigned to 1:0:4 clusters. The
aggregate origin of 1S;-emission centers in
CaF,:Pr was suggested earlier in [3].
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Thereby 1S, — 4f2 luminescent transi-
tions in CaF,—Pr (0.2 mol%) crystals can be
related to isolated clusters (dimers and
trimers) of Pr3* ions dispersed in CaF, host.

For high PrF; concentration distances be-
tween separate clusters decrease and clus-
ters form extended regions with different
dimensions and spatial orientations in the
crystalline matrix [15]. In this case Pr3*
ions in the clusters are strongly perturbed
by the neighboring ions. Some distortion of
the crystal field on different Pr3* ions
would occur resulting in small shifts in ex-
citation and emission energies. Correspon-
dent broadening of emission and excitation
bands is observed experimentally in the
Spectra of C3065Pr035F235 crystals (See
Figs. 1 and 2).

5. Conclusions

Luminescent properties of CaF,Pr
(0.2 mol. %) and CagggPrg 35F2 35 crystals
under excitation in 6.0-8.0 eV energy range
were studied. Excitation and emission spec-
tra show two types of Pr3* centers with the
typical 1S, — I transition. Similar lumi-
nescent properties of CaF,:Pr (0.2 mol. %)
and C3065Pr035F235 1mp11es the structural
similarity of emission centers in these crys-
tals.

Taking into account the high aggregation
efficiency of rare-earth ions in CaF, crys-
tals and data on the defect structure of
high-concentrated solid solutions 1S,-emis-
sion centers are considered to be Pr°* ions
in 1:0:3 and 1:0:4 clusters. In the case of
low-doped CaF, crystals isolated praseodym-
ium-containing clusters are randomly dis-

tributed in CaF2 matrix. In C3065Pr035F235
system the clusters tend to form associates
with different dimensions and spatial orien-
tations in fluorite host, resulting in some
differences between luminescent properties
Of Can:Pr (0.2 mol.%) and C3065Pr03?F235.

This work is supported by 7¢h FP
INCO.2010-6.1 grant agreement No. 266531
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15,-nmrominecuenuis B kpucranax Ca,_,Pr,F,,,

A.A.Boapunyeéa, H.B.Illupan, A.B.I'ekmin,
I'.B.Cmpuzanwk, A.H.Benvckiii, K.Illumamypa

Hocnimyxeno mamoMiHecieHTHI

BJIACTUBOCTL

kpucranis CaF,:Pr (0.2 mol. %) Ta

CaggsProssFoss mpm 10 K. CoexTpu s6ymsxeHHA Ta JIOMiHecHeHIIl BKasyloTh HAa IIpH-
CYTHICTb IBOX THUIIIB IIEHTPiB CBiTIiHHA, Mg AKUX € XapaKTePHUMU 1SO — 4f2 BUIIPOMIiHIO-
BanbHi nepexoxu. Bucoka edexrusmicre arperanii pigxicmosemennmmx iomis y CaF, Ta
ocobnuBocti gedexrTHOi cTpyKTypH TBepAux posummuis Ca, Pr,F,, . cBiguars mpo yrBOpeHHA
Pr3+-KJIaCTepiB. 1SO-JIIOMiHecueHuiﬂ Moske OyTu BigHecema a0 iomHiB Pr3+, I0 BXOJATH O

CKJIANY KJacTepis.
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