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Absorption, emission, excitation spectra of CaF,, SrF,, BaF;, crystals doped by PrFs; in concentration
ranging from 0.005% to few molar % were studied in 1.4-10 eV spectral region. Specific type of Pr centres
possessing photon cascade emission (PCE active) was observed in all crystals. Concentration of centres

Pr3* monitored by excitation and emission spectra grows superlinearly with increasing of Pr concentration in

Alkaline-earth fluorides
Vacuum ultraviolet
Excitation

Absorption

SrF, and BaF; crystals. A new additional absorption band at 7.0 eV which coincided with excitation band
of PCE-active centres was observed in CaF, — Pr crystals. The absorption coefficient of this band grows
twice that coefficient of 5.7 eV band of single Pr centres.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Photon cascade emission (PCE) is phenomenon when more
than one emission photons are created by each excited photon.
Cascade emission phenomenon becomes important to replace the
mercury by xenon in luminescent discharge lamps [1]. Despite the
tendency of an ion to have the greatest transition probability to
the lowest-lying states, thereby preventing efficient PCE, for the
Pr>* jon excited to its high-lying 1SO state, spin selection rules
favour transitions to its singlet states, especially the 116 state [1].
As a result the emission band near 400 nm (3.1 eV) is observed.
Then the electron non-radiatively decays to closely lying *P, level.
At the second step of photon cascade the radiative transitions
from 3P0 level to several lower lying levels are observed.

Pr’* jon shows photon cascade emission in many crystal
lattices [2]. Alkaline-earth fluorides were not considered as hosts,
where Pr** photon cascade emission should be observed, because
lowest 4f-5d levels lie at lower energy than that of 4f> (! So) level
[3,4]. Nevertheless the photon cascade emission was observed in
CaF,—0.05% PrFs3 [5] and in highly doped BaF,—3% PrF; crystals
[6]. It was assumed that cascade emission is possible only for
some single Pr centres [5] or for large PrgFs; aggregates [6]. Many
types of Pr-related centres were observed in CaF, crystals using
laser excitation and high resolution emission measurements [7].
Three of them were assigned to single ion centres (Cy4,, Oy, and
the so-called L site) while others were assigned to clusters of Pr
ions [7].

For generality we may divide all Pr centres into two groups.
Centres from first group have 5d states below the 'S, (4f) level
and the 5d-4f luminescence is predominates in emission spectra.
Centres of second group have 150 (4f) level at lower energy than
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that of 5d levels and the cascade emission is predominate in
spectra. We will call these centres as PCE-active centres.

The origin of PCE-active centres in Pr>*-doped CaF,, SrF, BaF,
was studied in this paper.

2. Experimental

Crystals of CaF,, SrF,, BaF, were grown in vacuum in graphite
crucible by Stockbarger method. As the first step large oxygen-free
crystal was grown with the addition of CdF, an oxygen scavenger
in a simple large volume crucible. Then parts of this crystal were
used to the growth of impurity-doped crystals. Crystals of CaF,,
SrF,, BaF, doped by PrF; with concentrations ranging from 0.005
to 10mol% were studied. Samples with PrF3 concentration less
than 0.3-0.5mol% were cleaved from crystal rod, otherwise
samples were sawed and were polished from both sides.

The excitation spectra in 4-12 eV region were measured with
grating vacuum monochromator VMR2. The hydrogen VMF25
lamp with MgF, window was used as vacuum ultraviolet source.
Emission spectra were measured with grating monochromator
MDR?2 at 1.5-3 eV with 600 lines/mm grating and at 3-6 eV region
with 1200 lines/mm grating at temperatures 10-300 K. Emission
spectra were not corrected for the spectral sensitivity of mono-
chromator and photomultiplier.

3. Results
3.1. Emission, excitation
BaF,: Two main types of Pr centres may be distinguished from

excitation and emission spectra. The centres having efficient
photon cascade emission, starting from lowest 150 level, have
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broad excitation band near 7eV (see Fig. 1). Photon cascade
emission was observed at Pr concentration 0.045mol%, and
moreover the admixture of 5d-4f emission bands at 4-6eV
from Pr centres of another group is also observed (see Fig. 1, top
and middle plots). With increasing Pr concentration the 5d-4f
emission at 7 eV excitation becomes weaker (see Fig. 1). One could
consider the ratio of intensities of 2.57 and 4.8 eV emission bands
as ratio of concentration of both centres (see Fig. 1, middle right
inset). The relative concentration of cascade emission centres
grows logarithmically with increasing of Pr concentration,
becoming saturated near 1 mol% of PrFs.

No photon cascade emission was observed at room
temperature in BaF,-Pr crystals, having Pr concentration
up to 10 mol %. Evidently the lowest 5d level of PCE-active centres
is very near to 1SO level and at room temperatures there is
effective phonon-assisted transfer electron from 'S, level to 5d
level.

SrF,: Emission spectra of SrF,—0.015mol% PrF; with 6.9 and
6.0eV excitation are almost identical (Fig. 2). Emission line at
3.1eV is very weak under 6.9 eV excitation (see Fig. 2); it means
that the concentration of PCE-active centres is very small in this
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sample. As in the case of BaF,-Pr the presence of lines near 2 and
2.57 eV under 6eV excitation points out that the photon cascade
emission started from 5d level (see Fig. 2). The intensity of
cascade lines is sufficiently higher than for BaF,— Pr (compare
Figs. 1 and 2, top plots).

With increasing concentration of PrFs; the relative intensity of
3.1-4.8eV emission bands grows logarithmically (see Fig. 2).
Excitation spectra show broad bands near 7 eV. No direct °*H,—'S,
zero-phonon excitation line on low energy wing of excitation
band was observed even at 10K.

Emission of PCE-active centres was observed at room tem-
perature also. The intensity of first step emission line at 3.1eV
slightly reduces at room temperature (0.75 of initial intensity),
while the emission lines near 2.5, 2.0eV of second cascade
emission step reduces about six times.

CaF,: Contrary to BaF, and SrF, the emission band at 3.1eV in
CaF, was observed in crystal with lowest concentration of PrF3
0.005 mol % (Fig. 3). It means that PCE-active centres are already
present in very low-doped CaF, crystal. The emission spectra
excited by 6.9eV very slightly changed with increasing Pr
concentration up to 1 mol% (see Fig. 3).
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Fig. 1. Emission spectra of BaF, crystal doped by PrF; at 78 K. Samples were excited at 6.9 eV (full curves) or at 6.0 eV (dotted curve). Middle right inset—Pr concentration
dependence of intensities I(2.5 eV)/I(4.8 eV) ratio at 6.9 eV excitation at 78 K. Bottom right inset—excitation spectra of BaF, —0.3 mol % PrF; for emission bands at 2.57 and
4.8 eV at temperature 78 K. No measurable emission was observed in BaF, —0.015% PrF; under 7.0 eV excitation at 90K.
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Fig. 2. Emission spectra of SrF, crystal doped by PrF; at 78 K. Samples were excited at 6.9 eV (full curves) or at 6.0eV (dotted curve). Top left inset—Pr concentration

dependence of intensities I(3.1eV)/I(4.8 eV) ratio at 6.9 eV excitation at 78 K.

3.2. Absorption

Absorption spectra of Pr-doped alkaline-earth fluorides show
three absorption bands in CaF,, SrF, and two absorption bands in
BaF, crystal (Figs. 4 and 5).

Five d orbitals are split on two groups (eg and tyg) in cubic
crystal fields. This case is very clearly observed in BaF,—Pr
crystals showing two bands at 5.9, 7.9eV (see Fig. 5) (see also
Ref. [4]). Similar 2eV splitting of 5d orbitals was observed in
Ce-doped alkaline-earth fluorides [4]. However, in CaF, and
SrF, crystals we observed additional strong absorption band at
6.7eV between 5.9, 7.9eV bands. Similar to this the third
absorption band between main 5d bands was observed in Ce-
doped CaF, and SrF, and was not observed in BaF, crystals [4].
Later this additional band was assigned to splitting of Ce 5d eg
levels by charge compensating interstitial fluorine in nearest
neighbour position [8]. Nearest neighbouring compensator of
trivalent rare-earth ion is predominant in CaF,, SrF, crystals
[9,10], but absent in BaF, crystal, where compensator occupied
next nearest neighbour position [11]. Therefore we may conclude
that the absorption bands at 6.9 eV in Pr-doped CaF,, SrF, crystals
are due to perturbation of Pr’* jon by nearest neighbour
interstitial fluorine.

Comparing absorption spectra of CaF,— Pr one can notice that
the absorption around 7 eV grows larger than Pr absorption bands

at 5.7, 6.7, and 7.7 eV (see Fig. 4). Absorption spectra of Pr-doped
CaF, crystals show superlinear growth of absorption band with
maximum near 7.0eV with increasing of Pr concentration (see
Fig. 4, top right inset) while no measurable similar absorption
bands were observed in SrF, or BaF, crystals (see Fig. 5). The slope
of experimental line in logarithmic coordinates of absorption
coefficient of 7.0 eV band against that of band at 5.7 eV is equal to
2 (see Fig. 4, top left inset).

4. Discussion and conclusion

From the observed emission spectra one can find that the ratio
of integral intensity of second cascade lines (emission from 3PO
level) to the intensity of first cascade lines (emission from 1SO
level) drastically decreased in a row BaF,—SrF,—CaF, (see Figs.
1-3). The integrated intensities in 1 mol % PrF3-doped BaF,, SrF,,
CaF, is related to each other as 36:2.4:1. It means that in SrF, and
especially in CaF, crystal there is some process which efficiently
quench the emission from P, level. At least two mechanisms are
possible. One mechanism is cross-resonance energy transfer from
excited Pr ion of PCE-active centre to nearest Pr ion in ground
state. The probability of cross-resonance transfer depends on
the distance as R~ [1]. Another mechanism is that the multi-
phonon and other non-radiative processes drastically grow with
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Fig. 3. Emission spectra of CaF, crystal doped by PrFs;. Samples were excited at
6.9eV (full curves) or at 6.0eV (dotted curve). Middle right inset—excitation
spectrum of CaF,—0.1 mol% PrF; of emission at 3.1eV at 295K.
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Fig. 4. Absorption spectra of CaF, crystal doped by PrF; at room temperature.
Concentration of PrF3: 1-0.005, 2-0.01, 3-0.03, 4-0.1 mol %. Top left—absorption
coefficient at 7.0eV against that at 5.7eV. Top right—difference of absorption
spectra of 0.03mol% sample to that of 0.1 mol% sample. Both spectra were
normalized to equal absorption band at 5.7 eV.

increasing of phonon frequency, which grows in the row from
BaF, to CaF,.

Superlinear growth of emission of PCE-active centres with
increasing of Pr concentration in SrF, and BaF, undoubtedly
proved that these centres are aggregates of initial Pr3+—F,T
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Fig. 5. Absorption spectra of SrF,, BaF, crystal doped by PrF; at room temperature.

centres. However, in CaF, even at 0.005mol% of PrF; the
PCE-active centres are predominant at 7.0eV excitation. At first
glance there is some contradictory between CaF, and BaF,, SrF,.
However, it is known that the aggregation effectiveness is higher
in CaF, than that in SrF, [12]. Audio-frequency capacitance and
conductance measurements were shown that defects Ry (dimers)
and Ry (higher aggregates) are observable at lower concentrations
in calcium fluoride than in strontium fluoride [12]. This implies
that both Ry and Ry aggregates become less stable as the size of
the host cation increases. The maximum in the dipole concentra-
tion as a function of dopant concentration reaches a maximum at
a higher dopant concentration in strontium fluoride than in
calcium fluoride for simple point defects [12]. Therefore it is not
astonishing that the PCE-active aggregate centres are observed at
lower concentrations in CaF, than in SrF,, BaF,.

The absorption spectra of CaF,—PrF; show superlinear growth
of absorption band at 7.0eV against the known Pr-absorption
bands (see Fig. 4) This absorption band is well coincided with
excitation spectrum of PCE-active centres. Therefore one can
assume that the 7.0eV absorption band belongs to PCE-active
centres. No such absorption was observed in SrF, and BaF,
crystals. These results are also in line with relatively high
effectiveness Pr aggregation in CaF, and much lower aggregation
effectiveness in BaF, and SrF, crystals. The dependence of
absorption at 7.0eV against that at 5.7eV is well described by
parabola curve (see Fig. 4). In the term of aggregation process it
means that one aggregate (dimer) is built from two single centres.

The influence of crystal structure on splitting of 5d levels of
Pr’* jon was thoroughly discussed in paper [3]. Two main
consequences of Pr’* introduction into cation site are observed.
At first the average energy of the five 5d states is decreased
relative to the value for the free ion (the so-called centroid shift).
At second the crystal field of alkaline-earth fluorides splits the 5d
levels of Pr by 2 eV, mainly due to different repulsion of 5d orbitals
from eight negatively charged surrounded fluorines. Two 5d
orbitals (d. and d,._.) having less repulsion are situated at lower
energy than other three orbitals (dyy, dy, dy;). As a result the 1So
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level was found at higher energy than e, 5d level [4], and 5d-4f
emission is only observed for single Pr defects.

From qualitative consideration the presence of six interstitial
negative fluorines around Pr>* ion should considerably reduce the
splitting of 5d orbitals. Indeed, in this case the d. and d._,.
orbitals will have strong repulsion from negative interstitials and
therefore their energy should increase.

I conclude that Pr centres, which possesses the photon cascade
emission in CaF,, SrF,, BaF, crystals, are aggregates of Pr3+fFi‘
initial centres.
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