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Photochromism in Calcium and Strontium Fluoride
Crystals Doped With Rare-Earths Ions

T. Sizova and E. Radzhabov

Abstract—This paper reports the absorption spectra of pho-
tochromic centers in CaF; and SrF crystals doped with ce®t
and Gd®T impurities and thermal decay of the centers in temper-
ature range 80-500 K. The ionized photochromic color centers are
generated in crystals under low-temperature X-rays irradiation.
These centers are transformed into photochromic color centers
upon heating of crystals. All color centers decay at temperature
about 500 K.

Index Terms—Alkaline-earth fluorides, optical spectroscopy, ra-
diation hardness, rare earths, scintillators, X-rays.

I. INTRODUCTION

O improve the scintillation properties of alkaline-earth

fluorides the doping of rare earth ions is used, although
when employed with impurities doping reduces the radiation
hardness of crystals. It is known, that in the crystals doped
with such rare earth ions as La, Ce, Gd, Tb, Lu or yttrium
the X-irradiation [1] or additive coloration [2]-[4] result in
formation of photochromic centers (PC centers). Referring to
optical and electron paramagnetic resonance (EPR) research,
it has been suggested that the ionized (PC™) and thermally
stable photocromic centers in CaF, and SrF, crystals consist
of one or two electrons bound at the anion vacancy adjacent
to the trivalent impurity cation. Colored crystals exhibit a pho-
tochromic effect, i. . they change color under exposure to light.
This process is accompanied by a reversible transformation
of PC center into the ionized PC center (PC™ center) [2]. The
mechanism for creating PC centers in X-irradiated crystals is
not clear so far. It has been found that photocromic centers can
be formed by the shallow trivalent traps, e. g. Y, La, Ce, Gd and
Tb, which have the low third ionization potentials; the stronger
traps with the higher ionization potentials will form divalent
ions. Therefore, the anion vacancies created during x-irradia-
tion in the crystals doped with trivalent impurities which do not
change their positive charge. The optical properties of X-rays
created photochromic centers and their thermal destruction
in crystals of CaFs, StFa, BaF, doped with La®t, Y3+, Lu®*
were studied in our previous papers [5], [6].
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In this paper we discuss the data of studying photochromic
color centers created by X-rays and their thermal decay at tem-
perature range from 80 to 500 K in CaF5 and SrF5 crystals doped
with Ce*T and Gd*™.

II. EXPERIMENTAL METHODOLOGY

The crystals of CaFy and SrF» doped with 0.01 to few mol.
percent CeF3 and GdF3; were grown in vacuum in graphite cru-
cible by the Stockbarger method. For the measurements the con-
centration of Ce and Gd was 0.3 mole% in SrFs, while the
concentrations of Gd-0.1% and Ce-0.3% in CaF, were chosen.
Optical absorption was measure by Perkin-Elmer Lambda 950
spectrophotometer. The crystals were irradiated at 80 or 300 K
by X-rays from Pd tube operating at 35 kV and 20 mA.

III. RESULTS

A. Optical Absorption Spectra of CaFy Doped With Gd>+

Fig. 1 illustrates the absorption spectra of X-irradiated CaF,
doped with Gd**. The X-irradiation at 80 K of CaF, — Gd**
results in creation of absorption bands at 2.3 eV end 3.9 eV
[Fig. 1(a)]. The absorption band 3.9 eV in the spectrum CaF; —
Gd*+ belongs to absorption Vi centers formed during irradia-
tion process [7]. The absorption band at 2.3 eV consist of two
peaks: at 2.2 eV belongs to 4f-5d transition of Gd* [8], [9],
the origin of peak at 2.3 eV is unknown. But absorption bands
Gd?™, as well as the hole absorption at 3.9 eV are much stronger
than the absorption bands in this region of the spectrum for the
other rare-earth-doped CaF, crystals [7]. These features of ab-
sorption are also the case for the ions with low third ioniza-
tion potentials (La, Lu and Y) [5], [6]. This fact can denote the
contribution of the other centers absorbing within this region.
The optical absorption spectrum of color centers in irradiated
CaF; doped with Gd*T at room temperature is demonstrated in
Fig. 1(b). The absorption bands remain in the same region of
the bands that are observed in irradiated crystals at 80 K. How-
ever, a new small peak is observed at 3.1 eV. The heating of
the crystals to 400 K leads both to the appearance of absorp-
tion bands at about 2 eV and essential increase of the band at
3.1 eV [Fig. 1(b), solid curve]. These bands belong to the PC
center [2]. If crystals of CaF, doped with Gd** are illuminated
at room temperature with ultraviolet light the absorption of the
PC decreases with growing absorption in the visible region and
prominent absorption band at about 3.8 eV, which means ab-
sorption of the PC* center [Fig. 1(c)]. The process is reversed
by absorption of visible light, or thermal energy.
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Fig. 1. Optical absorption of CaF. doped with Gd*™ a) after x-irradiation at 80 K, (b) after x-irradiation at 300 K (dashed curve) and after heating x-irradiated
crystals to 423K (solid curve), (c) after heating x-irradiated crystals to 423K (solid curve) and after exposure of UV light (dashed curve).
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Fig. 2. Optical absorption of CaF, doped with Ce*T (a) after x-irradiation at 80 K, (b) after x-irradiation at 300 K (dashed curve) and after heating x-irradiated
crystals to 423K (solid curve), (c) after heating x-irradiated crystals to 423K (solid curve) and after exposure of UV light (dashed curve).

B. Optical Absorption Spectra of CaFy Doped With C'e3t

Fig. 2 displays the absorption spectra of X-irradiated CaF,
doped with Ce®*. The optical absorption spectrum of X-irradi-
ated at 80K crystals of CaF; doped with Ce** contains a strong
absorption band at 4 eV, which is due to the 4f-5d transition
of the Ce** ion [10]; weaker absorption at 1.5 eV, is due to
4f-5d transitions of Ce>" [11]; broad band with peaksat2.1eV
end 2,3 eV is due to 4f-5d transition of Ce®>* [11]; and a broad
band with two peaks at 3.2 eV and slight absorption at 3.7 eV
[Fig. 2(a)].

Like in the case with crystals doped with La, Lu and Gd
(as reported before) the absorption bands Ce”* above 2 eV are
much stronger than the absorption bands in the region of spec-
trum for the other rare-earth-doped CaF, crystals [7]. It can de-
note the contribution of the other centers absorbing in this re-
gion. The absorption spectra of X-irradiated at room tempera-
ture CaFy — Cet crystals [Fig. 2(b)] contains the bands, which
remain at the same region of the bands observed in the irradiated
crystals at 80 K. The heating crystals to 400K, like CaFo —Gd**,
leads to the increase of band intensity at 3.2 eV and very poor ab-
sorption at 3.6 eV, both due to PC center [2]. The conversion of
PC to PC* centers is presented in Fig. 2(c). With ultraviolet light
at room temperature the absorption of the PC decreases with
growing absorption of PC™ centers. Their spectra are similar to
the absorption of X-irradiated crystals at 80K. Comparison of
the data in Figs. 1(c) and 2(c) (dashed curves) with Figs. 1(a),

2(a) indicates that the spectra of optical absorption induced by
X-irradiation at 80 K are quantitatively similar to those of PC*
centers of corresponding crystals. Thus, it can be concluded that
by X-irradiation of CaF, doped with Ce** and Gd** at 80 K
the PC™ centers are formed.

C. Optical Absorption Spectra of SvFy Doped With Gd>™
and Ce3t

The crystals of SrF; doped with Gd** and Ce®** become col-
ored only after X-irradiation at 80 K. The energies of the absorp-
tion bands of the SrF; doped with Gd** (2eV,3.8eV,4.8¢V)
are close to those of PCT centers of irradiated CaF, doped with
Gd** at 80 K [Fig. 1(a)]. Thermal decay of absorption band is
given in Fig. 3(a), were the peaks are annealed alike. A shift
of absorption peak at 3.8 eV at temperatures over 130 K can
be due to annealing of Vi centers. The ionizing photochromic
color centers are destructed at higher temperatures.

X-irradiation of the SrF, crystals doped with Ce®** at 80K
results in creating absorption bands at 2.3 eV, 3.4 eV and 4.3
eV. The strong absorption at 4.3 eV is due to 4f—5d transition
of Ce®*. Thermal annealing of the color centers in SrFy doped
with Ce®T is yielded in Fig. 3(b). The peak at 3.4 eV decreases
faster than the 2.3 eV band. This means that these bands belong
to different color centers and lie in the region of PC centers
absorption of CaFs doped with Ccet [Fig. 2(a)]. However at
present the nature of these bands is not recognized yet.
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The absorption bands of PCT centers in CaF, doped with
Ce*t and Gd®' were identified by linear dichroism investi-
gation in additively colored crystals of rare-earth-doped CaFs
[2]. The absorption band of PCT center in the visible region
is very wide. Based on the investigation of optical absorption
of rare-earth-doped CaF, after X-irradiation at 80 K by Merz
and Pershan [7] it was also concluded that the other centers ab-
sorbing in the same region contribute to the region of absorp-
tion of divalent Ce and Gd, like for divalent La, Tb. Acquired
data and experimental results allowed the inference that the PC™*
centers are formed by X-irradiation of CaF, doped by Ce®™
and Gd®>* as well as SrFy doped with Gd®>* at 80 K. The en-
ergy of absorption bands of PC and PC™ centers are tabulated in
Table I. The positions of absorption bands of PC and PC™ cen-
ters in CaF, doped with Ce* and Gd*t agree with the literary
data [2]. There are no literary data on the PC and PC™ centers
for SrF» but the shift of the absorption bands in SrFy — Gd*t
to longer wavelength relative to the bands of PC™ centers in
CaFy— Gd®* confirm the assignment of the band in SrF5 —Gd*t
to PC* centers.

Since the PC center consist of two electrons bound at anion
vacancy adjacent to the trivalent impurity cation [2], the forma-
tion PC™ centers can be described as

REST 2B RESY Lo 4V, + FY — PCY 4+ F?

On heating crystals to 400 K the PC" centers are transformed
into PC centers:

PCT +e¢ — PC.

The photochromic behavior of these crystals arises from ioniza-
tion of PC centers, forming PC™ and trapping the ionized elec-
tron on the isolated RE** ion:
Uv
PC+RE* —_PC" +RE*

The data on formation of photochromic color centers in crys-
tals of alkaline-earth fluorides doped with trivalent rare-earth
ions are summarized in Table II. The PC centers are formed
in CaF» doped with Y, La [5], Ce, Gd, Tb and Lu [6] at room
temperature, while at 80K the PC™ center in these crystals are
formed. In SrFs the PC centers are formed in the crystals doped
with Y [5] and PC™" centers are formed in SrFy doped with La
[5] and Gd. In BaF, crystals neither PC nor PC™ centers are ob-
served. The PC centers are created in combining the rare-earth
ion and fluorine vacancy. We assume that loose lattice of BaF,
favors a lower probability of combining the rare-earth ion and
fluorine vacancy, therefore PC centers are not formed in these
crystals.

V. CONCLUSION

After x-irradiation at 80K the optical absorption of PC™ cen-
ters is observed in CaF, doped with Ce®*T, Gd*T. At tempera-
tures 350450 K the PC™ centers are transforms into PC centers.
SrF; — Ce3+7 SrFs — Gd** cannot be colored by X-irradiation at
300 K. The absorption bands of PC™ centers were recognized in
SrF, doped by Gd*™ after x-irradiation at 80K. Their absorption
bands are shifted to the lower energy relative to the absorption
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bands of PCT in CaFs. In SrFy doped with Ce*t the absorption
bands at 2.3 eV, 3.4 eV and 4 ¢V (4d—5f transition of Ce**) are
the case. The nature of the band at 2.3 eV and 3.4 ¢V has not
been identified yet. This is to be implemented in the future re-
search.
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