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Abstract⎯The absorption spectra of radiation-colored CaF2, SrF2, and BaF2 crystals activated by trivalent
Pr, Sm, Нo, Er, Tm, and Yb (rare-earth, RE) ions are studied. It is shown that ionizing radiation reduces the
impurity ions to the divalent state. The temperature resistance of divalent RE ions of radiation-colored CaF2
crystals correlates with the chemical stability of the compounds with divalent RE ions. The photochromic
centers are produced in CaF2-Pr crystal colored by radiation at room temperature and heated to 200°C.
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INTRODUCTION
The optical properties of crystalline material acti-

vated by rare-earth (RE) ions are due to the valence of
impurity ions. RE ions are normally incorporated into
crystals of alkaline-earth f luorides (AEFs) in the triva-
lent state. When an external influence acts on the crys-
tals (ionizing radiation or heating in metal vapors
(additive coloring)), RE ions can be reduced to the
divalent state [1–3]. Yttrium, La, Ce, Gd, Tb, and Lu,
which are characterized by low third ionization poten-
tial, form photochromic centers in radiation- and
additive-colored CaF2 and SrF2 crystals [4–6]. Such
crystals can be used in holography [7].

Studying the effect different states have on valence
stability of impurity ions, or on the change in their
valence under an external impact, is of both practical
and fundamental interest.

In [4, 5], we studied the optical properties and
thermal destruction of the induced centers of CaF2,
SrF2, and BaF2 crystals activated by Y, La, Ce, Gd,
Tb, and Lu. In this work, we studied the absorption
spectra of divalent Pr, Sm, Но, Er, Tm, and Yb ions of
radiation-colored CaF2, SrF2, and BaF2 crystals in the
temperature range of 300–900 K.

EXPERIMENTAL
Fluoride crystals were grown using the Stockbarger

technique in a three-barreled graphite crucible in a
vacuum. Several percents of CdF2 were added to the
material to remove oxygen. The concentrations of
PrF3, SmF3, НoF3, ErF3, TmF3, and YbF3 in the
charges were 0.01, 0.1, and 0.3 mol %. The absorption

spectra were measured on a Lambda-950 spectropho-
tometer (PerkinElmer) in the range of 190–2000 nm.
The radiation was produced by a BHV-12 X-ray tube
at a voltage of 25 kV and a current of 20 mA over
30 min. The samples were placed directly on the outer
window of the tube and were colored from both sides.

RESULTS AND DISCUSSION
Under X-ray radiation at room temperature, the

RE3+ ions in CaF2, SrF2, and BaF2 crystals activated
by trivalent RE ions were partly reduced to RE2+ ions.
The intense absorption bands of divalent RE ions (Sm,
Но, Er, Tm, Yb, Pr) are found in the visible and UV
ranges of the spectrum (Fig. 1) [2, 3]. Radiation color-
ing also results in the formation of acceptor - and

-centers, along with RE2+-centers [8, 9].

Acceptor Centers

The -centers in AEF crystals are holes local-
ized on interstitial F ions oriented along axis [110] [9].
The -centers are a chain of three F ions (two of
them are found in anion positions, and one is intersti-
tial) oriented along axis [111] [8]. The absorption
bands of the acceptor centers lie in the range of 4.1
( -centers) [9] and 6.2 ( -centers) [8] eV, and
are masked by strong bands of divalent RE2+ ions. The
positions of the absorption bands of the acceptor cen-
ters in the AEF crystals were determined by subtract-
ing the absorption spectra of radiation- and additive-
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colored crystals [8, 9]. Additive coloring results in the
formation of electron centers, while radiation coloring
leads to the formation of electron and acceptor cen-
ters. The position of the absorption band is also similar
for the AEF crystals activated by different RE ions
[8, 10], in contrast to RE2+ absorption bands, which
are distinct for different elements.

Divalent Rare-Earth Ions

The spectra of divalent RE ions (Sm, Но, Er, Tm,
Yb, Pr) of the CaF2, SrF2, and BaF2 crystals are char-
acterized by wide absorption bands in visible and UV
ranges, and are caused by allowed transitions to mixed
4f-5d-envelope [3, 8, 11–14].

The shift of the absorption band to the high-energy
area in the CaF2–SrF2–BaF2 series is caused by the
crystalline field [15]. The CaF2 crystals exhibit more
efficient formation of induced centers than SrF2 and
BaF2 crystals activated by the same impurities, due
possibly to the increase in the density of the CaF2–
SrF2–BaF2 crystals. Along with absorption bands and
transitions in Pr2+ ions in the range of 1–5 eV, the
spectra of CaF2, SrF2, and BaF2 crystals activated by
Pr show intense absorption in a range of 6 eV caused by
4f-5d transitions in Pr3+-ions [16].

Figure 2 shows the curves of thermal destruction of
the induced centers of the colored CaF2-Sm crystals.
The bands of 4 f 6–4 f 55d1-transitions of Sm2+ are
observed in the absorption spectra of CaF2-Sm3+ crys-
tals after radiation coloring at room temperature [11].
Heating the crystals to 100°C reduces absorption in

Fig. 1. Absorption spectra of radiation-colored (at room
temperature) CaF2, SrF2, and BaF2 crystals activated by tri-
valent Tm, Yb, Er, Sm, Но, and Pr ions: (а) (1) CaF2-Tm,
(2) SrF2-Tm, (3) BaF2-Tm; (b) (1) CaF2-Yb, (2) SrF2-Yb,
(3) BaF2-Yb; (c) (1) CaF2-Er, (2) SrF2-Er; (d) (1) CaF2-Sm,
(2) SrF2-Sm, (3) BaF2-Sm; (e) (1) CaF2-Ho, (2) SrF2-Ho,
(3) BaF2-Ho; (f) (1) CaF2-Pr, (2) SrF2-Pr, (3) BaF2-Pr.
The spectra were measured at room temperature.
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Fig. 2. Absorption spectra of CaF2-SmF3 crystal measured
after radiation coloring at (1) room temperature and after
heating the colored crystal to (2) 100°C, (3) 200°C,
(4) 250°C, and (5) 300°C. The spectra were measured at
room temperature.
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the range of 4 eV, due to the destruction of -cen-

ters [9]. The absorption band of the -centers (the
maximum of absorption band near 6 eV) is more ther-
mally stable and is destroyed along with absorption

bands of Sm2+. The Sm2+ centers of the CaF2 crystals

are the most thermally stable of the investigated diva-
lent ions of CaF2, SrF2, and BaF2 crystals, and is

destroyed upon heating the crystal to ~700°C.

Upon heating the AEF crystals activated by Но, Er,
Tm, and Yb, the centers induced by X-ray radiation
were destroyed as in the CaF2-Sm crystals. The tem-

peratures of Но2+, Er2+, Tm2+, and Yb2+ destruction
are shown in Table 1.

Figure 3 shows the curves of thermal destruction of
irradiated CaF2-Pr crystals. Heating the colored crys-

tal to 200°C alters the absorption spectra and results in
the formation of the absorption band at 3 eV and the
shift of maximum of the absorption band at 1.9 eV to
the low-energy area. Further heating of the crystal
destroyed the altered absorption spectra. All bands
were destroyed upon heating to 300°C. The change in
the absorption spectra was accompanied by variation
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of the crystal’s color. The crystal became gray and
green after radiation and heating, respectively. This
change in the crystal’s color and its absorption spectra
was observed during the formation of photochromic
(PC) color centers in radiation-colored CaF2 crystals

activated by Y, La, Ce, Gd, Tb, and Lu [4, 5]. These
studies also showed that the PC centers of radiation-
colored CaF2 crystals are destroyed at 300–350°C. In

[16], Hayes reported that when impacting a CaF2 crys-

tal, trivalent Pr ions can either be reduced to the diva-
lent state or participate in the formation of PC centers.
However, no experimental results from studying these
crystals were provided. It was also shown in [2, 6] that

radiation coloring yields only Pr2+ ions from electron
centers.

Neither the PC effect in CaF2-Pr crystals or the

thermal destruction of the absorption spectra of
induced centers in the temperature range of 80–300 K
was studied in this work. These problems will be dis-
cussed in future works. At the same time, the character
of the change of the absorption spectra upon heating a
crystal, along with the temperature of the destruction
of induced absorption bands, allows us to suggest that
the bands with maxima of 3 and 1.7 eV belong to PC
centers. No new bands were observed in the spectra of
SrF2-Pr and BaF2-Pr crystals upon heating. The

bands induced by radiation coloring were destroyed at
100°C.

Oxidation of the RE ions to trivalent state upon the
heating of radiation-colored crystals is observed at
various temperatures (see Table 1). We can see from
the table that the temperatures of RE ion oxidation are
different for each element.

Figure 4 compares the temperatures of oxidation of
the divalent RE ions of CaF2 crystals and their ioniza-

tion potential [17]. It is known that ions with the
higher third ionization potential are more stable in the
divalent state [17]. The oxidation temperatures of La,
Ce, Gd, and Tb ions were determined earlier in study-
ing the PC centers of CaF2 crystals [2, 5]. A compari-

son of the curves shows that oxidation of the RE ions
upon the heating of CaF2 crystals occurs at higher

temperatures for the ions with the highest third ioniza-
tion potential (Sm, Nd, Tm, Yb, Er), which form sta-
ble divalent compounds. The temperature resistance
of the divalent RE ions of radiation-colored CaF2

crystals correlates with the chemical stability of the

Fig. 3. Absorption spectra of CaF2-PrF3 crystal measured
after radiation coloring at (1) room temperature and after
heating the colored crystal to (2) 100, (3) 200, (4) 250, and
(5) 300°C. The spectra were measured at room temperature.
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Table 1. Temperature of transformation RE2+ → RE3+ upon heating radiation-colored CaF2, SrF2, and BaF2 crystals (°C)

Sm Nd Tm Yb Ho Er Pr

CaF2 700 570 500 500 350 300 240 (Pr2+)

300 (PC centers?)

SrF2 600 520 400 250 200 250 100

BaF2 300 470 300 200 100 Not induced 100
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compounds with divalent RE ions. The change in the
valence of the RE ions is accompanied by the destruc-
tion of the acceptor centers produced along with diva-
lent ions by irradiating crystals. Heating to a certain
temperature thus results in the recombination of
acceptor centers and divalent RE ions.

For ions with the lowest third ionization potential
(La, Ce, Gd, Tb), this process is observed at lower
temperatures and is accompanied by the formation of
PC centers. There are two possible scenarios of the
oxidation of divalent RE ions: (1) electron transfer
from divalent RE ions on ionized PC centers and the
formation of PC centers, and (2) the recombination of
divalent RE ions with acceptor centers. Assuming that
the temperatures of the transformation of ionized PC
centers and the oxidation of divalent RE ions coincide,
we may conclude that the first oxidation scenario is
more likely.

CONCLUSIONS

The radiation coloring of CaF2, SrF2, and BaF2

crystals activated by trivalent ions of RE elements
results in the formation of divalent impurity ions,

along with acceptor - and -centers. The diva-

lent Sm ions in radiation-colored AEF crystals are the
ones most thermally resistant. The temperature resis-
tance of the divalent RE ions in radiation-colored
CaF2 crystals correlates with the chemical stability of

compounds with divalent RE ions. The absorption
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bands of PC centers were identified in the absorption
spectra of the CaF2-Pr crystals.
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Fig. 4. Comparison of oxidation temperature of divalent
RE ions in CaF2 crystals and their third ionization poten-
tial [17].
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