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ARTICLE INFO ABSTRACT

Keywords: Optical spectra (absorption, luminescence, decay of emission, spectra with time resolution) of Sm?* ions in
CaF, alkaline-earth fluoride crystals (CaFa, SrF,, BaF,) in the wavelength range 120-900 nm at 7-300 K were studied.
StFy By additive coloration of about 60% of the original Sm>* is converted to Sm>*.

BaF, . One component of the decay of the Sm®* emission was observed in BaF, crystals with a lifetime of 16 ms (a
f\?t:;r;clir:n slow component) and in CaF, crystals with a lifetime of 1.3 ps (fast component) at low temperature. In SrF,
Emission crystals, two decay of luminescence components are found in the millisecond and nanosecond time range. The
Time-resolved luminescence spectra of the slow and fast components in CaF,, SrF,, BaF, are similar, which confirms their
Spectroscopy attribution to forbidden 4f-4f and allowed 5d-4f transitions, respectively. The results obtained made it possible to

clarify the position of the excited levels of Sm** 4f(°D,) and 5d(e,) relative to the bottom of the conduction band

of alkaline-earth fluorides.

1. Introduction

Samarium ions are introduced into alkaline earth fluorides in forms
2 + or 3+. Both ions effectively luminesce. The emission of Sm>* is
observed only at low temperatures, Sm®* also luminescent at room
temperature. The spectroscopy of divalent samarium was studied by
several scientific groups in the 1960s [1,2] in connection with the de-
velopment of laser technology. Decay of emission [3,4] and vibronic
spectra were thoroughly studied. In recent studies, CaF,-Sm>™* crystals
were considered as effective red x-ray scintillator [5]. Formation of
divalent Sm in CsBr-Sm®* is expected to be use in radio-photo-
luminescent dosimetry [6].

The main topic of the present paper is to establish the processes of
changing the valence of Sm>* ions by additive coloration and to de-
termine the positions of the excited 4f° and 4f°5 d! -levels within bans
gap of alkaline earth fluoride crystals.

2. Experimental

Crystals were grown in vacuum in a graphite crucible by the
Stockbarger method [7]. The graphite crucible contained three cy-
lindrical cavities with a diameter of 10mm and a length of 80 mm,
which made it possible simultaneously to grow three samples with sizes
P10 x 50 mm with different amounts of SmFs. A few percent of CdF,
were added into raw materials for purification from oxygen impurity

during growth.

Crystals BaF,, SrF,, CaF, with 0.01, 0.03, 0.1 mol.% of SmF; were
grown. All samarium was in trivalent form. For the transformation of
samarium ions into a divalent form, an additive coloration procedure
was used.

Absorption spectra in the range 190-3000 nm were taken with
spectrophotometer Perkin-Elmer Lambda-950, emission spectra were
measured using grating monochromator MDR2 (LOMO). Emission, ex-
citation spectra were measured with photomultiplier tube module
Hamamatsu H6780-04 (185-850 nm). No emission spectrum correction
needs to be performed as the sensitivity only weakly changed in the
region of emission (400-800 nm).

3. Results

3.1. Mechanism of conversion (Sm>* to Sm®>*)

Additive colouring of the crystals was carried out in an autoclave
made of stainless steel at temperatures of 700-850°C. Samples of the
crystals and pieces of metallic calcium were placed in different con-
tainers or separated by metal foil in the same container. After evacua-
tion to 10”2103 Torr, the temperature increased up to 400°C. The
samples were annealed at this temperature while pressure does not
decrease down to 102 torr again. After heating to coloration tem-
perature, the autoclave with the samples was kept in the oven for
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Fig. 1. Absorption spectra of initial (a) and additively coloured (b) MeF»-0.03 mol. % SmF; crystals.

0.5-3 h, depending on the thickness of the samples, samarium con-
tamination and temperature. After coloration samples were polished.

As a result of additive colouring, initially colourless crystals of al-
kaline-earth fluorides acquired a colour, the saturation of which in-
creased with increasing initial concentration of trivalent samarium. In
the absorption spectra (Fig. 1), characteristic bands of divalent sa-
marium [1] appeared.

A linear dependence of the 4f-5d absorption bands of Sm>* before
coloration and Sm>* bands after additive coloration was observed. The
absorption coefficients of the allowed 4f-5d transitions of the initial
Sm>* and the formed Sm?* are close in magnitude (see Fig. 1), which
indicates that a significant fraction of initial trivalent samarium ions
has become divalent.

The linear increase in the absorption coefficient of the Sm>* long-
wave band as a function of the concentration of the introduced SmFj; is
shown in Fig. 2. A similar dependence is also observed for other ab-
sorption bands of Sm** in the 200-500 nm region. It is known that in
the crystal CaF,-0.01 mol. % Sm?* the absorption coefficient in the
Sm>* long wavelength band near 600 nm is equal to 9.3cm™" [8].
From this, one can draw the lines of the complete (100%) transforma-
tion Sm®** — Sm?™ on Fig. 2. One can see that about 60% of the ori-
ginal trivalent samarium is converted into a divalent form by additive
coloration of the alkaline-earth fluoride crystals (see Fig. 2).

The molar absorption coefficients of Sm?* in SrF, and BaF, crystals
are still unknown. Based on the results presented on Fig. 2 it can be
assumed that the molar absorption coefficients of Sm?* in three crystals
of CaF,, SrF, and BaF, are close.

Intensive absorption bands in the vacuum ultraviolet region are
found in additively coloured SmF3-doped CaF,, SrF,, and BaF, crystals
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Fig. 2. The dependence of the magnitude of the long-wave Sm** band in co-
loured crystals on the concentration of SmF; in the original crystals.

at 161.0, 175.4, 206.0 nm, respectively. The bands belong to hydrogen
H™ a-centres [9,10]. The formation of hydrogen centres is also con-
firmed by the appearance of the EPR signal of interstitial hydrogen
atoms after X-ray irradiation of additively coloured crystals [10] and by
infrared vibronic absorption bands near 794, 884, 957 cm ™! in BaF,,
SrF,, CaF, respectively.

Additive coloration is due to the ”dissolution” of metal atoms - the
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addition of a metal ion from the vapour to the cation site on the crystal
face and the motion of the formed anion vacancies and electrons deep
into the crystal [11,12]. Thus, the additive coloration processes can be
described by the following reactions:

(€8]
@

(Sm>*-Fy) + (V; + e) - Sm?*
HY + V; + e = H;

In equation (1), the interstitial fluorine ion, which is the charge
compensator of trivalent samarium, falls into the anion vacancy while
the electron converts the samarium ion to a divalent state.

In equation (2), the interstitial hydrogen atom, embedded in the
crystal from the surrounding atmosphere, falls into an anionic vacancy
and trapping the electron becomes a highly stable hydrogen ion H™ a.

Hydrogen diffused into crystal much more slowly than the anion
vacancies [10], therefore the hydrogen absorption could be reduced by
polishing the samples. It seems, the penetration of hydrogen from the
atmosphere occurs with all methods of additive colouring. The source
of hydrogen in the ambient vacuum can be water vapour [13] or or-
ganic impurities [10]. The energy of the interband transitions (band
gaps) in the crystals of CaF,, SrF,, BaF, from the reflection spectra was
determined to be 12.1, 11.25, 11.0 eV, respectively [14]. The position
of the hydrogen band in the far ultraviolet region hampered the dis-
covery of this process in the past (a few exceptions are [10,15]).

3.2. Absorption spectra

The absorption spectra of ions Sm>* in the crystals CaF,, StFy, BaF,
have been studied in a number of papers [1,2]. The spectra contain a
several broad absorption bands in the spectral range from 600 nm to
200 nm (see Fig. 1).

We observed prominent peaks at 338, 292, 248 cm ™! from zero
phonon lines in 4f("F,) — 5d absorption spectra at 7.5K of the CaF,,
SrF,, BaF, respectively (Fig. 3). In the BaF, crystal, absorption bands
are broad, but a comparison with the CaF,, SrF, crystals makes it
possible to determine their position (see Fig. 3). The smoothed ab-
sorption 4f-5d bands in BaF, are evidently caused by the location of the
5d level within the conduction band. The peaks 338, 292, 248 cm ™! in
MeF,-Sm?™ is closed to raman peaks 330, 290, 249 cm ™' of undoped
alkaline-earth crystals at 77K [16]. The weaker vibronic peak of
25 cm ™! longer wavelength was observed also (see Fig. 3). It has been
found before that Raman active phonons are responsible for one of the
major peaks observed in the emission vibronic spectra of Sm®* acti-
vated crystals of the fluorite structure [17,18]. We observe similar
transitions in absorption spectra also.

3.3. Emission

The emission spectrum of Sm®* ions in alkaline-earth fluoride
crystals consists of a diffuse wing at 650-800 nm and a narrow line of
about 700 nm (Fig. 4). Apparently broadband luminescence in crystals
CaF, and SrF, at room temperature is due to transitions of 5d-4f in ions
Sm2* (see Fig. 3). A narrow line near 700 nm in BaF,, SrF, at 80K is
undoubtedly due to 4f-4f (°Dy-"Fp) transitions in ions Sm?* (see also
[1,2D).

The largest line of luminescence in crystals CaF, at 710 nm is wider
than the similar lines at 697 nm in SrF,, BaF, and 15 nm shifted relative
to them. Such properties are not characteristic for the line of f-f tran-
sitions. Perhaps the line at 710nm in CaF, does not belong to f-f
transitions of Sm?*. In the next section it will be shown that the ob-
served luminescence in CaF, is due to 5d-4f transitions in Sm?™.

At 7.5K, the steady-state emission spectrum of Sm>* ions in SrF,
crystals contains intensive narrow line of f-f transitions at 696 nm. With
increasing temperature, the intensity of the line decreases strongly in
the temperature range 45-90 K. At the same time, a broadband emis-
sion spectrum appeared. On the curves of, The activation energy of the
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Fig. 3. Long-wavelength part of absorption spectra of MeF,-Sm?>*. Positions of
zero-phonon lines and Raman active mode are shown.

temperature growth of the broadband spectrum and quenching of the
696 nm line is estimated to be 400 cm ™', Assuming that the broadband
spectrum is due to 5d-4f transitions and the line is due to 4f-4f transi-
tions, we can identify the obtained energy as the energy gap between
level 4f(°Dy) and higher 5d(e, -level. The magnitude of the thermal gap
400 cm ! is close to the value of 460 cm ™! determined in paper [2] and
the value of 432 cm ™! determined in the paper [19].

3.4. Time-resolved emission

The very different decay times of the broadband spectra, caused by
allowed 5d-4f transitions, and line at 697 nm, which are due to for-
bidden 4f-4f transitions, were observed in SrF, [19-22]. To separate the
allowed (fast) and forbidden (slow) emissions the time-resolved emis-
sion spectra were measured at 7-300 K. Obviously the fast and slow
decay spectra in these crystals belong to 5d-4f and 4f-4f transition of
Sm?™ ion respectively. The different emission spectra with fast and
slow decay were observed in SrF,-Sm>* at 670-750 nm, while only
slow decay spectra were observed in BaF,-Sm>* and only fast decay
spectra were observed in CaF,-Sm?*.

The luminescence spectrum of the crystals BaF,-Sm?* (Fig. 5) does
not change with time after the excitation pulse. In the temperature
range 60-90 K, the integral intensity and the decay time (see the inset
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Fig. 4. Emission spectra of Sm?* in alkaline-earth fluorides. Crystals BaF,-
Sm?2* did not have Sm luminescence at room temperature.

on Fig. 5) of the luminescence decrease in parallel. It follows that the 5d
(eg) level is substantially higher in energy than the 4f (°Dy) level. The
quenching is obviously connected with the thermal release of an elec-
tron from the ®D, level into the conduction band. According to the
temperature dependence, we estimated the energy gap up to the bottom
of the conduction band at 0.12eV.

In the luminescence of SrF,-Sm>™ crystals in an interval of 7-80K,
two decay components were observed: fast in the nanosecond range and
slow in the millisecond range.

The lines at 675 and 697 nm observed in the fast and slow SrF,-
Sm?™ luminescence spectra, respectively (see Fig. 6). The luminescence
spectrum of the fast component is more diffuse, which indicates a larger
value of the electron-phonon interaction. The difference in the positions
of the lines for the luminescence components is 467 cm ~'. The spectra
of the vibronic wings for the luminescence components differ from each
other, which indicates the prevalence of different phonon modes in the
luminescence of both components. The luminescence spectra of the fast
and slow SrF,-Sm>* component (see Fig. 6) are similar to the spectrum
measured at the moment of excitation pulse and the integrated emission
spectrum measured earlier [21].

At a temperature of 80 K, the line at 675 nm decreases significantly
in the fast component spectrum and the structure of the spectrum be-
comes smoothed. In the spectrum of the slow component, a wing ap-
pears around 680 nm (see Fig. 6), apparently due to hot luminescence.
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Fig. 5. The emission spectrum of BaF,Sm?* at 8.5 K. The inset shows the
temperature dependence of the luminescence intensity (solid line) and the
decay time (dots). The broken line shows the calculated curve for E = 0.12 eV

and the frequency factor 4*10” sec ™.

The emission of Sm>* in CaF, is characterized by a single exponent
in the entire temperature range 7-300 K. At 7 K, the decay time is 1.3
microseconds. When heated, the intensity and decay time simulta-
neously decrease in the temperature range 160-300 K with an activa-
tion energy of 0.23 eV. The luminescence spectra measured at different
times are close in shape (Fig. 7). It can be concluded that the lumi-
nescence of Sm?* in CaF, is due to allowed 5d-4f transitions.

4. Discussion

The position of the levels of the lanthanides in the band scheme is
determined in the Dorenbos model with an accuracy of 0.1-0.2 eV for
many substances [23,24]. The position of the Sm?" levels relative to
the bottom of the conduction band in alkaline-earth fluorides was es-
timated in Ref. [23]. Nevertheless, experimental determination of the
positions of the levels is important. Based on our experimental data, it is
possible to clarify the position of the excited 5d and 4f levels of Sm?™*
relative to the bottom of the conduction band of alkaline-earth fluor-
ides.

The position of the excited levels of Sm?* according to the
Dorenbos model is shown in Fig. 8.

The Sm?* ion has an electronic configuration of 4f° in the ground
state, and the ground multiplet can be designated 7Fj(J =0, ...,6). The
ground level is “F, and first excited level is “F;. The distance between
these two levels is determined to be 263 cm ™! in CaF, and SrF, as well
as 278 cm ! in BaF, [1,2]. Most intensive emission lines were observed
for °Dy - “F; and 5d(e,) - ’F; transitions [1,2].

In the emission spectra of CaF, at 80 K from the short-wave side of
the most intense 710 nm line, two lines of weak intensity were also
observed at 703.5 and 691.5 nm (see Fig. 4). Upon cooling to 7 K, the
lines at 703.5 and 691.5 nm disappeared. It can be assumed that they
belong to transitions from higher levels, and the line at 710 nm is the
line 5d(eg)-4f("Fo).

In CaF, crystals, the lowest excited level according to Dorenbos
model is the °Dy level and the next 5d (eg) level is 0.15eV higher in
energy.

The time-resolved emission spectra of Sm?>* in CaF, (see Fig. 7)
correspond to the allowed 5d-4f transitions. The emission of (°Dy-"F;)
in CaF, crystals were not observed. The positions of 4f levels depend
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Fig. 6. The emission spectra with time resolution of SrF,Sm?* at 80K (a) and
7.4 K (b). Intervals of the integration time for each spectrum with respect to the
excitation pulse are shown in the figure.

weakly on the crystal environment. The lines in BaF,, SrF, crystals were
observed at 696.8 and 697.2 respectively (see Fig. 4). It can be esti-
mated that the °Dy-"F; line in CaF, will be observed at about 697 nm,
while the 5d-4f transition line is observed at 710.0 nm. Consequently,
the level 5d(e,) should be below the level 4f(°Dy) by 250 cm ™!, which is
close to the value of 244 cm ™, estimated using the Sm>* level scheme
from work [2]. The experimental position of 5d(eg) of Sm?2* in CaF, is
lower than the position estimated by the Dorenbos model by
1460 cm™".

In crystals of SrF,-Sm>™, at low temperatures, emission is observed
from both the 5d(e,) level and the 4f(°Dy) level. According to Dorenbos
estimates, the lowest level of the excited level is the level °Dg and the
next 5d(e,) level is located at 0.25eV (2016 em™Y) higher in energy.

The maxima of the emission spectra of StF,-Sm>* at 7.4 K of both
decay components are shifted by 467 cm ™! from each other. It can be
concluded that 5d(e,) level is higher in the energy by 467 cm ™' than
the Dy level of Sm? ™. The energy gap between the two excited states is
large enough so that there is no thermal equilibrium between the levels
up to 80 K. Consequently, in accordance with the experimental results,
it is necessary to reduce the energy gap between Sm>* levels °D, and
5d(e,) in StF, in the diagram of Fig. 8 to 467 cm™ .

Due to the smaller splitting of the 5d states of the Sm>™ ion by the
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Fig. 8. Positions of 4f (°D) and 5d(e,) excited states of Sm?* ions in alkaline
earth fluorides taken from Dorenbos paper [25,26]. Vertical arrows show the
observed radiative transitions to the ground level of “Fo of Sm>* ions. The
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shown in the figure. The inclined arrows show the change in the position of the
5d(e,) levels of CaF,, SrF, and 4f5(°Dy) level of BaF, on the basis of our ex-
perimental results.

crystal field, the lowest level of 5d(e,) rises higher in energy, which
leads to an increase in the distance between 4f(°Dy) and 5d (eg) in the
series from CaF, to BaF,. In BaF, crystals, the 5d(e,) level shifts to the
conduction band, which is reflected in the strong broadening of the
absorption spectrum of BaF,-Sm>* (see Fig. 3). As a result of this, no
emission of 5d(eg)-4f(7F0) was observed. The distance from the excited
level °Dy to the bottom of the conduction band in the Dorenbos diagram
is about 500 cm ! (see Fig. 8).

The experimental temperature quenching of BaF,-Sm>* is described
by a curve with an energy of 0.12eV (968 cm™!). Since the thermal
quenching energy cannot be greater than the gap from °D, to the
bottom of the conduction band, the position of the “F, ground level of
Sm?2™ in BaF, in the Dorenbos diagram should be lowered to a value of
880 cm ™! from bottom of conduction band.
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5. Conclusion
Experimental results lead me to the following conclusion:

- A significant fraction of Sm®* in alkaline-earth fluoride crystals is
converted to a divalent state Sm>* by additive coloration.

- Time-resolved emission measurements confirm that in CaF,-Sm?*
only 5d-4f emission observed, in SrF, both 5d-4f and 4f-4f and in
BaF, only 4f-4f emission observed.

- The position of the 5d(e,) and 4f(°Dy) levels of Sm>* of Dorenbos
diagram should be slightly adjusted to match the experimental re-
sults.
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