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ARTICLE INFO ABSTRACT

The luminescence spectra of 4f-4f and 5 d-4f transitions and absorption spectra of 4f-4f transitions of Tm?* ions
were studied in crystals of alkaline earth fluorides CaFs, SrFy, BaFs. The 5 d-4f emission of Tm?" ions was
detected in the 680-800 nm region with a decay time in the micro-millisecond time interval. The 4f-4f emission
is thermally quenched at temperatures of 250, 300, and 350 K in BaF,, SrFo, and CaF», which correlates with the
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distance from the excited level to the bottom of the conduction band.

The splitting of the atomic ?Fy3, 2Fs/> levels of Tm?* by the cubic field decreases linearly with increasing
interion distance. The splitting tends to zero at a distance between fluorines of about 4 A. The positions of the
Tm?* bands in alkaline earth fluorides are well described by ab initio quantum chemical calculations.

1. Introduction

Spectroscopy of Tm?* in CaF; crystals was first studied in Refs. [1,2]
in connection with its possible application as a laser material [3]. The
divalent thulium ion has the ground state 413 with atomic levels 2F, /2
and 2Fs, split by 1 eV by spin orbit interaction. The splitting of Tm*"
energy levels in the CaF; cubic field and the level scheme are considered
in detail in papers [4,5].

The allowed 4£-5d transitions of Tm?" in halide crystals are located
in the region of 200-700 nm. Luminescence is observed for 5 d-4f
transitions at 680-800 nm and for 4f-4f transitions at 1.0-1.3 pm for
Tm?" ions [6]. Vibronic spectra of 4f-4f transitions in Tm?" ions have
been studied and modeled in CaFy, SrFq crystals [7].

Relatively recent studies have shown the promise of using crystals
with Tm?* as effective concentrators of solar radiation [8,9], which
stimulates new research on Tm2" in halide crystals [10,11].

Our research was motivated by the need for detailed studies of the
Tm?" spectra in nonhygroscopic crystals of alkaline earth fluorides as
potential laser media and phosphors for solar concentrators.

2. Experimental

Crystals were grown in vacuum in a graphite crucible by the Stock-
barger method in the Institute of Geochemistry SB RAS [12]. The
graphite crucible contained six cylindrical cavities with a diameter of 10
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mm and a length of 80 mm, which made it possible to simultaneously
grow six samples with sizes of 10 x 50 mm with different amounts of
impurities. A few percentages of CdF, were added into the raw materials
for purification from oxygen during growth. Cadmium was not found in
the grown crystals due to their evaporation at temperatures higher then
1300°C. Earlier, we used closed crucibles to grow MeF, (Me = Ca, Sr, Ba)
crystals containing cadmium [13].

We have studied the optical spectra of crystals of alkaline earth
fluorides CaFy, SrFy, BaFy with doped with 0.01, 0.1, 0.3, 1 mol% of
TmFs3.

When the crystal was grown, thulium entered the crystals of alkaline
earth fluorides in the trivalent form. Transfer to the divalent state was
carried out by additive staining, heating the crystal in vacuum in cal-
cium vapor at 750-850 °C [14,15]. The change in Tm3* - Tm3* valence
was controlled by the appearance of Tm?" 4f-5d absorption bands in the
visible wavelength range of 200-700 nm and the appearance of 4f-4f
bands transitions in the region of 1000-1200 nm. In parallel, a
decrease in the 4f-4f absorption bands of Tm®" was observed in the
wavelength range of about 1200 nm (*Hg - *Hs) and about 1640 nm (°Hg
- 3Hy).

Absorption spectra were measured using a Lambda 950 (range
190-3000 nm), and FT801 (range 5000-500 crn’l) spectrophotometers.
The emission spectra were measured on a spectrometer with an MDR2
monochromator. Emission was detected by a H6780-04 Hamamatsu
photomodule (range 190-900 nm) or by a INGAAS IG17 x 3000T9
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photodiode (Laser Components) (range 800-1750 nm). For measure-
ments at low temperatures (6-330 K), a Janis Research cryostat (CCS-
100/204) mounted on a spectrophotometer or spectrometer was used.
The MeF,-Tm?" emission was excited by laser radiation at 405 nm (84
mW) or 447 nm (825 mW).

Excitation in the vacuum ultraviolet region and emission spectra
were also measured on the photoluminescence endstation FINESTLUMI
of the FinEstBeAMS undulator beamline [16] at 1.5 GeV storage ring of
MAXIV synchrotron facility (Lund, Sweden).

3. Calculations

The scheme of f-levels of Tm?" ions in fluoride crystals was calcu-
lated using the ORCA 5.0.3 software package [17]. Complete active
space self-consistent field (CASSCF + NEVPT) calculation was carried
out according to the method described in the tutorial [18]. The active
space included 13 electrons distributed in the seven 4f-based orbitals. In
a recent paper, the applicability of the SARC2 bases for the ab-initio
calculation of f-f transitions in free lanthanides Ln®" is shown with
good agreement with experimental data [19]. Relativistic effects were
considered with the ZORA method. The ZORA-def2-TZVP basis func-
tions for ligands and SARC2-ZORA-QZVP for the thulium ion were used
for the calculation.

The TmFg (or TmFgMe;2) cluster was surrounded by point charges
(near 1000 charges) to simulate the crystal field at the thulium site. The
calculation was carried out in three stages [18]. At the first stage, the
initial orbitals of the cluster were calculated. At the second stage, the
initial orbitals were used and seven thulium f-orbitals were found and
rotated in order to fit the active space. The resulting CASSCF orbitals
were used in the third step to calculate the 4f Tm?" levels and transitions
between them. The calculations were performed with an increasing
distance between ligands and point charges.

The calculated orbitals of the f-shell of the free Tm>* ion are split into
two states °F; /2 and 2Fq /2- The calculated distance between 2F, /2 and
2F5/2 is 8600 cm™~! while the experimental value of the level is 8874
cm ! [20].

4. Results
4.1. Excitation spectra

In the excitation spectra of the infrared emission of Tm?* ions, a
number of bands is observed in the region of wavelengths less than 220
nm (Fig. 1). There are distinct bands at 197 and 182 nm both in the
excitation and absorption spectra (Fig. 1). A band near 197 nm was also
observed in the absorption spectra of StFo-Tm?*, BaFo-Tm?* crystals
[21]. It is assumed that the absorption bands of Tm?* in the region of
360-700 nm are due to the 4f-5d (eg) transitions, and the bands at
250-350 nm are due to the 4f-5d (tz) transitions [21]. Perhaps the
absorption bands around 170-230 nm are due to transitions from 4f to
65 states. The short wavelength absorption bands at 142 and 157 nm (see
Fig. 1) belong to the 4f-5d transitions of Tm3* ions [22]. Dips are
observed in the excitation spectra at these wavelengths. It is possible
that the dips in the excitation spectra of CaFo-Tm at about 140 and 160
nm (see Fig. 1) are due to the absorption of trivalent thulium ions
remaining in the crystals after additive coloring.

4.2. Absorption spectra

The grown MeF,-TmPF; crystals were colorless, since the absorption
bands of trivalent thulium ions are in the vacuum ultraviolet region of
about 150 nm [21,22]. Upon additive coloring, the crystals acquired a
color due to the allowed 4f-5d transitions in Tm?" ions in the wave-
length range less than 700 nm. The absorption due to forbidden 4f-4f
transitions was much weaker, as a result of which the absorption
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Fig. 1. Excitation (1) and absorption (2) spectra in vacuum ultraviolet and
infrared 4f-4f emission spectrum (3) of additively colored CaF,-TmFj3 crystal.
Excitation (of 1115 nm emission) and emission (for 151 nm excitation) spectra
of CaF»-0.03 mol% TmF; were measured at 10 K. Absorption spectrum of CaFo-
0.01 mol% TmF3 was measured at 295 K.
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Fig. 2. Absorption spectra of additively colored MeF»-0.3 mol% TmFj3 crystals.
The lines of zero-phonon transitions in Tm?* ions are indicated by arrows. Part
of the thulium ions remains in the trivalent state (lines around 1180-1220 nm).
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spectra were measured for MeF»-0.3 mol% TmPFj crystals (Fig. 2).

In the field of fluorite crystals (O, symmetry), the Tm?* ground state
2F, /2 splits into three components E3 /2, E1/2 and G (or I'7, T's, I's) and the
excited atomic state ?Fs /2 splits into two components E3/2 and G (or l“'7,
Fé) [1,7]. Absorption spectra at low temperatures are due to transitions
from the groung state E3 /5 to states Eg/» and G (or I“/7, l“;;) accompanied
by vibronic bands [7]. In the series of CaFo-SrFo-BaF; crystals, both
lines of zero-phonon transitions are shifted to the long-wavelength side
and the distance between them decreases (see Fig. 2). The splitting of
atomic levels is caused by the crystal field and obviously should decrease
with an increasing lattice constant (see Fig. 2). The shift of the lines of
zero-phonon transitions is obviously due to the decrease in the splittings
of the ground and excited atomic states (for more details, see the Dis-
cussion section).

4.3. Emission spectra

The f-f emission spectra at low temperatures consist of two sharp
lines and a vibronic wing towards the long-wavelength side (Fig. 3). The
short-wavelength emission line near 1120 nm is due to the I, - T,
transitions, while the long-wavelength line near 1180 nm arises from the
1"'7 - I'g transitions [1,6]. The rest of the emission bands is caused by the
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Fig. 3. Luminescence of additively colored MeF,-0.01 mol% TmF3 crystals
upon excitation by 450 nm laser radiation. The inset shows the scheme of f-
levels in MeF, crystals adapted from the papers [1,6,23].
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electronic-vibrational interaction [7].

When passing from CaF; to BaFs, both emission lines shift towards
each other (see Fig. 3). The distance between the lines decreases in the
series CaF,, SrFo, BaF, as 557.8, 464.6, 395.7 cm’l, respectively. With
an increase in the interionic distance and a decrease in the strength of
the crystal field, the distance between the lines will decrease and, in the
limit of an infinite distance, both lines will merge into one with an en-
ergy equal to the energy difference between the 2F; ), and 2Fs/, Tm?"
levels (8774.02 cm™! [20].).

4.4. Temperature dependence

Upon heating, the intensity of f-f lines decreases in two stages and the
emission finally disappears around 250, 300, 350 K in BaFy, SrFg, CaF,,
respectively (Fig. 4). The first stage of thermal quenching is observed in
the range 50-200 K. The reasons for this quenching are not yet clear.

The second stage of quenching is highly dependent on the base cation
(see Fig. 4). The quenching activation energy can be considered as the
distance from the excited level ?Fs /2 of the Tm?" ion to the bottom of the
conduction band of the crystal. According to the Dorenbos diagrams,
these distances are 0.57, 0.87, 0.96 eV for BaFs, SrFs, and CaF; crystals
[24,25]. These energies were estimated from the spectra of optical
transitions, while the quenching activation energies obtained by us are
due to thermal transitions. Thermal energies are lower than the optical
ones, which is caused by the relaxation of the excited state after the
optical transition. The thermal quenching energies of 4f-4f Tm?* emis-
sion in alkaline earth fluorides are approximately 1.5 times less than the
distance from the excited %Fg /2 level of the Tm?" ion to the bottom of the
conduction band.

4.5. 5 d-4f emission

In the region of 650-780 nm at low temperatures, luminescence
bands and lines appear in CaF; and BaF; crystals, which may be due to 5
d-4f transitions in Tm?* (Fig. 5).

The decay time of the glow at 8 K for both the 710 nm line and the
wing (720 nm) is 1.3 ps in CaFs.

The spectra with a time resolution in the range of 1-2 ps at 10 K and
295 K are in good agreement with the spectra of steady-state lumines-
cence. The emission decay time at 8 K for both the 710 nm line and the
wing (720 nm) is 1.3 ps When heated, the decay time decreases at
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Fig. 4. Temperature dependence of the intensity of 4f-4f radiation of Tm?" in
alkaline earth fluorides. The dashed line shows the calculated curves of the
temperature dependences of the second stage of Tm?* luminescence in crystals
according to the Mott formula with a frequency factor of 5 x 10'° s™! and
activation energies of 0.47 (BaF,), 0.58 (SrF,), 0.65 eV (CaF).
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Fig. 5. 5 d-4f emission spectra of Tm?* ions in CaF, and BaF, crystals upon
excitation by 450 nm laser radiation. The lines near 800 nm are due to the
emission of Tm>* ions. The inset shows the temperature dependence of decay
time (1) and intensity of steady-state luminescence (2) at 720 nm.

temperatures above 170 K. The temperature dependence of the decay
time and the intensity of steady-state luminescence above 150 K coin-
cide (see Fig. 5).

In BaFy, the decay time is substantially less than 0.1 us When heated,
the emission is quenched in the range of 17-80 K.

4.6. Ab-initio calculations

When a Tm?" ion is placed in a crystalline environment, the initially
degenerate F; /2 OF 2Fg /2 levels split in energy. The number of splitting
components depends on the symmetry of the crystal field. For a cubic
field, the 2F; , state splits into 3 levels, and the Fs , state splits into two
levels [23].

The splitting of spin-orbit levels by the crystal field decreases expo-
nentially with increasing distance between the ions. Upon reaching the
interionic distance (F-F) equal to 4 A, the splitting decreases almost to
zero.

Since the magnitude of the crystal splitting of the Tm?* levels largely
depends on the first sphere of ligands, the geometry of the central Tm-F8
cluster surrounded by a sphere of alkaline earth ions and point charges
was optimized. The geometry was optimized using the Gaussian package
with the SDD (Tm, F) and LANL2MB (Ca, Sr, Ba) basis sets. It has been
established that in CaF2 crystals the distance to the first fluorine sphere
increases by 0.1 A, in SrF, crystals it remains unchanged, and in BaF,
crystals the distance decreases by 0.1 A. The results obtained reflect the
ratio of the crystal radii for coordination 8 of the Tm?* (1.3 A [26]), Ca%*
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(1.26 A), sr*" (1.4 A), Ba®" (1.56 A) [27].

The calculated spin-orbit splitting of Tm?" is only 1.02 times less
than the experimental value, but the calculated splitting of the spin-orbit
levels by the crystal field shows larger deviation from the experimental
values (see Fig. 6).

The calculated positions of the bands are normalized (see Fig. 6) to
match the calculated and experimental 2F5/2—2F7/2 transitions in free
Tm?" thulium ions.

By the geometry optimized distance to the nearest fluorines, the
calculated dependence of the crystalline splitting of spin-orbit levels on
the lattice parameter is linearized and becomes close to the experimental
dependence (see Fig. 6).

5. Discussion

Experimental results show that the integral intensity of the d-f
emission decreases significantly in the series CaFo-SrFo-BaFy (see
Fig. 5). This should be expected, since the excited 5 d (e,) level in these
series monotonically approaches the conduction band. According to
Dorenbos’ model [24,28], the distance 5 d (e,) of the Tm?* level relative
to the bottom of the conduction band is 0.37, 0.1, —0.7 eV in
CaFo-SrFo-BaFs, respectively. The excited 5 d (eg) level in BaF; is esti-
mated to be in the conduction band. This is indicated by the low in-
tensity of the luminescence (see Fig. 5) and the rapid decay of the
luminescence of Tm?* in BaF,. It is possible that the relaxation of the
excited 5 d (eg) Tm?* level in BaF, shifts it below the bottom of the
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Fig. 6. Position of absorption bands (a), luminescence bands (b) of Tm?" ions
in crystals of alkaline earth fluorides. Signs (+) show the ab-initio calculated
positions of the bands. The calculated positions of the bands are normalized to
match the calculated and experimental 2F5/2-2F7/2 transitions in free Tm2*
thulium ions.
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conduction band, which leads to the appearance of luminescence from
this level.

In CaXy-Tm?" (X = CLBr,D) powder phosphors, in addition to the
infrared emission band at 1150 nm (2F5/2 - 2F7/2), several emission
bands were found in the wavelength range 500-1000 nm (5 d tag - ’F, /2)
[29]. Visible luminescence bands disappear upon heating in the tem-
perature range 100-250 K with a parallel growth of the infrared band. A
coincidence of the temperature dependences of the decay times 5 d ta, -
2F, » and the rise time 2Fs 3 - 2Fy,5 were also found [29]. For the studied
fluoride crystals MeF, crystals, the 5 d tyg - 2F/» and ?Fs)5 - 2Fy)y
luminescence bands are thermally quenched at temperatures below
room temperature, and no phenomena of thermal (through the barrier)
energy transfer between the excited levels 5 d and 2Fs /2

With an increase in the interionic distance in crystals of alkaline
earth fluorides, the energy of the [';-T, and I';-I'y transitions of Tm?"
ions decreases, which is due to a decrease in the crystal splitting of the
ground 2F;/, and excited 2Fs, states. The straight lines of both de-
pendences converge at an energy of about 8780 cm ™!, which is close to
the distance between the 2F;;, and 2Fs); levels in free Tm*" ions
(8774.02 cm ! [20]) (Fig. 6a). A different behavior is observed for
emission lines (Fig. 6b). With an increase in the lattice constant, the
energy of the long-wavelength line F’7—I’g increases, while the energy of

the short-wavelength line T',-I'; decreases. This behavior of the transi-
tion energies is consistent with a decrease in the crystalline splitting of
states (see Figs. 2 and 3). The straight lines of both dependences also
intersect at an energy of about 7800 cm ™!, which is close to the energy of
the ?F;»-?Fs ), transition in the free Tm?" ion (see Fig. 6). In both cases,
the linear dependences intersect at an interion distance of about 4 A.

In a cubic field, a level with a total moment of 7/2 is split into 3
sublevels according to the Bethe (or Elyashevich) designations I'7 (Es,2),
I's(G), I's (E1/2) and levels with a moment of 5/2 are split into 2 sublevels
-7 (E3/2), ['s(G) [23]. The zero-phonon transitions in the luminescence
spectra are most reliably identified (see Fig. 3). They correspond to
transitions to transitions from the lowest excited state I'; (E3/2) to the
two lower states I'; (E3/2), I's(G). The position of the level I'g (E1/2) to
which the optical transition is forbidden remains undefined. The ab-
sorption spectra are much less distinct than the luminescence spectra,
but they can also be used to determine zero-phonon transitions (see
Fig. 2).

To continue the trend, it would be very interesting to study the op-
tical spectra in CdFs crystals with a fluorite lattice and a smaller lattice
constant than in CaFs. In CdF; crystals, due to the high second ionization
potential of cadmium, the level of the conduction band is strongly
shifted down relative to the vacuum level (by 4 eV). The levels of all
divalent lanthanides in these crystals, with the exception of Eu®", fall
into the conduction band [30], as a result of which Tm?" ions are not
formed.

Ab-initio calculations of the splitting of the 2Fy, or 2Fs5/, Tm?" levels
by crystal field (see Fig. 7) as well as experimental dependences (see
Fig. 6) indicate an approximately linear initial decrease in splitting with
increasing interionic distance in the range of CaFo—BaF; lattice. With a
further increase in the interionic distance, the dependence of the split-
ting becomes clearly non-linear. The calculated splitting is described by
an exponential function, reflecting the radial decrease in the electron
density of the thulium and ligands ions.

6. Conclusion

The f-f emission spectra at low temperatures consist of two sharp
lines due to transitions from the lowest ?Fs /2 state to the ground 2F, /2
states, split by the crystal field. Upon heating, the f-f emission decreases
in two stages and finally disappears at 250, 300, 350 K in BaF,, SrFs,
CaFs, respectively. The distance between the emission lines decreases in
the series CaFq, SrFy, BaFy by 240 cm’l, which is associated with a
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Fig. 7. Ab-initio calculated levels of Tm*" in the crystals field depending on the
interionic distance of the lattice. The arrows show the transitions observed in
the absorption and luminescence spectra.

decrease in the strength of the crystal field.

In the region of 650-750 nm at low temperatures, all crystals studied
exhibit luminescence bands due to 5 d (tag)-4f transitions in Tm?*. The
duration of the 5 d-4f emission is in the microsecond range in CaFo-Tm,
BaFy-Tm and in the millisecond range in SrF>-Tm.

The relative splitting of the Tm?" atomic states in alkaline-earth
fluorides were estimated quite accurately using CASSCF-NEVPT2 ab-
initio calculation. The linear decrease in the splitting of the Tm?" levels
by the crystal field with an increasing lattice constant is due to the
relaxation of the nearest fluorines.
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