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The valence change of samarium from trivalent to divalent in strontium hexaborate
(SrBsO1p) prepared in air is observed. The temperature dependence of the luminescence and
vibronic transitions of Sm?* are studied. The Sm?* ions occupy three crystallographic sites.
With increasing temperature, the SDy—'F, transition line exhibits red shifts, and the half-
width increases. At room temperature, due to the thermal population through the 4f55d
channel, the 5D;—"F; transitions are observed even though the vibrational energy is very
close to the energy gap between the °D; and 5Dy levels in the host. A coupled phonon energy
of about 108 cm™ is determined from the vibronic transitions of Sm?* in the host.

Introduction

Strontium tetraborate, SrB,O, is reported to be a
very suitable host lattice for the luminescent divalent
rare earth ions, such as Eu?*, Sm?*, Yb?* and Tm?*,1~4
and these divalent ions can be very stable even when
heated in air at high temperature.>~¢ This is attributed
to the structural framework: in SrB4O-, all the boron
atoms are tetrahedrally coordinated with oxygen atoms
and form a three-dimensional borate network.” The
divalent ions in SrB,0O; are completely surrounded by
the tetrahedral BO,4 units of the (B4O7)» network and
therefore are hardly expected to be attacked by oxygen.8
It was reported that the compound SrBgO1g consists of
BO3; and BO,4 units on the basis of its infrared spectral
data® 1! and the Mn?" could retain its divalent state
even when prepared in air in this host.12 These state-
ments prompt us to investigate samarium-doped SrBgOxy,
and it may also be expected that Sm3* can be reduced
to Sm?2* prepared in air. On the other hand, since no
detailed structure of SrBsO10 was reported so far,®0 we
therefore use the 5Dy—"F transition of Sm?* in this host
as structural probe to study the number of the crystal-
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lographic sites and their symmetries. The ionic radius
of Sm2* is very close to that of Sr2* and both ions have
the same valence, so some Sr2* can be replaced by Sm2*
without serious distortion in the structure.

In this paper, the reduction process for samarium
from trivalent to divalent is reported. The luminescence
of Sm?* in this host is also studied as a function of
temperature.

Experimental Section

The preparation of the Sm?™-activated SrBsO10 Was carried
out according to the literature® but heated at 700 °C*3 since
we did not obtain a well-crystallized sample at 800 °C.
However, it can still be found that the sample contains a more
or less vitreous phase from its X-ray diffraction patterns, as
reported in the literatures.®~11:1415 The mixtures were heated
in air or in a hydrogen—nitrogen (5% H) atmosphere.

The dopant Sm,0s concentration is 2 mol % of the Sr2* ions
in the host compound. The structure of the sample was checked
on a Rigaku D/MAX-11B X-ray powder diffractometer, using
Cu Koy radiation. The structure of the sample is in good
agreement with the JCPDS No. 20-1190.

The low-resolution photoluminescence measurements were
measured on a SPEX DM3000f spectrofluorometer equipped
with 0.22 m SPEX 1680 double monochromators (resolution
0.1 nm) and a 450 W xenon lamp as excitation source. The
high-resolution emission spectra and lifetime were recorded
with a Spex-1403 spectrophotometer under the excitation of a
N laser beam (337.1 nm) (National Research Instruments Co.)
with the flow cryostat of gaseous helium. The temperature can
be varied from 10 to 300 K. The high-temperature lumines-
cence is recorded by an MPF-4 spectrofluorometer with a 150
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W xenon lamp as excitation source and a self-assembled
furnace as heating source. The temperature can be varied in
the range from 300 to 573 K.

Results and Discussion

1. The Low-Resolution Luminescence of Sm?2* in
SrBsO10. The low-resolution emission and excitation
spectra at room temperature of Sm2* in SrB¢O1p pre-
pared in Hy/N, and air are shown in Figure 1. The
emission spectra shows that the luminescence of Sm2*
in SrBeO1p prepared in air is identical to those prepared
in Hy/N». Both consist of four groups of lines at 685, 700,
725, and 760 nm that correspond to the Dy—'F; (J =
0, 1, 2, 3) transitions in Sm2*, respectively. The domi-
nant line is at about 685 nm, which shows that the Sm?*
ions occupy the crystallographic sites without central
symmetry in the host. A group of weak lines at 562, 600,
and 647 nm correspond to *Gs,—%H; (I = 5/, 712, %,
respectively) transitions in Sm3* ions when the sample
was prepared in air. It is therefore deduced that the
Sm3* could be reduced to the divalent state in SrB¢O1o
prepared at high temperature in air.

The excitation of divalent samarium takes place via
strong 4f55d absorption bands from which the ions
quickly decay to the lower metastable level °Dy (4f6). The
excitation band consists of two bands with a maximum
at about 364 and 485 nm, respectively, together with
some sharp lines in the band. The crystal field splitting
energy is about 6800 cm™!, which is very close to the
crystal field splitting energy of the 5d level in cubic
coordination:® ~7000 cm~2. In cubic coordination, the
5d level is split into a lower eg and a higher tyq level.
From the position of two excitation bands, it is suggested
that the 4f55d levels of Sm?* in SrBgO10 be located in
the relatively higher energy position than in the alkaline
earth halides.’”~1° The lines in the excitation spectrum
correspond to the 6H; (3 = 3/,, 11/,, 9/, 7/,) states of the
splitting of the 4f5 configuration.?°

2. The High-Resolution Emission Spectra of
Sm?™ and the Temperature Dependence. The high-
resolution emission spectra at different temperatures
were recorded since the temperature dependence of the
relative intensities of the lines belonging to the same
group is of great help to classify the lines according to
the emitting Stark level. The intensity of the lines
within each group is roughly evaluated from their
heights. Figure 2 shows the high-resolution emission
spectra at 10 K. Three groups of lines can be observed
in the range from 14 586 to 14 519 cm™%, 14 456 to
14175 cm™1, and 13 867 to 13 607 cm~1, which cor-
respond to the Dy—"Fy, *Do—'F1, and 3D¢—"F; transi-
tions, respectively. Their positions and assignments are
tabulated in Table 1. It should be noted that there are
three lines in the SDy—"F transition at 14586, 14 566,
and 14 519 cm~! (designated I, 11, and 111 in Figure 2)
and nine lines in the SD¢—’F; transitions. If the
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Figure 1. The low-resolution excitation spectra (lem = 685
nm) and emission spectra at room temperature of Sm?* in
SrBsO1o prepared in (a) Hz/N2 and (b) air (lex = 364 nm). (The
inset shows the enlargement of the emission in the range from
620 to 680 nm).

degeneracy of the 7F; energy level for one site is
completely lifted and the lines are well-separated, the
number of the lines is at most three. Therefore, Sm2*
ion must occupy at least three crystallographic sites in
SrBsO10 at 10 K. Our results confirm those reported in
the literatures.'1415 These authors reported data with
the assumption that three crystallographic sites for Sr2+
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Figure 2. The high-resolution emission spectra of Sm?* at

10 K in SrB¢O1o. (The inset shows the enlargement of the
5Dg—’F; transitions).

Table 1. Energetic Positions and Assignments of the
Sm2+ Emission Spectra at 10 K in SrBgO1p

transitions (°Do—"F ;)2 wavenumber (cm~1)

J=0 14 586
14 566
14 519
J=1 14 456
14 439
14 422
14 397
14 359
14 287
14 208
14 190
14 175

a J = 2 transitions not resolved well.

are possible in the host. In center | and 11, the 5SDy—"Fq
transition at 14 586 and 14 566 cm~1! has the strongest
intensities, which shows that Sm2* ions occupy the
crystallographic sites without central symmetry. Be-
cause the °Dy—’F, transition lines are not resolved well,
it is difficult to derive information on the site symmetry
of Sm?™ in this host.

Figure 3 shows the high-resolution emission spectra
of Sm2* at 100 and 250 K in the matrix. Some differ-
ences can be found in Figures 2 and 3. First, the
intensities of center 11 to center | increase with increas-
ing temperature, while that of center 111 decreases and
is completely quenched at room temperature. These
show that the energy transfer from center 111 to centers
I and Il may occur. Second, in the °Do—7F; transitions,
three lines at 14 456, 14 439, and 14 422 cm~! vanishes
at 250 K. Therefore, these three lines must be assigned
to center IlI. In center 111, the 5Dy—"F; transitions at
14 439 cm~1 has the strongest intensity. Therefore, the
site symmetry of Sm?* in the third crystallographic site
must be different from those in the other two sites. For
center 111, the Sm2* ion must occupy a site with central
symmetry.

The temperature dependence of the energy transfer
processes among different Sm2* centers and the inte-
grated emission intensities of the Sm2* 5Dy—"F, transi-
tion in centers | and Il were measured as a function of
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Figure 3. The high-resolution emission spectra of Sm?* at
100 and 250 K in SrB¢O10. (The inset shows the enlargement
of the °Do—"F; transitions.)
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Figure 4. The temperature dependence of the intensities of
the Sm?* SDy—7F, transition in center I (1), center 11 (1;) and
of Dg—"F; in center 111 (Ij;) in SrBsOso.

temperature in the range from 10 to 300 K. The
emission intensity of the Sm2™ 5Dy—"F, transition in
center I11 is too weak to be measured, therefore, we only
measure the intensities of the >Dy—’F; transitions at
14 456, 14 439, and 14 422 cmm~1. The results are shown
in Figure 4. The intensities for centers | and Il increase
between 10 and 200 K and finally decrease between 200
and 300 K, while those of center Ill decrease with
increasing temperature and are almost quenched at
about 200 K. The energy transfer processes were also
observed in the luminescence of the divalent europium
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Figure 5. The temperature dependence of the line shift (a)
and the half-width (b) of the Sm?* 5Dy—"F, transition in center
I, center Il in SrBgO1o.

in this matrix.'* In SrBsO10:EU?T, energy transfer occurs
from center 11l to centers Il and | with increasing
temperature, and the emission of Eu?* in center Ill is
guenched at 150 K, which is very close to the Sm2*
guenching temperature at 200 K in the same host. In a
gualitative way, the temperature effects on the intensi-
ties of the Sm2*+ 5Dy—7F, transition can be illustrative
for the temperature dependence of the energy transfer
process between two centers. It is caused by the need
for the phonon assistance in the energy transfer process.

The thermal effects on the line shift and the half-
width of the Sm2* 5Dg—"F transition (centers | and 11)
in SrBegOjp at different temperatures are studied be-
tween 10 and 300 K. The results are shown in Figure
5. It can be found that the positions of the °Dy—'Fq
transition lines in both centers undergo red shifts as
temperature increases. The half-width also increase
with increasing temperature due to the thermal broad-
ening. The thermal effects on line shift should be due
to the metastable state of the 4f°5d configuration within
Sm?2T, since the electronic charge is strongly affected by
the thermal perturbations of the environment. The
thermal broadening is due to static and random micro-
scopic strains and Raman scattering of phonons.

The lifetime measurements can also yield information
about the kinetic of the luminescence process, such as
the fluorescence efficiency, energy transfer, and the
excitation and deexcitation process. The decay processes
of the Sm2* 5Dy—"F transitions in center | and Il in
SrBsO1p are single exponential in the temperature range
from 10 to 300 K. At 10 K, the lifetime of the Sm?*
5Do—"Fy transition for centers | and Il is almost the
same: 7 ~ 5.0 ms, 71 & 4.5 ms, whereas at 300 K, the
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Figure 6. The decay curves of the Sm?* SDy—7F, transition
in centers | and Il at 300 K in SrBgOqo.
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Figure 7. The temperature dependence of the lifetime of the
Sm?* 5Dy—"F, transition in center | in SrBsOso.

lifetime for these two centers is 4.24 and 2.69 ms,
respectively (Figure 6). These results show that the
different lifetimes originate from different luminescent
centers.

The dependencies of the lifetime of center | of Sm2*™
in SrBsO1p as a function of temperature in the range
from 10 to 300 K are shown in Figure 7. The decay time
of Sm2* in center | is temperature dependent. Between
10 and 200 K, the lifetime slightly increases with
increasing temperature. This is possibly because of the
energy transfer from center 111 to centers Il and I. At
around 200 K, the lifetime starts to decrease with
increasing temperature due to the thermal depopulation
in the 5Dy level. The effects of temperature on lifetime
is in agreement with those on the intensities, as
discussed above. However, the complicated interactions
among three luminescent centers are a deterrent for us
to reach a further view on the kinetics of the lumines-
cence process for Sm2* in SrBgO1y.

3. The Vibronic Transitions of Sm2*. From Figure
1, it can be found that there are two weak lines beside
the SDg—"F transition (14586 cm™1): one is at 680.3
nm (14 699 cm™1, denoted v') and other is at 690.4 nm
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(14 484 cm™1, denoted »). Since these extra lines are
weak and broad and there are only three sites for Sm?2*,
they cannot be the transitions of Sm?* but instead the
vibronic transitions (phonon satellite lines). These vi-
bronic transitions are caused by the interactions be-
tween the electrons and the lattice. The electrons are
coupled with the zero-phonon line (ZPL) Do—"F, during
the transition between these two energy levels. The
energy difference between v' and the ZPL is Aw, ~ 113
cm~1 and that for v is about Aw, ~ 104 cm~!. This
vibration is a vibrational mode in which Sm moved
relative to the borate group. These phonon satellite lines
originated from the transition in which the 5Dy and "Fy
states have different lattice vibration levels. Lines v and
v' are attributed to the transitions |°Dg, n(3>|"Fo, n + 10
(P = 1 for emitting P phonons) and |°Dg, n + 13>|"Fo,
n(P = —1 for absorbing P phonons), respectively, where
n is the quantum number of vibration levels of the
crystal lattice.

For f—f transition of rare earth ions, since the 4f
electrons are well-shielded by the outer 5s? and 5p®
electrons, the coupling of the transitions within the 4f"
configuration with vibrations is weak and then the
intensity ratio of v and v' to 5Dg—"F( zero-phonon line
can be calculated as:?1~25

I/l,= S0 + mC= P=1 (la)

s
—hw
1 eXp(W)

)
o~ P=-1 (b

1- exp(F)

where Kk is the Boltzmann constant; S is the Huang—
Rhys factor, which shows the coupling strength during
the transitions; in[ds Plank’s thermal average quantum
index, MO= [exp(—Aw/kT]/[1—exp(—hAw/kT)]; T is abso-
lute temperature; and Aw is the phonon energy. For the
sample at room temperature (Figure 1), hw is taken
from the average phonon energy: hw ~ 108 cm™1; T =
300 K, the ratio of 1,/lg is about 0.013. From eq 1b, it
can be calculated that the Huang—Rhys factor S ~
0.015. Using this value and eq l1a, we can find 1./l ~
0.037, close to the experimental result I,/1o = 0.033.
The shape of the vibronic spectra is mainly governed
by the electron—phonon interactions. If this interaction
is weak, the spectra will be dominated by sharp lines.
If this interaction is strong, then structureless bands
are observed. In the f—f transitions of rare earth ions,
this interaction is usually weak and sharp vibronic
transition lines will appear.?® But this is not always the
case. The interaction will also change for different
lattices. In the spectra of Sm2* in BaCl, and BaBr,, a
wide vibronic sideband which stretches from ZPL to
~200 cm~! is found.'” These vibronic sidebands are
caused by the lattice vibrations in the anion sublattices.
These continuous bands can be explained by the mul-
tiphonon-configuration-coordinate mechanism. In this

1,/1, = SnC=
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mechanism, all of the vibrational modes in the lattice
will be coupled with the transitions, which results in a
wide continuous band. In SrBgO10:Sm?*, we do not find
such a continuous band but only sharp phonon lines are
found beside ZPL. These can be explained well by the
single-configuration-coordinate mechanism, in which
only the vibration mode with single frequency is coupled
with the 4f electrons, which results in sharp and weak
lines.

At all temperatures below 300 K, no °D;—’F; transi-
tions are found, even at 10 K. This is contrast to the
spectra of Sm2* in BaCl,, BaBr,.17 In these alkaline
earth halides, Sm2* shows the SD;—7F; at lower tem-
perature and is gradually quenched at higher temper-
ature. These differences are owing to the different
vibrational energy in the host lattice, which lead to
different radiative and nonradiative transition rates
from 5D, (4f°5d) to®Dg levels. The nonradiative transi-
tion rate (Angr) from 5D; to 5D can be calculated by the
following equation:?1—25

(Sin + 10™ exp(—S2m + 10)
ANR = l\‘ P0| (2)

where N is the rate constant of the nonradiative
transition within the order of 1011~10%; Py = (AE10/
hwmax) (the number of the phonons bridging the energy
difference AE1p between the level of °D; and °Dy,); and
Awmax is the maximum phonon energy in the host lattice.
hwmax changes in different host lattice, whereas AE;q
(~1350 cm™1) does not. In SrBgO19, Awmax iS around
~1200 cm~! (the vibrational energy of BO3 units'9), so
Po ~ 1, and then Anr &~ (4 x 109)—(4 x 10%3). For the
purpose of comparison, we take BaCl,:Sm?* as an
example. In BaCl,:Sm?2*, the phonon energy is Awmax ~
210 cm™%; therefore, Py ~ 6—7. Therefore, the nonra-
diative transition rate from °D; to 5Dg level in SrBsO1o
is about 107—10'5 times higher than in BaCl,. This
comparison reveals that no optical transition from 5D,
to ’F; levels is found, even at 10 K for Sm?* in SrBsO1o,
while those transitions can still be observed even at 77
K for Sm2* in BaCl,.17

However, an interesting phenomenon is that some
weak sharp lines in the range from 620 to 670 nm are
observed at room temperature (see Figure 1). These
lines must correspond to the °D;—"F; (J = 0, 1, 2)
transitions of Sm2* in SrBgO1o. At first glance, these
results conflict with the discussions above and also
conflict with the usual observation that, generally, the
5D;—7F; transitions are previously quenched by tem-
perature before the Dy—7F; transitions (two-step fluo-
rescence quenching mechanism). The observation of the
5D;—7F; transitions at room temperature can be ex-
plained by the 5D, level being thermally populated by
the 5Dg level via the 4f55d level, and therefore, the
transition sequence becomes °Do—°D;—’F3. The indirect
5D;—5Dg nonradiative channel through the 5d band was
considered to be a novel situation, and a direct °D;—°Dg
coupling should be the more likely event due to the
relatively close proximity of these two J levels.t’

4. High-Temperature Emission Spectra of Sm?2*,
Under the excitation of 254 nm radiation, the sample
SrBe013:Sm?* emits deep red light at room temperature,
whereas it emits yellow light at high temperature. This
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Figure 9. The temperature dependence of the intensities of
the Sm?2* 5D1_’7FJ (llf\]), SDO_’7FJ (l()f\]), and 4f55d—’7F0 (Iffd)
transitions in SrBgOo.

yellow light cannot be the mixture of the emission of
Sm?* and Sm3* 4Gg,—%H; transitions, since it emits
deep red light again when the sample is cooled to room
temperature. Figure 8 shows the emission spectra of
Sm2* in SrBe¢O1 at 450 K. The sample exhibits an
intense broad band with maximum at about 580 nm.
This broad band is characteristic of the Sm?* 4f55d—7"F,
electron-dipole-parity allowed transitions. The temper-
ature dependence of the intensities of the Sm2+ 5Dy,
5Do—"F; and 4f55d —'F transitions is shown in Figure
9. The emission intensities of 5Dy—’F; transitions
decrease with increasing temperature, whereas that of
the 4f°5d—4f6 transition increase. The intensities of the
5D;—7F; transitions increase at temperatures below
~450 K, due to the thermal population from the 5Dg
level via the 5d band. At higher temperature, these
transition intensities then decrease and are almost
completely quenched at 573 K owing to its thermal
nonradiative depopulation. The rapid decrease of 5Dy

Zeng et al.

fluorescence above 300 K is caused by a two-step
guenching process through the 5d level, whereas the 5d
level is thermally populated by 5Dy and gives rise to a
strong radiative transition to the ground state. Thus the
yellow 4f°5d—4f broad band emission occurs at the
expense of 5Dg fluorescence. The yellow light, which is
observed at high temperature, must be the combination
of the Sm?2* 5Dy—7"F and 4f°5d—4f° transitions. The 4f5-
5d—4f broad band is also observed in the spectra of
Sm?2* in alkaline earth halides.'”?% In different halides,
the broad band appears at different temperature. This
difference is caused by the different energy of the lowest-
lying 5d level. The process for the 4f55d—4f6 transition
is the same as for the °D;—7F; transitions. Both of the
4155d and °D; levels are thermally populated by the
process °Do—4f°5d—°D;—'F; and result in the °D;—"F;
and 4f55d—4f% transitions. But because the 4f°5d—4f®
transition is an allowed one, its intensity is stronger
than that of the 5D;—7F; parity-forbidden transitions.
The thermal depopulation of °Dg via the 5d band was
also observed in alkaline earth halides.'” This is an
expected behavior since nonradiative coupling between
5Dy and the highest-lying’Fg level is unlikely, due to the
large energy gap between these two J levels (~10 500
cm™1). The maximum phonon energies in SrBs01, are
~1200 cm~1. A nine-phonon transition cannot play a
significant role in the decay of °Dg since it is known that
the multiphonon relaxation is inefficient for more than
a seven-phonon process.17:26

As the results above show, the thermal behavior of
luminescence from the Sm2* is predictably dependent
on the phonon frequency of the host lattice. The
luminescence of Sm2* ions frequently results from the
transitions between the 4f" manifolds that are remote
from the 4f"~15d states. The temperature variation of
the Sm2* luminescence is almost probably governed by
the lowest lying 4f°5d states. The lowest lying energy
level of 4f55d will change in different lattices, and
therefore, the f—d transition occurs at different tem-
peratures. When describing the temperature depen-
dence of Sm?* luminescence, the variable f—d energy
gaps as well as the usual dependence on the mediating
phonon frequency must be taken into account.

Conclusions

The investigation on the valence change and lumi-
nescence of samarium ions in SrBgO1p prepared in Hy/
N2 and air shows that the matrix SrBgOj9 is a good host
for the divalent samarium ions. Sm®* can be reduced
to Sm2* in SrBeO1p prepared in air at high temperature.
The luminescence of Sm?* reveals that Sm2* ions occupy
at least three crystallographic sites in the host lattice:
two of them are in the sites without central symmetry,
whereas the other one has central symmetry. From 10
to 300 K, energy transfer occurs from center Ill to
centers Il and | with increasing temperature. A coupled
phonon energy of about 108 cm~! is determined from
the vibronic transition of Sm2*. The position of the
5Dg—"Fy transition exhibits red shifts. The high-tem-
perature emission spectra show that the 5Dy—7F;
transition of Sm?* decreases with increasing tempera-

(26) Fong, F. K. Lauer, H. V.; Chilver, C. R.; Miller, M. M. J. Chem.
Phys. 1975, 63, 366.
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ture while the 5d—4f broad band increases. In this
temperature quenching process, the 5Dy level is ther-
mally depopulated by nonradiative deexcitation to the
4f55d band and the 5D; level. The thermal population
through the 4f°5d channel also causes the °D;—'F;
transitions, even though the vibrational energy is very
close to the energy gap between the °D; and 5Dy levels
in the host.
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