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Abstract

The luminescence of Sm2` in BaB
8
O

13
are studied as a function of temperature. At 10 K, several crystallographic sites

for Sm2` ions with inversion symmetry are possible and 5D
0
P7F

1
transition show predominant intensities, whereas

above 50 K two crystallographic sites without inversion symmetry are clearly observed for Sm2` in BaB
8
O

13
and the

5D
0
P7F

0
transition show strongest intensity. The vibronic transitions and the non-radiative transitions of Sm2` are

studied and a coupled-phonon energy about 50 cm~1 is obtained. The thermal e!ects on the line shift, emission
intensities, half-width and lifetime of the 5D

0
P7F

0
transition are also studied. The decay curves at di!erent temper-

atures are all in single exponential and are temperature-independent with lifetime around 3.5 ms. ( 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

It was reported that Eu3`, Sm3`, Yb3` and
Tm2` could be reduced to the corresponding
divalent lanthanide ions in SrB4O7 by solid state
reaction at high temperature in air [1,2]. It is pro-
posed that the rigid three-dimensional network of
BO4 tetrahedra is a unique structure to stabilize the
divalent rare-earth ions at high temperature in an
oxidizing atmosphere. The BaB8O13 structure is
built up by two separate interlocking three-dimen-

sional in"nite networks as triborate and pentabor-
ate groups and forms BO3 and BO4 tetrahedral
units [3]. It is also expected that the BaB8O13 is
a suitable host for the luminescence of divalent
lanthanide ions.

In this paper the luminescence of Sm2` in
BaB8O13 and the temperature e!ects on the
5D0P7F0 transition of Sm2` in the host are re-
ported. The vibronic transitions of Sm2` are also
studied.

2. Experimental

The samples of BaB8O13 doped with lanthanide
ions were prepared by a mixture of analytical-grade
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Fig. 1. The emission spectra of Sm2` in BaB
8
O

13
at (a) 10 K

and (b) 50 K.

barium carbonates and boric acid (3 mol% excess).
The concentration of the dopant Sm2O3 (99.99%)
is 2 mol%. The mixtures were heated in air at
4003C for 3 h and 8003C for 15 h.

The crystal structure was checked by X-ray pow-
der di!raction using Cu K

a1 radiation. Samples
appeared to be single phase. The low-resolution
spectra were recorded on a SPEX DM3000F spec-
tro#uorometer equipped with 0.22 m SPEX 1680
double monochromators (resolution 0.1 nm) and
a 450 W xenon lamp as excitation source. The
excitation power output was corrected. The high-
resolution spectra and decay time are recorded
with Spex-1403 spectrophotometer under the exci-
tation of N2 laser beam (337.1 nm) (National Re-
search Instruments Co.) with cryostat of gaseous
helium. The temperature could be varied from 10 to
300 K. The high-temperature luminescence are re-
corded by a Hitachi MPF-4 spectro#uorometer
with 150 W xenon lamp as excitation source and
a self-assembled furnace as heating source. The
temperature can be varied in the range 300}573 K.

3. Results and discussion

3.1. The luminescence of Sm2` in BaB8O13

The sample BaB8O13 : Sm2` exhibits e$ciently
deep red emission under UV excitation. The emis-
sion spectra of BaB8O13 : Sm2` are recorded at
di!erent temperatures under 337.1 nm excitation. It
is found that the spectra change appreciably with
temperatures. Fig. 1 shows the spectra at 10 and
50 K. Firstly, our attention turns to the lumines-
cence at 50 K. Due to the e!ect of the crystal "eld,
the energy levels of divalent samarium are split into
several sublevels and all the transitions therefore
consist of a multiplicity of lines corresponding to
the transitions between di!erent sublevels. As
shown in Fig. 1b, there are three group lines in the
range 14640}14740, 14430}14190 and 14000}
13690 cm~1 which, respectively, correspond to the
transitions between the 5D0 level and
7F

J
(J"0,1,2) multiplets of Sm2`. In the

5D0P7F0 transition, two lines at 14642 (center I)
and 14740 cm~1 (center II) appear with the stron-
gest intensities among all the transitions. This

reveals that Sm2` ions occupy the crystallographic
sites without inversion symmetry. In the 5D0P7F1
transition, the degeneracy of 7F1 energy level for
both sites is completely lifted and six well-separated
lines at 14428, 14417, 14365, 14328, 14240,
14189 cm~1 are observed. The 5D0P7F2
transition is not resolved well with su$cient accu-
racy. Two lines in 5D0P7F0 transition reveals the
fact that two di!erent crystallographic sites are
possible for Sm2` in the host lattice, even though it
was reported that there is only one site in the host
[3]. This result on the number of the crystallo-
graphic sites in the host is in agreement with those
reported in literature [4] which was con"rmed later
by the luminescence of co-doped BaB8O13 : Ce3`,
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Fig. 2. The low-resolution (a) excitation (j
%.

"682 nm) and
(b) emission spectra (j

%9
"355 nm) of Sm2` in BaB

8
O

13
at

room temperature (the inset shows enlargement of the emission
spectrum in the range 620}670 nm).

Mn2` [5]. The authors [5] reported that the Mn2`

ions showed two emission bands at 520 nm (green
emission) and 600 (red emission) under the UV
excitation. Thereby, Mn2` ions occupy two crys-
tallographic sites: one on octahedral Ba2` site with
coordination number CN"6 (red emission) and
the other on the tetrahedral boron position (BO4
units) with CN"4 (green emission). Due to the
large di!erent ionic radii between Sm2` and
B3` ions, one can expect that the amount of the
substitution of Sm2` on B3` position will be much
less than on Ba2` sites and its emission intensity
will be weaker. This is really the case as shown in
the emission spectrum and then we can deduce that
center I corresponds to the octahedral Sm2` in
Ba2` and center II to tetrahedral B3` position. The
occupancy of Sm2` on B3` will cause a serious
distortion and the extra charge for Sm2` in
B3` position is compensated by defect.

The luminescence of Sm2` in the host at 10 K
shown in Fig. 1a is drastically di!erent from those
at 50 K. The spectrum consists of large number of
sharp lines. Their di!erence lie not only in the line
positions but also in the transition intensities. Due
to the limitation of the experimental setups, some
lines are not resolved well. However, on the basis of
their energetic positions, the spectra may be
divided into three groups: Group 1 consists of lines
from &14 780 to 14 500 cm~1 corresponding to
the 5D0P7F0 transition. Group 2 has lines from
&14 500 to 14 000 cm~1 corresponding to the
5D0P7F1 transition, while the lines from
&14 000 to 13 600 cm~1 belong to Group 3 corre-
sponding to the 5D0P7F2 transition. In Group 1,
more than "ve distinct lines can be observed. These
lines should originate from di!erent crystallo-
graphic sites. This means that due to the low
temperature the sublattice of Sm2` in the host is
thereby distinguishable. This may be reasonable
since the ionic radius for Sm2` is smaller than that
for Ba2` and the substitutions of Ba2` site by
Sm2` will lead to slightly local distortions in lat-
tice. Thus, one can expect that the ligands around
the Sm2` ion in the host are distorted from the
equilibrium host crystal positions. The random dis-
tribution of these distorted positions will therefore
give rise to the 5D0P7F0 transition lines at di!er-
ent energy at such low temperature. The line at

14 116 cm~1 in Group 2 has the strongest intensity
at this temperature. This is contrast to the spectra
at 50 K in which the line at 14 642 cm~1 is the
strongest one. The dominant luminescent centers at
this temperature are therefore mostly in sites with
inversion symmetry. With increasing temperature,
the emission lines in some centers become un-
distinguishable and overlapped while those in
some other centers are probably quenched by
temperature.

The low-resolution excitation and emission
spectra of Sm2` in BaB8O13 at room temperature
are shown in Fig. 2. The excitation spectrum peak-
ing at about 355 nm corresponds to the 4f5dP4f6
transition in Sm2`. The excitation of divalent
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Fig. 3. The phonon satellite lines of Sm2` in BaB
8
O

13
at

(a) 50 K, (b) 150 K and (c) 300 K.

samarium takes place via the strong 4f55d bands
from which the ions quickly decay to the lower
metastable level. From the position of the excita-
tion band, it is suggested that the 4f55d levels of
Sm2` in BaB

8
O

13
be located in relatively higher

energy position than in alkaline earth halides
[6}8]. This is due to the fact that in BaB

8
O

13
the

boron atoms are coordinated with oxygen in sp3

hybrid orbital and form BO
4

three-dimensional
units [3]. Such structure is thought to be a rigid one
which can oppose relaxation in the excited state of
the divalent rare-earth ions since the sti!ness of the
host will prevent the energy from being transferred
to the host vibrations [9,10]. The sharp lines ap-
peared in the excitation band correspond to the
6H

J
(J"13

2
, 11

2
, 9
2
, 7
2
) states of the 4f5 con"guration

since the splitting of 4f5 con"guration was well
known in the spectroscopy of the Sm3` free ion
[11] and therefore, similarities in the spectra of
Sm2` are expected. In the emission spectrum, be-
sides the f}f transitions in the range 680}780 nm
corresponded to 5D

0
P7F

J
(J"0, 1, 2, 3) mul-

tiplets, some other lines appear in the range
620}670 nm (shown in the inset in Fig. 2) which
ascribe to the 5D

1
P7F

J
(J"0, 1, 2, 3) of Sm2` in

the host (discussed below).

3.2. The vibronic transitions of Sm2`

An excited impurity ion in a lattice can lose its
energy by spontaneous photon, phonon-assisted
emission, or by non-radiative transitions. They are
temperature-dependent and arise from vibra-
tional-electronic or &vibronic' interactions. The
relative contributions of the vibronic and purely
radiative transitions to the de-excitation can be
found directly by measuring the intensities of the
vibronic and non-phonon emission lines as a func-
tion of temperature [12]. In Fig. 3 are shown the
enlargements of the high-resolution spectra of
Sm2` in BaB

8
O

13
at di!erent temperatures.

A weak line (denoted l in Spectrum a) at
14 592 cm~1, which is about 50 cm~1 lower in en-
ergy than the 5D

0
P7F

0
(14 642 cm~1) transition

can be observed. At 150 K another weak line (de-
noted l@) on the higher energy side of the 5D

0
P7F

0
transition with almost the same 50 cm~1 energy
displacement appears. These two lines increase in

intensity and broaden with increasing temperature
and overlapped with the 5D

0
P7F

0
transition at

300 K. The position of the 5D
0
P7F

0
transition

shifts to higher energy side with increasing temper-
ature; hence, the positions of these two weak lines
l and l@ also shift in the same direction, but the
di!erence in energy between each line and the
5D

0
P7F

0
line does not change. Because there are

only two sites for divalent samarium in BaB
8
O

13
,

these weak lines cannot be the transitions of Sm2`

in di!erent sites, line l and l@ should be assigned to
phonon satellite lines which coupled with the zero-
phonon line (ZPL) (5D

0
P7F

0
) during the

transition between these two energy levels:
D5D

0
, nTPD7F

0
, n#1T and D5D

0
, n#1TP
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D7F
0
, nT, respectively, where n is the quantum num-

ber of the vibrational levels of the crystal lattice.
This vibration is a vibrational mode in which Sm
moves relative to the borate group [9]. The inten-
sity of l and l@ also increase with increasing temper-
ature as shown in Fig. 3. The Huang}Rhys factor
S (electron}phonon coupling strength) which can
be calculated from the relative intensities of the
phonon satellite and ZPL is about 0.03 [13}15].

Vibronic transitions of rare-earth ions arise from
the coupling of the 4f/ state with the infrared-active
vibrational modes (electron}phonon coupling) of
the lattice in which the parity selection rule of the
purely electronic f}f transitions is broken. The elec-
tron}phonon coupling strength usually depends on
the covalency, the polarizability and the admixture
of the states having the opposite parity [12]. These
factors are responsible for the variation in the vib-
ronic transition probability and the multiphonon
relaxation rate. In 4f/ ions, such coupling with 4f
electrons is often weak due to the well shielding by
the outer 5s25p6 electrons, but it has a large in#u-
ence on the optical properties of rare-earth ions.
The shape of the vibronic spectra is mainly govern-
ed by the electron}phonon interactions. When this
interaction is weak, the spectra will be dominated
by sharp lines; when this interaction is strong, then
structureless bands are observed [11]. In the f}f
transitions of 4f/ ions, this interaction is usually
weak and sharp vibronic transition lines will ap-
pear. However, this is not always the case. The
interaction will also change in di!erent lattice. In
the spectra of Sm2` in BaCl

2
and BaBr

2
, a wide

vibronic sideband which stretches from ZPL to
&200 cm~1 is found [6]. These vibronic
sidebands are caused by the lattice vibrations in the
anion sublattices. All of the vibrational modes in
the lattice are coupled with the transitions and
result in a wide continuous band. In
BaB

8
O

13
: Sm2`, we do not "nd such continuous

band but only sharp phonon lines are found beside
ZPL. During the transition process, only the vibra-
tion mode with single frequency is coupled with the
4f electrons and results in sharp and weak lines.

At all temperatures below 300 K, no 5D
1
P7F

J
transitions are found, even so at 10 K. This is
contrast to the spectra of Sm2` in BaCl

2
, BaBr

2
[6]. In these alkaline earth halides, Sm2` shows the

5D
1
P7F

J
transitions at low temperature and are

gradually quenched with increasing temperature.
These di!erences are owing to the di!erent vibra-
tional energy in the host lattice, which lead to
di!erent radiative and non-radiative transition
rates from 5D

1
to 5D

0
level. The non-radiative

transition rate (A
NR

) from 5D
1
to 5D

0
can be rough-

ly estimated by [14,15]:

A
NR

"N
[1!exp(!+u/k¹)]~pSp

P!

]exp C
!2S

1!exp (!+u/k¹)D .

Here S is Huang}Rhys factor; k is the Boltzmann
constant; +u is the phonon energy involved; ¹ is
the absolute temperature; P is the number of the
phonons involved (P(0 stands for absorption of
P phonons and P'0 for emission of P phonons);
N is the rate constant of the non-radiative
transition within the order of 1014 s~1, and
P
0
"(*E

1~0
/+u) (P

0
is the number of the phonons

bridging the energy di!erence *E
1~0

between the
5D

1
and 5D

0
level); Because the positions of the

5D
1

and 5D
0

levels in Sm2`-doped matrix do not
change greatly, the energy di!erence between the
5D

1
and 5D

0
level is about *E

1~0
+1350 cm~1.

Di!erent lattices have di!erent phonon energies
+u, so P

0
will be di!erent in di!erent lattices.

Therefore, the non-radiative transition rate will
change with di!erent lattices. During the non-radi-
ation de-excitation process, the phonon with the
highest frequency will play the dominant role, and
the non-radiative transition rate will mostly be
determined by this phonon [16]. The maximum
phonon energy in BaB

8
O

13
is about

+u+1200&1400 cm~1 of asymmetric and sym-
metric stretching mode of the BO

3
and BO

4
units

[3,17], therefore the number of the phonons is
P
0
+1, and then the highest possible non-radiative

transition rate A
NR

can be calculated about
7.50]1013 s~1. In weak coupling, the non-radi-
ative transition rate increases sharply with the max-
imum phonon energy +u. For example, in
BaCl

2
: Sm2` [6], the maximum phonon energy is

+u+210 cm~1, and the number of the phonons is
P
0
+6&7. Therefore, the non-radiative transition

rate from 5D
1

to 5D
0

level in BaB
8
O

13
is about
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Fig. 4. The temperature e!ects on the integrated emission inten-
sities of the 5D

0
P7F

J
and 5D

1
P7F

J
(J"0, 1, 2) transitions of

Sm2` in BaB
8
O

13
between 300 and 473 K.

1015 times higher than in BaCl
2
. This comparison

reveals the fact why no optical transitions from
5D

1
to 7F

J
levels are observed even at 10 K for

Sm2` in BaB
8
O

13
, while those transitions can still

be observed even at 77 K for Sm2` in BaCl
2
.

However, contradicted with the above observa-
tion and the calculation of the non-radiative
transition rate (A

NR
), an interesting phenomenon is

found that a group lines appear in the range
620}670 nm at room temperature (see the inset in
Fig. 1). This spectrum is in the form of sharp,
though weak lines. On the consideration of their
positions, these lines must correspond to the
5D

1
P7F

J
(0, 1, 2) transitions of Sm2` in the host.

At "rst glance, it con#icts with the usual result that,
generally, the 5D

1
P7F

J
(J"0, 1, 2) transitions are

previously quenched by temperature before the
5D

0
P7F

J
(J"0, 1, 2) transitions (two-step #u-

orescence quenching mechanism [6]), while in the
present case, the 5D

1
P7F

J
transitions appeared at

room temperature. The vibrational mode of BO
4

and BO
3

is at around 1200}1400 cm~1 [17] which
is very close to the energy gap between 5D

1
and

5D
0

level (*E+1350 cm~1). This energy gap can
be bridged by only one phonon and therefore, the
non-radiative transition probability from 5D

1
to

5D
0

level must be very high and no transitions
between 5D

1
and 7F

J
could be observed as dis-

cussed above. This appearance is explained that the
5D

1
level is thermally populated by the 5D

0
level

via 4f55d level, and therefore, the transition se-
quence becomes 5D

0
P5D

1
P7F

J
. The indirect

5D
1
P5D

0
non-radiative channel through 5d band

was considered to be a novel situation and a direct
5D

1
P5D

0
coupling should be more likely event

due to the relatively close proximity of these two
J levels [6]. This explanation is con"rmed by the
high-temperature luminescence of the 5D

0
P7F

J
and 5D

1
P7F

J
. Fig. 4 shows the temperature e!ects

on the integrated emission intensities of the
5D

0
P7F

J
and 5D

1
P7F

J
(J"0, 1, 2) transitions in

the range 300}573 K. It can be observed that the
intensities of 5D

1
P7F

J
increase with temperature

and those of 5D
0
P7F

J
decrease. When the temper-

ature is around 370 K, the intensities of 5D
0
P7F

J
starts to decrease due to the thermal quenching. At
around 450 K, the 5D

0,1
P7F

J
transitions are al-

most completely quenched by temperature.

3.3. The temperature dependence of the 5D
0
P7F

0
transition

Thermal e!ects on the 5D
0
P7F

0
transition of

Sm2` in BaB
8
O

13
are studied at di!erent temper-

atures between 50 and 300 K. The temperature
dependence of the line shift and half-width of the
5D

0
P7F

0
transition are illustrated in Fig. 5. It can

be found that the position of center I undergo red
shifts as temperature increases whereas that of
center II shows green shifts. The half-width also
increase with increasing temperature due to the
thermal broadening. The thermal e!ects on line
shift should be due to the metastable state of 4f55d
con"guration within Sm2` since the electronic
charge is strongly a!ected by the thermal perturba-
tions of the environment. The thermal broadening
is due to static and random microscopic strains and
Raman scattering of phonons [18]. The thermal
e!ects on the integrated emission intensities of the
5D

0
P7F

0
transition are also studied between 50

and 300 K and shown in Fig. 6. The results show
that the emission intensities of center I increase
with increasing temperature. However, the inten-
sities of center II is not found to change in a "xed
way in our results.
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Fig. 5. The temperature dependence of (a) the positions and (b) half-width of the 5D
0
P7F

0
transition of Sm2` in center I and center II

in BaB
8
O

13
.

The lifetime measurements can yield information
about the kinetic of the luminescence process, such
as the #uorescence e$ciency, energy transfer, the
excitation and de-excitation process. The decay
curves of 5D

0
P7F

0
transition in center I are re-

corded as a function of temperature. The results
show that the lifetime is temperature-independent: at
200 K, q+3.7 and at 300 K, q+3.4 ms. Fig. 7
shows the decay curve at 50 K. The decay curve is
single exponential with lifetime of 3.5 ms. This result

seems to be contradictory with the temperature de-
pendence of the emission intensities as shown above
that the intensities increase with temperature. The-
oretically, the lifetime should be prolonged with the
increase in population number in the 5D

0
levels.

Such a contradiction may be explained by the fact
that the radiative decay rate increases with the in-
crease in temperature and that the decrease in decay
time is compensated by this increase. Therefore, the
decay behavior is temperature independent.
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Fig. 6. The thermal e!ects on the emission intensities of the
5D

0
P7F

0
transition of Sm2` in center I in BaB

8
O

13
.

Fig. 7. The decay curve of the 5D
0
P7F

0
transition of Sm2` in

center I in BaB
8
O

13
at 50 K.

4. Conclusions

The investigation on valence change and
luminescence of samarium ions in BaB

8
O

13
shows

that the matrix BaB
8
O

13
is a good host for the

luminescence of the divalent samarium ions. At
10 K, at least "ve crystallographic sites with inver-
sion symmetry for Sm2` are available and the
5D

0
P7F

1
transition shows the predominant in-

tensities. At 50 K, two crystallographic sites with-
out inversion symmetry for Sm2` are possible at
50 K in BaB

8
O

13
: one on octahedral coordinated

Ba2` site and the other on tetrahedral coordinated
B3` position. The phonon}electron coupling en-
ergy is about 50 cm~1 and an approximate calcu-
lation on the non-radiative transition rate of Sm2`

explains why no 5D
1
P7F

J
transitions can be ob-

served even at low temperature. However, due to
the thermal population, the 5D

1
P7F

J
transitions

appear again at room temperature even though the
vibration of borate is in high energetic frequency
which is very close to the energy gap between the
5D

1
and 5D

0
levels. From the observed temper-

ature dependence on the 5D
0
P7F

0
transition, it is

shown that with increasing temperature the
5D

0
P7F

0
transition of center I at 14 642 cm~1

shifts to higher energy side whereas center II at
14 740 cm~1 shifts toward lower energy side. The
decay curves are all in single exponential in the
temperature range investigated and the lifetime is
temperature-independent with values about 3.5 ms.
The study on the luminescence of Sm2` in this host
has shown that the vibrational phonon plays a sig-
ni"cant role in the non-radiative transitions and in
the 5D

1
}7F

0
transitions at higher temperature.
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