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The luminescence properties of several Bi**-activated lanthanide borates (LnBQ;) are reported. For
the calcite-structured borates (ScBO;—Bi** and the high-temperature modification of LuBO;-Bi?*), the
Stokes shift is small. In the luminescence spectra vibrational structure is observed. For the compounds
with YBO; structure (low-temperature modification of LuBO;-Bi** and YBO;-Bi**) two luminescent
centers are observed. Energy transfer occurs from one type of center to the other. Finally, for LaBO;—
Bi** two centers are also observed. One is ascribed to isolated Bi** ions and the other to Bi** pairs.
The Stokes shift of the Bi** luminescence varies from 0.22 eV for ScBO;-Bi** to 1.16 eV for LaBO;—
Bi3*. This is discussed in terms of the increasing amount of space available to the Bi** ion in the host

lattice. © 1985 Academic Press, Inc.

1. Introduction

The luminescence properties of the Bi3*
ion depend strongly on the host lattice (/-
4). In this report the luminescence of the
Bi** ion in several lanthanide orthoborates
(LnBOs) is reported. Their luminescence at
room temperature has been discussed by
Blasse and Bril (). In this study the mea-
surements are extended to low tempera-
tures. As far as possible, decay times were
measured as a function of temperature.

The luminescence of the Bi** ion in
LiLrO, and NaLnO, (with Ln = Sc, Y, La,
Gd, or Lu) was studied in relation to the
nature of the trivalent host lattice ions (3).
In these systems the Bi** ion is octahe-
drally coordinated by oxygen ions. It ap-
peared that the Stokes shift of the Bi**
luminescence varies from 0.19 eV for
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NaScO,-Bi** to 1.31 eV for NaLaO,-Bi**
For samples with the smaller Stokes shift
vibrational structure was also observed in
the spectra.

For the orthoborates reported here, the
crystal structure as well as the coordination
of the trivalent cations are different. The
compound ScBO; and a modification of
LuBO; adopt the calcite structure (5, 6). In
this structure the trivalent cation is octahe-
drally coordinated. Another modification of
LuBO;, and YBO; and GdBOs, adopt the
so-called YBO; structure (7-9). This struc-
ture is related to the vaterite structure. In
this structure an octahedrally coordinated
site and a 12-coordinated site is available
for the trivalent ion in the ratio 2:1. For
this 12-coordinated site, six oxygen neigh-
bors are at a shorter and six others are at a
longer distance. The last compound studied
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TABLE 1

STRUCTURAL DATA OF THE HOST LATTICES
STUDIED

Tonic radius of Coordination

Compound the La** ion (10) Structure of the Ln** ion
ScBO; 0.745 Calcite 6
LuBO; 0.861 Calcite 6
LuBO, 0.861 (6 coord.) YBO; 6,6+ 6
YBO; 0.90 (6 coord.) YBO, 6,6 +6
GdBO;, 0.938 (6 coord.) YBO, 6,6 +6
LaBO; 1.20 Aragonite 9

in this series was LaBO;. The compound
LaBO; has the aragonite structure (5, 6), in
which the La’* ion is coordinated by nine
oxygen ions. The structural properties, to-
gether with the ionic radii of the lanthanide
ions are collected in Table 1. From this ta-
ble it is seen that the coordination number
of the trivalent ion increases with increas-
ing radius of the cation.

2. Experimental

Sample Preparation. Starting materials
were: S¢,0;, Y.0:, GdyO; (Highways In-
ternational, 99.99%), Lu,05, La,0; (High-
ways International, 99.999%), Bi;0;
(‘*‘Baker Analyzed’’), and H;BO; (Merck,
pro analyse). The first step in the prepara-
tion of the Bi**-doped orthoborates was the
preparation of Lnyi-y»BizO;. LnyO; and
Bi,0; were dissolved in hydrochloric acid
(Baker, 36%, pro analyse) and precipitated
with ammonia (Merck, 25%, pro analyse).
The precipitate was washed, dried, and
fired in air at a temperature of about 500°C
to convert the hydroxide into oxide. The
preparation of the orthoborates then in-
volves the reaction between Lnyg_,BiyO;
and H;BO;. The oxide is mixed with hydro-
boric acid (excess 15%). This mixture is
fired in air in a platinum crucible. The tem-
peratures and firing times were different
from each of the different compounds (see
Table II).

The samples were checked by X-ray
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powder diffraction using CuKa radiation.
The Bi?* concentration in the different sam-
ples was determined by atomic absorption

spectrometry.

Instrumentation. The luminescence
spectra were recorded using a Perkin—
Elmer MPF-3A spectrofluorometer,

equipped with an Oxford-CF100 helium-
flow cryostat. The excitation spectra were
corrected for lamp intensity with the use of
lumogen T-rot GG as a standard. The emis-
sion spectra were corrected for the photo-
multiplier sensitivity. The photon flux per
constant energy interval @ is obtained by
multiplying the radiant power per constant
wavelength interval by A3. The emission
spectra with vibrational structure were re-
corded on equipment with a higher spectral
resolution (~0.2 nm) [Ref. (3)]. The pow-
ders were mounted in an Oxford Instru-
ments CF204 helium-flow cryostat. The ex-
citation source was a 450-W high-pressure
xenon lamp. The emission and excitation
wavelengths were selected with a Leiss
double and single monochromator, respec-
tively. The emission was detected using a
RCA C31034 photomultiplier.

The decay time measurements were per-
formed with the use of an EG&G photon-
counting system described in detail else-
where (4). The excitation source consisted
of an EG&G 108 AU xenon flash lamp
(pulse width ~1 usec).

TABLE II

FIRING TEMPERATURES AND TIMES FOR SOME RARE
EARTH ORTHOBORATES

Firing times in hours at

Compound Structure 400°C 700°C 1100°C 1200°C
ScBO, Calcite 14 4 13 —
LuBO; Calcite 1 3 — 2
LuBO, YBO; 1 2% — —
YBO; YBO; 13 5 2 —
GdBO; YBO; 1 3 3 —_—
LaBO; Aragonite 1 24 —_ —
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Fi1c. 1. Emission and excitation spectra of the lumi-
nescence of (a) ScBO;—Bi** (0.12 a/o) and (b)
LuBO;-Bi3* (0.13 a/o) at 4.2 K (—) and at 300 K (---).
® denotes the radiant power per constant energy inter-
val in arbitrary units. g, specifies the relative quantum
output in arbitrary units.

3. Results

3.1. Spectra

3.1.1. Compositions with the calcite
structure (ScBO;-Bi** and LuBO;-BiR3*
[high-temperature modification]). The sys-
tem ScBO;-Bi3* as well as LuBOs;-Bi**
show efficient luminescence at 4.2 K. The
emission and excitation spectra of ScBOs-
Bi3* (0.12 a/o) at 4.2 and 300 K are shown in
Fig. 1a. At 4.2 K vibrational structure is
observed in the emission and excitation
spectrum. The first line in the emission
spectrum is at 4.16 eV and has low inten-
sity. The excitation spectrum is split into
two components, with double maxima, at
4.26 and 4.41 eV. At 300 K the maximum of
the emission band is at 4.14 eV and the
maximum of the excitation band is at 4.38
eV. The Sc,_Bi,BO; compositions ap-
peared to be single-phase up to a few per-
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cents in x. Concentration quenching of the
Bi3* emission occurred at a critical concen-
tration (x.) of about 1 a/o. The value of x. is
lower at 300 K than at 4.2 K.

The luminescence spectra of LuBO;-Bi
(0.13 a/o; calcite structure) are given in Fig.
1b. There is a resemblance with the lumi-
nescence spectra of ScBO;-Bi3t. At 4.2 K
vibrational structure is observed in the
emission spectrum and in the excitation
spectrum. The vibronic structure is less
pronounced than in ScBO;—Bi** and the vi-
bronic pattern is different. The first line in
the emission spectrum is at 4.08 eV; it has a
much higher intensity than that of the first
line in the emission spectrum of ScBO;-
Bi**. The maximum of the emission band is
at 4.08 eV at 300 K. The excitation spec-
trum consists of one band with a maximum
at 4.35 eV. Only some weak vibronic lines
are observed at 4.2 K. The line with the
lowest energy is encountered at 4.18 eV. As
in the case for ScBO;—Bi**, concentration
quenching of the Bi** emission is also ob-
served for LuBOs-Bi**. The critical con-
centration (x.) is also 1 a/o at 4.2 K.

3.1.2. YBOs-structured compounds (low-
temperature modification of LuBOy-BiP*
and YBOs—Bi** and GdBO;—Bi**). The ex-
citation and emission spectra of the low-
temperature modification of LuBO;-Bi**
(0.3 a/o) are given in Fig. 2a. Two excita-
tion bands and two emission bands are ob-
served. The excitation bands are at 4.74
and 4.29 e¢V. Upon excitation at 4.29 eV
one emission band, at 3.74 eV is seen (at 7
K). The emission band shifts to 3.76 eV at
300 K, this luminescent center will be
called the L center. Upon excitation at 4.74
eV two emission bands are noted at 7 K.
One emission band occurs at 3.74 eV and
the other band, at 4.16 eV. The former is
identical to the emission band observed
upon excitation at 4.29 eV. At higher tem-
peratures the intensity of the 4.16-eV emis-
sion band decreases, which makes it diffi-
cult to determine the position of this band
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Fic. 2. Emission and excitation spectra at 7 K of the
luminescence of: (a) LuBO;-Bi** (0.3 a/o), emission
spectrum (—) recorded for excitation at 4.29 eV, exci-
tation spectrum (—) recorded for emission at 3.74 eV,
emission spectrum (---) recorded for excitation at 4.74
eV, and excitation spectrum (---) recorded for emis-
sion at 4.16 eV. (b) YBO:;-B#** (0.5 a/o), emission
spectrum (—) recorded for excitation at 4.60 eV, exci-
tation spectrum (~—) recorded for emission at 3.72 eV,
emission spectrum (---) recorded for excitation at 5.00
eV, and excitation spectrum recorded for emission at
4.20 eV.

at 300 K. A slight shift to higher energy is
seen on going from 7 to 300 K. This center
with its excitation at 4.74 eV and its emis-
sion at 4.16 eV will be called the H center.
Excitation into the H center yields emission
from the H center and from the L center.
This is ascribed to energy transfer from the
H center to the L center, which is observed
down to low temperatures and down to low
Bi3* concentration (0.1 a/o).

Similar observations were made for
YBO;-Bi?* (0.5 a/o). Two excitation bands
are observed, one at 4.86 eV and the other
at4.70 eV at 7 K (Fig. 2b). Upon excitation
at 4.70 eV one emission band, at 3.72 eV is
seen. Increasing the temperature from 7 to
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300 K makes the emission shift to 3.74 eV.
This luminescent center will be called the L
center. Excitation at 4.86 eV yields the
emission band at 3.72 eV and an emission
band at 4.20 eV. At 300 K this emission
band is shifted to 4.22 eV but, just as in
LuBO;-Bi*", it is hard to determine the ex-
act position. Similar to LuBO;-Bi**, the
center with its excitation at 4.86 eV and
emission at 4.20 eV is called the H center.
Energy transfer from the H center to the L
center is encountered, whose efficiency de-
pends on the Bi** concentration. In Fig. 3
the emission spectra upon excitation in the
H center are shown for three different sam-
ples. To provide a comparison of these
spectra they were normalized to the 4.20-
eV emission. It is seen that for higher Bi**
concentrations the energy transfer is en-
hanced. The energy transfer depends not
only on the Bi3* concentration, but also on
temperature. This is shown in Fig. 4 for
YBOs-Bi** (0.5 a/o). At temperatures to 40
K about 70% of the emission occurs at 4.20
eV for excitation in the H center. Above 40
K the intensity of the 4.20-eV emission
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F1G. 3. Emission spectra of YB0O;-Bi** at 7 K for
different Bi** concentrations (—) 0.5 a/o; (---) 1.0 a/o;
and (----) 2.5 a/o. Excitation energy: 5.00 eV.
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FiG. 4. Relative intensity of the 4.20-eV emission
(O) and the 3.72-eV emission (@) of YBO;—Bi** (0.5
a/o) as a function of temperature. Excitation energy:
5.00 eV. The total emission intensity is given by the
upper line.

starts to decrease, while the intensity of the
3.72-eV emission increases. At about 120 K
the intensities of both emissions are equal.
At 300 K about 80% of the emission is due
to the L center. The total intensity of the
two emissions is almost constant in the
temperature region of 4 K up till 300 K.

Remarkably enough the Bi** ion in
GdBO; does not yield efficient lumines-
cence, not even at 7 K. In view of our
results for the isomorphous LuBO;-Bi**
(low-temperature modification) and YBOs;-
Bi3* the possibility that the Bi** emission in
GdBO; is thermally quenched at 7 K can be
excluded. The reason for the absence of
Bi** emission in GdABO+-Bi** is completely
different, viz. energy transfer from Bi3* to
Gd3* occurs. This has also been observed
for GdB;0¢Bi** in which system it has
been studied in detail (11, 12).

What happens in GdBO;-Bi** is most
easily deduced from the excitation spec-
trum of the Eu** emission of this composi-
tion (Eu?* is present as a starting impurity
in Gd,04). This spectrum is dominated by a
Bi** excitation band in the short-wave-
length UV region. In addition, the 35-5P
transitions of Gd** are observed, and, very
weakly, some Eu* excitation lines. This
shows that the excitation energy of the Bi**
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ion is transferred to the Gd** ion which
transports the excitation energy through
the lattice until it is trapped by suitable cen-
ters (Eu* for example) or emitted by the
Gd3* ions. For a more detailed description
see (12). In addition to the Eu?* emission
we observed a broad band emission with a
maximum at 2.80 eV. This is probably a
Bi** defect center which acts as a trap. In
view of the discussion below (Section 4.3) a
Bi** pair center in low concentration is an
obvious possibility. The results for GABO;5~
Bi** will not be discussed further.

3.1.3. Composition with the aragonite
structure (LaBOx—Bi?"). At 7 K, two excita-
tion bands and two emission bands are ob-
served for LaBO;-Bi*t (0.08 a/o; Fig. 5).
The excitation band at 4.62 eV is matched
by an emission band at 3.46 eV; and the
excitation band at 4.53 eV, by an emission
band at 2.69 eV. The intensity of both emis-
sion bands is independent of temperature
up to 300 K. The 3.46-eV emission band
shifts to 3.51 eV at 300 K, while the posi-
tion of the 2.69-eV emission band does not
change for temperatures up to 300 K. No
energy transfer from the 3.46-eV emitting
center to the 2.69-eV emitting center is ob-
served. For samples with a higher Bi** con-
centration an increase of the 2.69-eV emis-
sion relative to the 3.46-eV emission is
encountered. This suggests that the 3.46-eV

hv{ev) —»

FiG. 5. Excitation and emission spectra of the lumi-
nescence of LaBO,-Bi** (0.08 a/o) at 7 K. Full lines,
isolated Bi**; broken lines, Bi** pairs.
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TABLE III

SPECTRAL DATA OF THE Bi** LUMINESCENCE IN THE DIFFERENT LANTHANIDE
ORTHOBORATES LnBO,

Maximum Maximum
emission emission
Excitation energy energy
energy at 7K at 300 K Stokes shifts
Composition  Coordination (eV) (eV) eV) eV)
ScBO,-Bi** 6 4.26;4.41 4 K) — 4.14 0.22
4.38 300 K)
LuBO;-Bi?* 6 4.35 — 4.08 0.28
(calcite)
LuBO;-Bi** 6 4.74 4.16 ~4.20 0.54
6+6 4.29 3.74 3.76 0.53
YBO;-Bi*+ 6 4.86 4.20 ~4.22 0.64
6+6 4.70 3.72 3.74 0.96
LaBOs-Bi** 9 (Single) 4.62 3.46 3.51 1.16
Pair 4.53 2.69 2.69 1.84

7 Excitation energy-emission energy (at 300

emission can be ascribed to isolated Bi**
ions and the 2.69-eV emission, to Bi** pairs
or to single Bi** clusters.

In Table III the positions of the excita-
tion and emission bands of the composi-
tions aforementioned are collected.

3.2. Decay Time Measurements

For only a few compositions, it was pos-
sible to determine the decay time of the
emission as a function of temperature with
the available setup. Of the calcite struc-
tured compounds, only the decay time of
ScBO;-B#** (0.1 a/o) could be measured ac-
curately as a function of temperature. Exci-
tation occurred on the high-energy side of
the excitation band. The decay curves were
exponential. The decay time as a function
of temperature, is given in Fig. 6. For
LuBO;-Bi?* (calcite) only the low-tempera-
ture (4.2 K) decay time could be deter-
mined; it amounts to ~760 usec. For
LaBOs-Bi** the decay time of both emis-
sions was detected as a function of temper-
ature (Fig. 7). The decay curves were expo-
nential over the whole temperature region.

The decay times as a function of temper-

K).

ature were analyzed with the use of the
well-known three-level scheme (13, 14)
(see Fig. 8). Excitation occurs into level 2.
After excitation two processes are possible:
the radiative transition from level 2 to level
0, with probability k3, and the nonradiative
transition from level 2 to level 1 with proba-
bility k,,. If k»; > kyy, emission is observed

+OF

t{ms)
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FiG. 6. Decay time of the 4.04-eV emission of
ScBO;-Bi** (0.12 a/o) as a function of temperature.
The drawn line gives the best fit of the data to Eq. (2).
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F1G. 7. Decay time of the 3.46-¢V emission (@) and
the 2.69-eV emission (O) of LaBO;-Bi** (1 a/o) as a
function of temperature. See also Fig. 6.

from level 1 at low temperatures; with a
transition probability of k. The probability
for the transition from level 1 to level 2 is

given by
ki, = ky exp (%E) (D

In Eq. (1), AE, denotes the energy differ-
ence between levels 1 and 2. At higher tem-
peratures emission from level 2 can be ob-
served. By assuming 4y > &y and &y > &y
the decay time of the total emission can be
expressed as (13, 14)
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FiG. 8. The three-level scheme to analyze the decay
time measurements. For explanation see text.

1 —
i kio + ki exp (—kéT—E)

The value of k;y can be obtained from the
low-temperature decay time (ko = 75 ).

A fit of the experimental data to Eq. (2)
yields k5 and AE. The results of the fit pro-
cedure for the different compositions are
given in Table IV.

)

Discussion

4.1. Compositions with the Calcite
Structure (ScBO;-Bi** and
High-Temperature Modification of
LuBOs-B#*)

The low-temperature emission bands ob-
served for ScBO;-Bi** and LuBO;-Bi**
(hT) can be ascribed to the 3Py-1S, transi-
tion. (Because the luminescence properties

TABLE 1V
PARAMETERS DEDUCED FROM THE FIT 10 EQ. (2) OF THE DECAY TIMES

Emission Stokes shift kio k2o AE
Composition (eV) (eV) (sec™ (sec™!) (meV) Reference
ScBO;-Bi** (0.12 a/o) 4.10 0.22 (1.11 £ 0.10) x 10? (7 = 4) x 107 120 = 2 This work
LuBOs-Bi** (0.13 a/o) 4.08 0.28 (1.31 = 0.10) x 10? — — This work
LaBO;-Bi** (1 alo) 3.46 1.16 (4.55 = 0.06) x 10® 2.5+ 1.0) x 10¢ 55+ 4 This work
LaBO;-Bi3* (1 a/o) 2.69 1.84 (9.17 = 0.03) x 10? 3.0 £ 0.7) x 1¢¥ 57+04 This work
YOCI-Bi** (0.2 a/o) 3.00 1.87 (9.26 * 0.03) x 10° (7.5 = 0.4) x 10° 4904 (15)
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of the Bi** ion are reported for systems in
which the site symmetry of the Bi** ion is
different, we prefer the use of the free ion
terms for the energy levels.) The low-tem-
perature decay times are relatively large
(Table 1V) which agrees with the fact that
this transition is forbidden. At higher tem-
peratures the 3P, level becomes populated
and emission is observed from this level:
the emission bands shift to higher energy
and the decay time decreases. The excita-
tion bands are ascribed to the 'S,—*P, tran-
sition.

The site symmetry of the Sc¢3* ion in
ScBO; is S¢. This deviation from cubic sym-
metry is reflected in the excitation spec-
trum of the Bi3* ion, where the S,—3P, tran-
sition is split by 0.15 eV due to the crystal
field splitting of the 3P, level. The 3P, level
splits, under S¢ symmetry, into a E, level
and a ?A,, level. In comparing the intensities
of the two components of the excitation
band, it can be assumed that the A, level is
lower in energy than the 3E, level. For
LuBOs-Bi** the splitting of the excitation
band is not observed. Due to the larger ra-
dius of the Lu’* ion (see Table I), the crys-
tal field at the trivalent ion site may be
weaker in LuBO; than in ScBO;. The dif-
ference in ionic radii results also in a differ-
ence between the Stokes shifts of the emis-
sions of ScBO;-Bi?* and LuBO;—Bi**. The
Stokes shift of LuBOs-Bi*" is larger than
that of ScBO;~Bi3*. The vibronic lines in
the emission spectrum of ScBO; are rather
pronounced. This indicates that in terms of
a configurational coordinate diagram, the
value of the parabolae off-set, Ar, is small,
which results in a small Stokes shift. For
LuBO;-Bi** the vibronic structure is less
pronounced, which indicates that the value
of Ar is larger than in the case of ScBOs—
Bi**. As a consequence, the Stokes shift of
LuBO;-Bi** is also larger.

The energy difference between the first
line in the emission spectrum and the first
line in the excitation spectrum of ScBO;-
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Bi?* at 7 K is approximately 0.10 eV. From
the decay time measurements the value of
AE, the energy difference between levels 1
and 2 (Fig. 8), is 0.12 eV. In the case of
ScBO;-Bi?* level 1 represents the 3P, state
and level 2, the lower energy crystal field
component of the 3P, state. The agreement
of these two values of AE seems accept-
able. This implies that the first line (4.16
eV) observed in the emission spectrum of
ScBO;-Bi** is the zero-phonon line. The
relatively strong intensity of this line is due
to the fact that the S site symmetry does
not forbid this transaction.

The occurrence of vibrational structure
in the emission and excitation spectra of the
Bi3* ion has been observed several times
before. Well-known examples are CaO-
Bi** and MgO-Bi** [Ref. (13)], MgS-Bi**
[Ref. (16)], NaScO,-Bi** [Ref. (3)], and
Cs;NaYCle-Bi** [Ref. (17)]. Vibrational
structure is observed if the Bi** ion is octa-
hedrally coordinated and is substituted for
a smaller ion (3). For Cs;NaYCl~Bi** and
NaScO,-Bi** the vibrational structure was
analyzed in terms of vibrations of the iso-
lated BiOi~ or BiCLl~ octahedron. In
Cs,NaYCls—Bi?* the trivalent ion is octahe-
drally coordinated by chloride ions. These
YCI}~ octahedra are isolated from each
other by the sodium ions. Thus the YClg~
octahedron (and also the BiCl}~ octahe-
dron) could be treated as an isolated unit.
For the calcite-structured orthoborates
ScBos~Bi** and LuBOs;-Bi** the situation
appears to be more complicated.

For ScBO;-Bi?* the vibronic structure in
the emission spectrum can be analyzed by
taking into account only the Bi-O vibra-
tions of the BiOg octahedron. In view of
the agreement between the AE values de-
rived from the spectra and the decay time
measurements, it is assumed that the first
weak line in the emission spectrum is the
zero-phonon line. The other lines are as-
signed as follows: 400 v., 650 v, + v, 950 v,
+ v,, 1400 v, + 2v,, 1670 v, + 2v, + vy, 1920
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TABLE V
ENERGY TRANSFER DATA FOR ScBO,-Bi*+

Energy transfer T Qa S.0. R. X
via K) €Vemd V') A (ao)
3Py 7 2x1072 2x102 2.1 1500
3P, 300 1 x 10°7 0.9 24 1.0

v, + 3v,. Here, the figure indicates the en-
ergy difference (cm~!) between the vibronic
line involved and the zero-phonon origin.
Further, the same notation is used as for
NaScO,-Bi3* [Ref. (3)]. Only the assign-
ment of the broader line on the iow-energy
side of the emission band cannot be carried
out in this manner.

The vibronic structure in the emission
spectrum of LuBO,-Bi** also cannot be an-
alyzed in the same way. We were able to
make an assignment involving similar vi-
brational frequencies, but unfortunately the
spectra contain only a few vibronic lines, so
that this assignment is not convincing.
More intriguing, however, is the difference
between the emission spectra of ScBO;—
Bi3* and LuBOs-Bi**, which have the same
crystal structure. This may indicate a dif-
ferent orientation of the borate groups rela-
tive to the Bi3* ion.

Because of the small Stokes shift ob-
served for ScBO;-Bi** energy transfer be-
tween the Bi** ion in the lattice is possible.
This has also been noticed in YAI;:B4O -
Bi3* [Ref. (18)]. The transfer parameters
were calculated as indicated in the litera-
ture (18-20). Results are given in Table V.
In this table, Q presents the absorption
cross section, §.0. the spectral overlap be-
tween the emission band and the excitation
band. The parameter R, presents the criti-
cal distance, the distance at which the prob-
ability for energy transfer is equal to the
probability of the optical transition. Finally,
x. is the critical concentration.

It is seen from this table that energy
transfer at 7 K via the 3P, level cannot oc-
cur. The critical distance for this process is
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only 2.1 A. Energy transfer via the *P, level
is an efficient process. For Bi** concentra-
tions >1 alo concentration quenching is
predicted to occur at 300 K, in agreement
with experimental observation. This pro-
cess will also be effective at 7 K, but x. and
R. may not be calculated in this way, since
we have neglected the nonradiative *P,-3P,
transition. At low temperatures this will de-
crease the P, population. Since at 7 K only
3P, emission is observed, the relevant non-
radiative rate must be =102 - k,. The trans-
fer rate has to compete with this value,
instead of with k,. The occurrence of
concentration quenching at 7 K shows that
for certain distances the transfer rate does
so successfully. A quantitative description
seems to be difficult at this time.

4.2. Compositions with the YBO; Structure
(Low-Temperature Modification (IT) of
LuBO;-Bi** and YBOs-Bi*")

For the compositions LuBOs-Bi** (1T)
and YBO;-Bi}* two luminescent centers
are encountered, viz. one center emitting at
high energy (the H center) and one emitting
at lower energy (the L center). In the YBO;
structure, two sites are available for the tri-
valent ions, a 6-coordinated site and a 6 +
6-coordinated site (see Introduction). In
general the Bi** emission is at lower en-
ergy, if the coordination number or the
space available for the Bi** ion increases (in
fact these two parameters are not indepen-
dent). In view of this the H center is as-
sumed to be a Bi3* ion at the 6-ccordinated
site, and the L center, a Bi** ion at the 6 +
6-coordinated site.

For LuBO;-Bi** (17), as well as for
YBO;-Bi*t, the excitation bands can be as-
cribed to the 1S,-°P, transition, the low-
temperature emission bands, to the 3Py—15,
transition and the emission bands at higher
temperature, at slightly higher energy, to
the 3P~1S, transition.

The Stokes shifts of the emissions in
LuBO;-Bi3* (1T) are about 0.54 eV for both
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TABLE VI

DATA FOR THE ENERGY TRANSFER FROM THE H
CENTER TO THE L CENTER IN LuBOs-Bi** (IT)
AND YBO;-Bi?*

T Oa S.0. R
Composition (K) eV cm?) eV A
LuBO;-Bi** 7 10-7 5 30

YBO;-Bi** 7 10-7 102 11

centers. For YBO;-Bi3*, the Stokes shifts
are 0.64 and 0.96 eV for the H center and
the L center, respectively. The Stokes
shifts for LuBO;-Bi** (1T) are smaller than
for YBO;—Bi?*. This is in line with the gen-
eral observation that the Stokes shift in-
creases if the space available for the Bi*t
ion in the host lattice increases (4). This is
also observed for the two different centers
in YBO;-Bi**, but, remarkably enough, not
for the two centers in LuBO;-B#** (IT).
Obviously, the relaxation process of the ex-
cited state responsible for the Stokes shift,
in case of the L center in LuBOs;-Bi*", is
mainly determined by the six nearby oxy-
gen ions. The difference with the relaxation
process in the H center is small. For the L
center in YBO;-Bi**, with a larger trivalent
ion site, the influence of the six other oxy-
gen ions, at a slightly larger distance is
greater. This results in a difference of
Stokes shift for the L center and the H cen-
ter in YBO;-Bi**.

As stated earlier, energy transfer from
the H center to the L center is observed for
both LuBO;-Bi3* and for YBO;-Bi**. As
mentioned above the critical distance R, for
energy transfer can be determined. Be-
cause decay time measurements of these
systems are not available, we use for 0, the
value of 1 X 10717 ¢V c¢m?. The results for
the two compositions are given in Table VI.

The table shows that in case of LuBO;-
Bi3* energy transfer from the H center to
the L center is a very efficient process at 7
K. The energy transfer process is less effi-
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cient for YBO;-Bi** due to the smaller
spectral overlap.

In Fig. 4 it can be seen that the efficiency
of the energy transfer process in YBO;-
Bi** increases with increasing temperature.
The energy transfer efficiency increases at
temperatures above 40 K. The transfer pro-
cess probably becomes more efficient as
soon as the 3P; level becomes populated,
because then the spectral overlap in-
creases. This implies that the energy differ-
ence AE between the 3P, level and the 3P,
level is smaller than in the case of ScBOs—
Bi**, which is in line with the empirical re-
lation between the Stokes shift and AE
(21). This relation states that for increasing
Stokes shift the value of AE decreases. Be-
cause the Stokes shift of the emission in
YBO;-Bi?* is larger than of the emission in
ScBO;-Bi?*, the value of AE should be
smaller in case of YBO;~Bi3*.

4.3. Composition with the Aragonite
Structure (LaBOs—Bi?")

Despite the fact that in the aragonite
structure only one crystallographic site is
available for the trivalent ions, two lumi-
nescent centers are observed. As men-
tioned above (Section 3.1.3), the center
with its emission at high energy is ascribed
to an isolated Bi** ion, while the center
with its emission at lower energy is as-
cribed to a Bi3* pair or a simple Bi** clus-
ter.

For the isolated Bi** ion the excitation
band is ascribed to the 1§, — 3P, transition.
At low temperatures the emission can be
ascribed to the forbidden 3Py, — 'S, transi-
tion (with a relatively long decay time,
~220 usec). At higher temperatures the
emission is ascribed to the partially allowed
3p,—-18, transition (with a short decay time,
~4 nsec). The energy difference between
the 3P, level and the 3P, level amounts to
roughly 6 meV. The Stokes shift of the
emission is approximately 1.16 eV. The val-
ues fit reasonably to the empirical relation
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between the Stokes shift and AE (21). The
Stokes shift of the emission from the iso-
lated Bi** ion is large. The La’** ion in
LaBO; is coordinated by nine oxygen
ions, The La-0O distances vary from 2.40 to
2.74 A [Ref. (6)]. Probably the Bi** ion
in LaBO;-Bi3* is asymmetrically coordi-
nated. Timmermans and Blasse showed
that the Stokes shift of the Bi3* emission is
large (up to ~2 eV) if the Bi** ion is asym-
metrically coordinated (4). The asymmetri-
cal coordination of the Bi** ion in LaBO;—
Bi3* is then responsible for the large Stokes
shift.

The luminescence of the other center
shows a remarkable resemblance to the lu-
minescence of YOCI-Bi** (see Table IV).
In YOCI-Bi}* this luminescence was as-
cribed to Bi3* pairs (15) which confirms our
assignment. The occurrence of s? ion pairs
is well known, e.g., TI* in the alkali halides
(22). Pairing of Bi’* ions seems more favor-
able if the isolated Bi** ions show a large
Stokes shift of their emission. This suggests
that off-center Bi* ions may gain energy by
occurring in pairs. Similar observations
have been made for LaB;0¢Bi3* (12).

5. Conclusions

The luminescence properties of the Bi**
ion in the systems ScBO;, LuBO;, YBO;,
and L.aBO; show a gradual variation which
is best characterized by the increasing
Stokes shift of the emission. This can be
immediately correlated to the space avail-
able for the Bi** ion in the host lattice. If
the available amount of space increases,
the vibrational structure disappears and the
Stokes shift increases. This forms a strong
confirmation of the suggestion made earlier
(4), that the Bi** ion tends to occupy an off-
center position, which is only possible if
enough space is available.

In addition, a number of efficient energy
transfer phenomena have been observed in
the orthoborates, viz. from Bi¥* to Gd** in
GdBO;-Bi**, from Bi?* to Bi** on the same

WOLFERT, OOMEN, AND BLASSE

crystallographic sublattice in ScBO;-Bi**
and LuBOs-Bi** (hT) and on different crys-
tallographic sublattices in LuBO:-Bi?* (IT)
and YBO;-Bi3*.
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