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The luminescence of several Sb3+-activated rare earth orthoborates (LnB03-Sb’+; Ln = SC, Y, La, 
Gd, Lu) are reported. In all compositions the Stokes shift of the Sb” luminescence is rather large. 
resulting in rather low quenching temperatures (200 K or lower). The Stokes shift appears to be 
dependent on the coordination number and on the radius of the host lattice cation. This is explained 
from the assumed tendency of the Sb 3+ ion to occupy an off-center position which becomes more 
apparent when the space available for the Sb )+ ion increases. The present results are compared with 
those on LnB03-BC’. It appears that the Stokes shift of the BP* luminescence is more sensitive to the 
host lattice and is smaller than the Stokes shift of the Sb+ luminescence. This is explained by the large 
radius of the Bi” ion compared to the Sb” ion. In GdBO1-Sb” thermally activated energy transfer is 
observed from Gd3+ to Sb3+, s 1~x6 Academic PR\\. inc. 

1. Introduction 

It is well known that the luminescence 
properties of s* ions depend strongly on the 
host lattice (see, e.g., Refs. (1-4)). In this 
paper we report on the luminescence of the 
5.~~ ion Sb3+ in several rare earth orthobo- 
rates. Many investigations have been per- 
formed on the Sb3+ luminescence in oxidic 
systems (see, e.g., Refs. (Z-8)), but so far 
no systematic investigations are known. 
The present results form part of such a sys- 
tematic study of the luminescence of the 
Sb3+ ion in inorganic systems (see, e.g., 
Refs. (9, 20)). 

The luminescence of the 6s2 ion Bi3+ in 
LnB03 (Ln = SC, Y, La, Gd, Lu) at room 

* To whom correspondence should be addressed. 

temperature has been reported by Blasse 
and Bril (If). Recently, these measure- 
ments were extended to low temperatures 
while also decay times were measured (12). 
From these studies it became clear that the 
luminescence of the Bi3+ ion in LnBO3 de- 
pends dramatically on the nature of the 
Ln3+ ion. It appeared that the Stokes shift 
of the luminescence of the Bi3+ ion in- 
creases with increasing host lattice cation 
radius (i.e., with increasing space available 
for the BP+ ion). This relationship is also 
found in several other systems, e.g., Sb’+ in 
Cs2NaMC16 (M = SC, Y, La) (10) and Bi3+ 
in LiLnOz and NaLn02 (Ln = SC, Y, La, 
Gd, Lu) (13). A possible explanation for 
this behavior is based on the assumption 
that the s* ion tends to occupy an off-center 
position with regard to the surrounding li- 
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TABLE I 

STRUCTURAL DATA OF SOME ORTHOBORATE LATTICES AND Sb” LUMINESCENCE DATA IN THOSE LATTICES 
(AT ROOM TEMPERATURE) 

Composition 

ScBO,-Sbi+ 
LuBO,-Sb’+(hT) 
LuBO,-Sb3+( IT) 
YBO,-Sb3+ 
GdBO,-SbZ+ 
LaBO,-SbJ+ 

Structural data 

Host cation Crystal Coordination 
radius (& structure* number” 

0.745 Calcite 6 
0.861 Calcite 6 
0.861(6-co.) YBQ 0.900(6-co.) YBO? 6 

0.938(6-co.) YBOl 
6 + 6’ 

I.216 Aragonite 9 

SbZ+ luminescence data 

Emission 
Lower excitation maximum Stokes shift 
maximum (cm ‘) (cm-‘) (cm-‘) 

32,700 24,800 7,900 
33.400 22,700 10,700 

38,OW 23,500’ 14,500( 
36,50@ 20,5W 16,00@ 

42,000 22,500 19,500 

I’ Ref. (27). 
b Refs. (15, 17). 
c These values are averages of the data given in Table III. 

gands. This effect becomes more pro- 
nounced in host lattices in which the dopant 
ion replaces large cations (14). 

In this paper we report on the Sb3+ lumi- 
nescence in several orthoborates (LnB03) 
with different coordination number of the 
trivalent cation. ScB03 and the high-tem- 
perature modification of LuB03 (hereafter 
denoted as LuB03(hT)) adopt the calcite 
structure (15, 16). In this structure the tri- 
valent cation is octahedrally coordinated. 

The low-temperature modification of 
LuBOJ (hereafter denoted as LuB03(1T)), 
YB03 and GdB03 adopt a structure which 
is related to the vaterite structure, the so- 
called YB03 structure (25, 17). In this 
structure two different sites are available 
for the Lrz3+ ion, viz., an octahedrally coor- 
dinated site (6 coordination) and a lZcoor- 
dinated site (6 + 6’ coordination). The lat- 
ter site consists of six oxygen ligands at the 
same distance from the cation and six oxy- 
gen ligands at a slightly longer distance 
from the cation. The Ln3+-O*- distances 
for the It-coordinated site are about 16% 
larger than those of the 6-coordinated site 
(17). The concentration ratio of the octahe- 
dral sites to the 1Zcoordinated sites is 2 : 1. 

The compound LaB03 has the aragonite 
structure (15, 16). In this structure the La3+ 
ion is coordinated by nine oxygen ions. The 
structural data and the ionic radii of the 
Ln3+ ions are gathered in Table I. 

2. Experimental 

2.1. Sample preparation. Starting mate- 
rials were Sc203, Y203, Lu203 (Highways 
International 99.99%), Gd203, Laz03 (High- 
ways International 99.999%), Sbz03, and 
H3B03 (Merck, p.a.). To prepare the bo- 
rates with the calcite and YBO3 structure, 
the rare earth oxides and Sb203 were dis- 
solved in diluted (5 M) hydrochloric acid 
(Baker, p.a.). By adding boric acid to this 
solution (in an excess of 20%) a white pre- 
cipitate was obtained. After washing, the 
precipitate was fired in air in a platinum 
crucible at 1100°C during lt hr, except Lu 
B03( 1T) which was fired in air at 700°C dur- 
ing 29 hr. LaBOs-Sb3+ was obtained by 
grinding La203 and SbZO3 and firing the 
mixture in air at 400°C for 2$ hr followed 
by a second firing period of 21 hr at 800°C. 
The resulting (La,Sbh03 was grinded with 
H3B03 (excess 25%) and fired in air in a 



158 OOMEN ET AL. 

FIG. 1. Emission and excitation spectra of the lumi- 
nescence of Sb3+ in ScB03-Sb3+ at LHeT (---) and at 
RT (---). @ denotes the radiant power per constant 
energy interval in arbitrary units. qr gives the relative 
quantum output in arbitrary units. 

platinum crucible at 400°C for l& hr fol- 
lowed by a second firing period of 34 hr at 
600°C. 

All samples obtained were white pow- 
ders. They were checked by X-ray powder 
diffraction using Cu& radiation. The ac- 
tual amount of Sb in the samples was de- 
termined by atomic absorption spectros- 
copy. It turned out that the concentration 
of Sb in the final samples was considerably 
less than in the starting mixtures, especially 
for the borates fired at 1100”. For LuBOj- 
Sb3+(1T) and LaBOJ-Sb3+ the built-in 
amount of Sb is about 3-5% of the starting 
amount, for the other borates 0.1-l% (see 
next section for precise data on the Sb3+ 
content of the different samples). 

2.2. Instrumentation. Diffuse reflectance 
spectra were recorded at room temperature 
with a Perkin Elmer Lambda 7 UV/VIS 
spectrophotometer. Luminescence spectra 
were measured using a Perkin Elmer MPF 
44 B spectrofluorometer equipped with an 
Oxford CF 204 liquid helium flow cryostat. 
The excitation spectra were corrected for 
lamp intensity using lumogen T-rot GG as a 
standard. The emission spectra were cor- 
rected for the photomultiplier sensitivity. 
The photon flux per constant energy inter- 
val, a, is obtained by multiplying the radi- 

ant power per constant wavelength interval 
by h3. 

Decay time measurements were per- 
formed with a photon counting system (EG 
& G). Details of this system are described 
elsewhere (14). The excitation source was 
an EG & G 108 AU Xe flash lamp (pulse 
width -4 psec). The excitation wavelength 
regions were selected with the use of inter- 
ference and cutoff filters. The emission 
wavelength was selected by a double mono- 
chromator (Jobin YVON, HRD 1). For de- 
tection a photomultiplier tube (RCA 
C31034) was used. 

3. Results 

3.1. Luminescence of Sb3+ in Borates with 
the Calcite Structure 

3.1.1. ScB03-Sb3+. Samples containing 
300 and 500 mole ppm Sb were investi- 
gated. The spectral data for both samples 
were similar. In the diffuse reflectance 
spectrum two bands are observed, viz., a 
strong one at 250 nm and a weaker one at 
280 nm. The 250~nm band shows a shoulder 
at the short wavelength side, indicating that 
this band may be split into a doublet. No 
conclusions were possible about the shape 
of the 280-nm band because of interference 
with host lattice absorption. The excitation 
and emission spectra of ScBOj-Sb3+ at liq- 
uid helium temperature (LHeT) and at 
room temperature (RT) are given in Fig. 1. 
The lower intensities at RT are due to tem- 
perature quenching which starts above 200 
K. The excitation spectrum consists of two 
bands, a doublet band around 34,000 cm-’ 
(-290 nm) and a band with its maximum 
around 40,000 cm-l (-250 nm). The shape 
of the latter band could not be measured 
accurately because of the low intensity of 
the Xe lamp in this wavelength region. 
Moreover, the observed value for the inte- 
grated intensity ratio of the two excitation 
bands is at fault. In the reflectance spec- 
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FIG. 2. Emission (---) and excitation (-) spectra of 
LuB04-Sb3+ (hT) at LHeT. @ denotes the radiant 
power per constant energy interval in arbitrary units. 
qr gives the relative quantum output in arbitrary units. 

trum the 250-nm band is much stronger 
than the 290-nm band in accordance with 
the assignment (see Section 4), viz., 250 
nm: ‘So -j iPi (allowed transition), 290 nm: 
‘So --, 3P1 (spin-orbit allowed transition). 
The weak Xe lamp output in the region of 
the strong absorption band (*PI) as com- 
pared to the considerably higher output in 
the region of the weaker band (3PJ leads to 
incomplete excitation of the ‘So + ‘P1 tran- 
sition, causing a far too low ‘Pi : 3P1 inten- 
sity ratio. Only for very low Sb3+ concen- 
trations this problem vanishes (28). The 
only emission band is broad and has its 
maximum at about 24,800 cm-’ (-405 nm). 

3.1.2. LuB03-Sb3+ (hT). Samples con- 
taining about 20, 40, and 60 mole ppm Sb3+ 
were studied. The spectral data turned out 
to be independent of the Sb3+ concentra- 
tion. The diffuse reflectance spectrum con- 
tains a strong absorption band at about 235 
nm and a weaker one at 278 nm. The 235- 
nm band has a doublet structure with max- 
ima at 228 and 243 nm. The excitation and 
emission spectra of LuB03-Sb3+ at LHeT 
are given in Fig. 2. The temperature 
quenching of the luminescence shows the 
same behavior as that of ScB03-Sb3+. The 
excitation spectrum consists of two bands, 
a doublet around 34,500 cm-’ (-290 nm) 
and a band with its maximum around 41,000 

cm-i (-245 nm). Again, the shape of the 
latter band could only be roughly deter- 
mined because of instrumental limitations. 
The only emission band is broad and has its 
maximum at 22,600 cm-’ (-440 nm). 

3.1.3. Decay time measurements. For 
ScBOj-Sb3+ and LuB03-Sb3+ (hT) the de- 
cay curves were exponential at all tempera- 
tures. Figures 3 and 4 show the decay times 
as a function of temperature for ScB03- 
Sb3+ and LuB03-Sb3+ (hT). 

These results were analyzed with the use 
of a three level scheme (see insert, Fig. 3) 
(19, 20). Levels 0, 1, and 2 represent the 
‘SO ground state and the 3P0 and 3Pi excited 
states of the Sb3+ ion discussed in Section 
4. Excitation occurs into level 2. After exci- 
tation at low temperatures three processes 
are taken into account: the radiative transi- 
tion from level 2 to level 0 (probability k&, 
the nonradiative transition from level 2 to 
level 1 (probability kZi) and the radiative 
transition from level 1 to level 0 (probabil- 
ity kio). If k21 + k20, level 1 is the only emit- 
ting level at low temperatures. The proba- 
bility of thermal population of level 2 from 
level 1 (k12) becomes important at higher 
temperatures and is given by 

FIG. 3. Decay times of the 24,500-cm~i emission of 
ScBO,-Sb3+ as a function of temperature. The drawn 
line gives the best fit of the data to Eq. (2). The insert 
shows the three-level diagram (see text). 
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FIG. 4. Decay times of the 22,600-cm-’ emission of 
LuBO,-Sb3+ (hT) as a function of temperature. The 
drawn line gives the best fit of the data to Eq. (2). 

(1) 

where AE denotes the energy difference be- 
tween levels 1 and 2. Since for an s2 ion k20 
* klo, only emission from level 2 will be 
observed at higher temperatures. The tem- 
perature dependence of the decay time can 
be expressed as (29, 20) 

-A 
1 ho + ho ew k~ ( 3 -= 
7 -A * 

1 + ew k~ ( 3 

(2) 

The values of klo can be obtained from the 
low-temperature decay time (7, = k;d). Fit- 
ting the measured decay times to Eq. (2) 
yields values for kZO = 7T1 and AE. The best 

fits of the experimental data to Eq. (2) cor- 
respond to the full lines in Figs. 3 and 4. 
The resulting decay parameters are given in 
Table II. 

3.2. Luminescence of Sb3+ in Borates with 
the YBOJ Structure 

3.2.1. LuB03-Sb3+ (IT). The investi- 
gated samples contained 1000, 1700, and 
2000 mole ppm Sb. The spectra were inde- 
pendent of the Sb concentration. The dif- 
fuse reflectance spectra showed a broad in- 
tense band around 215 nm and a weaker 
band around 250 nm. Figure 5 gives the ex- 
citation and emission spectra of LuB03- 
Sb3+ (1T) at LHeT. The observed emission 
consists of a broad band between 18,000 
and 28,000 cm-‘. Closer examination of the 
form of the emission band as a function of 
the excitation wavelength revealed that the 
observed emission band actually consists of 
two strongly overlapping bands, each with 
its own excitation spectrum (see Fig. 5). 
The shape and position of the two compo- 
nents of the observed emission band could 
be roughly determined by the above men- 
tioned procedure and are indicated by bro- 
ken lines in Fig. 5. Temperature quenching 
starts at about 180 K. 

In view of the strong overlap of the exci- 
tation bands as well as the emission bands 
of both centers and because of the low 
emission intensities of the samples no de- 
cay time measurements could be per- 
formed. 

TABLE II 

SPECTRAL DATA (AT RT) AND DECAY TIME PARAMETERS OF THE Sb3+ LUMINESCENCE IN 
CALCITE-STRUCTURED BORATES 

Excitation maxima ‘&?PPI 

Composition 

ScBO,-Sb’+ 
LuBO,-Sb’+ 

Lower energy Higher energy Emission Stokes 
component component maximum shift AE 

(cm-‘) (cm-‘) (cm-‘) (cm-‘) kg0 (see-9 k20 (set-‘) (cm-l) 

32,700 34,500 24,800 7,900 2990250 (2.5 k 1) x 106 62 t 4 
33,400 35,300 22,700 10,700 1570 t 30 (9 2 3) x 10’ 48 f 4 
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FIG. 5. Emission and excitation spectra of the Iumi- 
nescence of LuB03-Sb’+ (1T) at LHeT. The excita- 
tion spectra are recorded for emission at 26,000 cm-’ 
(-) and at 20,000 cm-’ (---). The emission spectrum 
(-) is recorded for excitation at 40,000 cm-‘. The bro- 
ken lines in the emission spectrum represent the two 
emission bands (see text). 

No energy transfer between the two Sb3+ 
centers was observed in contrast to the 
case of Bi3+ in YB03-structured borates 
(12). This is not unexpected in view of the 
absence of any spectral overlap between 
excitation and emission bands (see Fig. 5) 
and the low Sb3+ concentration of the sam- 
ples. 

3.2.2. YB03-Sb3+. The investigated sam- 
ples contained about 30,100 and 150 mole 
ppm Sb. The spectra were independent of 
the Sb concentration. The diffuse reflec- 
tance spectrum is very similar to that of 
LuB03-Sb3+ (1T). The same holds for the 
excitation and emission spectra. The 
quenching temperature is about 160 K. For 
the same reasons as for LuB03-Sb3+ (1T) 
no decay time measurements could be per- 
formed. 

3.2.3. GdB03-Sb3+. The investigated 
sample contained 50 mole ppm Sb. The 
diffuse reflectance spectrum shows, apart 
from the Gd3+ peaks, a broad intense band 
around 215 nm and a weaker broadband 
around 250 nm. Figure 6 gives the emission 
and excitation spectra at LHeT obtained in 
a similar way as described for LuB03-Sb3+ 
(IT). The emission spectrum shows, in ad- 
dition to the Sb3+ bands, a Gd3+ emission 

30 

FIG. 6. Emission and excitation spectra of the lumi- 
nescence of GdB03-Sb3+ at LHeT. The excitation 
spectra are recorded for emission at 25,000 cm-’ (-) 
and at 19,000 cm-l (---). The emission spectrum (-) 
is recorded for excitation at 39,000 cm-‘. The broken 
lines in the emission spectrum represent the two emis- 
sion bands. For further explanation see text. 

line at 31,500 cm-l (317 nm) for broadband 
excitation around 40,000 cm-’ which ex- 
cites both Sb3+ and Gd3+ (8S 3 9). The 
Gd3+ emission quenches rapidly at increas- 
ing temperatures and has completely van- 
ished at 80 K. Temperature quenching of 
the Sb3+ luminescence starts around 180 K. 

Figure 7 shows the uncorrected excita- 
tion spectra at LHeT and at RT of the Sb3+ 
emission at 20,000 cm-‘, in which several 
weak Gd3+ features are observed at about 

FIG. 7. Uncorrected excitation spectrum of the Sb3+ 
luminescence of GdBO,-Sb3+ at LHeT (---) and at 
RT (-). The emission is at 20,000 cm-l. 
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277 and 314 nm (these features are hardly 
discernable in the corrected spectra). At 
low temperatures the Gd3+ absorption lines 
appear as negative features in the Sb3+ exci- 
tation band. This implies that there is no 
transfer from Gd3+ to Sb3+ because the ex- 
citation energy absorbed by the Gd3+ ions is 
lost for Sb3+ emission. At higher tempera- 
tures, however, the situation changes and 
the Gd3+ absorption lines at 277 and 3 14 nm 
appear as positive features indicating ther- 
mally activated energy transfer from Gd3+ 
to Sb3+. The same is observed in the excita- 
tion spectra of the Sb3+ emission at 25,000 
cm-l. The excitation spectrum of the Gd3+ 
emission contains only the characteristic 
Gd3+ absorption lines. This shows that 
there is no energy transfer from Sb3+ to 
Gd3+. 

For similar reasons as given for LuB03- 
Sb3+ (lT), decay time measurements could 
not be performed. 

3.3. Luminescence of Sb3+ in a Borate 
with the Aragonite Structure: LaB03-Sb3+ 

The investigated sample contained 1400 
mole ppm Sb. In the diffuse reflectance 
spectrum a strong absorption band at 
48,000 cm-r (208 nm) with a weak shoulder 
at about 42,000 cm-l (-240 nm) was ob- 
served. A reliable excitation spectrum in 
the wavelength region below 250 nm could 
not be measured due to experimental limi- 
tations. Excitation at about 240 nm yielded 
a weak and broad emission band around 
22,500 cm-r (445 nm). Temperature 
quenching of this band starts already at 
about 100 K. 

4. Discussion 

4.1. Sb3+ Luminescence in Calcite- 
Structured Borates (ScBOj-Sb3+ and 
LuB03-Sb3+ (hT)) 

The low-temperature emission bands ob- 
served for ScB03-Sb3+ (Fig. 1) and 
LuB03-Sb3+ (hT) (Fig. 2) can be ascribed 

to the 3P~ + *So transition (in spite of the 
site symmetry of the Sb3+ ion we will use 
the free ion terms to designate the energy 
levels of Sb3+). The rather long decay times 
at low temperatures clearly reflect the for- 
bidden character of the 3Ppo --, ‘So transition. 
At increasing temperature the 3P~ level be- 
comes populated. This is confirmed by the 
large drop in decay time in the temperature 
region from 7 to 25 K (Figs. 3 and 4). The 
rather short decay time at temperatures 
above 25 K shows that the spin selection 
rule for the 3P, + ‘So transition is consider- 
ably relaxed by spin-orbit coupling. The en- 
ergy differences AE between the 3P~ and 3P~ 
levels as obtained from Eq. (2) (see Table 
II) cannot be obtained from the differences 
between the emission maxima at LHeT and 
RT because the maxima of the broad emis- 
sion bands cannot be measured very accu- 
rately. 

The diffuse reflectance spectra and the 
excitation spectra show two excitation 
bands. The high energy band is assigned to 
the ‘So --f ‘PI transition, the low energy 
band to the ‘So 4 3P~ transition. The ‘SO + 
IPI transition is electric-dipole allowed, 
while the ‘So --, 3P1 transition is only partly 
allowed by spin-orbit interaction. This ex- 
plains why the high energy excitation band 
is the more intense one. A closer examina- 
tion of the excitation spectra shows that the 
‘So + 3P1 excitation band has a doublet 
structure, At LHeT the splitting is about 
1700 cm-’ for ScB03-Sb3+ and about 1800 
cm-l for LuB03-Sb3+ (hT). No splitting 
could be observed for the ‘So --, ‘PI transi- 
tion in the excitation spectrum for reasons 
mentioned before. A doublet splitting 
shows up, however, in the diffuse reflec- 
tance spectrum (see Section 3), very clearly 
for LuB03-Sb3+ (hT), less resolved for 
ScB03-Sb3+. There are two possible expla- 
nations for the appearance of a ‘SO + ‘PI 
doublet in excitation. 

One explanation is that we are dealing 
with a crystal-field splitting of the 3P1 level. 
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The site symmetry of the trivalent ion (and 
hence the Sb3+ ion) in calcite structured 
orthoborates is &. The 3P~ level splits, un- 
der &, symmetry, into a 3EU level and a 3A~, 
level. This was observed for Bi3+ in ScBO3 
and LuB03 (hT) (22). 

The other explanation is that the struc- 
ture of the excitation band is due to the 
Jahn-Teller effect. This effect is well known 
for monovalent s* ions in alkali halides (see, 
e.g., Refs. (21-23)). Coupling of the elec- 
tronic levels with lattice vibrations yields a 
doublet structure for the ‘So --, 3PI transi- 
tion. For Sb3+ this has been observed in 
MgS (24), CaS (2.5), and Cs2NaMC16 (with 
M = SC, Y, La) (10, 18). 

However, the following reasons strongly 
suggest that in the present case the ob- 
served splitting is caused by the crystal 
field and not by Jahn-Teller interaction. 

(i) From LHeT to RT the intensity ratio 
of the doublet components does not 
change. This is what we expect for a crys- 
tal-field splitting, while in case of a Jahn- 
Teller interaction a clear change of the in- 
tensity ratio should be observed (18, 
21-23). 

(ii) From LHeT to RT only a small in- 
crease of the splitting is observed (about 
100 cm-r). If the splitting is due to a Jahn- 
Teller interaction, a much more pro- 
nounced increase of the splitting would be 
expected (18, 21, 22, 24). 

(iii) When the structure is due to the 
Jahn-Teller effect, the ‘So + ‘PI excitation 
band must be split into a triplet (18,21-25), 
whereas the diffuse reflectance spectra for 
ScBOJ-Sb3+ and LuBO3-Sb3+ (hT) show a 
doublet structure. This may be compared to 
the ‘So --$ ‘PI excitation band of Sb3+ in the 
cubic elpasolite lattice Cs2NaMCls (M = 
SC, Y, La), for which we observed a clear 
triplet structure (28). 

In Table II the more important spectral 
results for ScBO3-Sb3+ and LuB03-Sb3+ 
(hT) are collected. The Stokes shift is taken 
as the energy difference between the maxi- 

mum of the emission band and the lower 
energy maximum of the 3P1 excitation band. 
Inspection of Table I shows that the Stokes 
shift increases with increasing radius of the 
host lattice cation. This relationship has 
been reported before for s2 ions in various 
host lattices (see, e.g., Refs. (10, 12, 23)). A 
physical basis for this phenomenon results 
from the assumption that the s2 ion tends 
to occupy an off-center position with regard 
to the surrounding ligands. In the excited 
state the s2 ion shifts to a more central posi- 
tion. This effect becomes larger if the space 
available for the s2 ion in the host lattice 
increases, resulting in a larger Stokes shift 
(14). 

It is important to note, however, that for 
Sb3+ in the calcite-structured borates the 
larger Stokes shift is found for the smaller 
AE (see Table II). The same relationship 
has been found by Blasse and Van der 
Steen (26) for Bi3+-activated phosphors and 
has been shown to be generally valid for s2 
ions on cubic positions by Mugnai et al. 
(27). In such cases the theory of the Jahn- 
Teller quenching of the spin-orbit interac- 
tion shows AZ? to be inversely proportional 
to Em, the Jahn-Teller stabilization energy. 
Since EJT may form a considerable part of 
the total Stokes shift, the experimentally 
observed correlation between AE and the 
Stokes shift becomes clear. Therefore, 
these observations may indicate that a 
pseudo-Jahn-Teller effect is present in the 
relaxed excited state of the Sb3+ ion in the 
calcite-structured lattices, a reasonable as- 
sumption in view of the near-cubic site 
symmetry (&). This suggests that the Jahn- 
Teller effect might as well be present in ab- 
sorption, causing an additional splitting of 
the excitation bands which apparently turns 
out to be too small to be observed. 

Finally, we note that the quenching tem- 
perature of the Sb3+ luminescence in cal- 
cite-structured borates is about 200 K, 
while for the Bi3+ luminescence in these 
compounds no temperature quenching oc- 
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TABLE III 

SPECTRALDATAOFTHE Sb3+ LUMINESCENCE IN YB03-S~~uc~u~~~ BORATES ATROOMTEMPERATURE~ 

Composition 

Center 1 Center 2 

Lower excitation Emission Lower excitation Emission 
maximum maximum Stokes shift maximum maximum Stokes shift 

LuB03-Sb’+(lT) -38,400 -23,700 -14,700 -36,700 -21,300 -15,400 
YB03-Sb’+ -37,900 -23,900 - 14,000 -36,600 -20,300 - 16,300 
GdB03-Sb’+ -38,000 -23,500 -14,500 -36,900 -20,500 -16,400 

B All values in cm-l. 

curs up to room temperature (22). This can 
be related to the larger Stokes shift for the 
Sb3+ luminescence (-10,000 cm-‘) com- 
pared with those for the Bi3+ luminescence 
(-2000 cm-‘). 

4.2. Sb3+ Luminescence in YBO3- 
Structured Borates (LuB03-Sb3+ (IT), 
YB03 and GdB03) 

The luminescence spectra show clearly 
that two luminescent centers are present, 
reflecting the two crystallographic sites 
available for the Ln3+ (and hence the Sb3+) 
ion, viz., a 6 and a 6 + 6’ center (see Sec- 
tion 1). For all three compounds the emis- 
sion of both centers is assigned to the 3P1 + 
*SO transition (0 r t 0 the 3P0 + ‘So transition 
at LHeT). The observed excitation bands 
are assigned to the ‘So 4 3P, transition. For 
similar reasons as in the case of the calcite- 
structured borates the doublet structure of 
the excitation bands is ascribed to crystal- 
field splitting. The fact that the splitting in 
YB03-structured borates is not smaller than 
in calcite-structured borates, although in 
the case of YB03 and GdB03 the space 
available for the Sb3+ ion is larger, is proba- 
bly due to the off-center position of the 
Sb3+ ion, as indicated by the large Stokes 
shift (see below). 

The main spectral data for the lumines- 
cence of Sb3+ in the YBO,-type lattices are 
collected in Table III. The positions of the 
excitation and emission maxima could only 

roughly be estimated, since the observed 
features consist of overlapping bands. This 
implies that the presented Stokes shifts are 
rather inaccurate. Table III shows that the 
Stokes shift of Sb3+ on the one crystallo- 
graphic site is about 14,500 cm-‘, while at 
the other site the shift amounts to about 
16,000 cm-l. The space available for the 
Sb3+ ion will increase in going from the 6- to 
the (6 + 6’)coordinated site (17). Since the 
Stokes shift is expected to increase when 
the space available for the Sb3+ ion in- 
creases (14), the center with the smaller 
Stokes shift (center 1 in Table III) is as- 
signed to Sb3+ on a 6-coordinated site and 
the center with the larger Stokes shift (cen- 
ter 2 in Table III) to Sb3+ on a (6 + 6’) 
coordinated site. Apparently, the Stokes 
shift of these two centers does not depend 
on the radius of the host cation. 

It is remarkable that for YB03-structured 
borates the luminescence of the Sb3+ ion is 
much less dependent on the host lattice 
than that of the Bi3+ ion (12). A possible 
explanation for this is the small radius of 
the Sb3+ ion (0.76 A) compared with the 
Bi3+ ion (1.02 A) (28). An inspection of the 
radii given in Table I reveals that the Bi3+ 
ion is larger than the host cations, while the 
Sb3+ ion is smaller (see also Section 4.4.). 
This suggests that for the Sb3+ ion the size 
of the sites in the YB03-structured borates 
is large enough to occupy the most favor- 
able off-center position, even for the small- 
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est host lattice cation, whereas the large 
Bi3+ ion is seriously hampered by varying 
space limitations. 

The excitation spectrum of the Sb3+ 
emission of GdB03-Sb3+ contains at higher 
temperatures also Gd3+ peaks (Fig. 7). This 
shows that thermally activated energy 
transfer occurs from Gd3+ to Sb3+. This is 
only possible, if the Gd3+ emission line 
overlaps the Sb3+ excitation band. At 
LHeT this is not the case. At RT, however, 
the Sb3+ excitation bands are just broad 
enough to be overlapped slightly by the 6P 
--, *S transition of Gd3+, so that energy 
transfer from Gd3+ to Sb3+ can take place. 

We are now able to interpret the transfer 
phenomena in GdB03-Sb3+, neglecting the 
(small) difference between the spectral 
characteristics of the Sb3+ ion at the two 
different sites. 

(i) Transfer from Sb3+ to Gd3+ never 
takes place because of the strong relaxation 
in the Sb3+ excited state which brings the 
relaxed excited state far out of resonance 
with even the lowest Gd3+ level. The same 
observation was made by Hao and Blasse 
for GdB306-Sb3+ (4). 

(ii) Excitation of the Gd3+ ion at low tem- 
peratures results in energy migration within 
the Gd3+ sublattice. The migrating energy is 
trapped by Gd3+ traps from where emission 
occurs (4, 29). The fast decrease of the 
Gd3+ trap intensity with increasing temper- 
ature is due to detrapping; the excitation 
energy is now trapped by killer centres. At 
still higher temperatures, however, Gd3+ + 
Sb3+ transfer becomes possible, the Sb3+ 
ions start to trap the migrating Gd3+ excita- 
tion energy and Sb3+ emission is observed. 
In fact the Gd3+ lines in the Sb3+ excitation 
spectrum are observed for temperatures 
above 100 K. The Gd3+ trap emission is 
completely quenched at that temperature. 
The Gd3+ + Sb3+ transfer can be rather effi- 
cient in spite of the small spectral overlap, 
because the absorption strength of the Sb3+ 
transition is by no means low. A rough esti- 

mate of the critical distance (R,) for this 
transfer can be obtained as follows. In the 
formula for R, (30), 

R: = 0.6 x 102* 9 SO. (3) 

we take for the absorption cross section 
Qs1,3+ = 10-i’ cm*.eV (31); for E, the en- 
ergy of the maximal spectral overlap -4 eV 
(-315 nm); and for the spectral overlap 
(SO) 2 x 1O-3 eV-l as estimated from the 
room temperature spectral data. This yields 
for R, nearly 9 A. Since the spectral overlap 
will decrease with decreasing temperature, 
also R, will decrease, so that at a certain 
temperature (obviously below 100 K) the 
transfer probability will vanish. 

4.3. Sb3+ Luminescence in an Aragonite- 
Structured Borate: LaB03-Sb3+ 

Although the results on LaB03-Sb3+ are 
rather poor and inaccurate, they are, never- 
theless, illustrative in the present context. 

The emission (-445 nm) is assigned to 
the 3P1 * ‘So transition (or the 3P~ + ‘So 
transition at low temperatures). The intense 
band at 208 nm in the diffuse reflectance 
spectrum is assigned to the ‘So+ ‘PI transi- 
tion, the weaker band at about 240 nm to 
the partly allowed ‘So+ 3P~ transition. This 
results in a large Stokes shift of about 
19,500 cm-‘. However, this value is very 
inaccurate. 

This large Stokes shift is expected be- 
cause the La3+ ion is the largest host lattice 
cation in the orthoborates (see Table I) and 
it is surrounded by nine oxygen ions. The 
space available for the Sb3+ ion is compara- 
ble to the 1Zcoordinated site in the YB03- 
structured host lattices, however, the 
La3+-02- distance show a large spread of 
about 0.3 A (26). Therefore, in contrast to 
the other sites, the g-coordinated site 
clearly deviates from spherical symmetry. 
This probably reinforces the tendency to 
occupy an off-center position, leading to a 
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large Stokes shift. The rather low quench- 
ing temperature is a direct consequence of 
the large Stokes shift. 

4.4. General Discussion 

Table I gives an overview of the Sb3+ lu- 
minescence data in the orthoborate lattices 
and the structural data of these lattices. It 
shows that the Stokes shift increases with 
increasing space available (corresponding, 
except for the YBOX-type lattices, to the 
radius of the host lattice cation) and in- 
creasing coordination number. Assuming 
that the Sb3+ ion tends to occupy an off- 
center position in its ground state, shifting 
to a more central position in the excited 
state, the data of Table I suggest that the 
actual off-center position is determined 
both by the coordination of the Sb3+ ion as 
well as by the space available for the dopant 
ion, as reflected by the radius of the host 
lattice cation. 

A comparison with Bi3+ in the same host 
lattices reveals that the Bi3+ luminescence 
is more sensitive to changes in space and 
coordination of the host lattice cation site. 
The Stokes shift of the Sb3+ luminescence 
varies only with a factor 2.5 by going from 
ScB03-Sb3+ to LaB03-Sb3+ (Table I), 
while for the Bi3+ luminescence the Stokes 
shift varies with a factor 5 (from 1800 cm-l 
for ScB03-Bi3+ to 9300 cm-’ for LaBO3- 
Bi3+) (12). Presumably, this results from 
the relative large radius of the Bi3+ ion (1.02 
A) in comparison with that of the Sb3+ ion 
(0.76 A) (28), leading to a tight position for 
BP+ in all but the aragonite lattices. There- 
fore, a stronger influence of the lattice on 
the Bi3+ luminescence than on the Sb3+ lu- 
minescence has to be expected. It is of in- 
terest to note that in the YB03-structured 
lattices the Sb3+ Stokes shift is (almost) in- 
dependent of the host cation radius, while 
the Bi3+ Stokes shift shows a clear depen- 
dence (12), indicating that changes in the 
available space become more important in 

cases in which the radius of the dopant ion 
is larger than that of the host lattice cation. 

Furthermore, the excitation energies of 
Table I show a tendency to increase in go- 
ing from ScB03-Sb3+ to LaB03-Sb3+. This 
might suggest a correlation between the ex- 
citation energy and the off-center position 
of the Sb3+ ion. This is a subject of further 
study. 
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