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The luminescence properties of Cs,NaYBrs-Bi** and Cs;NaLaCle~Bi** crystals are reported. Emis-
sion is observed from isolated Bi** ions and from Bi** pairs. For the isolated Bi** ion the emissions are
in the ultraviolet region. Excitation in the A band yields only *7}, emission in case of Cs;NaYBre—Bi**
and *7y, and 3A4,, emission in case of Cs;NaLaCle-Bi**. Decay time measurements as a function of

temperature are also reported.

1. Introduction

The luminescence properties of the Bi3*
ion (652 configuration) have been studied in
many host lattices (/-5). It appeared that
the nature of the Bi** luminescence de-
pends strongly on the host lattice. The
emission of the Bi** ion can be in the ultra-
violet region, but also in the red region, de-
pendent on the host lattice.

The luminescence of monovalent s? ions
(like Ga*, In*, TI*) in alkali halides has
been studied extensively. Theoretical treat-
ments are mainly available for these sys-
tems (6, 7). In the alkali halides the mono-
valent s? ions are octahedrally coordinated
by the halogen ions. The ground state of the
ion is 1S,. The excited state gives rise to
four states: 3Py, 3P, 3P, and 'P,. For an ion
in a cubic crystal field the Mulliken notation
is used, viz., 'Ay,, 3A,, 3Ty, E, + *T,,, and
IT).- The transition 'A,, — 'Ty, is allowed
(C band). The transition 'A,, — 3A,, is for-
bidden, the transition 'A,, — 3Ty, is par-
tially allowed (A band) by spin—orbit inter-
action. The transition '4,, — 3E, + 3T, (B
band) is forbidden, but can be induced by
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lattice vibrations. Upon excitation into the
A band in general two emission bands are
observed, viz., the so-called Ay and Ay
emission. The origin of these two emissions
is the existence of two minima on the adia-
batic potential energy surface of the 3Ty, re-
laxed excited state. These minima are due
to the Jahn Teller coupling of the orbital
triplet to the ¢, and 75, lattice modes (6, 7).

It can be imagined that in case of the lu-
minescence of the Bi** ion the same model
is valid. Because the theoretical models are
based upon s? ions octahedrally coordi-
nated by halogen ions, it is necessary to
study the luminescence of the Bi** ion in
these coordinations. It is not possible to
study the Bi** luminescence in alkali
halides, because in the alkali halides the
Bi** ion replaces a monovalent ion and
charge compensation is required. This
charge compensation will certainly lower
the site symmetry of the Bi** ion. For this
reason the cubic elpasolites Cs,NalLnXg
(with Ln = La-Lu and X = Cl or Br) are
proper host lattices. In these lattices the
LnX} octahedra do not share halogen ions
with each other. The octahedra are known
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to be perfectly cubic (8, 9). The compound
Cs;NaBiClg has also this structure (10). For
this reason the luminescence of Cs;NaY
Clg-Bi3t (11) was studied. It appeared that
the Stokes shift of the emission was very
small and the excitation spectra as well as
the emission spectra showed extended vi-
brational structure. This vibrational struc-
ture could be assigned to vibrations of the
isolated BiCI}~ octahedra and lattice vibra-
tions.

In continuation of that work the lumines-
cence properties of Cs,NaYBre~Bi*t and
Cs;NaLaClg-Bi** are described in this pa-
per. The compound Cs,NaYBrg has the
same crystal structure as Cs;NaYClg
(12). The compound Cs,Nal.aClg at room
temperature also has this structure, but it
shows a phase transition at a temperature
below room temperature (13). The LaClg™
octahedra rotates about the {001] axis over
a small angle (between 5 and 10°). The octa-
hedral coordination of the La** ion by the
chloride ions remains the same.

The results reported in this paper are
compared to the earlier work on Cs;NaY
Clg—Bi3*. It is also possible to make a com-
parison between these three Bi**-doped
systems and the TI* (6s%)-doped alkali
halides.

2. Experimental

2.1. Crystal Growth

The crystals of Cs;NaYBrg-Bi** and Cs,
NaLaClg-Bi’* were prepared in the same
way as the crystals of Cs;NaYCls—Bi**
(10, 11, 14). Starting materials were CsCl
(Merck, optipur), CsBr (Merck, optipur),
NaCl (Merck, p.a.), NaBr (Merck, p.a.),
Y;0; (Highways International 99.999%)
and La,O; (Highways International
99.999%). The Bi’* dope was added as Cs;
Bi, X, (with X = Cl or Br) (15, 16) compen-
sated with CsX (X = Cl or Br) and NaX (X
= Cl or Br). Stoichiometric quantities of
the compound and the dopant were dis-
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solved in concentrated HCl (Baker, ana-
lyzed) or HBr (Baker, analyzed). After
evaporation the salt was dried under vac-
uum at 200°C for 48 hr. The salt is molten
under an HX (X = CI or Br) atmosphere
and filtered through a quartz filter (G3) into
a quartz ampulla. Crystals were grown by
the Stockbarger method. Samples were
prepared by cutting the crystals in pieces of
0.5 x 0.5 x 0.5 cm®. The surfaces were
polished with diamond lapping powder (3
pm). These handlings were carried out in a
dry nitrogen atmosphere, because the ma-
terials are highiy hygroscopic. The crystals
were checked by X-ray diffraction using
CuKa radiation. According to the IR spec-
tra of the 3-um region the crystals did not
contain water or OH~. The Bi** concentra-
tion in the crystals was determined by
atomic absorption spectrometry.

2.2. Instrumentation

The emission and excitation spectra were
recorded using a Perkin—Elmer MPF-44L
spectrofluorometer (spectral resolution
~0.4 nm). This apparatus was equipped with
an Oxford Instruments CF204 liquid helium
flow cryostat. The excitation spectra were
corrected for the lamp intensity and the
transmittance of the monochromator with
the use of Lumogen T-rot GG as a standard
(17). The emission spectra were corrected
for the photomultiplier sensitivity. The
photon flux per constant energy interval
(®) is obtained by multiplying the radiant
power per constant wavelength interval by
A

The decay time measurements were per-
formed with the use of an EG&G photon
counting system. The excitation source is a
pulsed Xe lamp (EG&G 108 AU) with a
pulse width of ~1 usec. Excitation wave-
lengths are selected by bandpass filters and
cutoff filters. Emission wavelengths are se-
lected by a double monochromator (Jobin
Yvon, HRD1). The signal is detected by a
photomultiplier tube (RCA C31034). The
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F1G. 1. Emission and excitation spectra of Cs,NaY
Bre~Bi** [0.03 at.%)] at 4.2 K. The emission spectrum
is recorded upon excitation at 3.27 eV, The excitation
spectra are recorded for emission at 2.66 eV; & de-
notes the photon flux per constant energy interval in
arbitrary units; g, denotes the relative quantum output
in arbitrary units.

signal is analysed by a multichannel ana-
lyzer (EG&G Ortec 7100) in the multichan-
nel scaling mode (time per channel 1 usec).
The multichannel analyzer is triggered with
pulses generated directly from the lamp
flash by a photodiode.

3. Results

3.1. Cs;NaYBre—Bi**

For the crystals of Cs;NaYBre-Bi** two
luminescent centers are observed at 4.2 K.
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Fi1G. 2. Emission spectra of Cs;NaYBrs—Bi** [0.06
at.%) at 4.2 K. (—) excitation at 4.25 eV [D band]; (---)
excitation at 3.36 eV [A band].
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One center has its emission band at 2.66 eV
(Fig. 1). The excitation spectrum of this
emission consists of two bands: one at 3.27
eV and a weaker band at 3.40 eV. The in-
tensity of the latter depends on the Bi**
concentration in the crystals. For crystals
with higher Bi3* concentrations the inten-
sity of the 3.40 eV excitation band in-
creases relative to that of the 3.27 eV band.

For the other center two emission bands
are observed at 4.2 K, viz., a single emis-
sion band at 3.16 eV and a band with a weak
vibronic structure with its maximum at 3.08
eV (Fig. 2). The excitation spectrum shows
three bands at 3.36, 4.25, and 4.82 eV (Fig.
3). Excitation at 3.36 eV yields only the sin-
gle emission band at 3.16 eV. Excitation at
4.25 and 4.82 eV results in the emissions at
3.16 and 3.08 eV.

The intensity of the 3.16 eV (and 3.08 ¢V)
emission relative to the intensity of the
2.66-e¢V emission depends on the Bi3* con-
centration in the crystal. For crystals with
higher Bi3* concentration the intensity of
the 2.66 eV emission increases relative to
that of the 3.16 eV emission. The intensity
of both emissions as a function of tempera-
ture is given in Fig. 4 for a crystal contain-
ing about 300 ppm Bi**. Quenching of the
3.16-eV emission starts at about 40 K. The
same is observed for lower Bi** concentra-
tions.
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FiG. 3. Excitation spectra of Cs,NaYBre-Bi** [0.06
at.%] at 4.2 K. (—) emission at 3.08 eV [*A,,]; (--)
emission at 3.16 eV [*Ty,].
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F1G. 4. Luminescence intensity as a function of tem-
perature for Cs,NaYBrs—Bi** [0.06 at.%]. (@) excita-
tion at 3.36 ¢V, emission at 3.08 eV; (O) excitation at
3.27 eV, emission at 2.66 eV.

Decay time measurements were per-
formed upon excitation at 3.36 and 4.25 eV.
All decay curves are exponential. The de-
cay time of the 3.16-eV emission (excitation
at 3.36 eV) is short (=1 usec) at 4.2 K. The
decay time of the emission at 3.08 eV (exci-
tation at 4.25 eV) is 580 usec at 4.2 K. This
decay time is given in Fig. 5 as a function of
temperature.
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F16. 5. Decay time of the 3.08-¢V emission of Cs;Na
YBrs—Bi** [0.06 at.%] as a function of temperature.
Excitation energy at 4.25 eV.
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FiG. 6. Excitation and emission spectra of Cs,NaLa
Cle-Bi* [0.03 at.%] at 4.2 K. The emission spectrum
is recorded upon excitation at 3.76 eV, The excitation
spectrum is recorded for emission at 3.28 eV.

3.2. Cs;NaLaClg-Bi*+

As for Cs;NaYBre-Bi**, two lumines-
cent centers are observed for Cs,NaLaCl¢-
Bi3* at 4.2 K. These two centers resemble
the centers observed for Cs;NaYBrs-Bi**.
One center has its emission band at 3.28 eV
(Fig. 6). The excitation spectrum of this
center shows a band at 3.76 eV and an exci-
tation region between 3.80 and 4.10 eV.
The intensity of this latter region relative to
the 3.76-eV band increases for crystals with
higher Bi** concentrations.

The other center shows two emission
bands (Fig. 7): one at 3.63 eV and another
band, with a weak vibronic structure, with
a maximum at about 3.53 eV. The excita-
tion is in the region 3.70-4.10 eV. The
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Fi16. 7. Excitation and emission spectra of Cs;NalLa
Cle-Bi** [0.03 at.%)] at 4.2 K. The emission spectrum
is recorded upon excitation at 3.90 eV. The excitation
spectrum is recorded for emission at 3.60 eV.
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FiG. 8. Luminescence intensity as a function of tem-
perature for Cs;NaLaCl,—Bi** [0.03 at.%] (a) and for
Cs,NalLaCls~Bi** [0.4 at.%] (b). (@) excitation at 3.90
eV, emission at 3.60 eV; (O) excitation at 3.76 eV,
emission at 3.28 eV.

intensity of the 3.28-eV emission relative to
the 3.53-eV emission depends on the Bi**
concentration in the crystal, just like in the
case of Cs,NaYBrs—Bi**. The intensity of
both emissions as a function of temperature
is given in Fig. 8. From this figure it is obvi-
ous that the temperature at which quench-
ing of the emission occurs depends on the
Bi}* concentration. All decay curves ap-
peared to be exponential. The decay time of
the emission upon excitation at 4.0 eV is
about 2.4 msec at 4.2 K. The decay time as
a function of temperature is given in Fig. 9.

4. Discussion

From the results it should be clear that
one of the two centers observed in Cs;NaY
Bre-Bi**t as well as in Cs;NaLaCl,-Bi3t
can be ascribed to isolated Bi* ions, while
the other can be ascribed to Bi** pairs or
simple Bi** clusters.

The centers with the lower energy emis-
sion and the larger Stokes shifts are as-
sumed to be the Bi** pairs. Luminescence
from Bi3* pairs has been observed before,
for example in YOCI-Bi** (/8) and LaBO;—
Bi®* (19). The Stokes shift for the pair emis-
sion in these two compounds is about 1.9
eV. Since the relevant distance is about 3.4
A for YOCI-B#** and for LaBOs-Bi**, this
suggests that the Stokes shift is determined
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mainly by the Bi**-Bi’** distance. How-
ever, for LaB;0¢Bi** (20) the Bi3*-Bi*
distance is about 4 A, but the Stokes shift
amounts to 0.6 eV. The Stokes shifts of the
pair emissions in Cs;NaYBrsBi?* and Cs,
NaLaClg-Bi** are 0.61 and 0.48 eV, respec-
tively. The shortest Bi**-Bi** distance in
these lattices is about equal, viz., 7.8 A,
while the Stokes shifts differ. Apparently
not only the Bi**-Bi** distance determines
the luminescence properiies of the Bi**
pairs, but also the nature of the coordinat-
ing anions. The shoulder on the high energy
side of the excitation band of the pairs
agrees well with the excitation band of the
isolated Bi** ions, for both systems. This
suggests energy transfer from single ions to
pairs. This is very possible because of the
large spectral overlap of the emission band
of the isolated Bi** ions and the excitation
band of the Bi** pairs.

In the following section we concentrate
on the luminescence of the isolated Bi**
ions.

4.1. Cs;NaYBr¢-Bi*™*
The excitation band at 3.36 eV is ascribed
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F16. 9. Decay time of the 3.08-eV emission of Cs;Na
LaCls-Bi** [0.008 at.%] as a function of temperature.
Excitation energy at 4.0 eV.
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to the 'A,, — 3Ty, transition (the so-called
A band). Compared to Cs;NaYCls-Bi’*,
where this excitation band is at 3.85 eV
(11), it is shifted about 0.45 eV to lower
energy. According to Jgrgensen (21) the
1S,—3P; absorption band shifts 0.46 eV go-
ing from chlorides to bromides. These val-
ues agree satisfactorily.

The excitation band at 4.82 eV can be
ascribed to the 'A,, — T, transition (the
so-called C band). In that case the energy
difference between the !Ty, state and the
3T7,. state amounts to about 1.50 eV, which
is in good agreement with the data from
Jorgensen (21). For the excitation band at
4.25 eV two assignments are possible. The
first one is that the excitation band belongs
to the 1A, — 3E, + 3T, transition (the so-
called B band). This assignment is not prob-
able, because the B band is not observed in
Cs;NaYCle-Bi** nor in Cs,NaLaClg-Bi**.
A more likely assignment is that the 4.25 eV
excitation band belongs to the charge-trans-
fer transition (so-called D band). It is
known that in bromides the charge transfer
from the Br~ ion to the Bi** ion is at rela-
tively low energy. Examples of this are K,
Bi,Brs - 2H,0 (22), Rb;BiBrs (22), and LaO
Br-Bi3* (23).

The emission upon excitation at 3.36 eV
is ascribed to the 3Ty, — 'A,, transition. The
decay time of this emission is short, which
should be expected for an allowed transi-
tion. Upon excitation at 4.25 eV two emis-
sion bands are observed. One is at 3.16 eV
and is identical to the emission after excita-
tion at 3.36 ¢V. The other emission band at
3.08 eV is ascribed to the >4, — 'A,, transi-
tion. Because this transition is forbidden,
the decay time of the emission has to be
long. The decay time at 4.2 K (upon excita-
tion at 4.25 e€V) is about 580 usec, which
confirms the assignment.

On the %A, — 'A;, emission band some
vibronic lines are observed. The energy dif-
ferences between these lines are equal
within the accuracy of the experiment; their
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value is (160 = 10) cm~!. We note that also
in the case of Cs;NaYCl¢-Bi** the vibronic
structure is more pronounced in the 3A;, —
14,, emission than in the *T, — 'A;, emis-
sion. The different electron-lattice coupling
in the 3A,, state and the 3Ty, state is, in this
strong spin-orbit coupling case, probably
due to the mixing of the !T), state and the
3T,, state, which is not possible for the 4,
state. The vibronic structure is ascribed to
vibrations of the BiBri~ octahedron. For
Cs;NaYCl—Bi** extended vibrational
structure in the emission and excitation
spectra was observed (I1). The vibronic
structure could be assigned to internal
modes of the BiCl}~ octahedron and to
lattice modes. The highest frequencies ob-
tained from the spectra amounted to 295
(v1), 200 (v,), and 110 (v3) cm™~!. If we cor-
rect the values for v; and v, for the replace-
ment of chlorine by bromine, we arrive at
197 and 133 cm™!, respectively. Since the
force constants in the bromide will also be
lower than in the chloride, we ascribe the
experimental value of 160 cm™! to the »,
mode. The vibrational structure in the
emission spectrum of Cs;NaYBre-Bi** is
much weaker than for Cs,NaYCl—Bit.
The Stokes shift of the emission of Cs,NaY
Bre—Bi** is larger than for Cs;NaYClg-
Bi**, due to the larger space available for
the Bi** ion (19). In terms of a configura-
tional coordinate diagram, the offset of the
parabolae Ar is larger for the bromide than
for the chloride. This larger offset results
also in a weaker vibronic structure.

The energy difference between the 34,
level and the 3T}, level can be obtained from
the emission spectrum. It amounts to about
(650 = 50) cm™!. The largest phonon avail-
able from the BiBri~ octahedron is about
160 cm~!. Atleast four phonons are required
to overcome the energy difference between
the 37y, level and the 34,, level. Obviously,
this makes the probability for this nonradia-
tive transition so small that excitation into
the 37Ty, level results only in 373, emission.
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No 3A;, emission is observed. These obser-
vations are in line with those on Cs,NaY
Cle-Bi3t in which lattice also four phonons
were required to overcome the energy dif-
ference between the 3T, level and the 34,
level.

Upon C and D band excitation emission
from 3A,, is observed. It has to be assumed
that the 3A,, level is populated directly by
the higher levels and not by the 3Ty, level,

The decrease of 7 at higher temperatures
must be due to thermal quenching of the
luminescence (compare Figs. 4 and 5).

Quenching of the 3.16 eV emission is
probably due to nonradiative processes in
the center itself. For crystals containing
0.060 and 0.015 at.% Bi3* the same quench-
ing temperature is observed. This makes it
unlikely that quenching of the lumines-
cence is due to energy migration. The
quenching temperature of the luminescence
in Cs;NaYBrg~Bi*t is much lower than for
the corresponding chloride compound (7,
> 100 K) (/1). We feel that the low-lying
charge transfer state in the bromide com-
pound may be responsible for the low
quenching temperature. A low quenching
temperature of the Bi** luminescence is
also observed in other bromide compounds,
e.g., K4BiyBryy (22), Rb;BiBrg (22), and Cs
CdBr;-Bi** (24).

The low-temperature decay time of the
34;, emission is relatively short (~580
usec) compared to the decay time of the
3A,, emission in Cs;NaLaCl—Bi*. Two ex-
planations are possible. The first one is that
due to the low-lying charge-transfer state
nonradiative processes are already impor-
tant at 4.2 K. The other possibility is that
the charge-transfer state mixes with the
states of the Bi** ion, making the transition
3A1, — 'Aj; less forbidden. At this moment
it is not possible to decide which explana-
tion is correct.

Comparing the luminescence properties
of Cs;NaYBre—Bi** and those of Cs;NaY
Cls-Bi** a few conclusions can be made.
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The Stokes shift for the bromide compound
is larger than for the chloride compound
due to the larger space available in the bro-
mide lattice for the Bi3* ion. The larger re-
laxation in the case of the bromide, which is
responsible for the larger Stokes shift,
results also in a weaker vibronic structure
in the emission and excitation spectrum.
The energy difference between the 3T, and
the 34, levels is smaller in case of Cs,NaY
Brs—Bi**. Because the phonons available in
the bromide lattice are also smaller than in
the chloride lattice, the nonradiative transi-
tion 37Ty, — 3A,,, after exciiation in the A
band, cannot compete with the radiative
transition 3Ty, — 'Ay,.

4.2. Cs;NaLaCle—Bi**

For the isolated Bi** ions in Cs,Nala
Cle-Bi** only one excitation band and two
emission bands are observed. The excita-
tion band region at 3.70-4.10 eV is ascribed
to the 'A,, — 3T}, transition. The position of
this band is comparable to the position of
this band for Cs;NaYCls-Bi** (3.80 eV).
The shape of the excitation band is remark-
able. A real maximum is not observed. This
is probably due to the relatively high Bi**
concentration in our crystals (viz., 0.4 and
0.03 at.%). The excitation band belonging
to the 'A;, — T, transition should be ex-
pected at 5.60 eV, which is not in the spec-
tral reach of the apparatus used. The en-
ergy difference between the 37, level and
the 1Ty, level is about 1.74 eV in case of Cs,
NaYCls—Bi**. According to Jgrgensen (21)
this difference amounts to 1.80 eV in case
of Bi3*-chloride complexes.

Upon excitation at 4.00 eV two emission
bands are observed. One band has its maxi-
mum at 3.63 eV and the other band has its
maximum at about 3.53 eV. This latter band
shows a weak vibrational structure. The en-
ergy differences between the vibronic lines
amount to 290 = 10 and 260 + 10 cm™!.
These values are in line with the observa-
tions for the emission spectrum of Cs;NaY
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Cls~Bi** (see above). In view of the small
number of lines available, further analysis
is impossible. The 3.63-eV emission is as-
cribed to the Ty, — 'A;, transition and the
3.53-eV emission to the 34,, — '4,, transi-
tion. The energy difference between the
3T« level and the 3A;, level amounts to
about (800 = 80) cm™!.

The largest phonon frequency available
is about 300 ¢cm~!. For the nonradiative
transition 37y, — 3A,, about three phonons
are required making the nonradiative rate
higher than in case of Cs,NaYBreBi**.
Since upon excitation into the 37T, level
also emission from the 34,, level is ob-
served with an intensity comparable to that
of the emission from the 37;, level, the
probability for the nonradiative process is
of the order of magnitude as the probability
for the radiative transition 3T, — 'Ay,.
These observations are in line with earlier
results, which are gathered in Table I.
From Table I it can be concluded that if two
phonons are required to overcome the en-
ergy difference AE, the probability for the
nonradiative transition 3Ty, — 34, is larger
than the radiative transition 37, — 144,. If
three phonons are required, these probabili-
ties are about equal and if four phonons are
required, the probability of the radiative

TABLE I

THE ENERGY DIFFERENCE AE BETWEEN THE
3T\, AND THE %A, LEVELS, THE FREQUENCY OF
THE v; VIBRATIONAL MODE, AND THE RATIO (R)
OF THESE TWO VALUES FOR SEVERAL Bi**-
ACTIVATED PHOSPHORS

) AE vy Emission at
Compound em™ (m™) R 42K Reference
ScBO3;-Bi*+ 965 550 1.8 341, (19)
CaO-Bi3* 1180 510 23 341, (25)
Cs;NaLaClg-Bi*+ 800 290 2.8 3Aj,and
T This work
CaS-Bi** 880 276 3.2 34 and
' T (26, 27)
CsyNaYClg-Bi*+ 1150 290 4.0 3T un
Cs;NaYBrg-Bi*+ 650 160 4.1 3y, This work
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process is larger than that of the nonradia-
tive process.

Comparing the luminescence properties
of Cs,NaLaCle—Bi** and Cs,YaYCle-Bi®t
some conclusions can also be made. The
Stokes shift for Cs;NaLaClg—Bi3* is larger
than for Cs;NaYBr¢-Bi**, due to the larger
space available for the Bi** ion in the lan-
thanum lattice. Upon A band excitation,
emission from the 3T, level and the 34,,
level is observed, while for Cs;NaYClg—
Bi** only 3T}, emission is observed upon A
band excitation. The energy difference AE
between the 3T, level and the 3A4,, level is
smaller in case of Cs;NaLaClg-Bi3*.

4.3. Energy Transfer in Cs;NaLaCle—Bi3*

In Fig. 8 it is seen that the quenching
temperature of the luminescence of Cs,Na
LaCle-Bi** depends on the Bi3* concentra-
tion. This suggests that quenching of the
emission is due to energy transfer. It is pos-
sible to estimate the critical distance R, for
energy transfer. This is the distance be-
tween the Bi** ions for which the probabil-
ity for energy transfer is equal to the proba-
bility for the radiative transition. The
critical distance R. is given by (29, 30)

RS =0.63 x 1072 - —%? - SO.
In this formula @, is the absorption cross
section, E is the energy at which the spec-
tral overlap is maximal and SO is the spec-
tral overlap between the excitation band
and the emission band. For energy transfer
in Cs;NaLaCls-Bi** three different pro-
cesses are possible, viz., transfer between
the single Bi3* ions, transfer from single
Bi** ions to Bi** pairs, and transfer be-
tween the Bi** pairs. From the spectral data
it is possible to estimate R, for each of these
processes. The results are gathered in Ta-
ble II. For these estimations it was assumed
that Q4 = 107! cm? eV. It should be real-
ized that these are estimations of R, only,
since due to the high Bi3* concentrations in

(M
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TABLE II

DATA FOR THE ENERGY TRANSFER PROCESSES IN
Cs,NaLaCl-Bi**

E SO R,

Transfer process (eV) eV (A)
Bi3* single — Bi’* single 3.70 0.074 25
Bi** single — Bi** pair 3.70 1.6¢ 42
Bi** pair — pair 3.60 0.12 28

¢ The spectral overlap between the 3T, emission and
the excitation region.

¢ The spectral overlap between the 3T, emission of
the single Bi3* ion and the excitation band of the Bi**
pair.

the crystals, the real excitation spectra are
not known. This may especially influence
the data for the isolated Bi** ions. Probably
the real value of R, for the isolated Bi** ions
is smaller. For energy transfer between
ions on the same crystallographic sublattice
it is possible to determine the critical con-
centration x.. The relation between x. and
R. is given by (30)

3V )1/3
4mx N/

R~2( @
In this equation V presents the volume of
the unit cell and N the number of molecules
in the unit cell. (In the case of Cs,NaLaClg:
V = 1443 A3 and N = 4.) The critical con-
centration for energy migration between
the single Bi*" ions is about 4 at.%. Be-
cause the Bi** concentrations in our crys-
tals are much lower, energy migration be-
tween the isolated Bi’>* ions cannot occur.
The most probable process is energy trans-
fer from the isolated Bi** ion to the Bi**
pairs. Quenching of the emission of the iso-
lated Bi** ions at higher temperature is due
to this process. Because quenching of the
pair emission starts at lower temperature
than quenching of the single Bi** ion emis-
sion, an increase of the pair emission at
higher temperature cannot be observed.
Similar phenomena may be expected for
Cs;NaYBrsBi**, but the low thermal
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quenching temperature prevents further in-
vestigations.

4.4. Comparison with TI*-Activated Alkali
Halides

In Table III the positions of the A band
(absorption/excitation) and the emission
bands of some Tl*-activated alkali halides
and the system described in this chapter are
gathered. From this table it is seen that for
KCI-TI* only one emission band (Ar) is ob-
served. For KBr-Tl* and RbCI-Tl* two
emission bands (A7 at higher energy and Ay
at lower energy) are observed. The origin of
these two emission bands is the existence
of two minima (T and X) on the adiabatic
potential energy surface (APES) of the 37T,
relaxed excited state (RES). Fukuda (6)
pointed out that the existence of these two
minima is determined by the expression

126(1 —
o 5

A
In this equation, ¢ presents the spin—orbit
interaction, 8 the difference in curvature
between the ground state and the excited
state APES, and b? the electron-lattice in-
teraction. It is difficult to determine these
parameters. A rough estimate of these val-
ues is (6) £ = 0.1-0.7eV,8=0.1-06 eV,
and b? = 0.8-3 eV. The ratio A determines
the relative depth of the T and X minima.
Fukuda distinguishes three cases: (1) The X

TABLE 111

SPECTRAL DATA OF SOME T1*-ACTIVATED ALKALI
HALIDES AND OF THE SYSTEMS DESCRIBED
IN THIS CHAPTER

Absorption/
excitation Emission

Compound eV) eV) Reference
KCI-T1* 5.03 4.17 (Ap 6,7
KBr-Ti* 4.79 4.02 (Ap) 3.50 (A,) ©,7)
RbCI-TI* 5.06 3.95(Ap) 3.53 (4, 6, 7)
Cs;NaYClg-Bi3+ 3.80 3.72 CTw) This work
Cs;NaYBre-Bi* 3.36 3.16 CTy) This work
Cs;NaLaClg~Bi3* ~3.9 3.63 T This work
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minimum is sufficiently deeper than the T
minimum (only Ay emission observed). (2)
The depth of the X minimum is about equal
to the depth of the 7 minimum) A7 and Ay
emission observed). (3) The X minimum
does not exist (only Ay emission observed).
For small values of A (~1) case (1) is ob-
served, for larger values of A case (2), and
finally for large values of A case (3). This is
demonstrated by the data in Table II on the
Tl*-activated alkali halides. The system
KCI-TI* is an illustration of case (3). The
parameters B8 and b? increase on going from
KCl to KBr and aiso on going from KCl to
RbCI, while ¢ does not change much (6, 7)
and we arrive at case (2). The value of £ is
known to increase on going from TI* to Bi**
(6, 21) and the value of b must decrease in
view of the vibrational structure in the
spectra of the Bi’*-activated compounds.
This implies that A must be much larger for
the Bi**-activated compounds than for the
Tl*-activated alkali halides. This accounts
for the observation of only A7 emission in
the former case and makes it highly improb-
able that Ay emission from the Bi3* ion can
be observed at all.
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