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Luminescence spectra of La;_,Pr,OCl (0.01 = x = 0.3) were recorded at liquid helium and room
temperature. From these spectra, the energy level diagram of Pr3* in LaOCl was deduced. The decay
times of the Pr3* emission in La,_Pr,OC] were measured using a high-resolution dye laser system. The
linear concentration quenching and exponential decay times are explained assuming cross relaxation

and energy transfer between the Pr3* jons.

1. Introduction

Recently the luminescence of the con-
centrated rare-earth system EuOCI (/) and
TbOCI (2) was reported. In these systems
there is luminescence concentration
quenching due to energy migration over the
rare-earth ions to quenching centers. In this
paper we report on our investigations of the
luminescence of Pr’* in La,_ Pr,OCl (0.01
= x = 0.3) in order to elucidate the concen-
tration quenching mechanism in this sys-
tem. In addition to the possibility of energy
migration to quenchers, there is in the case
of Pr3* the possibility of quenching by cross
relaxation. The luminescence properties of
Pr3* ions in several host lattices were de-
scribed in Refs. (3-8). Concentration
quenching in La;_Pr,PsOy (9, 10) and
LaF;:Pr3t (11-13) were studied exten-
sively during recent years. Quenching of
the 3P, emission of the Pr3* ion can be due
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to three different processes:

(i) Decay to the D, level due to
multiphonon emission, as observed for
PrPsOy4 (7). This process is independent
of the Pr3* concentration.

(ii) Cross relaxation between pairs of Pr3*
ions as proposed for La,_,Pr.F; (13).

(iii) Energy migration to a quencher
(which might be a cross-relaxing Pr3* pair)
as proposed for La;_,Pr,F; by Hegarty et
al. (14).

In this paper we report on a spectroscopi-
cal investigation of La;_,Pr,OCIl. This sys-
tem was chosen because the frequency of
the lattice vibrations is so low that 3Py —
D, multiphonon emission may be expected
to have a negligible rate. The examples of
EuOCl and TbOCI have shown that the in-
teraction between the rare-earth ions is rel-
atively strong in this structure.

The crystal structures of LaOCl and
PrOCl are isomorphous with that of PbFCl
(15) and consist of alternating [LaO]3" and
Cl3~ layers perpendicular to the c-axis.

0022-4596/87 $3.00
Copyright © 1987 by Academic Press, Inc.
All rights of reproduction in any form reserved.



228

There is only one crystallographic site for
the La’>" and Pr®" ions. The rare-earth site
symmetry is Cy,. The nearest-neighbor dis-
tance between Pr3* ions in the layer is =4.1
A, and between Pr3* ions in two different
layers =5.3 A. From the data to be pre-
sented it can be deduced that cross-relax-
ation as well as excitation energy migration
to quenching centers occurs in La,_,Pr,OCl
down to low temperatures.

2. Experimental

Seven powder samples of LaOCl doped
with Pr3* in nominal molar concentrations
of 1, 2, 3, 6, 10, 20, and 30% were obtained
by dissolving the rare-earth oxides (High-
ways International, 99.999%) in HCI
(Baker), evaporating to dryness, and firing
in air at 700°C for 5 hr. The resulting prod-
ucts had a pale-green color. The samples
were checked by X-ray powder diffraction.
According to diffuse reflectance spectros-
copy the samples did not contain Pr#*.

A number of general luminescence mea-
surements were performed using a Perkin—
Elmer spectrofluorometer MPF-44B. A ni-
trogen (Molectron UV 14)-pumped dye
laser (Molectron DL-200) was used to ex-
cite the 3P, level in each sample while im-
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mersed in liquid helium. The laser gener-
ated a pulse with a peak power of 30
kW/cm? and a width of 10 nsec. The tem-
perature of the samples could be regulated
between 4.2 K and room temperature using
a temperature controller (Thor Cryogenics
Model 3020 II). For all experiments the la-
ser was adjusted to the 3H (1) — 3P, absorp-
tion line (493.6 nm).

The population of the 3P, level after pulse
excitation was measured by monitoring the
3Py — 3H(1) transition at 15,627 cm~! with
a Spex 1704 X high-resolution monochro-
mator. The output from the RCA-C31034A
photomultiplier was digitized by a
Tektronix 7912 D digital oscilloscope. The
resulting decay was plotted on a printer and
the digitized data were analyzed with a
BBC microcomputer system.

3. Results

a. Spectroscopic Properties of PP in
La_.Pr.0Cl

The LHeT emission spectrum of 10
mole% Pr3* in LaOCl, excited at 493.6 mm,
is shown in Fig. 1 as a representative exam-
ple. The spectrum shown consists of sev-
eral narrow peaks attributed to the 3P, —
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F1G. 1. The emission spectrum of the Pr** luminescence of Lag oPry ;OCl at LHeT (A¢ye = 493.6 nm).
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3F, 34, *Hg and to the 'D, — 3H, transitions.
The intensity of the 'D, — 3H, emission is
relatively weak compared to the 3Py —
3F, 34 luminescence intensity. The lumines-
cence of the Pr** ion in the system La;_,Pr,
OCl is observed up to x = 0.3. For x > 0.3
this luminescence is quenched (see also
Fig. 2). The number of emission lines ob-
served for the separate transitions is equal
to or less than the number of lines expected
for the Stark splitting in a single site with
symmetry Cy,. The derived energy level di-
agram for La;_,Pr,OCl at LHeT is given in
Fig. 3. It is constructed using the emission
lines listed in Table 1. Note that for concen-
trations of Pr3* x > 0.1, there is a complete
absence of emission originating from the
1D, level. Although the energy level scheme
is not complete, it can be deduced that the
energy mismatch for the cross-relaxation
process 3Py + 3H; — 'D, + 3Hj is about 500
c¢cm~!. The data do not allow a determina-
tion of the energy mismatch for the cross-
relaxation process which quenches the 'D,
emission. The general observation is that
the latter mismatch is much smaller than

Relative luminescence intensity (log | )
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Fi1G. 2. Concentration dependence of the relative
emission intensity of the luminescence from the 3P,
level at room temperature in La;_ Pr,OCl for 0.01 = x
= 0.30.
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F1G. 3. The energy level diagram of the Pr** ion in
LaOCl as deduced from the emission spectra.

the former (I/6). For Pr3* in the LaF; the
former amounts to 190 cm™! (14).

From the diffuse reflectance spectra it
becomes clear that in the LaOCl lattice the
transition 4f2 — 4f5d of the Pr** ion lies at
an energy of approximately 40,000 cm™'.
For Tb3* and Ce?* in LaOCI the energy of
this 4f — 5d transition is 44,000 cm™! (I7)
and 33,000 cm~! (I8), respectively. Hoef-
draad and Blasse (/9) have established that
in CaZO;: Pr3* the position of the 4f — 5d
band is at 41,000 cm~!, and that this energy
level feeds only the 3P, ;o levels. Thus
only 3P, emission is observed for
CaZO;:Pr3* upon UV excitation. This is
also the case in LaOCl: Pr3*. A relaxation
process 3P, — D, via the 4f5d configura-
tion seems rather improbable.
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TABLE I
PosITioN AND RELATIVE INTENSITY OF THE EMiIssioN LINES oF Pr?* N La,-,Pr,0Cl

Relative intensities

A a
Transition (nm) (cm™) x=001 x=002 x=003 x=010 x=020 x=0.30
3P, — 3H; 560.5 17 841 13 16 — 7 — —
569.0 17 574 31 18 — 14 — —
D, — 3H, 616.5 16 220 — — 95 31 — —
618.9 16 158 —_ — 140 42 — —
620.2 16 124 — — 29 8 — —
624.1 16 023 25 — 58 14 — —
3Py — 3Hj 637.0 15 698 34 98 80 36 2 0.5
' 639.0 15 649 300 480 350 146 10 2
639.9 15 627 150 245 170 72 5 1
640.8 15 605 70 120 55 30 2 —_
642.3 15 569 15 20 10 6 0.5 —
3P, — 3F, 658.2 15 193 170 650 500 80 20 1
661.4 15119 1000 4000 3300 560 150 14
3Py — 3F, 720.0 13 888 20 95 89 11 — —
723.5 13 821 70 250 200 28 — —_
729.8 13 702 — 400 — 70 11 —
730.7 13 685 — — — 50 — —
732.5 13 652 — — — 34 — —
3Py — 3F, 745.0 13 423 25 100 80 14 3 —_
746.5 13 396 238 660 530 118 30 1
752.0 13 298 431 1150 920 150 35 3
754.0 13 262 25 56 44 11 2 —

b. The Luminescence Decay
Measurements

At LHeT the measured luminescence de-
cay time of the 3Py emission in LaggoPro o
OCl is 6.9 usec. The decay curve is expo-
nential. In view of the small amount of 1D,
emission for this concentration, the decay
is assumed to correspond in good approxi-
mation to a radiative decay. This shows the
inefficiency of *Py— D, multiphonon emis-
sion. For Pr3* in LaF; the radiative decay
time is 51 usec (/4). The shorter time in our
case is easily related to the lower position
of the 5d level in oxides and chlorides rela-
tive to fluorides, but the site symmetry may
also have some influence.

For higher Pr3* concentrations the decay

time decreases to 0.72 wsec for Lagy;Pry3
OCI. From the above data we conclude that
concentration quenching of the P, emis-
sion occurs in this system. This quenching
does not result in a build-up of the 1D, emis-
sion. Figure 4 summarizes the concentra-
tion dependence (x) of the quenching rate
q(x) = 77! — 7} in La;_,Pr,OCl at LHeT and
RT. Here 7 presents the exponential decay
time and 7, the radiative decay time, i.e.,
the value observed for Lag goPrg¢;OCI.

4. Discussion

The luminescence of the Pr’* ion in
LaOCl shows a pronounced concentration
quenching above 2% Pr**. Here we wish to
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F1G. 4. The quenching rate g(x) = 7! — ;' as a

function of the concentration x in La;_ Pr,OCl.

consider the question of whether this
quenching is due to cross-relaxation be-
tween pairs of Pr3* ions or to energy migra-
tion among Pr3* ions to quenching centers.

The concentration dependence of the
measured 3Py decay rate 77!(x) originates
from a concentration-dependent quenching
rate g(x) as expressed

Ur(x) = Uz + g(x). N

The intrinsic decay rate may primarily be
due to a multiphonon relaxation process
Py — D,, AE ~ 4000 cm™Y). It is well
known that the multiphonon relaxation
(Wypr) rates in 4/—4f transitions of all rare-
earth ions in one host obey the exponential
energy-gap law,

WMPR = ,8 exp[~aAE], (2)
where « and B8 are constants for a given
host lattice and AE gives the energy gap.

The equation was modified by Van Dijk and
Schuurmans (20) as follows:

Wupr = Bet eXp[—(AE — 2homaxal, (3)

which is now valid for all host lattices. We
have o = 5 X 1073 c¢cm and B, = 5.107 sec™.
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The maximum energy of phonons in the
case of LaOCl is 600 cm™!, as derived by us
from infrared spectra. In this way Eq. (3)
yields Wypr ~ 40 sec™1. Although this value
gives only an order of magnitude of the pro-
cess, it shows clearly that multiphonon
emission for the 3P, level can be neglected
in our case, as was expected.

Let us now return to Eq. (1). We note
that the quenching rate g(x) in the system
La;_Pr,OCl depends linearly on x (see Fig.
4) and is not strongly dependent on temper-
ature. All decay curves were linear within
experimental accuracy.

If quenching occurred mainly by cross-
relaxation, we would expect nonlinear de-
cay curves as described by Inokuti and Hi-
rayama (21). These have been observed for
LaF;: Pr3* at low temperatures (14). The
present results seem to exclude such an in-
terpretation. Also, such a process seems to
have a low probability at low temperatures
in view of the energy mismatch. Since a
phonon has to be absorbed, the rate expres-
sion carries a term exp(—A/kT) if the mis-
match A (=500 cm™1) is large compared to
kT. Also this temperature dependence was
not observed.

An interesting way to explain the occur-
rence of exponential decay and a linear
quenching rate has been proposed by Broer
et al. (22, 23). They showed that the decay
of the donor for small trapping rates (weak
quenching) and in the absence of donor-
donor transfer can be given by Np(t) =
Np(@exp(—t/rg) - f(t), where Np is the
number of Pr** ions in the 3P, level and

ft) = exp(—1x Z Xop). )

Here X is the quenching rate between a
donor at site 0 and an acceptor at site 1.
This results in an exponential decay rate 77!
given by

="+ x D Xor. (5)
1
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This equation shows a linear dependence
on the concentration x. Equation (4) was
derived for the condition 7 S x 5. Since
the quenching (i.e., cross-relaxation) rate is
low (see above), this condition might well
be fulfilled. Interestingly enough, Eq. (4)
also describes the high-temperature decay
when rapid donor—donor transfer occurs
22).

This model explains our experimental ob-
servations rather well (Fig. 4). From the
slope of the linear curve of g(x) vs x, we
derive for 2, Xy; a value of about 4 x 106
sec™!. This is of the same order of magni-
tude as 75! (1.5 x 10° sec™!), but larger,
which shows that effectively we are just
outside the region for which Egs. (4) and (5)
are valid. Probably our measurements are
not accurate enough to make a deviation
from these equations visible in the experi-
mental results. From the fact that the cross-
relaxation, invoked to explain the quench-
ing in the system La;_,Pr,OCl, does not
result in a corresponding amount of D,
emission, we conclude that the 1D, emis-
sion is more rapidly quenched than the 3P,
emission. This has also been observed for
the system La;-,Pr,PsO,, (I16) and may be
related to the smaller energy mismatch for
cross-relaxation in the case of the !D,
quenching.

The rapid increase of the donor—donor
transfer rate, inherent to the model used,
can easily be understood from existing the-
ories on phonon-assisted energy transfer
(24). We note that the situation in the
present system is very similar to that in the
system La;_,Nd,PsO4 (22). Also, there the
cross-relaxation rate is low and tempera-
ture independent, due to a large energy mis-
match (1000 cm™1),

There are two other possibilities to ex-
plain the linear quenching, viz., donor—do-
nor transfer not important at LHeT and RT
and rapid donor—donor transfer at LHeT
and RT. Both are considered to be unlikely
(25): the former because the donor-donor
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transfer rate is expected to increase rapidly
with increasing temperature, the latter be-
cause the donor—donor transfer rate is ex-
pected to be slow at LHeT.

Unfortunately the weakness of the lumi-
nescence involved and the restrictions of
the instrumentation used prevent a more
detailed analysis of the present data. The
results suggest, however, that in La;_,Pr,
OCl energy migration occurs as a tempera-
ture-dependent process next to a slow, tem-
perature-independent trapping process. We
plan to investigate these phenomena further
when a better instrument has become avail-
able.

Acknowledgments

The authors are indebted to Mr. G. J. Jongerden
who made the detection apparatus available to us for
some time. The investigations were supported by the
Netherlands Foundation for Chemical Research
(SON), with financial aid from the Netherlands Or-
ganisation for Advancement of Pure Research (ZWO).

References

1. P. A. M. BErRDOWSKI, J. VAN HERk, AND G.
BLASSE, J. Lumin. 34, 9 (1985).

2. P. A. M. Berpowski, J. VAN HERK, AND G.
BLasSE, Phys. Status Solidi B 125, 387 (1984).

3. M. MALINOWSKI, R. WOLSKI, AND W. WOLINSKI,
J. Lumin. 35, 1 (1986).

4. Z. G. Mazurak, E. LUukowiak, B. JEzowska-
TRZEBIATOWSKA, D. SCHULTZE, AND CH. WALI-
GORA, J. Phys. Chem. Solids 45, 487 (1984).

5. J. CHrYsocHoos, P. W. M. Jacoss, AND M. J.
STILLMAN, J. Lumin. 28, 177 (1983).

6. M. SZyMANSKI, J. Lumin. 28, 87 (1983).

7. H. DORNAUF AND J. HEBER, J. Lumin. 20, 271
(1979).

8. A. LEmpick1 aND B. C. McCorLLum. J. Lumin.
20, 291 (1979).

9. M. SZYMANSKI, J. Lumin. 29, 433 (1984).

10. M. SzymaNsK1, J. Lumin. 29, 467 (1984).

11. J. HEGARTY, D. L. HUBER, AND W. M. YEN,
Phys. Rev. B 23, 6271 (1981).

12. G. P. MorGaN, D. L. HUBER AND W. M. YEN, J.
Phys. 46, C7-25 (1985).

13. J. C. ViAL AND R. BuissoN, J. Phys. Leit. 43,
L.745 (1982).

14. J. HEGaRTY, D. L. HUBER, AND W. M. YEN,
Phys. Rev. B 25, 5638 (1982).



15

16.

17.

18.

19.

20.

SPECTROSCOPY OF Pr’* IN La,_,Pr,0Cl

. R. W. G. WyckoFF, ‘‘Crystal Structures,”’ Vol. 1,
Wiley, New York (1963).

H. DorNAUF AND J. HEBER, J. Lumin. 22, 1
(1980).

G. BLASSE AND A. BRIL, Philips Res. Rep. 22, 481
(1967).

G. BLASSE AND A. BRiL, J. Chem. Phys. 47, 5139
(1967).

H. E. HOEFDRAAD AND G. BLASSE, Phys. Status
Solidi A 29, K95 (1975).

J.M. F. VAN Duk AND M. F. H. SCHUURMANS, J.
Chem. Phys. 78, 5317 (1983).

21.

22.

23.

4.

25.

233

M. InokuT! AND F. HIRAYAMA, J. Chem. Phys.
43, 1978 (1965).

M. M. BRroOER, D. L. HUBER, W. M. YEN, aND K.
ZWICKER, Phys. Rev. Lett. 49, 395 (1982).

M. M. Broer, D. L. HUBER, W. M. YEN, anD K.
ZWICKER, Phys. Rev. B 29, 2382 (1984).

D. L. HUBER, in ‘‘Laser Spectroscopy of Solids™
(W. M. Yen and P. M. Selzer, Eds.), Topics in
Applied Physics, Vol. 49, p. 83, Springer Verlag,
Berlin (1981).

T. HoLSTEIN, S. K. LYo, aAND R. OrBACH, Chap.
2 in (24).



