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A systematic study of quantum efficiencies and lifetimes has been carried out for the visible fluorescences
of Pr3* in single-crystal LaF;. An analysis of the results as a function of Pr3* concentration is given in
terms of a two-site model in which a Pr3* jon can either be in an isolated site or in a site where it is coupled
to other impurity ions. This model leads to ion—ion interaction ranges varying from ~35 A (nearest neigh-
bor) to ~12 A depending on the fluorescent level studied. Throughout this range of interaction lengths,
Dexter’s model of electrostatic ion—ion interaction shows that the dominant contribution comes from the
quadrupole—quadrupole term. Temperature effects in the interaction are consistent with the lack of exact
resonance between the electronic levels. It appears that the lattice can readily absorb excess energy up to

~1000 cm™,

A set of samples doped with a second rare earth (Ce®*, Nd**, Eud*, Gd?t, Tbh**, Dy**, Ho**, Er®t, Tm?™,
Yhb*+) has demonstrated the existence of selection rules for ion—ion interaction in addition to energy-match-
ing requirements. The system 0.5, Pr3*: 1%, Ce** has been studied in more detail.

INTRODUCTION

HE quenching of the fluorescence from rare-earth

ions has been the subject of several investigations.*3
The bulk of these investigations have been concerned
with the variation of either the quantum efficiencies
or the lifetimes of the fluorescent levels as the concen-
tration of the rare-earth ion was varied. We consider
that both types of measurement are necessary for an
adequate interpretation of the quenching processes.

Furthermore, there is great interest in the transfer
of energy from one rare-earth ion to a neighbor and
in the nature of this ion-ion interaction. This investi-
gation is concerned with the quantum efficiency and
lifetime measurements of the system Pr¥*:M?3* :LaF;
in which we believe ion—on interaction is the dominant
source of fluorescence quenching for M= Pr or Ce.

The study of fluorescence quenching of the singly
doped (Pr*+) samples with concentration provides in-
formation on interaction between like ions. Interaction
between unlike ions can be examined by doubly doped
crystals, The choice of Ce¥t as the codopant with Prét

11.. G. Van Uitert, J. Electrochem. Soc. 107, 803 (1960).
2L. G. Van Uitert, J. Chem. Phys. 37, 981 (1962).
3L. G. Van Uitert and S. Iida, J. Chem. Phys. 37, 986 (1962).

1

in LaF; came from an examination of the 10 doubly
doped specimens, of general form 0.5%, Pr3+:29%, M3+:
LaF;. The main reasons for its selection may be sum-
marized:

(i) Its ionic radius is very similar to that of La’*
and it fits substitutionally into the LaF; lattice. Also,
pure CeF; has the same crystal structure as LaF;.
Thus a range of crystals from 1009 LaF; to 100%
CeF; can readily be grown.

(ii) It has an extremely simple energy-level scheme
of just two multiplets separated by 2200 cm™ (Fig. 1),
and

(iii) Experimentally it was found to have a large
effect on fluorescence from the 3Py level of Pr*t (Fig. 1)
and this was thought to be due to ion-ion interaction.

It is also necessary to ensure that variations in the
experimental results with dopant concentration are
indeed dominantly due to ion—ion interaction; any
complicating effects must be reduced to a minimum.
These complications arise from two sources:

(i) The rare-earth ion itself. The complications may
be reduced to a minimum by choosing a simple ion
like Pr* whose fluorescing level, the 3P, introduces

Copyright © 1965 by the American Institute of Physics
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F16. 1. The energy-level schemes for Pr*+ and Ce®* in LaF;.

no multiplet structure ambiguities [only Pr¥+ fluores-
cence has been studied in both the single-(Pr**) and
double-(Pr*t, Ce*t) doped samples ], and

(ii) The substitution of the rare-earth ions into the
host lattice. The complications here stem from two
main sources:

(a) Any strain introduced into the lattice may pro-
duce changes in the site symmetry of the crystal field
acting on the ion, and;

(b) Any tendency of the rare-earth ions to cluster
which will invalidate interpretations based on a
random distribution.

The experimental information which led us to con-
clude that these complicating factors are not present
in the crystals studied in this work arise from an
examination of the width and structure of the fluores-
cence spectra both as the Pr¥* concentration was raised
to 100% in the mixed (La, Pr)F; crystal and as the
concentration of Ce3t was raised to 1009, in the mixed
Pré#t:(La, Ce)F; crystals.

This examination showed that below 509, Pr3t or
Ce®t there was no variation in the relative linewidths
outside a 209, variation which occurred in a random
manner. However, there was a progressive broadening
of the absorption above 509, in the (La, Ce)F; mix-
ture. Throughout the whole 0% to 1009, range there
was no change in the relative line structure or intensity.
The typical linewidth of a sharp line at 4.2°K in the
20% Pr®t:LaF; samples was 3 to 6 cm™.* This line-
width indicates that all the ions are seeing the same
crystalline field; that is, there can be little or no strain

¢E. Y. Wong, O. M. Stafsudd, and D. R. Johnston, J. Chem.
Phys. 39, 786 (1963).

or clustering along fault lines for both of these would
give a large variation of the crystalline field.

The influence of strain was also assessed by compar-
ing first a crystal of low strain (optic axis perpendicular
to growth axis) with one of high strain (optic axis at
10° to 15° to growth axis) and secondly a crystal
cooled normally (15-20 h) with one quenched from
1250°C in 1} h. In both cases the change in quantum
efficiency between specimens was less than 109, while
the linewidth changed by a factor of 3. This shows
that a 209, variation in the linewidth from strain
effects would not be expected to affect the quantum
efficiency significantly.

A random distribution of the Pr¥* and Ce®* ions in
LaF; could be expected if the ions were completely
interchangeable in the lattice. The evidence that they
are in fact interchangeable is common to both ions in
that both fit substitutionally into the lattice (the ionic
radii of Pr¥+ is 1.10 A as compared with 1.00 A for
La®+) and both are hard to remove from the lattice by
zone refining and similar purification methods.

EXPERIMENTAL
Preparation and Analysis

The fluoride crystals used in this work were all
grown in a vacuum furnace substantially of the type
designed by Stockbarger.’

The starting material in each case was the fluoride
of 99.99%, purity, which had been purified to remove
any oxide present. The mixed-fluoride charge was loaded
into a graphite crucible with CdF; as a scavenger. This
was then lowered at a rate of 1.2 mm/h in an atmos-
phere of dry nitrogen at 10 mm pressure. The crystals
used were grown with the optic axis approximately
perpendicular to the direction of growth as this mini-
mized the induced strains.

The analysis of the rare-earth dopings was performed
in two ways; by the strength of the absorption lines
and by spectrochemical techniques. These methods al-
ways gave results in agreement to 410%,. The main
rare-earth impurities in the LaF; were Ce and Nd both
of which were present to about 100 ppm, other impuri-
ties being present to less than 100 ppm.

Lifetimes

The lifetimes of the fluorescent levels were measured
by a stroboscopic method originally developed by
Hendee and Brown.®

The basis of the stroboscopic method is that the
sample is illuminated by a series of light pulses of
duration short compared with the fluorescent decay
time. The excited fluorescent light is sampled at a
known time after the exciting pulse by a gated detector
and the output integrated as the variable delay is

8 D. C. Stockbarger, Discussions Faraday Soc. 5, 299 (1949).
§C. F. Hendee and W. B. Brown, Philips Tech. Rev. 19, 50
(1957).
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swept through at a slow rate. The details of the appa-
ratus have been given previously.” The 1-usec time
resolution of the equipment is set by the width of the
exciting pulse.

Quantum Efficiency

The absorption and fluorescence spectra were re-
corded on a Perkin—Elmer 13.U spectrometer whose
resolution is roughly 1 in 5000 when a dense flint
prism is used in the monochromator section.

To measure the quantum efficiencies of a group of
crystals it is sufficient to measure the relative efficien-
cies of the spectrum and then determine the absolute
efficiencies of a selected few.

The absolute quantum efficiency was measured by
recording the output from a xenon lamp and narrow-
band filter combination, the absorption of the meta-
stable level and the total fluorescence excited by this
light. An integration of the source combination’s output
over the absorption line gave a measure of the number
of ions excited into the metastable level. The fluores-
cence intensity was a measure of the fraction of these
ions that decay by the radiative transitions. This
fraction is the absolute quantum efficiency for that
level.

The relative quantum efficiencies were measured by
taking the ratio between the fluorescent outputs (under
constant pump power) and the relative absorption
strengths of the different samples in the one group.
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Fi16. 2. The quantum efficiencies of the 3P, level of Pr3* as a
function of Pr#* concentration and temperature.

“M. R. Brown, W. A. Shand, and J. S. S. Whiting, “Some
Aspects of Infrared Quantum Counter Action in Er Doped SrFs,”
Brit. J. Appl. Phys. (to be published).
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F16. 3. The lifetimes of the 3P, level of Pr3* as a function of Pr+
concentration and temperature.

RESULTS

Pr3+:LaF3

The quantum efficiency and lifetimes of the two
states 3Py and D, are shown in Figs. 2, 3, and 4 as a
function of the Pr** concentration at the three tem-
peratures 290°, 77°, and 4.2°K.

It should be noted that the only measurements pos-
sible for Pr®* concentrations greater than 209, were
the 3Py quantum efficiencies at 77° and 4°K (see Fig.
2). Furthermore, pumping the 3P multiplet did not
excite any 1D, fluorescence. Only room-temperature
measurements are given for the 1D, level (Fig. 4) as
no temperature dependence was found for this level.
This figure also shows a few points for Pr** in CeF;
with the 0.59, Pr®*t results normalized to the curve
for Pr3* in LaF;. It is clear that the same concentration
dependence holds for both lattices.

Pré#t: M3 :LaF;

The results for the 10 double-doped crystals of com-
position 0.5% Pr¥*:LaF;:29, M3 are given in Fig. 5.

Pr¥t:(La, Ce)F;

The results of the measurement of quantum effi-
ciency and lifetime of the 3P, (0.5% Prit) level at
290°K are given in Fig. 6 as a function of the fractional
concentration of Ce¥*. The quantum-efficiency meas-
urements could be carried out to 1009, Ce?t, but signal
weakness limited lifetime studies to 359, Ce?t. Once
again, no temperature dependence was found.
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Fi1c. 4. The quantum efficiencies and lifetimes of the 1D; level of
Pr3* as a function of Pr3* concentration for the temperatures
290°, 77°, and 4°K. Points marked [] are for Pr3+ in CeFo.

Measurements were also made of the quantum effi-
ciency of the 'D, level when pumping into the 3P
multiplet (i.e., the variation of the 3P, to D, drain
mechanism) and these are given in Fig. 7. Figure 7
also shows the quantum efficiency of the 1D, level when
resonance pumping for comparison.

The lifetime measurements of the D, as given in
Fig. 8, are for 3 P, pumping, since it is easier to measure
the lifetime of the D, level when pumping into the 3P,
level because of scattered-light problems. It was found
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F16. 5. The quantum efficiencies and lifetimes of the P level
of Pr#t for the series of crystals 0.59, Pr3t 29, M3+,

during these measurements that the decay for the 1D,
level was nonexponential even at 4°K, decaying ini-
tially at 50 to 70 usec and ending at 300 usec. Some
indication of this nonexponential behavior has also
been observed in Prt:LaF; samples but was difficult
to show conclusively because of the necessity of reso-
nance pumping. The values given in Fig. 8 are the
long-lifetime part of the decay. The quantum efficiency
of the D, for resonance pumping is also shown in
Fig. 8.

It was also noted during these measurements that
the build-up time of the 1Ds fluorescence when pumping
into the ®Py level was less than 1 usec while the decay
of the 8P, fluorescence was around 20 usec (see Fig. 6).

Measurements were also made on a limited number
of 2.59%, Pr*+:(La, Ce)F; and it was found that these
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F1G. 6. The quantum efficiencies and lifetimes of the 8Py level of
0.59,, Pr3* as a function of Ce3* concentration.

had the same behavior relative to the 2.5, Pr3t:LaF;
sample as did the 0.5% Pr3* samples relative to the
0.5% Pr**:LaF; sample.

All the above measurements of quantum efficiency
and lifetime were found to be independent of crystal
shape and size. Thus, reabsorption of the fluorescence
is negligible.

DISCUSSION

The model used to interpret the experimental work
is set up by taking a single paramagnetic ion (Pr3*)
in the ionic-host lattice (LaF;) as the unperturbed
system. A perturbation is introduced by replacing a
number of the La* ions by M?*" ions where M =Pr
or Ce.

In the unperturbed system the decay of a fluorescing
level can be divided into two parts: (i) o—radiative
decay rate and (ii) ¢,,—nonradiative decay rate, where
o, is due to the sum of all the decay rates for spontane-
ous emission of electromagnetic radiation from the
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fluorescing level and ¢, is due to the interaction of the
fluorescing ion with its surrounding in the LaF; lattice.

The two experimentally measured quantities are the
quantum efficiency and the lifetime of the fluorescing
level. These can be defined as follows:

n=0,/(o+0m),
=1/(0,}0nr).

When the perturbation is added to the system it can
either affect all the Pr** ions equally or only affect
those ions in its immediate vicinity; that is the ion-
ion interactions can be either long or short range.

If the perturbation affects all the ions equally then
any observed variation in quantum efficiency and life-
time must be due to either a variation in o, or o, or
both. If the variation was purely due to a change in
ox» then both 7 and 7 would vary in the same manner.
A study of Figs. 2-7 show, however, that in general
this is not the case. Thus, in order to explain the
results in terms of long-range interactions one would
have to postulate a variation in o,. However, since it
has been found that the matrix element in absorption
is independent of concentration, it seems reasonable
to assume that the matrix element involved in fluores-
cence behaves in the same way. This means that o, is
independent of the perturbation and thereby rules out
the possibility of long-range interactions.

If the interactions are short range then the behavior
of the ion will be determined by the number of M3+
ions near it. This will mean that all the ions are not
in equivalent sites and, indeed, that there exists a
number of different types of sites. This idea is sup-
ported experimentally by two facts:

quantum efficiency

and lifetime

(i) that the fluorescent decay from the *P; and 1D,
levels of the Pr3* ion were found to be nonexponential,
and

(ii) that the decay of the 3P, to the 1D, in the case
of 0.59, Pr*t:(La, Ce)F;, was less than 1 usec while

0-75%

RELATIVE QUANTUM EFFICIENCY

b 1 1 L 3 1
20 80 100

40 60
CONCENTRATION(% )

F1c. 7. The quantum efficiencies of the 1D, level of 0.59, Pr*+
as a function of Ce?* concentration when pumping into the 3P,
level (lower curve) and when resonance pumping (upper curve).
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Frc. 8. The quantum efficiencies and lifetimes of the 1D, level of
0.59, Pr** as a function of Ce3* concentration.

the decay of the 3P, fluorescence was of the order
20 psec. This strongly suggests that Prit ions which
decay to the D, did not show up in the fluorescent
decay.

It should be noted that no observable changes have
been found in the absorption and fluorescence spectra
arising from different sites to within the resolving power
of the spectrometer (1 in 5000).

Hence, in a typical crystal containing Pri+ (say 1%)
one would expect to find a range of types of ions de-
pending on the number of perturbing ions in the neigh-
borhood of any particular Pr3* ion. In order to simplify
the picture it will be assumed that (i) if one of the
ions which is in an excited state loses all its energy of
excitation to another ion thus raising it to the equiva-
lent excited state, the system is unchanged and there
is no contribution to o..; that is there is no energy
transport, and (ii) all the types can be divided into
only two groups (@) isolated Pr®* ions and (b) Pr3+
ions coupled to other M?** ions. This assumption sug-
gests that every Pr?* ion has a sphere of influence into
which the M* ion must come before interaction takes
place. The two conditions that are imposed by this
model are: (i) that the ion-ion interaction is of limited
range, and (il) that this interaction has a relatively
strong dependence on distance within this range.

In order to change a Pr3* ion from Type (@) to
Tvpe (b), at least one M?** ion must fall within the
sphere of influence of the Pr¥t ion. In Type (b) there
will be a large variety of types of ions depending on
the strength of the Pr¥*:M?3* interaction. More than
one M3t may interact with any one Pr3* ion in this
group. The size of the sphere of influence of the Pr3*
ion will depend on the type of Pr¥*:M?3* interaction
and also on the type of M** ion. If there are .S possible
sites, within the sphere of influence, into which an
M3+ ion can fall, then the number of isolated ions

[Type (a)7]is given by:

N@=N(1-C)5, (1)
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where C is the concentration of Pr?t ions and & is the
total number of Pr¥t ions.

In this two-site model one has the following decay
rates: o,—radiative decay rate for Type (a) and Type
(b) (this assumption is discussed below).

oo @—nonradiative decay rate for Type (@), ¢, ®—
nonradiative decay rate for Type (b) (average value).

The quantum efficiency of the fluorescing level in
the two types of ions are as follows:

Type (a) 1@ =0,/[o, 0],

Type () 1% =0/, +0u, ], (2)
Similarly the lifetimes are

Type (a) 7@=1/[ort0ou'?],

Type (b) @ =1/[o,F0.®]. (3)

If there are N©@ ions of Type (a) and N® ions of
Type (b) then the experimentally measured quantum
efficiency will be

1= (1/N)[N@qg@+NOp® ], (4)
and the measured decay will be
AN /dt=n@N® exp(—1/7@) 44O N® exp(—1/7®), -
(5)

where N=N@+4+N®_ the total number of ions.
For low concentration, where N@p@>>N®p® the
measured lifetime approximates to

r=r@= 1/[0r+0nr(a)]’ (6)

and the measured quantum efficiency to

n=(1/N)N@go =[N@/N o,/ [or 0@ (7)

WHITING, AND SHAND

Thus,
1/7=[N®/N]o,®, (8)
and hence from (1) 5/r should be of the form
1/7=0,(1-C)5. 9

This equation is used to analyze both the Pr3*:Pr¥*
interaction and the Pr¥*+:Ce?t interaction in the follow-
ing four sections:

(1) 3P level under Pr*+:Prit interaction. The plot
of Eq. (9), that is, log(n/7) against log(1—C) should
vield a straight line of slope .S for low concentrations.
Fig. 9 is such a plot for Pr®* concentrations up to
2.5% at 290°, 77°, and 4°K. In fact these plots are not
straight lines suggesting that for the concentration
range >2.5%, the approximation n @ N@ >y®N® does
not hold. As the approximation breaks down one would
expect each plot to curve away from the straight line
as, indeed, is the case. The values of S obtained from
the slopes of the tangents to the beginning of each
curve are given in Table I, together with the radius of
a sphere which would contain this number of sites.

(2) 1D, level under Pr¥+:Prit interaction. The plot
of Eq. (9) is shown in Fig. 10. Once again there is a
deviation from the straight-line relation. The value of
S obtained by drawing a tangent is 3204-30. This
means a sphere of 320 ion sites which corresponds to
a distance of 16 A.

(3) 3P, level under Pr**:Ce®* interaction. The plot
of log(n/7) against log(1—C) out to 209% Ce* is
shown in Fig. 11. In this case the plot is a good straight
line of slope 9, that is, the approximation #®@N@>>
n®N® is good out to 209, Ce¥*. The slope indicates a
sphere of influence of nine sites which is equivalent to
only nearest-neighbor interactions at 5 A.

(4) D level under Pr®t:Ce*t interaction. In this
case no effect was observed at all, giving S=0, that is,
there was no significant interaction.

The low-concentration analysis on the above model
involves only parameters describing the (¢) sites which,
by definition, are independent of concentration. The
departure of the curves from a straight line as the
concentration of Pr¥* or Ce®t is increased is consistent
with the quantum efficiency of both sites being positive
and that of the (b) sites being less than that of the (a)
sites. In general, there will be a range of values for 9
and = describing (b) sites since this category contains
all ions subject to ion-ion interaction and these will
not, in general, be equivalent sites. This is most clearly

TasiE I. S values and interaction ranges for the 3P, level under
Pré+. Pr** interaction for different temperatures.

T(°K) S Distance (&)
300 160440 13
77 10010 11
4 90420 11
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brought out experimentally by the nonexponential
decay of the fluorescence at high concentration.

The decrease in 7 may result from a decrease in o,
or an increase in ., or both. First, consider o, the
fluorescent radiative relaxation rate. If o, decreases
with concentration, then the fluorescent lifetime, r=
1/(o,~+05) should increase. This is not so experimen-
tally, hence either ¢, does not increase or oy, increases
more rapidly than o, decreases. In fact, present evi-
dence suggests that o, is independent of concentration.
It has already been noted that the absorption transi-
tion probability to the fluorescent level is independent
of concentration. However, this does not imply un-
equivocably that ¢, is also independent of concentra-
tion because of the Frank-Condon principle, that is
because of a rearrangement of the lattice when an ion
is excited into another energy level. Nevertheless, it
seems unlikely that such an effect is significantly con-
centration dependent in the present work because the
good fit and nearly equal masses of the impurity and
host-lattice ions imply small changes in lattice behavior
with concentration. This is borne out experimentally
by (i) the Stokes shifts are beyond the resolving power
of the spectrometer, that is, less than 3 cm™ for all
concentrations, and (ii) vibronic structure observed
on the wings of some fluorescent lines is independent
of concentration. Thus it seems likely that o, has the
same value for both (@) and (d) sites (justifying this
initial assumption) and that concentration guenching
effects are dominantly contained within an increase
n oo

The dependence of o, on concentration may arise
from (i) ion—ion interaction or (ii) changes in coupling
of the ion to the lattice due to the introduction of
localized modes of vibration. However, the negligible
Stokes shift and the concentration-independent vibronic

103 ; T T

°N

.. CARBITRARY  UNITS)

1
X

|
0 992 0-988

3 o
1410619 (-0
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F16. 11. Plot of log (n/7) against [1+logye(1—C) ] for the 3P,
level of 0.59, Pr3*. C is the concentration of Ce3*.

structure indicate that the coupling to the lattice is
most likely independent of concentration. Dexter® has
considered the problem of ion-ion interaction theoreti-
cally for the simplest case of only two ions interacting
and for which the initial and final states of the coupled
system are directly linked by an interaction Hamil-
tonian. Obviously, more complex interaction involving
intermediary states and multi-ion interactions can be
envisaged. However, we do not have sufficient infor-
mation to handle these interactions. We confine our-
selves, therefore to a naive interpretation on the Dexter
model. In this model the interaction Hamiltonian is
taken to be an electrostatic potential expanded into a
multipole series. Dexter has further made the approxi-
mation that the wavefunction, describing the coupled
ions, can be written as products of single-ion wave-
functions. Following Axe and Weller® the ratio of tran-
sition probabilities for interaction arising from different
terms in the electrostatic potential series can be ob-
tained from Eq. (17) of Dexter’s paper, whence

Puy/ Paa2( fa'?/fa'D) (Fap?Ras?) 7,

Poy/ Par( fa9fp9 [fa@fs'P) (7ap'Ras) !, (10)
where @ is the electric dipole oscillator strength, f(@
is the electric quadrupole oscillator strength, Rap is
the separation between Ion A and Ion B and #45 is the
energy (in wavenumbers) of the transition for either
ion. Any energy mismatch in the electronic system
must be transferred to the lattice, but will be approxi-
mately the same for the different multipole interac-
tions.

Prét:Pr3t Interaction

The results of the analysis obtained from Eq. (9)
can be interpreted in terms of the Dexter model by

$D. L. Dexter, J. Chem. Phys. 21, 836 (1953).
9J. D. Axe and P. F. Weller, J. Chem, Phys. 40, 3066 (1964).
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TasLe II. Ratio of Py, to Pag and of Py, to Pag for the 3P, and
1D, levels under Pré+: Pr3* interaction.

Level Temperature (°K) R Pig/Paq  Pyof Paa
3Py 300 13 60 3500
77 and 4 11 80 7000
1D, 300 to 4 16 40 1500

setting 5ap~10* cm™L, f@~ 10~ (forced electric dipole)
and f*9~10~%in Egs. (10) and (11) (Axe and Weller®).
These are set out in Table IT from which it appears that
quadrupole-quadrupole interaction is much stronger
than either dipole-dipole or dipole-quadrupole inter-
actions.

3Py Level

Three of the possible mechanisms which can con-
tribute to 0,,® and for which the mean energy mis-
match is less than 1500 cm™! are summarized in Table
II1. In this Table | 4, B) represents the state of Ion 1in
Level 4 and Ion 2 in Level B for the pair system. The
error in the energy arises from allowing for the multi-
plet structure of the levels. The third column indicates
whether the energy mismatch has to be emitted to or
absorbed from the lattice.

The relative importance of these mechanisms is best
compared with experiment in the two temperature re-
gions, room temperature to 77°K and 77° to 4°K.

We first consider the region 77° to 4°K which is
characterized experimentally by the temperature-inde-
pendent ion-ion interaction range. Group (2) of Table
I1I can be eliminated as the dominant processes in this
region because absorption of energy 600 cm as pho-
nons would lead to a marked temperature dependence
in the interaction strength and therefore in the range.
Group (3) has been included for the 3P, level, as an
appreciable thermal population of the ®P; has been
observed at room temperature. However, this group
cannot dominate in this region since it would again
give a marked temperature dependence from the vari-
ation in population of the 3P, level associated with the
excitation energy of 600 cm™!, Hence Group (1) prob-
ably accounts for the ion—jon interaction since emission
of phonons of energy 8754900 cm™ would only have
a very weak temperature dependence.

The region room temperature to 77°K is character-
ized by a temperature dependence of the interaction
range. Clearly, Group (1) will still be active in this
region and could lead to a suitable temperature de-
pendence through stimulated phonon emission. How-
ever, it should be noted that in the case of Pr3+:Ce’t
interaction, a transfer process involving an energy ex-
cess mismatch of 1700 cm™ exhibits no temperature
dependence. Group (2) involving the 1D, level could
become important in this region. The lack of 1D, fluo-
rescence is not conclusive evidence against this form
of transfer since the ion left in the 'D; level would be

in a (&) site [S(!D;)> S(*Py) ] which has a lower
quantum efficiency. The thermal population of the 8P,
level is about o of that of the 3P, level at room tem-
perature. Hence if ¢,,® for the 3P; level is > 200,,®
for the 3P, level, then the effective interaction range
as determined by monitoring the 3P, fluorescence could
be modified, that is, an ion in the 8P, could be excited
thermally to the P level and ion-ion interaction occur
through this level [ Group (3)]. Now, on Dexter’s model
0w ® o [0, [4[ 6,95 where x and ¥ may be d (dipole
moment) or ¢ (quadrupole moment). Fluorescence and
absorption data for the 8Py and 3Py levels give

O‘T(d) (3P1_)3H6> O'T(d) (3H4*>1D2)
~ 3000, D (3 Pe—1Gy) o, @ (Hy~1Gy) T,

which is one of the possible sets of transitions in the
ion—ion interaction. While no definite estimate can be
given of the ratio of quadrupole radiative rates, it
could be comparable to the ratio of the dipole mo-
ments. Thus ¢, (P, *H—3Hs, 1D;) 2 200,.® (3P,
SH—'Gy, 'G,) is not unreasonable, though the differ-
ent energy matches for the 3P, and 3P; interactions
may alter the ratio significantly.

1D, Level

Within the same energy matching condition as used
before, the group of mechanisms can be typically repre-
sented by the transition

[ lDz 3H4> to I 1G4 3F4> or l 3F4 1G4 >.

The energy match in this case is such that either the
absorption or emission of phonons could take place
(50460 cm™). Hence this could give a very weak or
negligible temperature dependence in agreement with
experiment.

Prit:Ce’t Interaction
3P, Level

In this case §=9, that is nearest-neighbor inter-
actions which corresponds to a distance of just less
than 5 A. This gives the ratio Pg,/Ps~400 and

Tasre III. Ton-ion interaction schemes for the 3P, level under
Pr3+:Pr®t interaction together with their energy mismatches.

Energy
mismatch
Group Transition (cm™)
1 18P, 2H 4 )—|'Gy, 1Gy) 875-£900 emission
2 [3Po, 3H)—|1Ds, 3Hs) 6054450 absorption
"’Po, 3H4)—')I3He, lDz) 5954450
3 |8Py, 3H, > |'Gs, 1G4y 14803900 emission
|3P,, 3H,)—|3Hs, 1Dy) 504-400 emission/
absorption
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P,/ Pu~16X10% Thus once again the quadrupole
interaction is the dominant component.

The principal effect of the Ce®** interaction with the
Pr3* is a strongly enhanced decay of the 3P; level to
1D, (see Fig. 7). The energy gap of this transition is
~3900 cm™ and close energy matching with the Ce¥*
spectrum (Fig. 1) can only be obtained if a pair of
Ce®* ions are involved in the quenching of a single
Pr3t ion; that is, two Ce®' ions are excited to the 2Fy;
level for one Pr** ion going from 3P, to D, In this
case there is an energy deficiency of 5003300 cm—
which must be supplied from the lattice vibrations.
Since this is comparable with thermal energy at room
temperature (~200 cm™) one would expect a marked
temperature dependence of the quenching. Experimen-
tally, no temperature dependence is found. Thus it
is likely that only single Ce’*:Pr®* interactions are
important, the excess energy of 17004250 cm™ being
emitted as phonons (multiphonon processes may well
be important as a decay mechanism!®). One would
expect a detectable temperature dependence in contra-
diction to the experimental results. Such a discrepancy
could be explained by the fact that this is a very short-
range interaction and that the number of sites within
the sphere of influence is not a sensitive measure of
the strength of interaction. This is in contrast to the
longer-range interaction found in the Pri+:Prt 3P, case
where the number of sites can change markedly for a
small change in interaction strength. Thus for a given
change in interaction strength, R may change by, for
example 1 A at short range (~5 &) whereas R would
change by 2 A at longer ranges (~10 A). The former
case would correspond to no increase in the number of
lattice sites contained within the range while a change
~50 lattice site would be expected in the latter case.
This just reflects the discrete nature of the lattice in
that it is not a continuum of sites with R.

170, Level

The lack of any effect (S=0) on the D, level by
the addition of Ce*t may be due to the poor energy
match between Pr3* ion falling from 1D, to G, (7000
cm™?) and a Ce¥t ion being raised from 2Fgp to 2Fqp
(2200 cm™).

We have only considered energy matches as a guide
to the strength of the various interaction schemes in
the above discussions. This is certainly not the whole
story since Fig. 5 suggests the operation of certain
selection rules in addition to the energy-matching re-
quirements. Thus, a drain mechanism from the 3P, to
1D, levels of Pr#t appeared when the codopant was
either Ce?t, Eut, Th*, or Yb* but for no other rare

10 A, Kiel, Qu. Elec. Conf. Paris, 1963, 765 (1963).

earth. These four ions have one feature in common,
namely that their ground states possess the same or-
bital angular momentum of L=23, that is, an F state.
This suggests that the interaction of the excited Pr3+
ions with these four ions is through the ground state
of these ions and, therefore, dependent on the L value.
However, the four ions were not equally effective in
causing this drain mechanism. Yb® was the least effec-
tive, being 102 down on the other three ions. This
could well be due to the poor energy match (out by
6000 cm™1).

Unfortunately it was not possible to monitor changes
in excitation of the Ce* ions due to interaction with
the Pr3*+ ions because of the restricted level scheme of
the Ce**. However, unequivocal evidence for ion-ion
interaction is provided by the large energy transfer
between the Tm?* ions and the Pr3* ions. Evidence of
this transfer was given by the appearance of the Pr3*+ 3P,
fluorescence when the crystal was pumped in the region
of the Tm?* 1D, absorption. This is probably due to
energy transfer from the Gy of the Tm* at 21 300 cm—!
to the P multiplet of the Pr®* because of the good
energy match (to within 400 cm™). This transfer could
not however be studied since TmF; is of a different
crystal structure to LaF; and if the concentration of
Tm®* was raised much above 19, the crystal shattered
due to strain.

SUMMARY

A study of ion—ion interactions requires a knowledge
of both quantum efficiencies and lifetimes of the inter-
acting states. Such information has been obtained for
Pr¥* in LaF; as a function of concentration and tem-
perature. A simple two-site model in which a single
ion is either isolated or coupled to its neighbors has
been used to interpret the experimental data. The
interaction sphere of influence has been found to ex-
tend from nearest-neighbor sites out to about 300 lat-
tice sites depending on the interacting levels. An inter-
pretation on Dexter’s model of electrostatic coupling
shows that quadrupole-quadrupole interaction predomi-
nates in all cases. The lack of exact resonance between
the sets of electronic states is not inconsistent with the
observed temperature effects.

The effect of other rare-earth codopants has shown
that there are selection rules in addition to energy-
matching requirements.
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