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We have investigated the process of quenching of fluorescence from the 3P, state of Pr’* in
Lag 72Pro.25Ndy 03F3 due to cross relaxation to Pr and Nd ions. The fluorescence decay of the ensem-
ble of Pr ions after pulsed excitation is measured as a function of temperature in the (2—70)-K re-
gion. Cross relaxation occurs either directly or through a donor-donor transfer within the inhomo-
geneous line. Knowledge of the dynamics occurring within the inhomogeneous line derived from
previous fluorescence line-narrowing experiments is used to analyze the cross-relaxation process
from a microscopic viewpoint according to models for fluorescence decay in the presence of traps.
In general the decay is consistent with an electric dipole-dipole transfer mechanism. At 2 K the de-
cay can be well described by a direct transfer to Pr and Nd traps without donor-donor transfer. The
temperature dependence of the decay at long times can be described for 35 < T <70 K by the hop-
ping model. The agreement with theory is much better if the cross relaxation to Nd ions is assumed
to occur mainly via the lowest Stark level of the *I5/, manifold.

I. INTRODUCTION

Energy transfer is one of the oldest problems concern-
ing the luminescence of solids and has been the subject of
many recent investigations."> In general, two types of
ions are involved; we will refer to them as donor ions and
acceptor ions. Initially, some fraction of the donors are
optically excited. This excitation can migrate among the
donors or be transferred to the acceptors. Energy migra-
tion within an inhomogeneously broadened system of ions
in the absence of traps has been studied experimentally
and theoretically and is generally well understood.! When
acceptor ions, or traps, are randomly distributed around
the donors, transfer of energy from the excited donors to
the acceptors can occur in addition to energy transfer
among the donors. Since there is a random distribution of
both donors and acceptors, there is a distribution of
donor-acceptor separations and therefore a distribution of
donor-acceptor transfer rates. In addition, the tempera-
ture dependences of donor-donor (DD) transfer and
donor-acceptor (DA) transfer are generally different.
Thus, the decay of an excited set of donor ions is rather
complex.

In this paper we continue the recent studies of energy
transfer in LaF; doped with Pr and Nd ions. Previous in-
vestigations on LaF3:20 at. % Pr (Ref. 3) and PrF;:5 at. %
Nd (Ref. 4) have provided estimates of the various micro-
scopic transfer parameters in this system, and have en-
abled the theoretical predictions and limitations of various
models to be tested. In all of this work, the 3P level of
the Pr (donor) ions was resonantly excited, and the subse-
quent decay of the >Py-level population was monitored via
the nonresonant *Py->H transition. Trapping can take
place, either directly or indirectly, following migration
among the donors. We now consider a general case in
which the donors and acceptors are unlike ions, and both
systems are disordered. (This is the usual situation in
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transfer studies in glasses.) For this study we chose the
system Lag 75Prg,5sNdg o3F3;. Here, we have Pr-Pr intra-
line transfer, Pr-Nd transfer, as well as the additional
complication of Pr-Pr cross relaxation. However, by
varying the temperature the relative importance of the
various transfer mechanisms can be altered.

This work is organized as follows: Section II of this
paper outlines some of the theoretical details and back-
ground relevant to this study. Section III describes the
experimental procedure. In Sec. IV we present the experi-
mental results and interpret them with the aid of theoreti-
cal models. Finally, in Sec. V we comment on the results
and conclusions which may be drawn from this work.

II. BACKGROUND REVIEW

We will principally be concerned with the behavior of
the 3P, system of LaF;:Pr’* with additional Nd** dop-
ing. LaFj; is, of course, an ideal host for energy-transfer
studies since it can be doped with Pr and Nd over a wide
range of concentrations. A sequence of studies have been
conducted on a number of the transfer properties in
La, ,Pr,F; and La;_,_,Pr,Nd,F;, which serve as the
departure of this study. We summarize the various
relevant results of previous studies below.

A. Experimental background

1. DD transfer within the 3P, state of LaF;:Pr’+

In earlier work on La,;_,Pr,F; (Refs. 5 and 6) the DD
transfer mechanism between Pr ions has been character-
ized through fluorescence line-narrowing measurements
and was found to be of the electric dipole-dipole character
with a characteristic _dependence on separation
WOP=B/RS, where WEP is the DD transfer rate be-
tween ions at site o and n, and S is the DD transfer pa-
rameter. R,, is the separation of sites 0 and n. The tem-
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perature dependence of the transfer is included in the pa-
rameter 3, which contains the matrix elements of the in-
teraction. For x up to 0.2, B is found to have a T3 depen-
dence on temperature.

2. Pr-Pr self-quenching

Because of the complexity of the Pr’+ energy levels, Pr
ions themselves can serve as quenching centers for the 3P,
excitation. Thus, nonradiative cross relaxation between Pr
ions also occurs in which the intermediate states of the
cross-relaxing pair of ions, i.e., *Hg and 'D, play the role
of optical traps.® The transfer rate for this process is in-
dependent of temperature for T <30 K. The decay of the
3P, level for intermediate concentration of Pr (e.g., 20
at. %) is nonexponential at low temperatures. It becomes
faster with increasing temperature until, for 7> 30 K, the
decay becomes a single exponential. From results alluded
to in Sec. IIA 1 above, at 2 K, the DD transfer rate is
much smaller than the cross-relaxation (DA) rate and by
fitting the decay data to the Inokuti-Hirayama model,’
appropriate to this situation, the interaction mechanism
can be identified. In LaF;:Pr, the Pr-Pr cross-relaxation
rate is governed by a dipole-dipole interaction, scaling
again as X2 =ap/RS,, where ap is the transfer parame-
ter. X3, the nearest-neighbor transfer rate, was estimated
to be 8.9 10* s~! at low temperatures, and extrapolating
to PrF;, the observed decay rate was successfully predict-
ed. Owing to cross relaxation, the lifetime of the 3P, state
drops from S0 us to 700 ns as the concentration of Pr is
increased, for example, from the dilute limit to 100 at. %.

3. Trapping of *P, excitation

Additional de-excitation channels may be introduced by
adding other impurities to LaF;:Pr’*.* For example,
whereas in pure PrF; the P, level decays exponentially at
2 K, the decay is nonexponential when small amounts of
Nd are added. The decay also becomes faster with in-
creasing temperature, being fully exponential at 20 K and
temperature independent above ~40 K. By contrast, the
decay in pure PrF; remains constant in this temperature
range. The nonexponential decay is again ascribed to
transfer to the traps (in this case Nd ions) and the low-
temperature data again yield a dipole-dipole mechanism
for the transfer with a rate of X/ =a,/RS,, where a is
the Pr-Nd cross-relaxation parameter.* The exponential
decay at higher temperature in PrF;:Nd and in LaF;:Pr
occurs because f3, by virture of its strong temperature
dependence, rapidly becomes much larger than a, (or
ap). In this situation, the Pr excitation can sample all of
the environments before reaching a trap site, and the
transfer to traps is limited only by the Pr-trap step in the
transfer chain.

4. Alternate transfer mechanisms

Finally, a different interpretation of the transfer in
LaF;:Pr, in which a short-range exchange interaction was
suggested as the transfer mechanism, has been proposed
by Vial and Buisson.! Transfer to only two groups of
near-neighbor ions (rather than the much larger set impli-
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cit in the long-range dipole-dipole model) is considered in
their scheme. The rates of transfer to these ions were
determined in dilute samples by measuring the decay
times of certain satellite transitions of the *Py,—>H, tran-
sition in weakly doped LaF;. With the use of these rates,
the nonexponential decay of LaF3:20 at.% Pr at 2 K
could be accurately predicted. The assumption that a
small fraction (~ 10 at. %) of the Pr ions did not transfer
to traps, which was required to explain the data in Ref. 3,
was not necessary in this case.

Despite the preceding comments, a broad range of ex-
perimental results in the Pr’+ system have been satisfac-
torily explained by assuming a dipole-dipole interaction
for the various transfer mechanisms. By summarizing
previous studies, it has been found that a4 =5.46x10—3%
cm®s™L* and ap=3x10"% cm®s~! below 30 K; the
former increases by a factor of 5 at 70 K.3 S varies with
temperature as T> below 30 K and has the value
18.8X 10" cm®s—!at 14 K.

B. Theoretical background

Theoretical treatments of the dynamics of donor
fluorescence usually begins with a set of coupled rate
equations for the donors. Their solution yields an expres-
sion for the fluorescence intensity I(¢) at time ¢ after
pulsed excitation in the form’®

I)=1(0)e "™®'F (1), (1

where y is the intrinsic decay rate and f(¢) denotes the
fraction of excited donors which would be present at time
t if the excited state had an infinite radiative lifetime.
When there is no donor-donor transfer and there are two
distinct types of acceptors, f(¢) is given exactly by the ex-
pression” 1011

FWO=TI[1-C4—Cp+C exp(—Xzt)

+Cgexp(—X2 1], 2

where C,,Cjp are the relative concentrations of the accep-
tors of type A,B, respectively, and X2 denotes the
transfer rate from a donor on the site o to an acceptor
(type A or B) at site n. Assuming that there is a random
distribution of acceptors in the lattice sites, C4, and Cj
represent the probability that a lattice site is occupied by
an acceptor of type 4 or B. Therefore, the product in Eq.
(2) contributes a factor of exp(— Xz 1) or exp(— X2 1) to
S (¢) for every site occupied by an acceptor of type 4 or
B, respectively, and the factor unity for every site which
does not contain an acceptor. When the transfer occurs
via the dipole-dipole interaction, Eq. (1) may be written as

]. ®

It can easily be verified that even when ap/a 4 <<1, but
C4 < Cp << 1, the effect of B-type acceptors can be signi-
ficant.
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An exact calculation of f(¢) can also be made when the
DD transfer is infinitely rapid. In this rapid migration
limit it is assumed that all donors are in contact with one
another and that the DD transfer takes place so quickly
that for z> 0 all donors have an equal probability of being
excited. In this case f(?) is an exponential,’

f)=exp |— |C, S XA+Cs X5 |¢], (4)
n n

and the total decay rate is only the sum of the transfer
rates to all the lattice sites, weighted by the probability of
occupation by an A4 or B ion. We caution here that in ap-
plying these relations it is necessary that the transfer be
incoherent, i.e., that no phase information is transferred.
In our case, this allows the Pr donor-to-donor and the
Pr—Pr donor-to-acceptor quenching process to be decou-
pled, each process being incoherent and each having its
own transfer rate. Under these conditions, the Pr ions
participating in the DA transfer act as “traps” in a
manner analogous to the physically distinct Nd centers.

The behavior of f(?) in the regime between these two
limits is extremely complicated and the theories which
have been developed for f(t) are based on models or ap-
proximations. In one extreme, when B>a,,ap, and
C4,Cp << 1, the hopping model!> of Burshtein may be
used to describe the excitation transfer. At the other ex-
treme, when B<a, a diffusion model'® is appropriate.
However, both models predict that the decay of the donor
population will initially be nonexponential but should ap-
proach an exponential behavior at long times.’

We note that there are no models in existence which are
addressed to the most general case, i.e., a solution of the
population dynamics regardless of the relative values of
ay, ag, and B. It is understood that this general case
poses a formidable theoretical problem which still awaits
a solution.

As noted, previous investigations of LaF3:Pr (Ref. 4) or
PrF;:Nd (Ref. 3) have been concerned with understanding
the dynamics of transfer from donor to one-type of accep-
tor as the DD transfer rate was systematically altered by a
variation of the sample temperature. In this study we ex-
amine the more complex situation in which, in addition to
DD transfer (B), we have transfer to two different types
of acceptors with different transfer rates (a4,ap). Again,
through a variation of the sample temperature, the ratios
of DD to DA transfer rates can be varied. Through this
variation, the conditions necessary for the application of
the different theoretical models can be obtained in a single
system.

III. EXPERIMENTAL PROCEDURE

A single crystal with nominal concentration
Lag 75Prg 50Ndg osF3 was obtained from Optovac, Inc.
The concentrations were checked using the electron-
microprobe analysis technique!* with LaF;, NdF;, and
PrF; standards and the actual composition was found to
be Lagy 7,Prg,5Ndg o3F3. This composition was found to
be uniform across the sample, to within the experimental
accuracy of the technique (~1 at. %), and with a spatial
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resolution of ~2 u. The sample was immersed in super-
fluid helium for the 2-K measurements or on the cold
finger of a continuous-flow cryostat for higher tempera-
tures. The temperature was measured using a carbon-
glass resistor mounted next to the sample and was varied
continuously from 5 to 70 K via a wound heating coil
around the cold finger operated by a feedback temperature
controller.

A nitrogen-laser-pumped dye laser of the grazing in-
cidence configuration was the optical-excitation source.
The laser pulse was ~ 10 ns long and the spectral width
was approximately equal to the inhomogeneous width
(full width at half maximum) of the *H,(1)-3P, absorption
line. In this way, a representative distribution within the
whole inhomogeneous broadened system of Pr ions were
excited. The decay of the 3P, level population was mea-
sured after each excitation pulse by monitoring the non-
resonant fluorescence (at 16710 cm™!) of the *Py->H(1)
transition. The spectrometer slit was adjusted so that the
resolution was equal to the spectral width of the fluores-
ence, since the theoretical models yield an expression for
the intensity integrated over the inhomogeneous
linewidth. A Princeton Applied Research 162 boxcar in-
tegrator, with a nominal resolution of 5 ns, was used for
the decay analysis. Time-resolved fluorescence line-
narrowing was conducted within the *P, inhomogeneous
line at low temperatures. The results agree with previous
studies and, for the sake of consistency, the DD rates used
below are as per the literature.*—®

IV. EXPERIMENTAL RESULTS

The results of our experiments consist of decay profiles
of the nonresonant luminescence from the *P, level of Pr
in Lag 7,Prg 25Ndg 03F3 after pulse excitation. The decay
of this fluorescence at 2 K is shown in Fig. 1. At this
temperature, with the use of the values obtained for 3, a 4,
and ajp in previous studies (Sec. IIA), B is << a 4,ap, and
therefore Eq. (3) should provide a good description of the
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FIG. 1. Plot of the decay of the °P, state of Pr’* in

Lag 75Pr25sNdg03F3 at 2 K. The points are the experimental
data and the solid curve is the best fit to Eq. (3).
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decay. By using yr=2X10* s~! (ie, radiative life-
time=>50 us), C,=0.03, and Cp=0.25, the experimental
decay was fitted to Eq. (3) using various values of a4, ap,
and values of r,, calculated from the crystal structure.
The first 300 neighbors of an excited ion were included in
the calculation. The best agreement with the experimental
data was obtained with the values a,=2.5x10"3
em~ s~ ! and ap=1.5Xx10"% cm~%s~! for the Pr-Nd
and Pr-Pr transfer parameters, respectively. The decay
calculated with the use of these values is shown as the
solid curve in Fig. 1. The values of a, and ap obtained
are approximately a factor of 2 smaller than the estimates
obtained in previous studies.>* The calculated curve by
using the latter values showed large deviations from the
experimental data. Since the trap concentrations were not
accurately known in the earlier studies of LaF;:20 at. %
Pr or PrF;:5 at. % Nd, the agreement with the earlier data
can be considered adequate. We should point out that if
we neglect the Pr-Pr cross relaxation in this sample, i.e.,
set Cg=0 in Eq. (3), then the best fit to the 2 K data ob-
tains o, =5.8X10"%* cm~%s~! for the Pr-Nd transfer
parameter, a factor of 10 smaller than that reported previ-
ously. We also attempted to fit the data to Eq. (3) with
ag =0, i.e., no Pr-Pr cross relaxation but assuming instead
a short-range interaction between the Pr ions and includ-
ing additional terms in the product as in Ref. 8. (The ap-
propriate fluorescence quenching rates were taken from
Ref. 8.) The best fit, which still showed a 10% discrepan-
cy from the experimental data at early times, gave
a,=8.1x10"% cm~%s~!, again in total disagreement
with the earlier measurement. The values of a4 and ap
obtained from the fit at 2 K were used to interpret the
higher-temperature data, as will be discussed later.

At higher temperatures, the decay becomes exponential
at long times as predicted by the theoretical models. Fig-
ure 2 shows typical decay curves obtained at 40, 50, and
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FIG. 2. Plot of the decay of the 3P, state of Pr’* at different
temperatures. The asymptotic decay at long times is em-
phasized for clarity.
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69 K. However, the interpretation of the data at higher
temperatures is complicated since the ratios B/a, and
B/ap are such that different theoretical models are re-
quired to describe the transfer from the donor population
to the two types of acceptors. For example, at 14 K,
B/a4=0.08 suggests that a diffusion model is appropri-
ate for the Pr-Nd transfer, while 3/ap =13 indicates that
the hopping model is appropriate for the Pr-Pr transfer.
The corresponding ratios in the (35—70)-K range are
1.17—9.4 and 176—1808, respectively. Thus the hopping
model, valid when B>a, should apply to the Pr-Nd
transfer; the rapid-migration model, valid when B>>a,
should apply to the Pr-Pr transfer. In this temperature
range we attempt a quantitative comparison between the
experimental measured asymptotic decay rates and the
values predicted by these models. For the hopping model,
a general expression for the asymptotic decay rate W,
has been derived by Huber,” and for the case of an electric
dipole-dipole interaction, the asymptotic decay rate due to
transfer to the Nd acceptors can be written as

7/2

4 172
ws=31"npnlaB"

% 1—%tan_1[3.7lrc3nD(B/aA)m'] ,

where the factor in large parentheses ensures that W has
the correct behavior in the rapid-migration limit. This
will be the case when r, is chosen such that

n 1
$15=Ci 3, ©

6
c n++0 Ron

and np, and n, are the density of donors and the Nd
acceptors, respectively. Calculating 7. from Eq. (6) yields
r.=3.06 A, which represents the effective shortest
donor-acceptor separation in the continuum limit.° The
rate of Pr-Pr cross relaxation can be calculated by using
the rapid-migration model (B8>>ajp), and its contribution
to the total decay is simply the donor-acceptor energy-
transfer rate. Therefore, we expect that the total asymp-
totic decay according to Ref. 9 (using dipole-dipole in-
teractions) will be given by

Wa=vr+Wu+Cpap 3 R5°, ™

n=£0

where yr is the intrinsic decay rate without any transfer

to acceptors. In a slightly different treatment of the hop-

ping model,'>!® Sakun and co-workers arrive at an alter-

native expression for the term, W, in Eq. (7). According

to these authors, the total decay rate in the (35—70)-K

range is given by

5/2

npng(ayBPy)"?+Cpap 3 Ry,

n#0

27

Ws=yr+m

(8)

where P, is the probability that during a random walk of
the donor excitation in the lattice the excitation will never
return to the starting point. From the simplest three-
dimensional random walk, P,=0.66,% and we have used
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this value in our calculation.!® It should be noted that,
strictly speaking, the second term in Eq. (8) is only applic-
able in the region where the expression in large
parentheses in Eq. (5) is close to unity. In this regime, the
ratio of W, calculated from Eq. (6) to the third term in
Eq. (8) is approximately equal to 1.5.

Before attempting to compare these predictions with
the experimental data there are some corrections which
must be taken into account. First, we note that in the
present experiment not all of the donor ions can be excited
by the dye-laser pulse. It is only those ions in the lowest
Stark level of the *H, manifold which can be excited.
The fraction of Pr ions in the ground state varies from
0.92 at 30 K to 0.62 at 70 K.17 Second, the effective den-
sity of acceptors which can participate in the cross relaxa-
tion depends on the transfer processes. If we assume
cross-relaxation  processes of  type Py, H,(1)
—1G4(m),*F5 (1) for the Pr-Nd relaxation (the number
in parentheses refers to the Stark components within the J
manifold), then the effective acceptor ions are those which
are in the lowest Stark level of the ground state, and n
and Cjp in Egs. (7) and (8) refer to the concentration of
these ions only. However, the detailed relaxation process
is not clear yet and there is a possibility that cross-
relaxation processes in this system may occur via excited
Stark levels. These processes will actually introduce new
parameters 'y and ap which may be larger or smaller
than a4 and ap depending on the appropriate matrix ele-
ments and on the phonon energies which are relevant to
these high-temperature cross-relaxation channels. This
difficulty can be partly avoided by using the experimental
values of the temperature-dependent transfer rate,
Cpap 3, 0Ron®, obtained for LaF;:20 at. % Pr in this
temperature range.’ Taking into account that in the
present system the effective relative concentration of the
Pr ions Cp is 1.25 times the concentration of Ref. 3 and
that the temperature-independent part of ap obtained
from the fit at 2 K is half that of Ref. 3, we can obtain
the desired value for the Pr-Pr cross-relaxation rate at any
temperature in the (35—70)-K range. The rate obtained in
this way is given by

Czap 3, —%,—:(o.93+400e —288/Ty10°s~1.  (9)

ns~0 on

Here, we are making the reasonable assumption that the
same temperature-activated Pr-Pr transfer process that
was obtained in LaF;:20 at. % Pr will be operative in our
samples and that its activation energy will also be the
same. A cross-relaxation mechanism involving the 'D,(5)
and *H (1) levels has been suggested as a possible explana-
tion for the activation.’?

We are now in a position to compare the experimental
results with the calculated values by using the value of a 4
obtained from the fit at 2 K (which is assumed constant*
up to 70 K), yr=2x%10* s~! for the radiative decay
rate,'® and by using the expression for $=6.85x 10473
cm®s~! which has been found for LaggPry,F; in the
range (5—30)-K and which we assume to be valid up to 70
K. We also make use of Eq. (9) with two possibilities for
the variation of n, with temperature.

(a) n, is temperature independent and is equal to its
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low-temperature value, i.e., we assume that the high-
temperature cross-relaxation parameter a4 is equal to 4.

(b) ny=n4o(T) where n4o(T) is the population of the
lowest Stark level of the *I,,, manifold,'” i.e., we assume
that no cross relaxation can occur via thermally-excited
Nd ions.

The comparison with theory is shown in Fig. 3, which
shows that the best agreement with experiment is obtained
using the assumption (b). When this is done, Eq. (7) re-
sults in a slightly better agreement with the experimental
measurements. However, taking into account the many
assumptions which have been made, our results do not
permit us to distinguish between the theoretical models
leading to Eqs. (7) and (8). We should emphasize that our
starting point in this calculation was the information on
the values of a4, ap, and B, which was available from
previous studies involving only one type of acceptor. Us-
ing improved estimates of a4, and ap obtained from the
2-K data, and making reasonable assumptions concerning
the temperature dependence of the various parameters, we
have identified a temperature region in which the theoreti-
cal models should be applicable to our system. It should
be noted also that the temperature variation of the Pr-Pr
transfer rate indicated by Eq. (9) was used in all cases. Its
relative contribution to W, [with the use of the assump-
tion in (b)] varies from ~13% at 35 K to 45% at 70 K
and is significant. Considering the complexity of the sys-
tem, the agreement with theory is good.

Finally, the behavior of W,  with temperature in the
(18—20)-K region is shown in Fig. 4. If the diffusion
model is valid in this temperature region for the Pr-Nd
transfer and if this is the major contribution to the
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FIG. 3. Temperature dependence of the asymptotic decay
rates in the (35—70)-K region. | are the experimental data, A
is calculated by using Eq. (7) with n4=const. A is calculated
by using Eq. (7) with ny=n4o(T). O is calculated by using Eq.
(8) with n,=const. @ is calculated by using Eq. (8) with
ng=n,o(T).
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FIG. 4. Temperature dependence of the asymptotic decay
rate in the temperature range 18—30 K. Solid line has a slope of
2.06.

asymptotic decay rate, then we would expect a T>?*
dependence on temperature in this region. This is a
consequence of the T dependence of B and the B8/
dependence of W,.*!®  Actually, the relations
0.16 <B/a,4 <0.74, 12 < B/ap <719 in this region imply
the validity of a hopping or rapid-migration model for the
Pr-Pr transfer but can not imply the validity of the dif-
fusion model (which is valid when B <<a) for the Pr-Nd
transfer. The solid line in Fig. 4 has been drawn with a
slope of 2.06 but the experimental values of W, differ by
about 25 at.% from the calculated values. We believe
that in this region, the Pr-Nd system is in an intermediate
regime where no model is known to work, and a more
general theory is needed.’

V. CONCLUSION

In this paper we have examined a complicated system
in which donor excitation can be transferred to other
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donors as well as to two different types of acceptors. This
work and Ref. 16 are as far as we know the only works
which present quantitative investigations of such systems
at relatively high temperatures. In the system
Lag 7oPrg »5Ndg 03F3, the phonon-assisted donor-donor
transfer parameter 8 changes with temperature as T° up
to 70 K, and by changing the temperature we could span
the range of B<<a4,ap to B>>ap, B> a, in a single sys-
tem. At 2 K, the decay rate of the donor ions due to two
kinds of acceptors can be successfully calculated by as-
suming a dipole-dipole interaction and no donor-donor
transfer, and by using a generalized exact f(¢) expression
for two different acceptors. In the (30—70)-K region the
Pr-Pr and Pr-Nd cross-relaxation transfers are governed
by the rapid-migration and hopping models, respectively.
It is important to realize that the a, values are such in
this region (B/a~1-—10) that the asymptotic decay rate
appropriate for the rapid-transfer limit has not been
reached, thus it is possible for the donor excitation to trap
at a Nd site prior to transferring to another donor. This
obviously affects the decay dynamics. The true rapid-
migration limit, in other words, requires that 8>>a; for
all i, i.e., all relevant trapping processes; in such a case
Eq. (4) yields the decay behavior for all ¢ In the
(18—30)-K region the system is governed partly by a hop-
ping or rapid-migration model for the Pr-Pr transfer but
is in an intermediate region for the Pr-Nd transfer.

We have shown that even complex luminescent systems
can be understood fairly well if the temperature depen-
dence of the different parameters (8, a4, ap, etc.) can be
measured independently either by using the information
obtained from measurements on very similar systems or
by using the information obtained from measurements on
the same system in different temperature ranges. It is
clear, however, that there remain areas where additional
theoretical effort is required so that we may obtain a more
exact, quantitative understanding of these processes.

ACKNOWLEDGMENTS

We are greatly indebted to D. L. Huber for many help-
ful discussions, and to M. Shulevitz for assistance with
the computer programs. This work was supported in part
by the National Science Foundation (Grant No. DMR-
81-16733), the Department of Energy (Contract No. DE-
ACO02-83ER5023), and by the University of Wisconsin
Graduate Research Committee.

*Present address: Department of Physics, University College,
Galway, Ireland.
Present address: Department of Physics, Bar-Ilan University,
Ramat-Gan, Israel.
IPresent address: Research School of Physical Sciences, Aus-
tralian National University, Canberra, ACT 2600, Australia.
§Present address: Department of Physics, Chinese University of
Science and Technology, Hofei, Anhwei, P. R. China.

I Laser Spectroscopy of Solids, Vol. 49 of Topics in Applied Phys-
ics, edited by W. M. Yen and P. M. Selzer (Springer, Berlin,
1981), Chap. 5, pp. 141ff.

2V. M. Agronovich and M. D. Galanin, Electronic' Excitation
Energy Transfer in Condensed Matter (North-Holland, New
York, 1982).

3J. Hegarty, D. L. Huber, and W. M. Yen, Phys. Rev. B 25,
5638 (1982).

4). Hegarty, D. L. Huber, and W. M. Yen, Phys. Rev. B 23,
6271 (1981).

SP. M. Selzer, D. S. Hamilton, R. Flach, and W. M. Yen, J. Lu-
min. 12-13, 736 (1976); D. S. Hamilton, P. M. Selzer, and W.
M. Yen, Phys. Rev. B 16, 1858 (1977).

SD. L. Huber, D. S. Hamilton, and B. Barnett, Phys. Rev. B 16,



4858 GLYNN, LAULICHT, LOU, SILVERSMITH, AND YEN 29

4642 (1977).

M. Inokuti and F. Hirayama, J. Chem. Phys. 43, 1978 (1965).

8J. C. Vial and R. Buisson, J. Phys. (Paris) Lett. 43, L-795
(1982).

9D. L. Huber, in Laser Spectroscopy of Solids, Ref. 1, Chap. 3,
p. 83.

105, 1. Golubov and Y. V. Konobeev, Fiz. Tverd. Tela (Len-
ingrad) 13, 3185 (1971) [Sov. Phys.—Solid State 13, 2679
(1972)]; A. Blumen and J. Manz, J. Chem. Phys. 71, 4699
(1979).

1D, L. Huber (private communication).

12A, 1. Burshtein, Zh. Eksp. Teor. Fiz. 62, 1695 (1972) [Sov.
Phys.—JETP 35, 882 (1972)].

13M. Yokota and I. Tanimoto, J. Phys. Soc. Jpn. 22, 779 (1967).

145, J. B. Reed, Electron Microprobe Analysis (Cambridge
University Press, Cambridge, 1975).

15v. P. Sakun, Fiz. Tverd. Tela (Leningrad) 21, 662 (1979) [Sov.
Phys.—Solid State 21, 390 (1979)].

161, A. Bondar, A. I. Burshtein, A. V. Krutikov, L. P.
Mezentseva, V. V. Osiko, V. P. Sakun, V. A. Smirnov, and
I. A. Scherbakov, Zh. Eksp. Teor. Fiz. 81, 96 (1981) [Sov.
Phys.—JETP 54, 45 (1981)]. With this value of P, the factor
multiplying the expression in large parentheses in (5) is ap-
proximately 50% larger than the first term in (8).

V7Calculated by using the energy-level values of the 3H, mani-
fold in LaF; reported by W. M. Yen, W. C. Scott, and A. L.
Schawlow, Phys. Rev. 136A, 271 (1969).

18M. J. Weber, J. Chem. Phys. 48, 4774 (1968).

9Calculated by using the energy-level values of the *Iy,, mani-
fold in LaF; reported by W. T. Carnall, H. Crosswhite, and
H. M. Crosswhite, Argonne National Laboratory Informal
Report, 1977 (unpublished).



