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electron-phonon coupling, electron-localized-
mode interactions, or possible breakdown of the
effective-mass approximation because of the
large dc electric fields. However, the explana-
tion for the frequency dependence of the mass
proposed here is not considered conclusive until
a more detailed theoretical treatment of the cy-
clotron resonance in this system is available.
We would like to express our gratitude to T. L.
Reinecke for enlightening discussions and sug-
gestions about electron-electron interactions.
We are also indebted to J. J. Quinn, P. J. Stiles,
R. F. Wallis, and D. Mills for useful conversa-
tions; to J. Stannard for experimental assistance
with the MOSFET characterization measure-
ments; and to the staff of the Naval Research
Laboratory’s high magnetic field facilty for the
high fields necessary for these experiments.
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Time-Resolved Fluorescence Line-Narrowing Studies in LaF; :Pr3* ¥
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We report the direct observation of energy migration and spectral diffusion in the °P,
state of LaF3:Pr3+ using the technique of time-resolved fluorescence line narrowing on
the resonant Py— °H, transition. The temperature dependence of the migration process
has been measured and various possible transfer mechanisms are discussed. In addi-
tion a variation in the excited-state lifetime as a function of absorption frequency and a .
concentration broadening at zero delay in the nonresonant transition 3P ,— (°Hy), (the

lowest Stark level) are reported.

We wish to report the direct observation of en-
ergy migration and spectral diffusion within the
optically excited 3P, state of LaF,:Pr®" using the
technique of time-resolved fluorescence line nar-
rowing on the resonant *P,~ (3H,), transition.
(*H,), is the lowest Stark level.

Over the past few years the technique of fluo-
rescence line narrowing (FLN)! has been repeat-
edly applied to overcome inhomogeneous broad-
ening in solids. ‘Using a pulsed, tunable, dye
laser and time-resolved sampling of the fluores-
cence signal, this method can be expanded to in-
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clude the study of dynamic effects within an in-
homogeneously broadened fluorescence line. Ap-
plied to rare-earth ions in an amorphous host,

it has recently made possible the direct observa-
tion of energy migration,® i.e., the nonradiative
energy transfer between neighboring ions where-
by the population of the excited-state level re-
mains unchanged. By using a dye laser of con-

" siderably higher resolution and a Fabry-Perot

interferometer as an analyzer, we believe we
are the first to have directly observed an analo-
gous effect for ions in a crystalline host. Obser-



VoLUME 35, NUMBER 15

PHYSICAL REVIEW LETTERS

13 OcTOBER 1975

vations of this type give insight into transfer
mechanisms responsible for energy migration.
The excitation source used for our experiment
is a pressure-scanned, pulsed, tunable, dye la-
ser with a bandwidth of ~#1.5 GHz, and has been
described elsewhere in detail.® The analyzing
system consists of a pressure-scanned Fabry-
Perot interferometer followed by a narrow-band-
pass interference filter. A Fabry-Perot spacer
of 0.7 mm was used for most measurements to
give a large free spectral range and an adequate
signal-to-noise ratio. The signal from the photo-
multiplier was fed into a boxcar integrator where
it was sampled at a preset time delay after the
excitation pulse. By repeatedly scanning the Fab-
ry-Perot interferometer at various time delays,
the time evolution of the fluorescence profile was
then recorded. A i-psec gate aperture was used
for all our measurements. With the laser pump-
ing into the 3P level all the studies pertaining to
the migration effect were done on the resonant

transition and at a dopant concentration of 5 mol%.

Figure 1 shows typical results of time-resolved
sampling taken at two different temperatures. At
lower temperatures we see a single, simple fluo-
rescence line whose shape and width do not no-
ticeably change with increasing delay. Also pres-
ent is a small uniform background. When the
temperature is further lowered this background
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FIG. 1. Typical results of time-resolved studies
taken at two different temperatures with a Fabry-Perot
interferometer. [°P,— (°Hj), transition, 5-mol% Pr.]
The virtually flat shape of the background is due to
overlapping orders in the interferometer. The width
of the narrowed fluorescence at a given temperature is
equal to twice the homogeneous width plus the instru-
mental profile,

diminishes rapidly, and it appears to vanish at
5°K. At 35°K we see two obvious changes: First,
the background becomes very significant, and
persists to the very longest delays. Second, the
narrowed fluorescence-line component now de-
cays considerably faster. Both of these behav-
jors are characteristic of energy migration, pro-
vided the background originates from the inhomo-
geneously broadened, or “normal,” fluorescence,

e., the fluorescence which appears when the
transition is pumped with a broad-band excitation
source. To ascertain that this is the case, the
time evolution of the signals was analyzed using
a spectrometer (Spex Model No. 1401) instead of
the Fabry-Perot interferometer (Fig. 2). At the
cost of poorer resolution and signal-to-noise ra-
tio, we eliminate the problem of overlapping Fab-
ry-Perot orders which give rise to a seemingly
flat background in Fig. 1. Figure 2 indicates that
the background has the shape, width, and position
of the full inhomogeneous fluorescence. Also, no
significant changes are observed in its position,
width, and time evolution when the laser is tuned
from the high- to the low-energy side of the *P,
absorption curve. From these results it is clear
that transfer of energy from the original excita-
tion to ions that fluoresce at other positions in
the inhomogeneously broadened fluorescence pro-
file is occurring.

We proceed by addressing the nature of this
transfer mechanism. We assume that strain
broadening is microscopic, i.e., that it is ran-
dom over a characteristic distance smaller than
the average ion-ion separation. Assuming that
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FIG. 2. Results of time-resolved studies taken with
a spectrometer on the sample in Fig, 1. The laser is
pumping at three different positions in the P, absorp-
tion band (low-energy side, center, and high-energy
side). The narrowed fluorescence is in resonance with
the laser frequency and shows the shape of the spec-
trometer profile.
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the ion-ion interaction is electrostatic (exchange
interaction is thought to be negligible for dilute
rare-earth systems as in our case) the transfer
rate P,., between two ions 1 and 2 can be writ-
ten as®®

P,.,=K(AE)R™®. (1)

K(AE) is a function of the energy mismatch AE
=E,~E,, where E, and E, are the excitation en-
ergies of the two ions. Its qualitative behavior
is determined by the particular transfer mech~
anism in question. R is the inter-ion spacing,
and s is equal to 6, 8, or 10 depending on the
multipolar nature of the interaction.

For resonant energy transfer between two sim-
ilar ions K(AE) is proportional to a Lorentzian
line-shape term, having a width twice the homog-
eneous width, A, of the absorption line.*** It
thus vanishes rapidly for energy differences AFE
much greater than a few homogeneous widths.
This should result in a migration process start-
ing from the initial excited-state population and
gradually diffusing outwards towards the neighbor-
ing ions in the inhomogeneous profile. We would
then expect to see a gradual increase in the actual
width of the fluorescence line with increasing de-
lay. Using Dexter’s equation for resonance trans-
fer® we get an upper limit of 2x10°2 em™!/usec
for this increase in linewidth. From the appear-
ance of the full inhomogeneous background at the
earliest delays in all of our data, we conclude
however that none of this type of spectral diffu-
sion is taking place, and that instead K(AE)
seems to be virtually independent of AE. We
therefore proceed by considering other types of
transfer mechanisms.

Another possibility is phonon-assisted energy
transfer. Quite generally phonon-assisted ener-
gy transfer can be either direct or of higher or-
der (Raman, etc.). The direct process, involving
the emission or absorption of an acoustic phonon,
has been treated by Orbach.® For kT <AE, this
type of transfer should result in a strongly asym-
metric background and a large difference between
the transfer rates when the laser is pumping on
the high- and low-energy side of the absorption
profile. At higher temperatures, in the limit of
RT >AE, it can be shown®® that K(AE) <kT.
K(AE) is then virtually independent of AE. For
temperatures above 30°K (kT ~ 21 cm™!, AE~ 4
cm™!) this would then explain the simultaneous
appearance of the entire inhomogeneous fluores-
cence at the earliest delays.

We have plotted the temperature dependence of
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FIG. 3. Temperature dependence of the transfer rate
Wir. Above 10°K the dependence of the transfer rate is
roughly linear (refer to text).

the transfer rate in Fig. 3, where W, is obtained
by applying the formula of Inokuti and Hirayama®
to the height of the narrowed fluorescence in Fig.
1.” Considering Eq. (1), it has been assumed
that K(AE) is independent of AE as suggested by
our data, and that s=6 (dipole-dipole interac-
tion).® Although Fig. 3 qualitatively shows a lin-
ear dependence above 10°K, its slope does not in-
tersect 0 as expected for the direct process.®
Higher-order phonon processes on the other hand
would probably show a steeper temperature de-
pendence (either exponential or approaching T7
for a Raman process). Having ruled out resonant
energy transfer as a viable mechanism, both the
direct and higher-order phonon processes had to
be invoked therefore to explain the observed tem-
perature dependence. This conclusion seems to
be indeed supported by recent measurements on
higher-concentration samples'® which, while hav-
ing a similar temperature dependence, also
showed a pronounced asymmetry in the transfer
rate at low temperatures.

Additional interesting effects that we have ob-
served concern variations in linewidths and life-
times. At 5°K and low concentrations (0.2 mol%)
the nonresonant transition to the (*Hg), level
shows an unexpectedly large residual width of 1
GHz. This width increases to =1 cm™! (= 30 GHz)
at a concentration of 5 mol%, whereas we obtain
an upper limit of only 200 MHz for the width of
the resonant transition at this concentration. We
attribute the large residual width of the nonreso-
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nant transition to the fact that ions in qualitative-
ly different crystal field environments can absorb
at resonance but yet luminesce to slightly differ-
ent nonresonant levels.!! Such residual widths
are not observed for Doppler-broadened lines in
gases. This therefore constitutes a major differ-
ence in the behavior of inhomogeneously broad-
ened lines between the two systems. Since we
would expect that this residual width depends on
the strength of the strain broadening, we attrib-
ute its increase with concentration to the corre-
sponding increase in the inhomogeneous width
(the latter increases from about 1 ecm™! at 0.2
mol% to over 7 ecm™! at 5 mol%). Additional
broadening could arise from resonance interac-
tions in the (®°Hg), level. At a concentration of
5 mol% we have also observed a variation in the
excited-state lifetime as a function of absorption
frequency. We attribute this to strongly concen-
tration-dependent satellite lines that, at these
higher concentrations, are now folded into the
broadened main absorption line. Different crys-
talline field environments could also contribute
to this effect.

These, and other related effects, will be dis-
cussed in a subsequent article.!?
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New tests of neutral-current models are proposed for I =3 final states produced in neu-
trino-induced reactions. The isoscalar analog of the conserved-vector-current hypothe-

sis is also discussed.

One of the outstanding tasks in weak-interac-
tion physics today is to determine the quantum
numbers of the hadronic neutral current. Even

though neutral-current phenomena for semilep-
tonic processes were first discovered in inclu-
sive reactions,' it has been recognized for some
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