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The technique of time-resolved fluorescence line narrowing has been applied to the °P, state in LaF;:Pr’*
Investigations included not only the low-concentration limit, but also samples of higher concentration. By
‘sampling the fluorescence signal very shortly after the excitation pulse, measurements of homogeneous widths
were undertaken. It is shown that the effect of ‘“accidental coincidence” plays an important role in the
analysis of nonresonant linewidths at low temperatures. Also considered are differences in the dependence of
the excited-state energies on the crystal-field strength. By properly accounting for these effects, it is shown
that all of our linewidth data can still be explained by the existing theory of phonon-induced relaxation. An
extensive discussion is given of time-resolved studies exhibiting the effect of phonon-assisted spectral diffusion.
Included are results that have been reported previously. Finally, at higher concentrations, a variety of new
effects have been observed. These include “pseudodiffusion,” line-shape and linewidth variations in the
nonresonant transition, and a variation of the 1/e lifetime of the excited state as a function of the absorption
frequency. These effects are attributed to strongly concentration-dependent satellite lines that, at these higher
concentrations, are now folded into the broadened main line. It is pointed out that when dealing with
conventional line-shape and decay-curve measurements in samples of higher concentration, the possible
presence of all of these effects has to be considered and properly accounted for.

L INTRODUCTION

The recent advances in the construction of dye
lasers have led to the successful application of
new spectroscopic techniques such as saturation
spectroscopy,' two-photon absorption,? and fluore-
scence line narrowing® to overcome the inhomo-
geneous broadening in gases.

With respect to the application of these same
techniques to solid- state spectroscopy, one has to
take into account major qualitative and quantitative
differences in the spectroscopic behavior. The
most important of these is the different nature of
the inhomogeneous broadening. Whereas the in-
homogeneous broadening is due to the Doppler ef-
fect in gases, it is due to strain and other lattice
imperfections in solids. Because of this, it is
immediately clear that two-photon absorption will
not produce line-narrowing phenomena in solids.
Considering saturation spectroscopy on the other
hand, this method should be able to measure homo-
geneous widths of absorption lines, if it is mod-
ified appropriately.* However, there are problems
with reaching high enough power levels for the
saturation beam, when operating in a pulsed mode?
Also this method would not allow the detection of
possible hidden hyperfine structures (such as nu-
clear hyperfine splitting, etc.), which are other-
wise masked by the inhomogeneous broadening.
The technique of fluorescence line narrowing (FLN)
on the other hand does not have any of the dis-
advantages mentioned above. By sampling the
fluorescence profile at different delays after the
excitation pulse, it also allows a simple direct

time-resolved study of the fluorescence profile.
Moreover it allows the observation of transitions
that do not involve the ground state, contrary to the
technique of saturation spectroscopy.

Having determined that for the great majority of -
applications time-resolved FLN is the most
versatile of the techniques mentioned above,® this
method was applied to the case of the P, state in
LaF,:Pr*. These investigations included not only
the low-concentration limit, but also samples of
higher concentration. By sampling the fluorescence
signal very shortly after the excitation pulse,
studies in homogeneous widths were undertaken. It
is shown that the effect of “accidental coincidence”
plays an important role in the analysis of nonreso-
nant linewidths at low temperatures. Also consid-
ered are differences in the dependence of the ex-
cited-state energies on the crystal-field strength.
By properly accounting for these effects, it is
shown that all of our results can still be explained
by the existing theory of phonon-induced relaxa-
tion. In addition, a more extensive discussion is
given of the effect of phonon-assisted spectral
diffusion. This includes results of time-resolved
studies reported previously.™® Finally, at higher
concentrations, effects such as a variation of
the 1/e lifetime across the absorption profile,
pseudodiffusion, and variations in linewidth and
line shape were observed. Theseareallprocesses
which have previously not been observable di-
rectly with broad-band excitation methods. We
also conclude that, when dealing with conventional
line shape and decay-curve measurements in sam-
ples of higher concentrations, the possible pres-
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ence of the type of effects observed in this ex-
periment must be considered and properly ac-
counted for.

II. EXPERIMENTAL SETUP AND PROCEDURES

Contrary to gases where the largest Doppler
widths are on the order of a couple of GHz (e.g.,
~ 6 GHz for hydrogen at room temperature in the
visible), inhomogeneous widths of up to 10 cm™
are easily possible in solid-state spectroscopy
when dealing with higher concentration samples.
Because of this, and in order to have a laser that
can be scanned repetitively and reliably to any
point within the whole inhomogeneous absorption
profile, it was necessary to develop a new tuning
technique. This was done by the introduction of
pressure scanning, and has been described in an
earlier publication.’® For all applications re-
ported here, such a laser, operating in its inter-
mediate resolution mode (roughly 1 to 1.5 GHz)
was used.

The experimental setup is shown in Fig. 1. The
laser is polarized vertically and focused down on
the sample by lens F,. The sample itself, with the
¢ axis horizontal, is mounted on the tip of a vari-
able-temperature cryostat. The fluorescence of
the sample is then focused on the entrance aper-
ture A, of a Fabry-Perot interferometer via
lenses F, and F,. The diameter of aperture A,
is chosen to give a resolution of at least 0.7 R,
where R, is the maximum, reflectivity-limited
resolution of the Fabry-Perot. The Fabry-Perot
interferometer itself is pressure scanned and has
an effective open-plate diameter of 5 cm. Its
nominal surface flatness is 1/100, or better,
With plate reflectivities of (91.5 or 93.5)%, the
etalon spacing was varied between 0.2 and 30 mm,
depending on the desired resolution, free spectral
range, and signal-to-noise ratio. After having
passed through the collimating lens F, and the
etalon assembly, the fluorescence light is re-
focused onto the aperture A,, which eliminates
undesired back reflections emanating primarily
from the back surfaces of the Fabry-Perot plates.
Before reaching the photomultiplier, the fluore-
scence light is collimated once more (collimating
lens F.) to fall through an appropriate 1-in.-diam
interference filter (full bandwidth at half- max-
imum: 6to 10 A). This interference filter elimin-
ates all the fluorescence light except for the one
particular fluorescence line under investigation.
After having been detected with the photomulti-
plier, the fluorescence signal is passed through
a current-to-voltage converter and amplified
(amplifier: Keithley, Model 104). To prevent
saturation of the electronics because of scattered

Dye Laser Beam
\~Direction of Polarization

Sample
Cronat
O {

l/Direction of c-axis
C
N

B F
1
< F2 ﬁb} F3
Reference
Detector = A1
Fs
Amplifier ' Fabry-Perot Etalon

= >
Boxcar To Pressurization
Integrator | | |l &Evacuation System

QFG

s

= F-
Interference Filter

vk

P.M.

Trigger from
Nitrogen

Lcse7
e

Gate

Generators,

Variable Delays
& Variable
Gate Widths

Current to Voltage
[ ]Converter/
Preamplifier

Amplifier/
Discriminator/
Pulse Shaper

Gated Counter/
Adder/
D/A - Converter

Boxcar
Integrator

Divider T /\
<+

RC
Filter X-Y Recorder

FIG. 1. Experimental setup. F;- Fy: Focusing and
collimating lenses. B: Beamsplitter. A, and A,:
Apertures. The dye laser is described in Ref. 10.

laser light that reaches the photomultiplier when
doing measurements on the resonant transition, a
system of diodes and appropriate resistors is used
in the current-to-voltage converter and the pre-
amplifier. This system reduced the saturation of
the current-to-voltage converter and the pre-
amplifier to less than 1.5 y sec even under the
most severe conditions. Finally, the signal is fed
into a box-car integrator (Molectron, Model 112
Differential Gated Integrator) where it is sampled
at a preset time delay ¢ after the excitation pulse.
By repeatedly scanning the interferometer at dif-
ferent time delays, the {=0 characteristics as well
as the whole time evolution of the fluorescence profile
canthen be recorded. Because of considerable fluc-
tuations in dye laser power, the signal-to-noise ratio
is improved by dividing the output of the box-car in-
tegrator witha reference. (For mostapplications
this division was done digitally using a combination of
two analog-to-frequency converters, a Hewlett-
Packard 5326 A timer-counter, and a digital-



1250 FLACH, HAMILTON,

to-analog converter.) The output of the divider is
then passed through an RC filter, and finally dis-
played on an X-Y recorder.

Because of low signal levels, some of the data
for the low-concentration samples was also
taken using photon counting. For this purpose an
exactly complementary system to the one described
above was used, consisting of an amplifier-
discriminator-pulseshaper combination (SSR-
1120 Amplifier- Discriminator), a gated counter-
adder, and a digital-to-analog converter. This
system is also indicated in Fig. 1.

The system studied, LaF,:Pr®", was chosen for
the following reasons: (a) Pr** is one of the most
soluble rare-earth ions in LaF,, and no clustering
is observed at any concentration. This allows a
direct concentration- dependent study of ion-ion
interactions, giving new insight into such processes
as energy migration and spectral diffusion.” (b)
The properties of the most important fluorescence
lines, in particular their shape, shift, and widths,
are relatively well known, and have been investi-
gated.!* (c) Also, the state initially excited in our
experiment, the *P, level (see Fig. 2), is in a
wavelength region where pulsed dye lasers can be
operated without any difficulties.

The approximate position of the Stark manifolds
of Pr** (host: LaF,) are shown in Fig. 2. Being
a non-Kramers ion, the low crystalline-field sym-
metry (C,) in LaF, lifts all degeneracies. Each
Stark manifold is therefore split into 2J+ 1 in-
dividual components, where J is the total angular
momentum quantum number. With the laser pumping
into the ®P, state (lifetime: 7,~ 50 usec)at4777.7 A,
two inhomogeneously broadened lines were in-
vestigated: The nonresonant transition to the
lowest level (*H,), of the *H, manifold, at 5985.3 A,
and the resonant transition back to the ground state
(®H,),. A i-usec gate aperture was used for most
measurements. The laser-dye solution consisted
of roughly 5% 10" mol/1 coumarin 1F (7-diethyl-
amino-4-trifluoromethylcoumarin) in p-Dioxane,
giving a peak output power of approximately 1.5
to 2 kW. The possible presence and distorting in-
fluence of nonlinear phenomena such as lasing
(e.g., in the 3P,—°%H, transitions),'? photon
echoes,” and self-induced transparency* were
checked, and found to be negligible. The dopant
concentration of most samples (single crystals
obtained from Optovac, Inc.) was 0.2 and 5 mol%,
with some more recent studies done at a concen-
tration of 20 mol%.®

III. STUDIES OF HOMOGENEOUS WIDTHS

In this section we discuss the experimental
results of line shapes and homogeneous widths.
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FIG. 2. Approximate position of the Stark manifolds
of Pr¥ in LaF;. With the laser pumping into the 3P0
state at approx. 4777.7 A, two inhomogeneously broad-
ened transitions are investigated: The nonresonant tran-
sition to the lowest level (3Hs)1 of the SHG manifold, at
approx. 5985.3 103, and the resonant transition back to
the ground state (°Hy),.

As mentioned previously, these studies were
done by sampling the fluorescence signal very
shortly (500 nsec-2 usec) following the laser ex-
citationpulse. The two transitions investigated
showed various degrees of line narrowing depen-
dent on temperature and concentration.

A. Residual widths at low temperature

At low temperatures the resonant transition
3pP,—~ (*H,), exhibits strong line narrowing. We
obtain an upper limit of 200 MHz for its width at
4.8 K and a concentration of 5 mol%. At the same
temperature the nonresonant transition 3P,
—~(®Hy),, on the other hand, shows some unexpectedly
large residual widths; we get a width of ~1.3 GHz
for the 0.2-mol% sample, and a much larger
width of =1 cm™ for the 5-mol% sample. These
widths as well as corresponding line shape and
linewidth variations observed for the 5-mol%
sample are illustrated in Figs. 3 (Ref. 15) and
Fig. 4.

To understand these unexpectedly large residual
widths in the nonresonant transition (as well as the
corresponding line shape and linewidth variations
depicted in Fig. 4), we first address ourselves to
the case of the 0.2-mol% sample. Although it is
clear that the theory of phonon-induced relaxation!!
is not able to account for this large residual
width, it may still be argued that it results from
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FIG. 3. Temperature dependence of the width of the
nonresonant transition °Py— (*Hg);. The symbols Av/,,
Av;, Avy and a are explained in the text [see Egs. (1) -
and (2)]. The widths were measured for two different
samples: (a) concentration 0.2 mol%, and (b) concen-
tration 5 mol%. The solid curves indicate the result
of Eq. (4). For position of the laser frequency relative
to the center of the (*H,);— 3P, absorption profile see
Ref. 15.

a very high multiphonon decay rate from the

(Hy), level to the next lower Stark manifold. How-
ever, the lifetime of the (Hy), level has been mea-
sured'® for LaCl,: Pr®*, giving a value on the or-
der of 1072 sec. Taking into account the differ-
ences in multiphonon relaxation rate between the
LaF, and LaCl, lattices,'” we get an estimated
lifetime of 20 X 10°® sec. This is five order of
magnitudes slower than the value of 0.12 X 10°°

sec necessary to account for the observed line-
width. In addition, if the residual width is at-
tributed to a fast lifetime-limiting decay rate,

the corresponding line shape would have to be
Lorentzian. However our measurements show
that the line shape is non-Lorentzian, clearly
indicating that the mechanism has to be of a dif-
ferent nature than the one discussed above. It
might also be postulated that the large residual
width is due to unresolved nuclear hyperfine
splitting, the latter being unexpectedly large in
case of the 3P, —~ (*H,), nonresonant transition.
However, recent measurements of Erickson'®
have shown that this splitting is negligibly small.*®
Throughout this paper, nuclear hyperfine splitting
(and related effects) will thus be neglected.

Next we address ourselves to the case of the
5-mol% sample, where we have observed an even
larger residual width of roughly 1 ecm™. Here,
we might possibly assume that the residual width
is due to some concentration-dependent broaden-
ing mechanism, i.e., either resonance broadening
or cross relaxation. Since cross relaxation of
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FIG. 4. Linewidth and line shape variations in the non-
resonant transition *Py— (3Hg);. The symbol + indicates a
Lorentzian fit. §v,; is the shift of the laser frequency
relative to the center of the (3H,);— °P, absorption pro-
file. The linewidth varies from Ay, ~ 0.8 cm™! at (a) to
Av,~1.1cm™!at (d) [Av, is the residual width due to
accidental coincidence, see Eq. (2)]. The asymmetry
in (b) is clearly connected to the effect of “pseudodif-
fusion” which is discussed in Sec. V.

this magnitude would almost totally quench the
3p, state, it must be argued that this cross relax-
ation would originate from the terminal (H,),
level. However, the most favorable relaxation
scheme for this level, namely, (*Hy),+ (*H,),

-~ (*Hy), + CH;),, has an energy deficit (i.e., acti-
vation energy) of 135 ecm™, making it a highly
unlikely process in the temperature range of in-
terest. Resonance broadening on the other hand
would indicate a strong coupling between Pr®* ions
giving rise to excitonlike behavior and hence,
dispersion in the excited states. However, a
dispersion of 1 cm™ corresponds to an interaction
strength of roughly 1 cm™, which is considerably
stronger than the interaction strength between
neavest-neighbor rare-earth ions (typically es-
timated at 107! to 102 em™). Therefore in these
dilute inhomogeneously broadened systems, the
dispersion would be expected to be even smaller.
We thus conclude that resonance broadening is not
the cause of our observations. This will be fur-
ther substantiated by the fact that we can account
below for all of our observations by the theory of
phonon-induced relaxation with the exception of
the large residual widths that are discussed in
this paragraph.

To understand our results, we follow the treat-
ment of Motegi and Shionoya,?® who have shown
that using FLN techniques it is possible to map
the energy-level schemes of inhomogeneously
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broadened systems. Such a mapping is illustrated
in Fig. 5. In essence, Fig. 5 shows the shift of
the center of the *P,—~ (°H,), fluorescence line re-
lative to the corresponding shifts in the (H,),

- 3P, excitation frequency. The abscissa, i.e.,
the “crystal-field-strength” parameter, is a
virtual parameter indicating the “strength” of the
crystal field. Had our system been a gas, this
parameter would have been the axial velocity.
The solid analog to a gas would then be a system
where the entire crystalline-field environment is
determined by one parameter only. Moreover in
such a system all the inhomogeneous broadening
could only arise from variations of this param-
eter characterizing the crystalline-field environ-
ment, i.e., it could not also be due to slight dis-
tortions resulting in various small deviations
from the nominal site symmetry. It is clear that
for all practical purposes no actual system is
able to fulfill these requirements. In particular
the system under investigation, LaF,:Pr® (most
probable site symmetry: C,)*! has more than 10
free crystalline-field parameters. This fact is of
singular importance, since it devaluates a priovi
the exactness of the type of representation shown
in Fig. 5. In contrast to the case of a true one-
parameter system such as a gas, this makes it
possible for two ions to absorb in resonance, even
though they may be in sites having two different
sets of crystalline-field parameters. These two
ions will then generally emit to slightly different

ol T=48 K -
LaF: Pr3*,conc. 5 mol % o
+4 ./
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_2 |- ./
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FIG. 5. Mapping of the Pr* energy-level scheme
following the treatment of Ref. 20, The concentration is
5 mol% and the temperature 4.8 K.
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FIG. 6. Graphic illustration of the effect termed
“accidental coincidence” (see text). Although ions (1),
(2), and (3) all absorb in resonance, they emit to
slightly different nonresonant levels. This gives rise
to the residual width indicated on the right-hand side of
the figure.

nonresonant levels, thus giving rise to the residual
widths observed here in our experiment. This sit-
uation, termed ‘“accidental coincidence,” is indi-
cated in Fig. 6.%

This interpretation is consistent with all our
other observations noted previously. In particular,
due to the static nature of the effect, we would ex-
pect the resultant line shapes to be non- Lorentzian.
That this is indeed the case can be seen from Fig.
4. We would also expect that the amount of
“accidental coincidence” is to be correlated in
some sense to the gross inhomogeneous width of
the absorption line. (The inhomogeneous width of
the absorption line may be looked upon as a “mea-
sure” of the overall site to site variations in the
crystalline-field parameters.) Accordingly we
observed a strong increase in the inhomogeneous
width of the (*H,), -~ 3P, absorption line when the
concentration was increased to 5 mol%. We at-
tribute then the strong increase of the residual
width with concentration (Fig. 3) to this increase
in the inhomogeneous width of thé absorption line.

We conclude, in dealing with FLN experiments
in solids, that care must be exercised in the
analysis of all nonresonant transitions. This is
in contrast to the resonant transition, which, in
general, still reflects the true homogeneous
width of the absorption line.

B. Temperature-dependent linewidth data

Having determined the nature of the residual
widths, we now proceed to investigate the correct
fitting procedure for our linewidth data. This is
done using the theory of phonon-induced relaxa-
tion.!* These processes lead to purely homoge-
neous broadening of the transitions and are known
to have well-defined temperature dependences.
For all of our treatments here, we have assumed
that the line shapes involved are Lorentzian (to
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the extent that, within the experimental accuracy,
the convolution of any two lines has a width equal
to the sum of the individual linewidths). This in-
cludes the assumption that Av,+ Av <« Ay, . within
the temperature range of interest. Av, is the
laser bandwidth, Av is the homogeneous width of
the resonance transition, and Av,,, is the inhomo-
geneous width of the resonance transition.

Referring again to Fig. 5, it is clear that for the
resonance transition we still have®

Av,=2Av+ Ay, (1)

Here Av, is the experimental, i.e., measured
width of the transition. Av; is the sum of Av; and
the instrumental width of the analyzing Fabry-
Perot interferometer Av,.

For the nonresonant transition however, we
must account now for differences in slope between
the (Hy), and 3P, levels (Fig. 5); this results in

Avi=a(Av+ Av))+ AV + Av e+ Ay, .

(2)

J

Av,— aAv; - Av,= aAv+ AV + Ay,

=0.703 X 3.5p,(66, T) + 1.05p,(44, T) +

i.e.,

AV’ =1.05p,(44, T) cm™ . ()

po(w;, T) is given by
Polw;, T) = [eXp(wi/kT) -1, (6)

where w; is the energy separation between the ith
level and the lowest level within a given Stark
manifold, % is the Boltzmann constant, and 7 is
the temperature. Equations (3) and (4) are indi-
cated as the solid curves in Figs. 7 and 3, re-
spectively. Equation (3) was obtained by con-
sidering the center of gravity of the second and
third levels (resulting in w} =66 cm™) and by
neglecting the contribution of all higher levels.
The fourth level, in particular, is 137 cm™ above
the ground state, and by using the numbers of
Ref. 11 it can be shown that its contribution
amounts to less than 1% at 45 K. To obtain the
results of Eq. (4), the value of a— the ratio of the
slopes between the (®Hy), and the 3P, levels—had
to be determined more accurately. This is shown
in Fig. 8. As can be seen from this figure, all
the points lie on a straight line, with the exception
of those farthest from the center frequency of the
absorption line. The value of & extracted from
Fig. 8 is @ =0.703+0.012. This is less than what
we would have expected, had our system been a
gas; in such a case the value of @, to first order,

1253

Here Av/ is the measured width of the nonresonant
transition, and « is the ratio of the slopes between
the (H,), and the 3P, levels. Av’ is the homoge-
neous width of the nonresonant transition. Theterm
Av,is the additional width due toaccidental coinci-
dence discussed inthe previous paragraph. To within
agood approximation, Ay, willbe a temperature-in-
dependent factor.?* We note that, apart from
Ay’ and Av,, the experimental width Ay, is
alsodependenton Avand o. The latter two paramet-
ers must therefore be known first, before anaccurate
determination of Ay’ canbe made through Eq. (2).

If we now follow the treatment of Ref. 11, it can
be shown that all Raman terms can be neglected
within the temperature range of interest,?® which
leaves only the contribution of the direct process.
From the data of Figs. 7 and 3 we obtain then for

the resonant transition *P,~ (H,),,
3(Av,— Av;) = Av= 3.5p,(66,T) cm™ (3)

and for the nonresonant transition 3P, (*H,),,

{0.0435, concentration 0.2 mol%} em™ @

1.08, concentration 5 mol%

r
would have been a=0,/0,=0.798. o, and o, are
the energies of the resonant and nonresonant
transitions, respectively. It was found that an
adequate fit could be obtained for Eq. (4) [and Eq.
(5) as well] by only considering the second Stark
level of the ®*H, manifold. This was done, al-
though Ref. 11 indicates that the contribution of

otzr LaFy: Pr3* conc. 5 mol %

o 3 3
Resonant Transition "Py—=(Hg)

'g 0.08Fat 4777.7 A
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<. 004t
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FIG. 7. Temperature dependence of the width of the
resonant transition SPy— (°H,);. Av, is the experimental,
i.e., measured width, and Av; is the instrumental width
(see text). The solid curve indicates the result of Eq.
(3). The concentration is 5 mol %. The data are taken
with the laser pumping in the center of the (H,);— 3P,
absorption line.
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FIG. 8. Shift of the center of the 3P,— (%H), nonre-
sonant fluorescence profile plotted vs the (3H4)1—> 3P0
laser-excitation frequency. The resultant slope is equal
to a—the ratio of the slopes between the (3H6)1 and 3P0
levels in Fig. 5—giving o =0.703+0.012. The concen-
tration is 5 mol% and the temperature 4.8 K.

the third level is no longer negligible in the tem-
perature range of interest. Quite generally we
note, by comparing the direct process coeffi-
cients of Egs. (3) and (5) with those of Yen ef al. '
that the latter are consistently higher. We attri-
bute this to the fact that the coefficients of Ref. 11
were deduced by assuming a constant inhomoge-
neous width Av, ., although Av, , varies with
wavelength, the specific transition involved, and
the concentration. It mightalso have beennecessary
inRef. 11 to include not only the direct process coef-
ficients to the two or three lowest levels, butalso the
ones connecting to the remaining higher levels within
the same Stark manifold. This is true for any ac-
curate investigation extending to higher tempera-
tures.

From Figs. 3 and 7 we note that our data pro-
vides good agreement with theory (solid lines).
We conclude therefore that, by properly account-
ing for the peculiarities that occur when the tech-
nique of fluorescence line narrowing is applied to
solids, all of our results can still be explained by
the existing theory of phonon-induced relaxation.

Not discussed so far are the linewidth and line-
shape variations observed when the laser is
pumping at different positions in the (*H,), =3P,
absorption line. These changes are indicated in
Fig. 4. The variations in linewidth are due to
corresponding changes in Av, [see Eqs. (2) and
(4)]. These changes in Av, may (at least in part)
be explained by the presence of very strong
satellite lines that, at these higher concentrations,
are now folded into the strongly broadened main
line. The presence of these satellite lines is dis-
cussed in Sec. V. The variations in line shape
can be attributed to the presence of these satellite

SELZER, AND YEN 15
lines as well. This is evident for the case of the
fluorescence profile at 6v,=+4.77 cm™ [see Fig.
4; 6v, is the frequency of the laser with respect
to the center of the (H,), ~ %P, absorption profile]
where the corresponding asymmetry is clearly
connected to the effect of “pseudodiffusion” dis-
cussed in Sec. V. :

IV. TIME-RESOLVED STUDIES

In this section we give a short review of the
time-resolved studies that have been published
previously,”? together with additional remarks
that had not been included because of the limited
space available.

Figure 9 shows typical results of time-resolved
studies taken with a Fabry- Perot interferometer
on the resonant transition *P,~ (*H,),. The tem-
perature is 17 and 35 K, respectively, and the
concentration of the sample is 5 mol%. Figure 10
shows similar results taken with a 1-m grating
spectrometer on the nonresonant transition *P,

-~ (®H,),. The concentration of the sample is 20
mol%, and the laser is pumping at two different
positions (+6 cm™ off center) within the inhomoge-
neously broadened absorption line. To analyze
our results, we have assumed that the strain
broadening is microscopic, i.e., that it is random
over a characteristic distance smaller than the
average ion-ion separation. Assuming that the

LaF3: Pr3*, conc. 5 mol %
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T
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FIG. 9. Typical results of time-resolved studies taken
with a Fabry- Perot interferometer on the resonant tran-
sition 3P0—- (°H,),. The concentration of the sample is
5 mol%. The laser is pumping in the center of the (3H4)1
—3p, absorption profile. The virtually flat shape of the
background is due to overlapping orders in the inter-
ferometer. The width of the narrowed fluorescence at
a given temperature is equal to twice the homogeneous
width plus the instrumental profile (see Sec. III). The
temperature is 17 and 35 K, respectively.
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N La F3: Pr3+* conc. 20 mol %
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FIG. 10. Results of time-resolved studies taken with
a spectrometer on the nonresonant transition 3p,
— (*Hg);. The concentration of the sample is 20 mol%.
The laser is operating 6 cm™! above (left) and below
(right) the center of the (3H4)1—> 3P, absorption profile.
A large difference in the transfer rates between these
two positions can be detected. The temperature is 12 K.

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 written
aSZG, 27

P,.,=K(AE,T)R™. (7

K(AE,T) is a function of the energy mismatch
AE=E,- E,, where E, and E, are the excitation
energies of the two ions. Its qualitative behavior
is determined by the transfer mechanism that
gives rise to our observations. R is the inter-ion
spacing and s is equal to 6, 8, or 10 depending
on the multipolar nature of the interaction. From
the appearance of the full inhomogeneous back-
ground at the earliest delays in all of our data we
conclude that K(AE, T) is virtually independent of
AE. This is in contrast to the case of resonance
energy transfer by spectral overlap, where
K(AE,T) is a Lorentzian with a width twice the
homogeneous width, Av, of the (H,), ~ 3P, absorp-
tion line.2»2% In the latter case, instead of a back-
ground of the full inhomogeneous width we would
have expected a gradual increase in the actual
width of the fluorescence line with increasing
time delay. However, no such increase is ob-
served at any temperature. This is true in parti-
cular for T=40 K, where the homogeneous width
Av is on the order of the instrument profile of the
Fabry- Perot interferometer (Fig. 9) and where
any presence of resonance transfer would be
particularly easy to detect. This absence of
resonance energy transfer is in accordance with
our calculations, which give an upper limit of
2% 102 ecm™/usec for this increase in linewidth.”2¢
To get further insight into the transfer mecha-
nism responsible for our observations, its tem-

perature dependence was determined. This was
done by treating the initially excited ions, i.e.,
the ions which give rise to the line-narrowed part
of the fluorescence, as the “donor” system. All
the other ions were treated as the “acceptor”
system. ‘“Donor-donor” transfer is negligible due
to the absence of resonance energy transfer. The
formula of Inokuti and Hirayama?® could therefore
be applied to the height of the narrowed fluores-
cence. Following this formula, a least-squares
fit was made to a plot of —[InH () +¢/7,] vs £3/5,
where H(¢) is the height of the narrowed fluores-
cence, and 7, is the lifetime. If B is the slope of
this curve, we then have |B|%/3=W,, where W,
is the transfer rate. W, is related to K(AE, T)
=Ky(T) via

Wp=K(T)[47CT (1= 3/s)]*/3. (8)

Here C is the concentration, and I'(1 - 3/s) is the
gamma function. At lower temperatures a de-
pendence of K(AE, T) on AE might have been pres-
ent, although not obvious from our data.?® In this
case it was assumed that K,(7) in Eq. (8) can be
replaced by a suitable average of K(AE, T) over
AE.*® This average may then have a different
temperature dependence than K(AE, T) at fixed
AE, and a comparison between experiment and
theory is more difficult. In particular, for the
direct process,?” K(AE, T) can only be expected

to be independent of AE for 27> AE. This region
starts approximately at 30 K for the 5-mol% sam-
ple, and at 50 K for the 20-mol% sample. More-
over, deviations from the formula of Inokuti and
Hirayama occur at the very earliest delays.3!
These were taken into account by neglecting the
corresponding values of H(t) at these early delays.
Finally, not yet considered is the fact that “accep-
tor-donor” transfer, i.e., back transfer, is not
negligible in our case, contrary to the assumption
made in the derivation of the above formula. To
our knowledge there is no theoretical treatment
that takes this fact into account. It was assumed
that most of the influence of back transfer was
eliminated along with the deviations discussed
above, and that any possible residual effect would
only manifest itself as a multiplicative factor,
therefore not affecting the qualitative behavior of
W, within the experimental accuracy.

The temperature dependence of the transfer
rate W, thus obtained is shown in Figs. 11 and
12.%% Not included in these figures is an apparent
additional residual transfer rate which appeared
at low temperatures. This transfer rate is due to
cross relaxation to the 'G, level (see Sec. V), and
its effect was properly accounted for. The quali-
tative behavior of K,(T) deduced from Figs. 11 and
12 is somewhat different for the 20-mol% sample
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FIG. 11. Temperature dependence of the transfer rate
W . The concentration is 5 mol%.

than it is for the 5-mol% sample. This can be
attributed to differences in Av,,,, which cause the
corresponding averages of K(AE, T) over AE to
differ, in those cases where K(AE, T) depends on
AE.

As has been mentioned, resonance energy
transfer cannot account for our observations. We
therefore consider another possibility, namely
phonon-assisted energy transfer. This process
can either be direct, or of higher order. The
direct process,?” for kT < Av,,,, should lead to a
strongly asymmetric 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. For the 5-mol%
sample such an observation is however compli-
cated by the fact that below 7 K, where this
asymmetry should appear, the background has
already become vanishingly small. Also, for the

LaFy:Pr3*

conc. 20 mol %
3 = 20931 cm™!

. conc. 20 mol %
3 = 20919 cm™

conc. 5 mol %

"5 =20925 cm!
(LINE CENTER)

FIG. 12. Temperature dependence of the transfer rate
W . The concentration is 20 mol’%. The transfer rate
of the 5-mol% sample is also indicated for comparison.

5-mol% sample, a search for variations in trans-
fer rate is complicated by the fact that the ex-
cited- state lifetime varies with absorption fre-
quency (see Sec. V). For the 20-mol% sample,
however, a corresponding variation in transfer
rate has been observed,® and it is indicated in
Fig. 12 (see also Fig. 10). Considering next the
temperature dependence of W, the direct pro-
cess should lead to**?" W,cc T for kT > Av,,,.
This is however not the case, as can be seen
from Figs. 11 and 12. Also, for the direct pro-
cess, the transfer rate asymmetry shown in Fig.
12 would likely persist to 7=0 K,?? which is not
observed. An estimate of this residual transfer,
from the value at 7=30 K, further gives a lower
limit of Wy ,=0.1-0.2 usec™ in Fig. 12. A
transfer rate of this magnitude would have been
detectable in our experiment, if it had been pres-
ent. This suggests invoking a second-order pho-
non process. However, such a process would
probably lead to a steeper temperature dependence
(either exponential or approaching 77 for Raman
behavior). Taking into account all of these obser-
vations, it is felt at the present time that a com-
bination of these phonon-assisted processes will
produce the observed behavior.

Other processes not yet considered are virtual
phonon exchange and radiation trapping. Virtual
phonon exchange is assumed to be negligible in our
case.®® Since the weak resonance fluorescence
represents less than 0.1% of the total [the same
is also true for the weak *P,~ (*H,), and 3P,

- (H,), transitions], the influence of radiation
trapping on the time evolution of the fluorescence
profile is negligible. To further prevent any dis-
tortions in the fluorescence profile of the reso-
nance transition (see, e.g., Fig. 9) all observa-
tions were done with Av, +2Av << Ay, . (see Sec.
III), and with the laser beam exciting the sample
very close to its front surface (see Fig. 1).
Furthermore, because of the effect of “pseudo-
diffusion” (see Sec. V) all observations for the
5-mol% sample were done on the resonant transi-
tion and in the center of the (*H,), - 3P, absorption
profile. For the 20-mol% sample, however, such
effects could be neglected, since it had a much
higher transfer rate W,. All observations per-
taining to the 20-mol% sample were then done on
the nonresonant transition 3P, (*H;), and with the
laser operating 6 cm™ above and below the center
of the (°H,), - 3P, absorption curve (see Fig. 10).

At first glance another possible interpretation
of our results might be two-photon absorption into
the 4f5d band. However, the 4f5d absorption band
ranges from 51300 to 69000 cm™ which is too
high by nearly 10000 cm™.3* Also too high is the S,
state, which is located at 46 896 c¢m™.3%
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In conclusion, it would be interesting to extend
our type of investigation to other rare-earth and
transition-metal ions. It is conceivable that the
type of energy transfer process observed in this
experiment does exist in other systems and under
other conditions as well, and that it might actually
dominate the diffusion process in cases where
hitherto resonance energy transfer was thought
to be the prevalent mechanism.

V. STUDIES IN LIFETIMES, PSEUDODIFFUSION, AND
RELATED EFFECTS

In this section we discuss effects such as varia-
tions in the 1/e lifetime, pseudodiffusion, and
related phenomena, all of which were also ob-
served in the 3P, state of LaF,:Pr®. As mentioned
previously, these observations were done in
higher concentration samples. In particular, the
studies of this section were performed at a con-
centration of 5 mol%.

Figure 13 shows variation in the 1/e lifetime
of the 3P, state observed when the laser is pumping
at different positions within the (H,), ~*P, ab-
sorption curve. These positions are indicated
to the lower left-hand side of the figure. These
variations are accompanied by an asymmetric
non-Gaussian excitation spectrum as shown in
Fig. 14. Also evident from Fig. 14 is the fact that
the excitation spectrum has a more symmetric (and
a more Gaussian-like) shape at longer delays;
shown is the particular case of =50 ysec. Finally,
Fig. 15 shows an effect that seems to be similar
to the phenomenon of spectral diffusion discussed
in Sec. IV. This effect, termed “pseudodiffusion,”

— 10 -
2 2 | . L0F3:Pr3+, conc. 5mol % ?
S r i i ) o Laser is pumping at different positions ]
£ L Ei.%e within the (CH,), —3P, -
5 ¥ . 4’ 0
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FIG. 13. Variation in the 1/e lifetime of the P,
state observed when the laser is pumping at different
positions within the (H D1 3P0 absorption profile.
These positions are indicated to the lower left-hand
side. 0v, is the frequency of the laser with respect to
the center of the (*H,);— °P, absorption profile. The
concentration is 5 mol% and the temperature 4.8 K.

(*H,), =3P, Excitation Spectra,
Time-Resolved
LaFy :Pr™! conc. 5 mol %
T=48K
t=3 pusec

t=50 psec

-1
«—V ]'_(i‘m

FIG. 14. Time-resolved excitation spectrum depicting
the transition (°H,);,— 3P0. The concentration is 5 mol%
and the temperature 4.8 K.

is observed at T'=4.8 K although simultaneous ob-
servations on the resonant transition show that no
real spectral diffusion is taking place at this tem-
perature (see Fig. 11). Moreover, this effect is
only observed on the edges of the (*H,), - 3P, ab-
sorption curve, i.e., in those regions where the
greatest shortening of the 1/e lifetime is observed
(see Fig. 13).

All of these effects can be accounted for if we
assume that they are due to strongly concentration-
dependent satellite lines that, at these higher con-
centrations, are now folded into the broadened
main absorption line. In particular, these satellite
lines are situated slightly to the high- and low-

Effect of+"Pseudo—Diffusion"
LaF,: Pr3. conc. 5 mol %

3
T-48K
3 3
o= CHg),
Su,=+4.77 cm”
t=1.5 usec

i E t=16 usec
(X2)
N\ t =32 psec
e (x4)
/‘\/: t = 64 usec
E— x10) .

16703.0 cm
4-5 +4 +'3 +2 + b Av (em™)

FIG. 15. Effect of “pseudodiffusion” observed for the
nonresonant transition 3P0—> (3H6)1. The laser is pump-
ing 4.77 cm™ ! to the high-energy side of the center of
the (®Hp);— 3P0 absorption profile. The temperature is
4.8 K and the concentration is 5 mol%.
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energy side of the main absorption line, thus ac-
counting for the asymmetric shape of the excita-
tion spectra (Fig. 14), and possess a slightly
different nonresonant fluorescence wavelength as
well as a shorter 1/e lifetime. The latter two
properties account for the variations in lifetime
(Fig. 13) and the effect of pseudodiffusion. They
also explain why the shape of the excitation spec-
trum is more symmetric at longer delays (see
Fig. 14). Finally the presence of such satellite
lines also gives a simple explanation for the line-
width and line-shape variations discussed in Sec.
III and shown in Fig. 4.

The presence of the type of satellite lines ob-
served in this experiment may also explain de-
viations from a pure Gaussian line shape which
have been observed in classical solid-state spec-
troscopy.'* These deviations occur at the wings
of the lines, which is the exact behavior expected
from the presence of such satellite lines. When
doing experiments of lower resolution, the resul-
tant deviations in line shape can then give the
erroneous impression of the presence of an
additional Lorentzian component.?%3” Quite gen-
erally, we conclude then that, when dealing with
linewidth and line- shape measurements in samples
of higher concentrations, the possible presence of
the type of satellite lines observed in this experi-
ment must be considered and properly accounted
for.

Not yet discussed so far is the exact shape of the
decay curves shown in Fig. 13. The nonexponential
behavior is attributed to crossrelaxation involving
the G, Stark manifold.?® Attempts to fit these
curves tothe formula of Inokuti and HirayamaZ®®
were however unsuccessful. This may be due to
the fact that deviations from the above formula
that occur at very early delays®! were not included
in these fits. Another possibility is that two
or more decay curves of different lifetimes and
of different cross-relaxation rates may be super-
imposed. This may result from the presence of
the strong satellite lines that are folded into the
main line, as has been discussed above. The
resultant curve then does not follow the simple
formula of Ref. 28 and a fit will be unsuccessful.
Such offects have recently been seen in glasses.?®
Moreover another interesting aspect of the vari-
ations displayed in Fig. 13 is to see what happens
to these decay curves at higher temperatures. Be-
cause of the spectral diffusion effects discussed in
Sec. IV, we would expect that the dissimilarities
of Fig. 13 are almost entirely eliminated at higher
temperatures; i.e., more specifically we would ex-
pect that all the decay curves will display the same
qualitative behavior after a short initial decay
time of a couple of 7,’s, where 7,= 1/WT (for a
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FIG. 16. Repetition of the experiment of Fig. 13, but
now the temperature is 39.4 K. Besides the curve
corresponding to 6v;=0, the two most divergent curves
(i.e., the curves corresponding to §v;=+4.77 cm” !y are
indicated.

definition of W, see Sec. IV). That this is indeed
the case can be seen from Fig. 16. Fig. 16 also
shows that the overall decay rate has increased
considerably with temperature (compare to Fig.
13). At first glance one might think that this is
due to a decrease of the intrinsic lifetime 7,, or
to a strong increase in the cross-relaxation rate
to the 'G, levels. However, the intrinsic lifetime
7, is virtually temperature independent.*®*® The
same is probably also true for the cross-relaxa-
tion rate, within the temperature region of in-
terest.* The most likely cause for this increase
in decay rate is then diffusion to “traps” or
“sinks,”*? very likely traps being, e.g., those ions
that give rise to the satellite structure discussed
above. These ions have a considerably higher
decay rate than all the other ions within the
(H,), ~°P, absorption curve, and their function as
traps could therefore be quite effective. More
generally, our system has probably reached the
region of “diffusion- limited relaxation”*® at

these higher temperatures. In principal it should
therefore be possible to compare the shape of the
decay curves in Fig. 16 with theory,*® the corres-
ponding diffusion constants*® being given by way

of the transfer rate W, which has been determined
in Sec. IV. However such a comparison is com-
plicated in our case because, among other things,
the main fluorescence is distorted by the presence
of the satellite lines, and the trap concentration is
not exactly known. We reserve, therefore, such
an investigation for a system where the relevant
parameters are more clearly known.

VI. CONCLUSION

The technique of FLN, applied in its time-
resolved mode, has proven to be a powerful tool
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in investigating the more detailed aspects inthe
behavior of rare-earth ions doped into a crystalline
host. In particular, by extending the investiga-
tion to higher-concentration samples, effects such
as accidental coincidence, linewidth and line-
shape variations, phonon-assisted spectral dif-
fusion, variation of the 1/e lifetime across the
absorption profile, pseudodiffusion, etc., have
been observed. These are all processes which
have previously not been observable directly with
classical methods. By extending these investiga-
tions to other rare-earth and transition-metal
ions, further insight into the behavior of these
ions could be obtained. In particular this could
clarify, e.g., the exact nature of the phonon-
assisted diffusion processes discussed in Sec. IV,

and would possibly allow a direct analytical com-
parison between the results of these time-resolved
studies and the conventional type of investigation
involving solely the measurement of decay curves.
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