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Blue (5B4 7I:6) as mell as uv anti-Stokes (~D3~7F&) fluorescences are observed in TbF3 at lo~
temperature when the D4 Stark components of the Tb + active ions are excited. In addition, when
the D4 exciton density is high enough, holes appear in the center of each excitation line of the visi-
ble emission, and in the corresponding absorption spectrum as well. Fluorescence dynamics and in-
tensities are then studied for increasing pump powers. These properties are expressed as combina-
tions of exciton-exciton annihilation and cross-relaxation processes. Saturation effects on both in-
trinsic and perturbed Tb + ions are discussed.

I. INTRODUCTION

In this paper we examine the effect of the optical pump
power on the Auoresccnce properties of the noIninally
pure terbium Auoride TbF3. The motivation of this study
was to obtain a better knowledge of the dynamical pro-
cesses responsible for the very efficient visible to uv energy
conversion already observed' and the strong optical hole-
burning effect, which is unusual in such a self-activated
IIlatcrial.

Since photon fluxes of 10' —10' photons per cm per
pulse are easily attainable with the currently available
short-pulsed lasers, a very high density of excitation can
be obtained whenever an appreciable absorption cross sec-
tion exists. %hen such a high density is produced, new
optical phenomena, up conversion for example, may
occur. In that case, the interpretations must be adapted to
the correct nature of the entities which come into play in
the various systems.

In strongly coupled organic solids, 2'3 the up-conversion
process is usually ascribed to exciton-exriton annihilation.
It results in a nonexponential exeiton decay mhich depends
Ilon11Ilca11y on thc excitation pump power. This cffcct has
been observed also in manganese Auorides such as MnF2, "
KMQF3, and CsMnF3. The wavelike nature of the opti-
cal excitations does make sense in these materials since the
coherence of the excitons could have been observed either
directly, in organic compounds, from the triplet exciton
line shape, ' or indirectly, in transition-metal antifer-
romagnets, through its effect on the exciton diffusion. '

In rare-earth compounds such as TbP04 (Rcf. 11) and
TbF3 (Ref. 12) where one measures fairly low macroscopic
diffusion coefficients (D-10 ' —10 cm s '), the exci-
tons could be better described by incoheI'ent hopping exri-
tations. This seems to be more accurate in rare-earth salts,
as the 4f electrons involved in the optical transitions are
shielded. In that case, the exciton-exciton annihilation
process mentioned above might be interpreted as an up-
conversion process between two coupled neighboring ac-
tive ions. This would also result in a nonexponential de-

cay depending nonlinearly on the excitation pump pomer.
However, it has been shown that a low diffusion coeffi-

cient does not necessarily eliminate the exciton picture. '

Indeed, the existence of spectrally well-defined k excitons
has been proved, for exaInplc, in the case of lom-

dimensional ferromagnets Tb(OH}3 (Refs. 14 and 15) and
GdC13 (Ref. 16) where non-ncgllglblc cxclton dispersions
of 0.4 and 1 cm ', respectively, have been reported.

Though it mould be a significant issue, the questions of
coherent versus hopping character for the excitons and the
possible effect of the different nature of rare-earth exci-
tons on annihilation will not be analyzed in this papeI
since this should not inAuence the result of our macro-
scop1c mcasurcmcnts.

The electronic configuration of the Tb + ion is 4f . In-
cluding spin-orbit coupling, the electronic ground state of
the free ion is a FJ (J=0,1, . . . , 6} multiplet and the
first excited states are D4 and D3. The corresponding
absorption bands (f-f transitions) lie at about 20600 (Ref.
17) and 26000 cm ', above which the spacing of the dif-
ferent J levels is reduced (~2000 cm '}, and the strong
absorption band, relative to the interconfigurational tran-
sition 4f ~4f -5d appears at -40000 cm '. Within
TbF3—space group D2'~&—the Tb + ions are situated in a
crystal field of Cs symmetry. Thus we expect the
(2J+1)-fold degeneracy of the various frec-ion terms list-
ed above to be totally removed.

%c have recently reported the Auoresccnce properties of
TbF3 at lom temperatures. ' The positions of the I'6 and
D4 StaIk components needed in the following are indicat-

ed in Fig. 1. By using time-resolved techniques me have
pointed out the coexistence of bulk active Tb + ions and
fluorescing traps, Tb + ions (perturbed by neighboring im-
purities or defects) which have their energy levels
depressed with respect to the former. In particular, in or-
der to explain the dynamical properties of thc blue fluores-
cence ( D&~ F6) observed at 4.4 K, a diffusion model in-
volving both shallow traps and deeper traps has been pro-
posed for the overall exciton (unperturbed or intrinsic bulk
ions) to trap energy-transfer processes in this material:
Under low optical pumping conditions (E,„,~30 p,J per
pulse unfocused), the blue intrinsic fluorescence decay is
made of two exponential components, the shortest one giv-
ing rise to the true D4 exriton lifetime ~&——179 ps, the
longest one arising from the thermal depopulation of de-
f1n1tc shallow traps.

In this study we analyze the conditions under which the
D3 anti-Stokes Auorcscence appears and the processes

which affect the D4 exciton dynamics using intense selec-
tive dye-laser excitation. Details are given about the sa-
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To observe the absorption spectra under saturating con-
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of this experiment will be presented later in Sec. III B with
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FIG. 1. Energy levels of Tb + ions in TbF3 with the Stark
components of the 'D4 and 'F6 multiplets. g=1,2 indicates sing-

let or doublet component, respectively.

turation effects observed in the excitation and absorption
spectra as well.

In Sec. II we describe the material studied and the ex-
perimental equipment used here more specifically. Section
III is devoted to a description of the data resulting from
this investigation. At the end, a discussion is developed in
terms of exciton-exciton annihilation and cross-relaxation
mechanisms.

II. MATERIAL AND EXPERIMENTAL
EQUIPMENT

The TbF3 single crystal was grown in Hughes Laborato-
ry using the Czochralski method. This transparent sample
is of good optical quality. However, even in a pure ma-
terial, the presence of impurities and defects cannot be
avoided. The chemical analysis has shown that the chief
rare-earth contaminants are Pr + and Gd + ions at con-
centrations of about 30 ppm each ( —10' ions/cm in
TbF3). Three samples of different thickness, 0.35, 1.14,
and 3 mm, with optically polished faces, have been used in
our spectroscopic measurements at low temperature.

The magnetization and neutron-diffraction data ' in-
dicate that orthorhombic TbF3 orders ferromagnetically
below 3.95 K. Since new energy-transfer mechanisms, due
to the competition of the magnetic interactions, for exam-
ple, could be involved in this temperature domain, all the
experiments which are described in the following have
been reported at higher temperatures, in particular, at
T=4.4 K.

Selective excitation has been accomplished using a
frequency-tripled Quantel model 481 infrared yttrium
aluminum garnet (YAG):Nd + laser (pulse width=10 ns,
repetition rate 10 Hz, and peak power 12 Mw at 3550 A)
followed by a three-stage amplifier dye laser (pulse
width=10 ns, linewidth -0.2 cm '). With the use of a
Intertechnique model IN90 multichannel analyzer, the
fluorescence data have been recorded and processed over
256 channels with a maximum resolution of 2 ps per
channel. The fluorescence decays at shorter times have
been recorded over 2048 channels on a computer-

III. EXPERIMENTAL RESULTS

As we mentioned before, a very recent study' allowed
us to point out the efficiency of energy transfer from in-

trinsic Tb + ions to Tb + fluorescing traps in pure TbF3,
in perfect agreement with a model of fast exciton dif-
fusion and trapping. All the experiments reported in this
previous paper were carried out at low pump intensities,
typically of the order of E=30pJ per pulse (-3 kW peak
power), giving rise to initial D4 exciton densities N2(0) of
(1.3+0.5))&10' cm . The laser was partially focused
onto an aperture area A =3.6X 10 cm, and the absolute
value of N2(0) was obtained using the following equation:

N(1 —e )

Ax

where N was the number of photons per excitation pulse,
a=7.2 cm ' was the absorption coefficient, and x=0.035
cm was the sample thickness. The precision of the mea-
surement of E, x, and especially A led N2(0) to an uncer-
tainty better than a factor of 2.

As the laser power, i.e., the D4 exciton density, was in-

creased, two important effects were observed: (A) the ap-
pearance of an uv anti-Stokes fluorescence coming from
the upper excited state D3,' (B) at even higher laser inten-
sities, the appearance of optical holes in the excitation
spectra of both the intrinsic and trap 'D4~ F6 fluores-
cences.

A. uv anti-Stokes fluorescence

The uv anti-Stokes fluorescence spectrum obtained at
4.4 K by exciting in the lowest component of the D4
manifold located at 4852.1 A (20604 cm ', see Fig. 1) is
presented in Fig. 2 and summarized in Table I. Since the
relative positions of the seven main lines coincide exactly
with the crystal-field energy splitting of the F6 ground
multiplet (see Fig. 1), and since the emission line located at
3788.75 A (26386.43 cm ') is resonant with the absorp-
tion line corresponding to the lowest F6~ D3 transition,
the uv fluorescence is attributed to the D3~ F6 transi-
tion. In addition, the whole excitation spectrum of the
most intense uv fluorescence line compares very well with
the excitation spectrum of the blue fluorescence originat-
ing from the D4 level shown in Fig. 3(a) which, in turn,
closely corresponds to the F6~ D4 absorption bands of
the crystal. '

The emission line at 3855.2 A remains the most intense
line, while the relative intensity of the others changes with
temperature in the range 4.4—50 K. We now focus atten-
tion on the power dependence of the anti-Stokes fluores-
cence. The integrated emission intensity of the 3855.2-A
anti-Stokes fluorescence depends first, quadratically, on
the excitation pump power for D4 exciton densities up to
10' cm and then, linearly. This is shown in Fig. 4
where the horizontal axis of the main graph is Nz(0),
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tiplier and fed into a PAR boxcar averager with a gate
width of 20 ns. The saturating beam is fixed at
A, =4823.95 A (20724 cm '), which is the position Qf the
higher-energy component of the 7I'6~5D4 absorption
~rans~tion, the one presenting the deepes~ hole in the exci-
tation spectra under high pump powers. The 3-cm
bandwidth of this laser beam allows a quasicornplete over-

lapping with absorption line. Figure 7 shows the profile
of the absorption line when the saturating beam is on [Fig.
7(a)] and off [Fig. 7(b)]. The hole corresponds to an in-
crease of the intensity of the light transmitted by the crys-
tal at the center of the line, thus indicating a beginning of
saturation of the associated absorbing level for an exciton
density of about 2.3 X 10' crn

IV. INTERPRETATION

In a previous study' we had evaluated in TbF3 an aver-
age diffusion coefficient D-8.6&10 ' cm s ' which
established, using a nearest-neighbor hopping model, that
the optical excitation was spread over many intrinsic Tb +

ions before reaching any Tb + fluorescing traps. The re-
sulting hopping time tH -2&10 s might be sufficiently
short to allow the present experimental observations to be
interpreted in terms of excitons.

However, because, in most cases, intraband relaxations
are fast compared with the time scale of our Ineasure-
ments, we will develop in the following an incoherent-type
formalism in which the wave-vector-dependent exciton
populations will be replaced by thermal averages. On the
basis of the rate equations governing the uv anti-Stokes
fluorescence, we examine first the excited-state popula-
tions as a function of the optical pump powel. Then it is
shown how the saturation effect can be taken into account
within this formalism.

higher absorption bands, the excited ions rapidly relax

first to the D3 level then to the lowest excited D4. In
particular, the last step is favored, in TbF3, by the good
energy matching between 'D3 sD-q (~-5725+60 cm ')

and F6- F& (LhL-5703+97 cm '), thus by the very effi-
cient cross-relaxation process which depletes the D3 excit-
ed state to the advantage of the D4. This results, in our
experiments, in the observed very short decay time v3 ——70
ns and the poor quantum efficiency of the D3~ I"6

fluorescence. This is inferred when looking at the
response of a very dilute material such as Y3A1$012.
0.09% Tb +; in this case the cross-relaxation process is
much less efficient and a time constant of 1.45 ms is mea-

sured, in ~ood agreement with the value which is expect-
ed for a 4f intraconfigurational transition.

l. F/uorescence dynamics

The model proposed to interpret the anti-Stokes fluores-
cence is based on both the exciton-exciton annihilation and
the cross-relaxation process mentioned above [Fig. 5(a)].
%hen the intrinsic Tb + ions are excited into the lower-

energy component of the D4 multiplet, i.e., at A, =4852.1

A (20604 cm '), the D4 exciton density may be sufficient
to allow exciton-exciton interaction. Two D4 excitons
then annihilate to create an excitation (a single exciton lo-
cated on one of the interacting ions for weak coupling or a
biexciton as in a pair process for strong coupling) at about
twice their energy, i.e., at -41 208 cm, an energy which
corresponds to the absorption tail of the excited configura-
tion 4f Sd. After -a rapid relaxation (phonon-assisted
process) to the D3 level, the D3 and the D4 populations
noted N3 and N2 evolve according to the following rate
equations:

A. uv anti-Stokes fIuorescence

%hen intrinsic Tb + ions are excited at X=3550 A by
the frequency-tripled YAG:Nd'+ laser, i.e., into the

T=4.4K

1 ~ (0)

4820

dN3

df
=-, m«N, —mCRN3N, —8 3N, ,

where N1 is the population in the ground state, o is the
absorption cross section, I is the laser-beam intensity, 8'2
and 8"3 are the decay rates of levels D4 and 5D3 without
cross relaxation, and 8'Ec and 8'cR are the transfer rates
by exciton collision and cross relaxation, respectively.
Owing to the high efficiency of the cross-relaxation pro-
cess in TbF3, we make first the following assumption:

8'CRN1N3 ««8'3N3 .

Using then the approximation N1 ——N=density of Tb +

absorbing centers, we write

~3N3+ ~CRN3N1 —8 CRN1N3 —~3N3 s

where 8'3 measures the decay rate of the directly pumped
B3~ I'6 fluorescence, i.e.,

8'3 ' ——r3 ——70,

measured in ns. %'e get then the simplified equations

FIG. 7. Absorption line at 4823.95 A {20724 cm ') when

saturating beam is {a)on and {b)off.
dN3

dt
= —, 8'ECNp —JY3N3 .
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IVacN2(0) zu, r -—ir,'i
2

Ns(t)= {e ' —e ').
2( JV'i —2 JVt )

{8)

Decay curves for both the visible and the uv anti-Stokes
fiuorescences were fitted successfully with relations (7)
and {8), respectively. In particular [see Fig. 5(b)j, the
value obtained for the anti-Stokes fluorescence time con-
stant v3 is in perfect agreement with half the value of the
visible Auorescencc lifetime ~2, i.e.,

measured in ps. In addition, the time t~ ——0.5 ps, at
which the anti-Stokes fluorescence intensity reaches its
maXimums COrrelatCS WCll With,

t~ ——— ln
28'2

an expression directly obtainable from relations (7) and {8)
in which we have inserted the values of 8'& and 8'3 re-
sulting froHl tllc fits to thc data. Thc risc behavior for thc
anti-Stokes Auorescence is adequately given by the mea-
sured decay rate 8'3 of the directly pumped 5D3~ E6
Auorescencc. VA'thin this formahsm, wc note that, under
very low optical pump powers, Qclthcl thc vlslblc nor thc
uv Auorescence time-evolution experiences any effect from
the exciton-exciton collision parameter 8'Ec.

b Higher pum. ping regime (10 &Nq(0) &2 10 crn. j
At higher excitation powers, the 'Dq +Fs fluorescen—ce
decay is no longer exponential. It shortens at short times
after the laser pulse and the emission intensity increases
nonlinearly with thc excitation. This is attributed to an
increasing D4 exciton density which makes the collision
processes more and more probable. Consequently, the
nonlinear term in Eq. (5) becomes non-negligible and we
must solve Eqs. (5) and (6) entirely. However, as was done
in the past, we shall assume that the condition
dNi/dt=O is fulfilled so that, after the laser pulse (I=O),
Eq. (5) transforms as

dN2 =—8 2%2 ——,8'Ec/2 . (10)

%e are left with a Bcrnouilli differential equation, the
solution of which ls glvcIi by

22' N (0) 2W

As shown in Fig. 6(b), this new time evolution agrees fair-
ly well with the D4 —+ E6 fluorescence decay which is ex-

a. Very loio optical pumping regime fNq(0) &10
cm J. Under such conditions, the 5D&~'Es exciton
fluorescence decays exponentially over 2 orders of magni-
tude at times t & 400 ps. Since fluorescence is found to be
linearly dependent on the exritation pump power, i.e., on
the initial exciton density N2(0), the time evolution of the
B4 exciton population takes the form

Nq(t) =N2(0)e (7)

By substituting this in Eq. {6),the D3 exciton population
transforms similar to

IVac =gmDo&I( & (12)

When the average interaction radius {11& is set equal to
thc Illcan scparatioll bet%'ccQ ncighborlIlg Tb lonss i.e.,
{R& =4 A, expression (12) allows us to calculate a max-
imum diffusion coefficient Do-3 X 10 cm s, a limit
which corresponds well to the value (8.6X10 ' cm s
that we had previously calculated using a fast-diffusion
nlodel for exciton to trap energy transfers. The
discrepancy between these two estimations of Do might
come from thc cxlstcncc of Hllcroscoplc cxclton
domains. ' The diffusion coefficient which is obtained
through the exciton collision parameter, that is, from
short-time experimental data, would correspond to the ef-
fective diffusion of the excitons within these microscopic
regions. The average diffusion coefficient that we ob-
tained from the exriton to trap energy-transfer data, that
is, at longer times after the laser pulse, would correspond
to a macroscopic diffusion including diffusion within and
between differeQt excitonic Iegions.

2. Intensity measurements

Thc anti-Stokes fluorcsccncc lntcnslty has bccll Hlca-

sured for initial D4 exciton densities between 0.3 X 10'
and 4&10' cm, a domain in which El-X holds, to a
good approximation, since we arc dealing with a great
number of Tb'+ ions in TbF, . The theoretical description
of the anti-Stokes fluorescence intensity versus the exciton
density is enumerated Qow as follows.

a Very loio optical pumping regime (N2(0) &10'
cm J. The 'D4 and D3 exciton populations are given by
relations (7) and (8) where N2(0) is proportional to the
laser-beam intensity I. The intensities Iz and I3 of the
visible and uv anti-Stokes fluoresccnces are written

where h v~2 and hv» are the energies of the respective em-
itted photons, 8', and 8'3, stand for the radiative emis-
sion probabihties of levels D4 and 'Di, (N2& and (Ni &

are the time-averaged exciton populations. Since (N2 & is
proportional to N2(0), I2 depends linearly on %2(0), e.g.,
on the exritation pump power I. On the other hand, using
expression (8), Ii is found to be quadratically dependent
on thc laser intensity. Both results agree with the experi-
mental observation.

perimentally observed. The fit to thc data leads to the
exciton-exciton annihilation coefficient (measured in
cm's-')

W„=3.5y 10-»,

In addition, the complete numerical resolution of Eqs. (5)
and {6) without assuming dNi jdt=O and including the
above calculated colhsion rate 8'Ec, gives a decay curve
which is strictly identical to the fitting curve. When vary-
ing the value of fVEc, the agreement either with the fitting
points or the experimental data is not as good, thus prov-
ing the validity of our primary assumption, i.e.,
dN3/dt =0.

%ith the use of the framework of the exriton random
walk, the collision parameter 8'Ec is expressed as follows:



28 EXCITON-EXCITON ANNIHILATION AND SATURATION. . . 3731

N)OI = —, WEC(Np ),50 2

g 2

—, WEC(N2) = W3(N3),

(15)

(16)

where b 0 represents the pulse duration (50=10ns).
These expressions mean that for high pumping powers,

the anti-Stokes emission intensity which is proportional to
(N3) varies linearly with the laser-beam intensity I in
strict agreement with the observation. This result verifies
a posteriori the validity of the approximation made above
in Eqs. (5} and i6} on the relative efficiency of terms
~EcN2 and 8'2N2.2

B. Saturation effects

At very low pump powers, the crystal emits a strong
green fluorescence. At very high pump powers, when the
laser excitation is situated at the center of an absorption
line of the F6~ D4 transition, this visible fluorescence
disappears. This is confirmed by looking at the excitation
spectra of the trap fluorescence [Fig. 5ib}]: 90% of the to-
tal visible emission consists of this trap fluorescence and
the holes in the corresponding excitation spectra quickly
reach the noise level of our photomultiplier.

Before showing that these effects are completely con-
sistent with a saturation process, the possibility that they
are due to radiative energy transfer or laser local heating
has to be considered. When radiative energy transfer
occurs, the exciton decay must be dependent on the posi-
tion of the excitation in the crystal. Moreover, only the
'D4~ F6 blue fluorescence would be modified. Instead,
no change of the exciton decay is observed by varying the
physical position of the excitation with respect to the ob-
servation, and the fluorescence extinction effect concerns
the whole visible emission. Laser local heating as a source
of fluorescence quenching is also ruled out, since a change
in the excitation spectra induced by temperature would
correspond to a change of the exciton decay in its whole
time domain, which is not observed. The extinction of the
very intense trap fluorescence at 4863.3 A, for example
(see Sec. IIIB), is definitively attributed to a saturation
process.

Within an oversimplified two-level system, where level
1 stands for the ground state and level 2 for the excited
state, the populations N& and N2 of these levels satisfy the
following equation

d bdV
&

1 2crI Nr= —hN
dt ~p Ace ~p

(17)

in which hN =N& —N2, Nz- is the total population of the

b. High pumping regime /2X10' &N2(01 &4X10'
cm J. The excitation spectra showed us that the intrinsic
visible fluorescence did not increase linearly any longer
with the excitation density; it was increasing more slowly.
Moreover, we noted the appearance of holes, indicating
then a diminution of the visible fluorescence quantum
yield. A complete extinction of the fluorescence emitted
by the perturbed Tb + ions was observed. These experi-
mental considerations lead us to neglect the term W2N2 in
Eq. (5) when the excitation density is sufficiently high.
The integration of Eqs. {5) and (6) over the time scale 8
(0=100 ms) between two successive laser pulses gives then

system, ~p is the lifetime of level 2, a is the absorption
cross section of transition 1~2, and I and co are the inten-
sity and the frequency of the excitation source, respective-
ly. At steady state, the solution of Eq. (17) is written

1+I/I,
with I, =%co/2o7 p. I is the saturation intensity at which
AN =Nz-/2.

When one examines the effect of saturation on homo-
geneously broadened absorption lines by performing the
two-beam experiment detailed before, one gets the same
formal result, and the absorption coefficient a(co'), which
is measured by the probe beam at the frequency co',

transforms as

(19)

where ap(co') is the absorption coefficient when the sa-
turating wave at the frequency co is absent. If the intensity
I of this saturating wave is increased, the absorption
coefficient a(co') is reduced by a factor which does not de-
pend on co', and no hole can be observed in the absorption
line shape.

In the case of inhomogeneously broadened lines, the sa-
turation phenomenon becomes more complicated since one
deals with a superposition of homogeneous systems. Qual-
itatively, the intensity I„will interact essentially with
those ions whose resonant frequency is in the neighbor-
hood of co, and the absorption coefficient a(co') given by
the probe beam at the frequency co' equals ap(co') reduced
by a factor which depends on co —co'. ' This reduction
factor becomes ashore pronounced for co'=co, and a hole
appears in the absorption line at the frequency e of the sa-
turating wave.

In TbF3, owing to the crystal-field inhomogeneities
throughout the lattice, one deals with inhomogeneously
broadened transitions, and holes can be potentially ob-
served in the spectra when one satisfies the saturation re-
quirements. The saturation of the D4 excited state can be
explained as follows: As we mentioned above, at T=4.4
K, 90% of the absorbed energy is transferred to the Tb +

fluorescing traps. Thus with a D4 exciton density of
3.2)(10' cm, a density at which the excitation spec-
trum of Fig. 3(b) was recorded and the extinction was al-
most complete, the density of the excited fluorescing traps
is 2.9)&10' cm . The comparison of this number with
the overall concentration of fluorescing traps, i.e.,
1.2 X 10' cm, then allows us to determine
hN =6.2&(10' cm for the system of perturbed Tb +

ions. Consequently, the saturation conditions for the ex-
istence of holes in the excitation spectra of the fluorescing
traps are clearly verified since for the system of perturbed
ions Nz ——1.2X 10' cm and hN & Nz/2=6& 10'
cm

As we noted in the experimental data obtained at
T=4.4 K, holes were also observed in the excitation spec-
tra of the intrinsic fluorescence and only very weakly in
the absorption spectrum in the presence of a saturating
beam (see Fig. 7). This much weaker effect is attributed to
the large concentration of the intrinsic absorbing centers
with respect to the traps. The excitation holes are ex-
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plained as follows: Back transfers from shallow traps
were shown' previously to give a non-negligible contribu-
tion (few percent) to the Ds exciton decay in the long-
time limit. %e then assert that the holes which are effec-
tively observed in the intrinsic excitation spectra arise
from the saturation of these shallow traps. Indeed, for
identIcal puInplng conditions, the IntensIty ratio of the ex-
citation holes for the intrinsic and trap fluorescences com-
pares adequately with the ratio of the intensities, which
can be inferred to result from the D4 exciton decay com-
ing from the contribution of shallow traps in the long-
time limit and from the contribution of the overall exciton
to trap energy transfers at shorter times.

If the hole effect in the intrinsic excitation spectra can
be interpreted in a similar manner as above, the beginning
of saturation which is observed in absorption still remains
a matter of discussion. A mechanism such as two-photon
stepwise absorption could be involved. This would be in-
ferred by the behavior of the anti-Stokes fluorescence de-
cay. Indeed, at high pump powers, this experimental
Auorescence decay no longer exhibits its characteristic
rise-time behavior; it starts instead with a nonzero intensi-
ty„indicating then the possibility of a direct pumping pro-
cess. Experiments are in progress to clarify this point.

terms of exciton-exciton annihilation. For sufficiently low

pump powers, however, the D4 exciton decay remains ex-
ponential, and the anti-Stokes Auorescence presents a
short rise-time behavior which is related to the fast relaxa-
tion process between levels D3 and D4. In agreement
with the theoretical predictions also, the D4 —+'I'6 visible
Auorescence increases linearly with the excitation intensi-

ty, awhile the ~D3~ I 6 anti-Stokes emission increases qua-
dratically with it. At sufficiently high pump powers, the
D4 exciton decay shortens at short times; the resulting de-

cay curve yields the exciton-exciton collision parameter
8'Ec 3.5X10 ' cm s '. At even higher pump powers,
the uv anti-Stokes Auorescence increases linearly with the
excitation intensity, and holes appear in the excitation
spectra in agreement with saturation effects on the Tb +

perturbed ions (traps). However, the existence of holes in
the absorption spectra relative to the Tb + intrinsic sys-
tem (bulk ions) is only qualitatively explained. A better
description could be given by taking into account both the
complicated level structure of the Tb + ions and the
dynamical properties (exciton-exciton annihilation, cross
relaxation) which characterize these ions in TbF3 It is
clear that further woxk is needed on this very interesting
material.

V. CONCLUSrOX

In a previous paper' we were interested in studying the
processes which affect the energy transfer and D4 exciton
decay in the nominally pure TbF3 system. This paper was
devoted more sperifically to the investigation of the pro-
cess responsible for the strong uv anti-Stokes Auorescence
and the optical holes which appear under high pumping
conditions.

The 5D3~ I 6 anti-Stokes Auorescence is interpreted in
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