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Fluorescence quenching and spectral diffusion in La& „Ps0,4.Nd„3+
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Donor-donor and donor-acceptor spectral dynamics are studied in the laser material

La& „PSGI4.Nd„+ using time-resolved fluorescence line narrowing. Direct excitation in the F3/2(1)
state in x =0.2, 0.75, and 1.0 samples shows exponential fluorescence decay and linear concentra-
tion quenching of the line-narrowed component between 4.5 and 20 K. No spectral diffusion across
the inhomogeneously broadened line is observed in this temperature region. This unusual exponen-

tial decay and linear quenching in the absence of fast donor-donor transfer is explained with a gen-
eralized Inokuti-Hirayama model. An onset of spectral migration is observed in x =0.2 and 0.75 at
20 K, indicating the presence of phonon-assisted energy transfer. The temperature dependence of
the phonon-assisted donor-donor transfer rate is measured for x =0.2 between 17 and 24 K. This
temperature dependence identifies the one-site resonant process, with an activation energy corre-
sponding to the "I9/2(2)- I9/2( 1) splitting, as the probable donor-donor interaction mechanism. The
low-temperature results and the spectral diffusion measurements are described consistently in the
studied temperature range by phonon-assisted energy transfer models, in which the donor excitation
is transferred between single ions in an incoherent manner.

I. INTRODUCTION

NdP56~4 was introduced' in 1972 as the first compound
of a new class of crystalline Nd3+ laser materials which
can be doped up to the stoichiometric limit without a sig-
nificant loss in the fluorescence quantum efficiency (QE).
The high Nd + concentration (=4&&10 ' cm ) and the
relatively unaffected QE result in a high optical gain per
unit length. This has obvious advantages for miniature
optical-device application. Lasing action in NdP&0&4 and
in the diluted system La, „P,O,4:Nd„+ (LNPP) has
therefore extensively been investigated. ' This technical
application is directly related to the anomalous lumines-
cence properties of LNPP. The fluorescence concentra-
tion quenching in LNPP is linearly dependent ' on the
fractional Nd + concentration x. In many other hosts6
the quenching rate q(x), with q(x) =rD

'
ro ', varies —as

x (rD
' is the measured decay rate, after pulsed excitation,

and ro
' is the decay rate at very low Nd + concentration).

The fluorescence from the upper laser level, the F3/2(1)
state, decays exponentially with a temperature-
independent decay rate between 2 and 300 K. This
fluorescence behavior of LNPP is not well understood and
an understanding of the underlying Nd +-Nd + interac-
tions is necessary for the development of new, efficient
phosphors and laser materials. From a more physical
point of view, LNPP is an interesting case in the studies
of optical excitation migration and trapping in disordered
and stoichiometric systems.

In this paper we investigate for the first time in a direct
manner the spectral donor-donor and donor-acceptor
dynamics in LNPP. Previous studies ' employed
nonresonant excitation of the near-ir E3/2(1) level. This

excitation scheme suffers from accidental degeneracy"
and hence results in broadband pumping of the E3/2(1)
level. Several energy migration studies in other doped sys-
tems, both crystalline and amorphous, have shown' that
direct excitation into the level of interest is required to ex-
tract the various donor-donor and donor-acceptor interac-
tion mechanisms within the level. For this reason, we use
the technique of time-resolved fluorescence line narrow-
ing' ' (TRFLN) for selective excitation within the inho-
mogeneously broadened E3/2(1) state. The results are
described along the lines of recent, similar energy-transfer
studies. ' ' The exponential decay and linear concentra-
tion quenching rate q(x) were explained by fast donor-
donor migration ' using classical energy-transfer theories.
These theories treat the indirectly excited F3/2(1) level as
donors which are in resonance and ignore the small energy
differences between them in the inhomogeneously
broadened line. Energy transfer among the donors within
this line generally shows a very strong temperature depen-
dence, so this explanation of fast migration is expected
to break down at low temperatures. At low temperatures
the donor-donor transfer is negligible in the case of
phonon-assisted energy transfer, and the only remaining
process in LNPP is trapping of the donor excitation by
cross relaxation with an acceptor. ' In disordered systems
this process results in nonexponential fluorescence decay
and a quadratic concentration quenching rate. "' *' Vari-
ous other explanations, including strong spatial migration
in the absence of spectral diffusion' ' and excitonic ef-
fects, ' have been suggested to explain the unusual ex-
ponential decay and linear quenching in LNPP. These
models will be compared with the TRFLN measurements.

In Sec. II we describe the experimental techniques for
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performing TRFLN resonantly in the E3/2(1) state. The
results are presented in Sec. III. Low-temperature fluores-
cence decay and spectral diffusion measurements were re-
ported in a previous publication and will be reviewed
briefly. The second part concerns the measurement of
spectral donor-donor transfer at higher temperatures. The
results will be analyzed with recently developed incoherent
energy-transfer models and coinpared with other studies
of the Nd +-Nd + interactions in LNPP.

In order to perform fluorescence line narrowing (FLN)
resonantly in the E3/4(1) state, a narrowband and near-ir
tunable source is required at =0.87 pm (a Nd + energy
level diagram is shown in Fig. 1). This spectral region is
not conveniently accessible to pulsed dye lasers with ir
dyes. Therefore, the frequency of a yttrium aluminum
garnet (YAG) pumped oscillator-preamplifier-amplifier
dye laser was downshifted by stimulated Raman scattering
in high-pressure H2 gas. The linewidth of the dye laser is
5 GHz and the output pulse energy is approximately 25
mJ (5-ns pulse) at 10-Hz pulse repetition frequency. With
DCM dye the first Stokes-shifted component was used for
resonant excitation of the Ei~2(1) level.

The single-crystal samples were cleaved along the (010)
plane's and were mounted on the cold finger of a
continuous-flow helium cryotip refrigerator. The tem-
perature was measured with a Ge resistor and a feedback
heater-controller system provided temperatures from 4.5
K upward. The incident, near-ir laser beam was suffi-
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FIG. 1. Energy levels of Nd + I I.B.P5OI4.

ciently atttenuated to prevent stimulated emission or ion
pair effects' (Auger recombination). We applied TRFLN
to x=0.2, 0.75, and 1.0 samples. The resonant E3&z(1)~ I9iz(1) and nonresonant E3&2(1)—+"I»zi(1) fluores-
cences (at 1.05 pm) were analyzed with a 1m Czerny-
Turner spectrometer and detected w1th a Var1an model-
VPM159 InGaAsP photomultiplier tube (PMT).

The high Nd + concentration in the LNPP samples
may cause overabsorption problems in the measurement of
the E3&2(1) line shapes, so that excitation spectra were
used by monitoring the nonresonant 1.05-pm fluorescence.
The time development of the fluorescence was analyzed
with standard gated integrator techniques using a Prin-
ceton Applied Research 162/164 boxcar. In the case of a
weak signal (the resonant transition) a photon counting
system was employed. Normalization of the fluorescence
intensity against the laser-pulse amplitude was required
because of the large shot-to-shot fluctuations in first
Stokes output of the Raman shifter. A Digital Equipment
Corporation LSI-11/2-microcomputer —based system
sampled for every shot the output of the boxcar (photon
counter) and a photodiode which monitored the laser in-
tensity. Signal noImalization, averaging, display, and
resetting of the boxcar and photon counter were also car-
ried out by the computer. The spectral diffusion was
measured from the decay of the initially excited ions (the
FLN component) and the rise of the inhomogeneous back-
ground.

The nonresonant fluorescence in all three concentra-
tions showed residual br'oadening, which was too large
compared to the inhomogeneous widths for a meaningful
extraction of the FLN component. The resonant fluores-
cence does not suffer from this effect and was therefore
used in the spectral diffusion measurements. Saturation
of the PMT by scattered resonant laser light was prevent-
ed by a single chopper which blocks the PMT during the
laser pulse. In this chopper system the firing of the YAG
laser is synchronized with the position of the chopper
blade and it has a turn-on time of 2 ps.

III. RESULTS AND DISCUSSION

A. Spectral propcxt1cs of I NPP

Before the spectral developments in the E3~z(1) state
can be studied, the broadening mechanism of this level
and the selective excitation of a subset of Nd + ions must
be investigated. As mentioned previously, the high Nd3+
concentration in LNPP results in a large absorption coeff-
icien 83 cm ' at 4 K for x=1.0. Self-absorption and
line reversal may distort the measured profile in an ab-
sorption measurement. This problem was avoided by
measuring the excitation spectrum instead. A typical ex-
citation profile of the x=1.0 sample at 6 K is shown in
Fig. 2. The line is inhomogeneously broadened with no
additional satellites outside the main line (except for a
weak feature on the low-energy side). Similar single, inho-
mogeneous E3~z(I) line shapes were observed for the
x=0.2 and 0.75 samples. The corresponding full widths
at half m»imum (FWHM) are shown in Table I. The ex-
citation spectra show small shifts in the line peak position,
which are dependent on the location of excitations in the
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T= 4.5K

FIG. 2. Excitation spectrum of the I9~2(1)~"F3~2(1) transi-
tion in NdP50)4 at 6 K.

crystal. This may indicate the presence of different
domains inside the crystal. A weak, constant absorption
outside the main line was observed in the x=0.2 and 1.0
sRIIlplcs (scc Flg. 2). Tllls colltlIlllolls background did Ilot
appear in the rise of the inhomogeneous line in the spec-
tral diffusion measurements. This background is not well
understood, but may again reflect domains in the sample.

Both the resonant and nonresonant fluorescence show
FLN in all three concentrations at low temperatures (5 K).
The resonant fluorescence is spectrometer resolution limit-
ed, yet sufficiently resolved for isolation from the inhomo-
geneous background in the spectral dynamics studies. The
Qarl owed~ nonl csonant components showed addItIonal
broadening due to accidental degeneracies, ' which
prevented their use in the spectral transfer measure-
ments. ' The decay of the FLN component in the three
samples was exponential between 4.S K and approximate-
ly 20 K, and the measured lifetimes at line center are
shown in Table I. The consequence of this exponential de-

cay and the absence of spectral developments in this tem-
perature regime will be discussed below. Lifetime varia-
tions across the inhomogeneous line were observed in the
three samples and an example for x=0.2 at 4.S K is
shown in Fig. 3. This variation indicates a corresponding
spread in local Nd + concentrations, which affects the
lifetime through cross relaxation. This distribution of lo-
cal Nd conccntl ations is consistent with thc caI'lier
mentioned different domains in the crystal and compli-
cates the analysis of the spectral diffusion measurements.

h, v I
I fNHOMO
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FIG. 3. Lifetime w across the inhomogeneous line as a func-

tion of shift Av in excitation from line center for
Lao 8Ndo 2P50)4. T=4.5 K.

B- «~-temperature TRFLN

The nonresonant excitation studies explained the ex
ponential decay and linear quenching rate by assuming
fast donor-donor migration. In this case &D is given
by5, 24

~Dr=~, I+xg'X„ (1)
I

with Xor the trapping rate between a donor Rt site 0 Rnd an
acceptor at site I alld gr a slllll ovcl' Rll lattlcc sites ex-
cept the origin (site 0). The TRFLN measurements
showed an exponential decay and a linear quenching rate
q (x) at 6 K for the x= 1.0 sample and below 20 K for the
x=0.2 and 0.7S samples. No spectral dynamics within
the inhomogeneous line were observed over this tempera-
ture range for the three concentrations. This unusual
combination of exponential decay and linear quenching
and an absence of fast, spectral donor-donor transfer was
discussed previously. ' In the absence of donor-donor
transfer the decay of the donor excitation in disordered
systems is conveniently described by the quantity R(t),
which is the ratio of the integrated FLN line fluorescence
intensity and the total integrated intensity at time t after
the laser pulse

R (I)=g'[1 —x+x exp( —Xort)]

0.2
0.75
1.0

3.5
5.7
0.6

TABLE I. InholnogcIMous lincwidths bv;, h (F~HM)»d
line-center lifetime v of the F3~2(1) state at T=4.5 K for dif-

ferent fractional Nd3+ concentrations x.

with x and Xot as before and gt' as a product over all
lattice sites. This expression normally leads to a nonex-
ponential fluorescence decay and a nonlinear quenching
rate, and is a generalization' of the continuum Inokuti-
Hirayama model. The absence of donor-donor transfer in
LNPP at low temperatures is consistent with the exponen-
tial FLN decay because of the weak trapping in this com-
pound. ' In that case R (t) in Eq. (2) can be approximated
by a single exponential: R (t) =exp( txgt'Xot) —This.
implies a decay rate ~D

' ——I.o +xgr'Xor, which is identi-
cal to tllc fast IlllgI'Rtloll 1111llt rcslllt 111 Eq. (1) Rlld coll-
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sistent with the low-temperature TRFLN data.
The exponential decay in the absence of donor-donor

transfer can be analyzed more quantitatively by explicitly
calculating the expression for R (r) in Eq. (2) in the fol-
lowing manner. The trapping rate XOI can be written as

Xoi ——XOI (Roi /Roi)' (3)

with Xoi tile Iiearest-iielgliboi (NN) tlapplng iate aild Roi
the NN distance. In Eq. (3) an electric dipole-dipole in-
teraction between donor and acceptor is assumed (s=6).
Xoi can be derived from the room-temperature (RT)
quenching rate data of Lenth et ul. if fast donor-donor
transfer is assumed at this temperature. This is reasonable
because of the observed onset of spectral diffusion at =20
K in the x=0.2 and 0.75 samples and the strong increase
in the donor-donor transfer rate with increasing tempera-
ture. ' In this limit Eqs. (1) and (3) are used to evaluate
Xoi(T=300 K) by carrying out the lattice sum in Eq. (1)
over a sufficiently large number of sites. This sum in-
volves the radial lattice site dlstribut1on 1n Lap5014, , which
was calculated from the various crystallographic parame-
ters of this host. ' The temperature-independent
decay rate re indicates a Xoi which is also temperature
independent, because of the large energy mismatch in the
cross-relaxation process. The value of Xoi derived from
the RT data in this manner can then be used as a first-
order approximation for Xoi in the low-temperature ex-
pression Eq. (2). By varying XOI an optimum fit of the
data of Lenth et al. with the calculated decay rate from
R (r) [Eq. (2)] is obtained for Xo, = 1.lx10 s

The calculated values of R(t) from Eq. (2) with this
value of Xoi are shown for several concentrations in Fig.
4. It is evident froin these curves that for early times
(compared to the radiative lifetime vo which is =340 ps),
the exact expression for R (r) is characterized by a single

exponential decay, as was predicted from the earlier men-
tioned qualitative description of this early time regime.
These calculated R(t) values also yield' a linear concen-
tration quenching rate for 0.01 & x ~ 1.0 and do not show
a break into a quadratic dependence, as was suggested re-
cently. "Figure 5 shows the (calculated) time derivative of
8 (r} for x=0.2 (with the same Xoi), but now over a larger
time interval. The deviation from a straight line at late
times on this semilogarithmical plot illustrates the nonex-
ponential decay for times longer than Xoi', as mentioned
before. However, this late-time regime is never reached
because of the radiative decay: the trapping rate is suffi-
ciently small in LNPP for the excited donor to have ap-
proximately equal probability to transfer its energy to a
trap or to decay radiativeiy. Hence the observed exponen-
tial decay of the FLN component and linear quenching
below 20 K are consistent with the absence of spectral dif-
fusion and are described correctly by the expression for
R (r} in Eq. (3).

LNPP is the first compound, to our knowledge, which
shows exponential fiuorescence decay in the absence of
fast donor-donor transfer because of the relative magni-.
tude of the radiative decay rate and the (weak) trapping
rate.

C. Spectral diffusion measurements

In the preceding section the NN trapping rate XoI was
derived from the RT quenching rate data assuming fast
donor-donor transfer at that temperature. This assump-
tion follows from the observed spectral dynamics at ap-
proximately 20 K in both the x=0.2 and 0.75 samples.
Spectral diffusion across the inhomogeneous line was ob-
served at 20 K for x=0.75, as is shown in Fig. 6. The
three time-resolved spectra show a rise in the inhomogene-
ous line which indicates transfer from the initially excited

X -" 0.2
XOI =I. I x IO~ S I

t (lOps)

50

t (IO~ p. s)

I

20

FIG. 4. Calculated R(t) in the absence of donor-donor
transfer for various concentrations x. Xo~ ——1.1 X 10' s

FIG. 5. Time derivative of E. (t) for x=0.2 and
Xo&=1 1X10 s
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T=20K

E E
FIG. 7. TRFLN spectra at 17 and 24 K for excitation at the

center of the absorption line in x =0.2 sample (Av, „,=0 cm ').

FIG. 6. TRFLN spectra in La025Ndo 75pqG~q at 20 K show-
ing spectral diffusion across the inhomogeneous line.

(4)

with g&' and Xol defined before and 8'ol the transfer rate
between a donor at site 0 and a donor at site I:

P ROI8 OI—= = $VO1
(Rol )~ 8ol

S

The multipolarity of the donor-donor interaction is again
s and Ro, is as before.

The time-resolved Fs&2(1)~ I9~2(1) emission spectra of
the x =0.2 sample, with excitation at the center of the ex-
citation spectrum (hv, „,=0 cm '), were recorded between
17 and 24 K and typical examples are shown in Fig. 7.
These spectra clearly show the increase in the spectral dif-
fusion with increasing temperature. Around 24 K the

FLN coInponent to the background. This measuremcnt
proved unambiguously that spectral diffusion occurs in
LNPP and established, together with the absence of
donor-donor spectral transfer below 20 K, the existence of
phonon-assisted energy transfer in this compound.

The donor-donor transfer mechanism was investigated
in detail by measuring the temperature dependence of the
NN donor-donor transfer rate Wo, (T) in the x=0.2 sam-

ple. This transfer rate is extracted from the ratio R (t) in
the TRFLN spectra. Huber showed that, in the presence
of both donor-donor and donor-acceptor transfer via cross
relaxation, 8 (I) is given approximately by

& (t)=g'I1 —x+x exp[ (Xol+ ~ol)t—lcosh(~oII) l

transfer becomes too fast for a meaningful determination
of R(t). This shows that the donor-donor transfer is
strongly temperature dependent and justifies the assump-
tion of fast donor-donor transfer at RT. For an accurate
extraction of R(t), excitation in the high- or low-energy
wings of the inhornogeneous line is preferred. However,
upon excitation in these wings, with b,v,„,= + 3 and —2
cm ', very fast and slow, respectively, spectral diffusion
was observed compared to transfer after line-center excita-
tion at the same temperature (20 K). The spectral
development for hv, „,= + 3 cm ' also showed transfer
(Flg. 8) Rcloss RII llllloIIlogcllcolls llllc wlt11111 tllc main ex-
citation spectrum profile and with a peak position dif-
ferent from that of the main line. Poor spectra1 isolation
of the FLN component from the main line complicated
dctcHIllnatlon of R (I) and 1lcllcc llllc-cell'tcl' cxcltatloll was
used. This anomalous transfer indicates the existence of a
separate domain in the main inhomogeneous envelope
within which faster spectral transfer occurs, possibly be-
cause of a higher local Nd + concentration. This varia-
tion in transfer rates is consistent with the earlier men-
tioned variation of lifetimes across the inhomogeneous
line at low temperatures, which was also described to a
distribution in the Nd + concentration.

Thc tlIIlc-I'csolvcd spectra ln Flg. 7 show an asfIDmctrl-
cal and nonuniform rise in the background. In order to
determine the donor-donoI' interaction mechanism, intro-
duction of the quantity R (t) in Eq. (4) is meaningful only
undcI' certain condltlons. Partlcularlp 1clcvant to this
case it is assumed that the donor-donor transfer rates are
independent of the energy mismatch between the two
donors and that microscopic strain broadening determines
the energy levels of the ions. If these two conditions are
satisfied, the full inhomogeneous background rises uni-
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Vexe 5 CN T=24 K
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FIG. 9. Measured E. '(t) at 24 K for x=0.2. Slope of the
straight line is given by r =3/s, indicating a dipole-dipole char-
acter for the donor-donor interaction.

FIG. 8. TRFI.N spectra at 20 K with excitation + 3 cm
on the high-energy side (b v,„,= + 3 cm ') for x =0.2 sample.
Upper trace shows FLN component in absence of spectral
transfer at 4.5 K.

TRFLN measurements. The product in Eq. (4) is agai~
evaluated over a sufficiently large number of lattice sites
to ensure convergence and a least-squares fit of the mea-
sured R(t) values yields W'o&(T). This procedure is re-
peated for different temperatures and the NN donor-
donor transfer rates are extracted for 17& T &24 K. The
results are shown in Fig. 10 and the data are fit to an ex-

T(K)
P.G

formly, as is observed in all but a very few similar energy
transfer studies. The observed asymmetry and nonuni-
form rise in the TRFLN spectra appear to cast doubt on
these conditions and could suggest energy-mismatch-
dependent transfer mechanisms in LNPP. The spread in
Nd + concentration and the possible presence of domains
in the inhomogeneous line, however, complicate a descrip-
tion of the spectral dynamics with models which take this
(possible) energy-mismatch-dependent transfer into ac-
count. ~4 Similarly, the difference between the position of
the FLN line and the peak of the inhomogeneoos line in
the long delay F&&2(1)~ I9~z(1) spectra (Fig. 7) may be
dUe to this varlat1on 1Il Nd concentrat1on and macro-
scopic broadening effects. These effects were ignored in
the analysis of the ratio of the integrated FLN line inten-

sity and the total integrated intensity. Hence the con-
clusions drawn from this analysis, regarding the specific
interaction mechanism, should be considered as pertaining
to an average over the inhomogeneovs line.

R (t) was determined from the TRFLN spectra and fit
to the expression in Eq. (4). The multipolarity s of the
donor-donor interaction was obtained from a log-log
plot of R '(t). Figure 9 shows the R '(t) data at 24 K.
The slope r of this curve, which is given by r =3ls, indi-
cates the electric dipole-dipole character (s=6) of the
donor-donor transfer rate 8'ot. Xot is given by Eq. (3)

Xo~ = 1.1 X 10 s ' from the low-temperature

g e - 6/0. 7T s-
I

6=9%em ~

)05-

l I I I I I l

50 60
T (K) K l)

FIG. 10. NN donor-donor transfer rate 8'ol(T) showing an
exponential temperature dependence with an activation energy
of 6=94 cm
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ponential behavior with an activation energy 6=94 cm
W'Q, (T)=0.12X 10 exp( —6/0. 7T).

Considering the small temperature interval over which
the transfer rates were measured and the accuI'acy of the
data, a reasonable fit of the WQ&(T) data could also be ob-
tained with a T dependence. The temperature depen-
dence of WQi(T) determines the specific phonon-assisted
interaction mechanism. An overview of the various pro-
cesses is given by Holstein et al. The measured distance
dependence of WM and the phase factors kr and k'r of the
phonons involved indicate that the one-site resonant and
the one-site nonresonant processes are the possible
transfer mechanisms. Both of these processes show an
energy-mismatch-dependent transfer rate which could be
consistent with the nonuniform use of the background.
Energy transfer measurements in Nd +:YAG and
Nd +:yttrium gallium garnet showed ' that the one-site
resonant mechanism is responsible for the spectral donor-
dono1 transfer. In th1s two-phonon asslstcd process, a
phonon resonant with the I9&z(2)- I9~z(l) Stark splitting
is absorbed, which corresponds to the activation energy h.
This splitting was found to be 86 cm ' in LNPP, which is
within the error bar of the 94-cm activation energy ex-
tracted from the WQi(T) data. The donor-donor transfer
mechanism in LNPP is therefore probably the one-site
resonant process, although the one-site nonresonant pro-
cess cannot be excluded.

Another argument favoring the resonant process fol-
lows from a comparison of the measured WQ, ( 1) with the
F%M I'csults. Thcsc spat1al mlgrat1on stud1cs ylcldcd a
RT value for the diffusion coefficient D for x = 1. Huber
showed that in the presence of anisotropic diffusion an
effective isotropic diffusion coefficient D,tt can be defined

by

Di/2(D D )ii2
+cff= p

Ii is an incomplete elliptic integral of the first kind which
is independent on D;, i=1,2,3. In this expression D& is
the smallest and D3 is the largest of the three diffusion
coefficients D„, D~, and D, . In the case of an electric
dipole-dipole interaction, these aI'e given by

(RQi);
Dt= 1 pQ 6, I =X,J),Z (6b)

t (~Q~,. )'

Evaluating the lattice sums in Eq. (6b) and using the
values of D from the FWM studies, the room-temperature
value p(RT) can be extracted from which WQ1 (T=300 K)
follows, using Eq. (5): WQi (T=300 K)
=1A5X10 s '. The TRFLN data show WQi (T=20
K)=1.5X10' s '. The latter can be extrapolated to RT
and compared with the FWM result. With the use of the
exponential temperature dependence of the resonant pro-
cess, a value for WQ1 (T=300 K) is obtained, which is
=20 times smaller than the FVPM value. Repeating this
procedure with the T dependence of the nonrcsonant pro-
cess yields R WQ1 (T=300 K) wllicll 1s 10 'tliilcs 1Rrgcr

than the FWM value. It should be added that such an ex-

trapolation can be qualitative at best, of course, since at
higher temperatures, for example, effective donor concen-

tration decreases due to thermal population of the I9~2(2)
and higher Stark levels. In addition, the T behavior ap-
plies only to the regime T ~0.5TD where TD is the Debye
temperature.

IV. CONCLUDING REMARKS

We have reported in this paper on the first, direct inves-
tigation of spectral dynamics in the F3&2(1) state of
Lai „P5014.Nd„+. The technique of TRFLN was ap-
plied resonantly in this inhomogeneously broadened state
to study the anomalous exponential fluorescence decay
and linear concentration quenching. At, temperatures
below 20 K no spectral diffusion was observed in x=0.2,
0.75, and 1.0 samples. This indicates an absence of fast,
spectral, donor-donor energy transfer. In this temperature
region the fluorescence decay of the FLN component was
observed to be exponential and the concentration quench-
ing rate is linearly dependent on the fractional concentra-
tion x. This unusual decay and quenching in the absence
of fast donor-donor migration is explained by the general-
ized Inokuti-Hirayama model. In the limit of ~Q&XQ1
(the early-time regime) this model described an exponen-
tial decay and a linear quenching rate. The temperature-
independent NN trapping (donor-acceptor) rate XQ, is ob-

tained from other, RT quenching rate measurements and
is utilized in the calculation of the quantity R (t) at low

temperatures. The results of this calculation showed an
exponential decay within the lifetime of the E3&z(1) state,
whjch 1s conslstcnt with thc low-temperature TRFI N
data. The calculation also shows a linear quenching rate
for 0.01&x &1.0 and does not indicate a break into a
quadratic quenching rate at low concentrations, as
claimed recently. "

At 20 K spectral diffusion was observed in the x =0.75
sample for the first time in this compound and the pres-
ence of phonon-assisted energy transfer within the inho-
mogeneous line was established. With the use of TRFLN,
the donor-donor transfer mechanism was studied in
x=0.2 by measuring the temperature dependence of the
NN donor-donor transfer rate WQi between 17 and 24 K.
This transfer rate was obtained from fitting the measured
R (t) with a recently developed incoherent energy transfer
model for disordered systems. Excitation in the wings of
the F3&2(1) excitation profile showed anoinalously slow or
fast transfer, compared to transfer following excitation at
line center. This effect and a variation of the decay rate
across the inhomogeneous line indicate the presence of
domains of different Nd + concentration within the main
bne. The spectral development of the inhomogeneous
background showed an asymmetrical and nonuniform rise
with excitation at line center. Therefore, the presence of
energy-mismatch-dependent spectral transfer cannot be
excluded, but was not taken into account in the analysis of
R (t) because of the presence of these domains. The re-
sult1ng WQi ( T) data wcI'c fit to R thcHIlally Rct1VRtcd
behavior: WQi ( T)—exp( —b,/0. 7T) over the measured
temperature range, although a reasonable fit could also be
obtained with a T dependence. These two dependencies
correspond respectively to the one-site resonant and one-
site nonresonant processes. A comparison with FWM
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studies at RT and with energy transfer studies in other
Nd +-doped systems favor the one-site resonant process as
the donor-donor transfer mechanism in LNPP. However,
the one-site nonresonant process cannot be excluded
within the accuracy of the data. The spectral diffusion
data correspond to a diffusion coefficient which decreases
strongly with decreasing temperature. This conflicts with
a recently observed diffusion coefficient increasing with
decreasing temperature in the FWM experiments. The
latter diffusion coefficient corresponds to spatial migra-

tion, whereas our TRFLN result pertains to spectral mi-
gration. The relationship of spatial and spectral migration
is influenced by the strain broadening in the host lattice
and is not a very well understood problem (e.g., micro-
scopic versus macroscopic strain broadening).
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