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The use of degenerate four-wave-mixing techniques to investigate exciton migration in

highly concentrated laser materials is discussed. A theoretical derivation is presented of the
signal beam intensity for this technique using the geometric arrangement common for
energy-transfer studies. The results demonstrate effects that occur when the pump beams
are not exactly phase matched and the instabilities encountered for very small pump-
beam-crossing angles. Applying this technique to crystals of Nd„Lai „P50~4 shows that
exciton diffusion takes place in a given direction with diffusion lengths between 0.18 and
0.36 pm for samples with x ranging from 0.2 to 1.0, respectively. Fluorescence quenching
is shown to vary linearly with concentration at high values of x and quadratically it low
values of x. This is consistent with an exciton migration and trapping mechanism at high
concentrations and cross relaxation at low concentrations.

I. INTRODUCTION

We report here the results of an investigation of
the properties of exciton diffusion in
Nd„La~ „P50~4 crystals using degenerate four-
wave-mixing (FWM) techniques. Preliminary re-
sults of this work were given in Ref. l. This paper
presents a detailed derivation of some of the
theoretical aspects of FWM, as well as extending
the experimental data to an additional mixed crystal
with a different composition and discussing the
relevance of these results to the understanding of
the concentration quenching characteristics of this
material.

Investigating the optical properties of the so
called "stoichiometric rare-earth laser materials"
has been a topic of great interest in recent years, due
to their possible important applications as "mini-
)asers. " ' Understanding the concentration
quenching in these materials is of specific interest
since it is quite different from other rare-earth laser
materials. Past work involving both site-selection
spectroscopy and fluorescent line narrowing spec-
troscopy has shown that at low temperatures spec-
tral diffusion of energy does not take place. How-
ever, spatial migration of energy has been observed
over long distances at room temperature, ' and the
details of this process are described here. These
measurements were made by degenerate FWM spec-

troscopy techniques in which an excited-state popu-
lation grating is established and probed by chopped
laser excitation. This form of transient grating
spectroscopy has been shown to be an important
method of determining exciton diffusion lengths in
organic solids, and has the important property of
being able to detect spatial migration of energy
without spectral diffusion.

Although the theory of FWM has been developed
by several authors, ' the form of the expression
describing the scattering efficency is different de-
pending on the specific experimental orientation
used. In Sec. III a derivation is presented of the
FWM scattering efficiency expression assuming the
experimental arrangement important for exciton
migration studies. Several aspects of this expression
are discussed which have not previously been ad-
dressed in other theoretical treatments. In Sec. IV
the experimental results obtained from FWM mea-
surements on Nd„La~ „F50~4.crystals are discussed
and the properties of concentration quenching in
this type of material are investigated.

II. SAMPLES AND EXPERIMENTAL
APPARATUS

Large size single crystals of high optical quality
Nd„La& ~P50~4 were grown by the previously
described flux technique from hot phosphoric
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acid. ' The crystals grown were greater than 4 cm
in cross section, which allowed samples of various
crystallographic orientations to be cut and polished.
The three samples studied had fractional concentra-
tions of Nd + of x=0.2, x=0.6, X=1.0.

The experimental configuration used for this
0

work is shown in Fig. 1. The 5145-A line of an ar-

gon laser was used because it falls on the edge of
one of the absorption bands of Nd +. The beam is
sent through a 1-m focal length lens and then split
into three beams. The weak probe beam (labeled p
in the figure) is split off using a variable beam
splitter. The two pump beams (labeled a and b in
the figure) are split off using a 50-50 beam splitter.
The path lengths of the pump beams must be
within the coherence length of the laser, but the
probe beam path length is purposely made much
different to discourage gratings formed through the
interference of the probe beam with one of the
pump beams. The probe beam is aligned counter-

propagating to pump beam b. This probe beam is
then Bragg diffracted off the interference grating
formed by the interaction of two pump beams in
the sample so that the diffracted signal beam (label
s) counterpropagates back along pump beam a. The
signal beam is then picked off using a beam splitter
and directed into a photomultiplier tube. To
analyze the transient behavior of the grating decay
both of the pump beams are mechanically chopped,
and the decay of the signal beam is monitored using
a boxcar integrator and x-y recorder. The optics are
slightly misaligned to prevent feedback into the
laser. In addition, various orientations of polarizers
have been used to decrease background hght levels
and an LSI-11 computer system has been used to
analyze the data.

The laser directly pumps a Nd + absorption band

L
LASER

V

,
RECORDER AVERACER PMT

FIG. 1. Experimental configuration for transient grat-
ing measurements. Beams a and b are the pump beams,
beam p is the probe beam, and beam s is the signal beam.

made up of overlapping 69/2, and 67/2 levels.
There is then rapid radiationless relaxation to the

F3/2 metastable state from which the fluorescence
emission occurs to the various components of the I
ground state term. The excited-state relaxation oc-
curs on a time scale too rapid to be detected by this
experiment. The energy migration occurs while the
ions are in the metastable state, and it is the dif-
fusion coefficient of this mobile excited state which
is measured by this experiment.

III. THEORY

The theory of FWM has recently been addressed
in several papers ' using two fundamentally dif-
ferent approaches. References 6 and 8 model the
system as the probe beam Bragg diffracting off of a
sinusoidally varying complex index of refraction
grating. This is useful in studying the physical pro-
cesses that destroy the grating in time. This is espe-
cially important in exciton-migration studies, and
the results of this theory will be used in Sec. IV to
analyze experimental data. References 7, 9, and 10
model the system by explicitly considering the non-
linear wave equations where the electric fields are
coupled by the nonlinear susceptibility in the ma-
terial. Furthermore, Refs. 9 and 10 consider the
mechanisms creating this nonlinear susceptibility by
modeling the system as an ensemble of two- and
three-level atoms, respectively. This approach
yields important information about the steady-state
scattering efficiency. In interpreting FWM data it
is important to understand the signal properties as
fully as possible, and thus in discussing the results
in Sec. IV theoretical predictions of both ap-
proaches are utilized. The Bragg scattering ap-
proach is used to directly determine information on
exciton diffusion, '" and the nonlinear interaction
model is used to explain the dependence of signal
strength and stability on alignment characteristics.
Previous work with the latter model assumed
phase-matched, counterpropagating pump beams.
The FWM scattering efficiency is rederived below,
modeling the media as a two-level system as in Ref.
9 but including important extensions to the theory
consistent with the configuration used for exciton-
migration studies. It is recognized that this treat-
ment using interacting plane waves in a two-level
system must be considered only a rough approxima-
tion to the real case of focused Gaussian beams in
a multilevel system (Nd +). However, the general
features of the signal intensity predicted by the sim-
plified model are still useful in understanding the
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Br'agg Condition Qp Kp+k) )on ks p+k — ka

kg=kb-ka

X"

The assumptions will be made that all beams are
linearly polarized in the same direction, with the
pump beam electric field given by Eb(r, t) and
E,(r, t), the probe field as E~(r, t), and the signal
beam as E,(r, t). If the z axis is taken to be along
the pump beam with electric field E„then the con-
figuration will be as shown in Fig. 2 which is simi-
lar to the geometry of Refs. 7 and 9. By making
the "parametric approximation" that the pump
beams are undepleted in the media, then the four
electric fields are given as

As(o)

(C) A~(P)

I

I

I

I
I

Z=O Z=L

Ez(r, t) =A (z)e'"'e

E,(r, t)= A(z) e'~' e

Eb(r, t) =Abc'~'e

FIG. 2. (a) Grating formation geometry. (b) Conser-
vation of wave vector and the Bragg condition. (c) Sam-
ple and electric field geometry.

E,(r, t) =A, e'"'e

The wave equation that these fields must obey in
the material isobserved signal properties. No attempt is made to

relate these results to specific material properties
since important properties such as dispersion in the
excited state are not included in this simple model.

In the FWM configuration generally used to
study energy migration, a laser beam is split into
two strong "pump" beams of wave vectors k, and

khan, d a weaker "probe" beam of wave vector kz
which counterpropagates against one of the pump

beams. This is shown in Fig. 2. The two pump
beams interfere in the medium and optical absorp-

tion by the active ions creates a spatial distribution
of excited states with a sinusoidal pattern of
wave vector k ——kb —k, . Corresponding to the

grating wave vector k~ is the grating wavelength

given by A=A, /(2sin8/2), where A, is the laser
wave length and L9 is the crossing angle of the two

pump beams. The depth of the grating can then be
ascertained by Bragg diffraction of the probe beam.
%ith the probe beam counterpropagating against
the pump beam which has wave vector kb, the

Bragg condition requires the scattered signal beam
to have wave vector k, =k&+ kg kp which im-

plies that the signal beam counterpropagates back
against the pump beam with wave vector k, (see

Fig.

(j2E ()2P
V E—Ep pp =pp

Qf 2 Qt2

where ep is the permitivity constant, pp is the per-
meability constant, and I' is the polarization. The
polarization P may be expressed in terms of the sus-

ceptibility as

(2)P(E)=epX(E)E .

The media can be modeled as two-level system with
the susceptibility given by '

2' p
X(E)=-

k
i+5

1+5'+ ~iE/Es ~'

where 5 is the normalized detuning from line
center,

~
E,

~

is the saturation intensity, and ap is
the line center small-signal field attenuation coeffi-
cient. The total pump-bean electric field
Ep =E +Eb will have a much larger amplitude
than the sum of the electric fields of the probe beam
and the signal beam AE=Ez+E, . Thus the polari-
zation can be expanded to first order in AE/Ep to
obtain2).

(EphE*+
i Ep

i
b, E)

P(Ep+b.E)=e'"'epX(Ep) Ep+hE
Is+

f
Ep

I

' (4)

where Is ——
~
Es

~

(1+5 ).
With the use of the slowly varying envelope approximation,

~

8 A; /Bz
) &&

~
k;BA;/Bz (, i =P,s, Eq. (1) be-

comes
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, -, .-„aA,(z),-„.-, aA, (z)
2ike' ' cos0e ~ +e

Bz BZ

(E',~E'+ lE, l'SE)—k2e' 'X(Eo} Eo+hE
Is+ lEo l'

(5)

wherek'=
l k~ l'=

l k, l
.

The only terms of interest on the right-hand side are those that satisfy the phase matching condition, i.e.
those terms that synchronously drive the left-hand side as either exp[i(o~t —k, r )] or exp[i(cot —k~ r )]. De-
fining the pump-beam intensities as Ib ——

l
Ab

l
and I, =

l A, l, Eq. (5) becomes

k .-, BAq(z);k .-, BAg(z)
cos8e ~ +e

BZ z

ao lE, l
(1 i5—)

(Is+ IEo I

=((Is+ IEo l )(A„e ~ +A, e '
)

(Ib+—I, )(A~e ~ +A, e '
) A~AbA—,'e

A,A—bA, e ~ —jAbA, exp[ i(kz —k, ) r ]IA&e—

—jAbA,"exp[i(k~ —k, ) r]IA, e *
) .

The phase mismatch b, of the two pump beams is given by b, =tI)b —p„where Ab ——lAb l
exp(ipb) and

A, =
l
A,

l
exp(iP, }. Since the signal beam is much weaker than the probe beam for this type of FWM experi-

ment, Eq. (6) leads to two coupled wave equations. Along the z axis, these are

BAp(z)
+p(z)Aq(z) =0,

az

BA, (z)
+P(z)A, (z) =Q(z),

BZ

where

—ao l
Es

l
(1 i5)—

p(z) =
cos8

Is+
l
AbA.

l
exp j+i[k(1 cos8)z+—6] j

jIs+Ib+I +2
l
AbAa

l
cos[k(1 —cos8)z+b, ] l

and

—ao
l
Es l

(1 i5)
l
AbA—g l

e' Ap(z)
Q(z) =

jIs+Ib+I, +2
l AbA, l

cos[k(1 —cos8)z+ b, ] j

. Is+ lAbA, l expj i[k(1—c—os8)z+b]I
P(z)= —ao

l
Es l

(1 i5) . —
jIs+Ib+I, +2

l
AbA,

l
cos[k(1 —cos8)z+h]l

(7)

It can be seen that p(z}, P(z), and Q(z) each oscillate with z with oscillation wavelength )i«=A, I(1—cos8).
The solutions to Eqs. (7) and (8) fall into two categories, depending on whether or not p(z), P(z), and Q(z) os-
cillate rapidly over distances where Az(z) and A, (z) change appreciably. These will be treated separately.

Case I: 8 is not small

If 8 is not small, then Az(z) and A, (z) do not change appreciably over li«. Since p(z), P(z), and Q(z) then

oscillate many times over distances where Az(z) and A, (z) change appreciably, they may be averaged over an
oscillation wavelength. The solution to Eq. (7) is then
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A~(z) =A~(L)exp[/ sec8(z L—)],
where Az(L) is the incident probe-beam amplitude and g is the complex absorption coefficient given by

(9)

ao(1 i5—)
(1+5 )

1+(Ib /Is ) +(I, /Is ) 2I—bI, /Is

I [1+(Ibj&g)+(Ig /Is)] 4'—I, /I5 j
'

With the use of the boundary condition that there is no incident signal beam, i.e., A, (0)=0, the solution to Eq.
(8) is

&i, (L)—I&sA, I

e' [1+(Is+I,)/Ig]
a, (z)=-

sec8 —1 Is [1+(Is +I, ) /Is 2IsI,—/Is]

X I exp[( sec8(z L)]——exp[/(z —L )] j .

One quantity of interest is the signal-beam intensity as it exits the sample
I
A, (0) I, since this is an experi-

mentally measureable quantity,

(IsI, /Is)[1+(Is/Is)+(I, /Is)]
IA, (0)

I

=
2 [IA~(L) I

/(sec8 —1) ][1+(Is /Is ) +(I, /Is ) 2IsI, /I—s ]

X I exp( 2(~L—) +exp( 2gq sec8—L ) —2exp[ —ga (1+sec8 )L ]cos[(;(1—sec8 )L ]j, (12)

where gR and g; are the real and imaginary parts of Eq. (10), respectively. Normally in a degenerate FWM
experiment the two pump beams and the probe beam are obtained by splitting one laser beam into three parts.
When this is the case, one sees from Eq. (12) that the output signal-beam intensity will vary as the cube of the

laser power.

A good measure of the "scattering efficiency" ~ of the FWM process& is the ratio of the exciting signal
beam

I
A, (0)

I

to the exiting probe beam in the absence of the pump-beam interactions. With the use of Eqs.
(9) and (10), we have

I ~&(0)
I E,=0=

I
~&(L) I

'exp I
—[2ao j(1+5')]Lj .

The scattering efficiency i) is then given by

(I&I, /Is)[1+(Ib/IS)+(I, /Is)] exp[2aoL/(1+5 )]

I [1+(Is/Is)+(I /Is)] 2IbI /Is j — (sec8 —1)

X I exp( 2' L )+exp( —2/a sec8L ) —2—exp[ —gz (1+sec8)L ]cos[g;(1 sec8)L ] j . — (13)

The dependence of the scattering efficiency on crossing angle can be clarified somewhat whenever

I
(L(1—sec8)

I
is small. This will usually be true since the experiment does not work well if

(i)
I gL I

is large since the beams are than essentially extinguished in the crystal.
(ii) 8 is very large since the output signal-beam intensity decreases with increasing 8.
Thus under this condition, to first order in

I gL (1—sec8) I, Eq. (13) becomes

ao (IbI /Is)[1+(Is+I )/Is] L exp( —2g L)aexp[2aoL/(1+5 )]'I= 2 2 2 3 [1+gzL(1—sec8)]
l +$2 I [1+(Ib+I,)/Is] 4IsI, /Is j—

(14)

Equation (14) shows that the scattering efficiency
decreases strongly with increasing crossing angle 0.

Whenever the pump intensity is well below the
saturation intensity, to lowest order in (Is+I, )/IS
the scattering efficiency reduces to

r

aoL 2 aoL
2 (IbI, /Is) 1+ (1 sec8)—1+5' 1+5'
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Experimentally, one usually works with crossing
angles large enough that case I applies and Eqs.
(13), (14), or (15) will be applicable. However, it is
of interest to derive the expression for scattering ef-
ficiency for very small crossing angles in certain
limiting cases to discover what new effects should
be expected in this situation.

be solved exactly in this case. However, they can be
solved approximately whenever the pump beams are
well below saturation intensity.

Defining a as

a, (i —m)
[1+(Ib+I,)/Is](1+&')

Case II: 8 is small

If 9 is very small, then A~(z) and A, (z) do change
appreciably over A,o,. Equations (7) and (8) cannot

the output intensity of the signal beam can be
formed from the solution of Eqs. (7) and (8) (Ref.
15) to first order in

I
AbA, I /Is,

2 IbI,
A, (O) I'= L

I
a

ls

2 IAbAa I'
X L+ [3aitsin[k(1 cos9—)L+b, ]—a;cos[k(1 —cos9)L+b, ]]k(1 cos9)I&—

12
I AbAa

I aii . k(1 —cos9)L . k(1 —cos9)L
2

—Sln +5 sin
k (1 —cos9) Is 2 2

4IAbA.
I 4—

k(1 —cos9)Is k(1 —cos9)
k(1 —cos9)L k(1 —cos9)Lsin

2
cos

2

The scattering efficiency is then

g= L
I
a

I
(IbI /Is)exp[2aoL/(1+5 )]exp( —2agL)

2IAbAalL
X ~ L + '

I 3a~ sin[k(1 —cos9 )L +&]—a;cos[k(1 —cos9 )L +b ] Ik (1—cos9 )Is

12
I
AbAa

I
a~ . k(1 cos9)L — . k(1 —cos9)L

sin +5 sin
k (1—cos9) Is 2 2

T

4
I AbAa

I ai . k(1 —cos9)L- 4— s1n
k(1 cos9)Is —k(1 —cos9) 2

k(1 —cos9)L
cos +6 (17)

Important information about the type of effects
expected at small crossings angles can be obtained
by examining Eqs. (16) and (17). One can see that
all of the terms that are first order in

I
AbA,

I
/Is

vary sinusoidally with the phase mismatch 5 of the
two pump beams. If the pump beams are within
the coherence length of each other, then
b, =(2m /A, )&I. where hL is the difference in path
length. All terms that are first order in

I AbA,
I
/Is

will therefore be exceptionally sensitive to vibra-
tions and to precise alignment of the pump beams.
Thus at very small angles, Eqs. (16) and (17) predict
the observed signal beam to have a component that
oscillates very rapidly due to vibrations or minor

]

adjustments superimposed on an "envelope signal"
that is insensitive to vibrations and precise align-
ments. The observation of this type of behavior is
discussed in the following section.

IV. EXPERIMENTAL RESULTS
AND INTERPRETATION

Information about spatial energy migration in

Nd„La] „P50]4 crystals at room temperature was
obtained using the F%M configuration described
previously and observing the decay of the Bragg
diffracted signal beam. Useful data was obtained
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only for 8 &2' since the signal beam was found to
be extremely unstable at smaller crossing angles.
The signal had two components at these small an-

gles. One component was exceptionally sensitive to
vibrations and to the exact alignment of the experi-
ment, and underwent many oscillations whenever

slight alignment changes were made. This com-
ponent was superimposed on another much stabler
component. This small-angle behavior is exactly
what is predicted by Eqs. (16) and (17).

Whenever the pump beams are chopped and the
grating is destroyed by fluorescence decay and exci-
ton diffusion, the signal beam is predicted to decay
exponentially with decay constant K given by "

E=(32m. D/A, )sin (8/2)+2/r . (18)

Here D is the diffusion coefficient, r is the fiuores-
cence lifetime of the excited state, and both 8 and A,

have been corrected for the index of refraction of
the sample.

In all three samples, double exponential decays
were observed. The fast component had a decay
constant that was independent of 8 and did not ex-
trapolate to twice the fluorescence decay rate Since.

TABLE I. Exciton diffusion parameters in

Nd„La~ „P50~4 crystals.

0.2
0.6
1.0

~ (@sec)

294
174
124

D {cm /sec)

5.2X 10-'
2.5y10-'
5.1 y, 10

I, (pm)

0.18
0.30
0.36

6.8
~ ~ S ~ ~ I ~ ~ ~ ~ ~

0 2 4 6 8 10x103
sln2(WI2)

FIG. 3. Variation of grating decay constant with the

square of the sine of half the pump-beam crossing angle

at room temperature. The shaded points are twice the
fluorescence decay rates.

this is not consistent with the predictions of Eq.
(18}, the mechanism causing this component is
scattering from something other than a simple pop-
ulation grating. It is not particularly surprising
that other mechanisms create an optical Kerr effect
in a birefringent, ferroelastic crystal such as
Nd La~ „P50j4, and these mechanisms will be
studied in future experiments. The slower com-
ponent of the double exponential decay had a decay
constant that followed the predictions of Eq. (18)
very closely and is therefore identified as being due
to scattering from an excited-state population grat-
ing. It is this component of the total decay constant
that is of interest in characterizing spatial energy
migration.

The decay constant E is plotted versus sin (8/2)
in Fig. 3. With each sample, it is seen that E varies
linearly with sin (8/2) and extrapolates to twice the
fluorescence decay rate for 8 =0 as predicted by Eq.
(1S}. By calculating the slope of the theoretical fit
to the data, Eq. (18) can be used to obtain the dif-
fusion coefficient D Table .I lists the values of D
determined for the three samples. These are for en-

ergy migration along approximately the crystallo-
graphic a direction. It was more difficult to obtain
data along other crystallographic directions due to
higher background scattering, but in the
Ndp pLap sP50~ 4 sample the diffusion coefficient
along the b direction was found to be the same as
along the a direction within experimental error.

The exciton migration length in the grating direc-
tion 1; can be defined as l;=+2Drp. The values
obtained for l; are listed in Table I.

In order to identify the microsopic interaction
causing the exciton migration, the concentration
dependence of the diffusion coefficient must be as-
certained. For a random walk resulting from elec-
tric dipole-dipole interaction'

D= t , [(4n. /3)N»—] ~ Rp/rp]x (19)

where Ro is the critical interaction distance, vo is
the intrinsic fluorescence lifetime, N» is the con-
centration of ions on the exciton lattice for
NdP50&4, and x is the normalized Nd concentra-
tion. Figure 4 shows a plot of D vs x . The
linear variation of D with x is consistent with

Eq. (19). The use of values of rp ——350 @sec and
N„=4)&10 ' cm and fitting the data in Fig. 4
with Eq. (19) gives a value of Rp ——45 A. This
long-range interaction distance will overcome any
crystal anisotropy which is consistent with the ob-
servation that the diffusion coefficient is the same
along the a and b directions.
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FIG. 4. Concentration dependence of the exciton dif-

fusion coefficient at room temperature.

Next, it is important to determine the role played
by the exciton migration in the concentration
quenching properties of the material. The quench-

ing rate is given by
—18'g ——s —~p (20)

340 ~

300—

vs260-

220-

180-

140—

0 0.2 0.8

50

40

!30 &

-Lao ='

-I10

1.0

FIG. 5. Concentration dependence of the fluorescence
lifetime and quenching rate at room temperature.

where r is the measured fluorescence decay time
and rp is the intrinsic fluorescence lifetime in the
absence of concentration quenching. Again taking
7 p =350 IMsec the fluorescence lifetime and quench-

ing rate plotted versus concentration in Fig. 5. At
high concentrations the quenching rate varies
linearly with concentration as shown in Fig. 5. This
linear concentration dependence of the quenching
rate together with the long exciton migration
lengths listed in Table I indicate that the dominant
quenching process in the higher concentration
Nd„LaI „PSOI4 crystals is an exciton diffusion and
trapping mechanism. At low concentrations the
quenching rate no longer varies linearly with con-
centration as can be seen in Fig. 5. This region is
expanded in Fig. 6 where the quenching rate is plot-
ted both versus concentration and the square of the

100-

I I I I I I I I I

0.05 0.1 0.15 0.2
x

FIG. 6. Concentration dependence of the quenching
rate at room temperature for samples with low Nd con-
centrations.

concentration for the three samples with smallest
values of x. It is seen that for these low-
concentration samples, the quenching rate varies
approximately quadr atically with concentration,
which is consistent with an ion pair cross-relaxation
quenching mechanism.

V. SUMMARY AND CONCLUSIONS

Three important results have been described in
the preceding sections. The first is the derivation of
the expression describing the intensity of the FWM
signal beam in the typical configuration used for
studies of exciton dynamics. This shows the effects
of not having the beams exactly phase matched and
the instabilities that arise for very small write beam
crossing angles. The latter effect was encountered
experimentally. The second is the demonstration
that excitons diffuse over an average distance of
0.36 pm in a specific direction in NdP50~4 at room
temperature. - The third is the implication obtained
from the concentration dependence of the fluores-
cence quenching that at very low concentrations
quenching occurs through cross relaxation while at
high concentrations the quenching mechanism is
exciton migration to sinks.

There has been significant controversy in the
literature concerning the concentration quenching
mechanism in stoichiometric laser materials and
whether exciton diffusion occurs in these materials
or not. The arguments on these subjects have been
discussed elsewhere and will not be repeated
here. ' Some of the discrepancies in data reported
previously may be due to differences in sample
quality since it has only been recently that it has
been possible to obtain good single crystals of large
size and high optical quality. '
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The results reported here showing that different
quenching mechanisms are active in high- and low-

concentration samples are consistent with the ob-
served differences of the effects of high pressure on
the optical spectra of stoichiometric rare-earth ma-
terials. ' The exponential shape of the population
grating FWM signal decay indicates that exciton
motion is diffusive at room temperature. '" The
nature of the trapping sites and quenching interac-
tion has not yet been determined. The sample sur-
face has been shown to play some role in the
quenching but it does not appear to be the dominant
quenching site. Also it is important to note that
hydroxyl radicals which were known to cause
quenching in early materials of this type are not
present in the high quality samples used in this
study.

The observation of long-range exciton diffusion
in NdP50i4 at room temperature is consistent with
the recent low-temperature photon-echo results ob-

tained on similar EuP50t4 crystals which show the
excitons to be delocalized. ' Attempts are currently
underway to repeat these FWM experiments at low
temperatures to determine the role played by pho-
nons in the exciton migration and trapping process.
However, additional experimental complications
such as added background scattering from dewar
windows and reduced absorption of the signal
beams have so far inhibited low-temperature mea-
surements of this type. These will be pursued fur-
ther in the future as well as additional investiga-

tions into the nature of the unexplained angular-

independent scattering mechanism.
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