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Transient four-wave mixing techniques have been used to measure the decay rate of
the excited-state population grating in Nd„I aq „P~Oq4 samples as a function of grating
spacing. The results show that at room temperature there is diffusive energy migration
over distances of the order of 0.36 pm in the highly concentrated samples.

PACS numbers. 78.20.-e

Degenerate four-wave mixing (FWM) spectros-
copy has been shown recently to be a powerful
method for studying spatial migration without
spectral transfer of electronic excitation energy
in solids. ' ' This technique has been used to de-
termine the diffusion coefficient of molecular ex-
citons in organic solids, ' but attempts to make
similar measurements on Frenkel excitons in in-
organic materials have resulted only in placing an
upper bound on the diffusion coefficient because
the migration is too short to observe in the sam-
ples which have been studied. ' ' We report here
the results of FWM measurements on single crys-
tals of Nd„La, „P,O„at room temperature. The
presence of energy migration is easily observed
and it is found to be diffusive with a migration
distance of the order of 0.36 p, m. These results
are of significant importance since they represent
an unambiguous determination of the range of en-
ergy migration in this class of stoichiometric
materials used as "minilasers" for low-thresh-
old, high-gain applications. " The mechanism
causing concentration quenching of the fluores-
cence in these materials is not understood but it
is known to have quite different properties from
other neodymium laser materials. ' This is not
only an interesting fundamental physics question,
but it is also important in material development
for laser applications. The contribution of ener-

gy migration to concentration quenching in neo-
dymium pentaphosphate has been the subject of
significant interest and some controversy, with
estimates of migration lengths ranging from a
few angstroms to a few microns. ' " These FWM
results provide an answer to one of the fundamen-
tal questions surrounding this controversy.

The samples used for this investigation were
cleaved from high-quality single crystals grown
by the technique described recently. " Several
different experimental arrangements have been
used to establish and probe population gratings of
excited states. A schematic diagram of the setup
used for this work is shown in Fig. 1. The 5145-A
line of an argon laser was used since it fa1.ls on
one edge of a Nd" absorption line. The absorp-
tion of this light by the Nd'+ ions in the sample
creates a spatial distribution of excited states
with a sinusoidal pattern of wavelength A =A/8,
where 0 is the crossing angle of the write beams
and A. is the wavelength of the light in the sample.
This "population grating" can cause the probe
beam to be scattered with the maximum scatter-
ing efficiency occurring when the Bragg condition
is satisfied.

Figure 2 shows the results from measuring the
decay rate K of the scattered probe beam as a
function of the square of the crossing angle of the
write beams for single crystals of Ndp50j4 and
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FIG. 1. Experimental setup for transient four-wave
mixing measurements. 1 and 2, the write beams; 3,
the incident probe beam; and 4, the scattered probe
beam. -2 6e (X10 lad )

Nd~, La~,p,0,4 at room temperature. The decay
curves were found to be exponential and the data
points shown in the figure represent the average
obtained from repeating the measurements nu-
merous times at the same crossing angle. The
error bars represent the spread in the data ac-
quired at each point. The increase in background
"noise" due to extraneous light scattering and
the decrease in probe beam transmission caused
the data obtained on the heavily concentrated
sample to be less accurate than that obtained on
the 20/0 Nd sample.

For both of the samples investigated, the probe
beam decay rate increases approximately linearly
with increasing values of O'. This can be related
directly to the mechanisms responsible for the
destruction of the population grating. This grating
can be destroyed both by the decrease in the ex-
cited-state population by normal fluorescence
decay and by the migration of excited states (ex-
citons) from the peak to the valley regions of the
grating. If the exciton motion is diffusive the
time evolution of the spatial distribution of the
excited-state population n(x, t) is given by the
one-dimensional diffusion equation'

Sn(x, t)/Bt =De'n(x, t)/8 x ~-'n(x, t},
where D is the diffusion coefficient and 7. is the
fluorescence decay time. For the initial condition
of a sinusoidal spatial distribution of n(x, 0) in the
x direction, the solution of Eg. (1) is

n(x, t)= —,'e ' '(1+exp[-(2m/A)'Dt]cos(2'/A)].

(2)

FIG. 2. Measured decay rates of the scattered probe
beam for NdP50&4 and Ndo. 2Lap, 8Pg0~4 crystals at room
temperature for various values of the crossing angle of
the write beams. The filled points are twice the meas-
ured fluorescence decay rates and the straight lines
represent the predictions of Eq. (4).

The scattering efficiency is proportional to the
depth of the grating. ""This leads to the ex-
pression for the diffracted probe-beam intensity

I,(t) = Ip(I, b.n) = Ip I, e

where

K= 2[(2w/A)'D+ 7' ']=(8m'D/X') 6'+ 2T ' (4).
Here I~ is the probe beam intensity in the absence
of scattering and J, is the write beam intensity.
Both A. and 6I have been corrected for the index of
refraction of the sample.

The theory outlined above predicts that in the
presence of diffusive exciton migration the meas-
ured scattered probe-beam intensity will decay
exponentially with a decay rate which increases
linearly with 6'. These predictions are consis-
tent with the experimental results obtained on the
Nd„La, „P,O,4 crystals. The solid lines in Fig. 2

represent the fit of the theoretical expression in
Eq. (4) to the experimental data. The intercepts
of these lines should be 2/i and their slopes can
be used to determine values of D. Table I lists
the measured fluorescence lifetimes for these
samples and they are used to plot the solid points
shown in Fig. 2 at 6'=0. The theoretical lines
extrapolate nicely to these points. Table I also

1021



VOLUME 46, NUMBER 15 PHYSICAL REVIEW LETTERS 13 APRIL 1981

TABLE I. Exciton diffusion parameters for Nd„—
La~ „P50~4 crystals.

Sample (x) 7 (psec) D (cm /sec) l„(p,m)

0.2
1.0

300
125.3

6.85x 10
0gx 10 6

0.20
0.36

1022

lists the calculated diffusion coefficients for these
samples. The average displacement of an exciton
along the grating directions in its lifetime is giv-
en by l„=(2Dr)'~'. The values for this one-dimen-
sional exciton diffusion length for the two penta-
phosphate samples are listed in Table I.

The results reported here were all obtained
with the laser beams incident on the b plane
(cleavage plane) of the crystal and with the sam-
ple oriented to measure diffusion in approximate-
ly the a direction. Although some changes in the
results were observed when the sample was ro-
tated to different orientations, this experiment
is so sensitive to precise alignment that it is not
clear at this point whether the observed changes
are due to anisotropy in the exciton diffusion or
simply a slight misaligning of the experiment.
The question of orientation dependence of D will
be thoroughly investigated in the future. At high
"probe-beam" intensities a double exponential
decay was observed with a faster initial decay
rate. At angles larger than those reported in
Fig. 2 this fast-decay component dominated the
detected signal even at smaller probe-beam in-
tensities and thus limited the range of grating
spacings available for study. The decay rate of
the fast signal is independent of the crossing an-
gle of the "write beams" and does not extrapo-
late to 2/r and thus is not directly associated
with the "population grating. " There are several
other sources of refractive index gratings in
crystals due to different types of nonlinear opti-
cal interactions and it is not surprising that other
interference effects are present in a birefringent,
ferroelastic crystal such as Nd„I a, „P,O,4. In
this paper we focus our attention on the proper-
ties of the population grating and plan to study
the characteristics of other types of gratings in
future investigations. It should be pointed out
that thermal gratings can also be studied by this
technique and that the thermal diffusion coeffi-
cients are of the same order of magnitude as
those reported here. We can be sure that the dif-

fusionn

coefficients reported are not due to ther-
mal diffusion since the observed decay rates ex-

trapolate to twice the fluorescence decay rates
and the value of D varies significantly with Nd

concentration. Neither of these characteristics
is true for thermal gratings.

One important aspect of characterizing energy
migration is identifying the microscopic nature
of the interaction causing the motion. A rough
approximation for the diffusion coefficient of an
exciton undergoing an incoherent random walk re-
sulting from electric dipole-dipole interaction is '

D = T(~~vg"z, '/7„ (5)

where N, is the sensitizer concentration, Tp ls
the intrinsic fluorescence lifetime, and Rp is the
"critical interaction distance. " For NdP, O,4, Ã,
=4~102' cm ' and, if concentration quenching is
attributed to energy migration, T, =350 ps. Use
of these values and the measured value of D in
Eq. (5) gives R, =45 A. Although this is extremely
high, compared with typical values for Rp in light-
ly doped solids, it is consistent with the theoreti-
cally predicted value Rp in a stoichiometric crys-
tal such as NdP, G,4 if resonant interaction be-
tween ions in identical sites with small homoge-
neous linewidths is assumed. " Also, Eq. (5) pre-
dicts that the diffusion coefficient should vary as
the @ power of the concentration, which is con-
sistent with the results given in Table I. In addi-
tion, it should be noted that the electric dipole-
dipole interaction has a long enough range to over-
come any structural anisotropy. '

These FWM results show that at room tempera-
ture in NdP50y4 excitons diffuse over an average
distance of 0.36 pm in a specific direction. The
relatively long range of the exciton diffusion
measured here disagrees strongly with several of
the previously published results. '"" However,
it should be noted that the authors of Ref. 15 have
obtained more recent results in agreement with
those reported here. ' lt is not clear why the re-
sults of Weber and co-workers' "are in contra-
diction to the present results, but one source of
difference may be the greatly improved tluaiity of
the large-size crystals now available for study. "
Although the results reported here do not give
direct information concerning the mechanism of
concentration quenching, they do show the pres-
ence of long-range energy migration and thus it
is quite possible for exciton diffusion and trapping
to play an important role in the quenching pro-
cess. The complete theoretical characterization
of energy transfer in Nd„La, „P,O„must await
further experimental results and this investiga-
tion is presently being extended to several other
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samples with different Nd" concentrations in or-
der to establish the concentration dependence of
the diffusion parameters, which can then be com-
pared to the variation of the quenching rate. Also,
these experiments will be extended to low tem-
peratures to see whether any coherent contribu-
tion to the exciton migration can be detected. '

This work was supported by the U. S. Army Re-
search Office.
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Observed 7-eV satellites in the x-ray-photoemission spectra of UGa2 and other B-
group compounds are shown to be due to two-hole final states as confirmed by existing
Auger data. The presence of these satellites is an indication for a weak fd hybridization
and, when compared to uranium-transition-metal compounds, increased 5f localization.

PACS numbers: 71.70.Ms, 79.60.Cn

The nature of the 5f electrons in the actinides
has attracted much attention both from the exper-
imental and the theoretical point of view. For n-
U metal it has been shown recently that the 5f
electrons have primarily itinerant character. '
The degree of 5f localization depends on the over
lap of the corresponding 5f wave functions on

neighboring atoms and on the 5f 6d hybridi-zation

Since in uranium compounds the interatomic U-U

distance and the bonding properties are changed

as compared to a-U, a, change in the degree of
the localization can be expected.

X-ray photoemission spectroscopic (Xpg) in-
vestigations on uranium compounds with B-group

elements have shown a characteristic satellite
structure at 7 eV higher binding energy of the U

4f core-level spectra (see Table I). The only
serious attempt to explain these structures has
been made for UO, where this satellite has been
attributed to a shakeup process from the oxide-
derived P band to unoccupied 5f states."

En this Letter we show that, in the XPS spectra
of the intermetallic compount Uoa„a similar
structure exists for the U 4f as well as for the
U 5f levels (we note that even the valence bands
of UO, show such a structure, which has been
interpreted as belonging to the 0 2p band' ). In
UGa, this structure cannot be explained by a
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