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Four-%'Rvc m1xlng has bccn 1nvcstlgatcd ln Nd~LRI ~P5014 crystRls Rs 8 function of temperature»
laser excitation wavelength, and power. The results are interpreted in terms of scattering from a
population grating, and the relative intensity of the scattered signal is investigated as well as the
grating decay time. The power dependence of the scattered intensity is explained by a. model involv-
ing interaction with a three-level system, and the properties of the grating decay are associated wit4
the exciton dynamics of the ions in the excited state. Decay patterns characteristic of both in-
cohcI'cQt. Rnd part1Rlly cohcrcnt cxc1ton IQ1glatloQ can bc obscrvcd UndcI' dlffcI'cnt experimental coIl-
dlt1ons. Enhanced ID1gration duc to vlbI'on1c gcncrat1on of phoQons 1csonant w1th thc mctastablc
state spllttlng 1s also observed. Thc temperature dcpcndcQcc of thc 1csults shows 8 weak COUpl1ng
between the excitons and the acoustic phonons of the host. Local heating effects are found to affect
thc 1oQ"1on Rnd 1on-phonon 1ntcractlon paralTlcters Rnd ploducc 8 thcrIQR1 glatlng UndcI' ccrtaln cx"
perimental conditions.

I. INTRODUCTION

The dynamics of quasiparticle transport has long been a
topic of fundamental interest in solid-state physics. Exci-
ton migration among ions and molecules in highly con-
centrated crystals represents an important special case of
this type of problem. Two of the most important ques-
tions which have bccn cxtcnsivcly addressed thcoI'ctically
concern the distinction between coherent and incoherent
motion' and spectral variations in migration efficien-
cy. It has proven to be quite difficult to find the ap-
propriate experimental techniques and crystal systems to
provide the data necessary to verify the theoretical predic-
tions. We report here the results of using four-wave-
mixing transient-grating spectroscopy to characterize the
properties of Ndhl. ai xPsOi4 crystals. This work dernon-
strates the powerful capabilities of this experimental tech-
nique for studying exciton-transport properties.

The technological potential of rare-earth pentaphos-
phates as minilasers has made it imperative to understand
the basic optical properties of this class of materials. An
lntcI'cstlQg dlchotoIIly 4as dcvclopcd iIl comparing thc I'c-

sults obtained from site-selection laser spectroscopy tech-
niques ' which monitor spectral energy migration with
results obtained from coherent transient techniques"
which probe the spatial delocalization of the energy. The
former indicate that weak spectral transfer occurs, while
the latter show the excitation energy to be spatially delo-
calized. Our initial investigation using four-wave-mixing
transient-grating spectroscopy produced results which
demonstrated the existence of long-range exciton diffusion
in Nd„La~ „P50~4, crystals at room temperature. In
this paper we present the results of an investigation of the
exciton-diffusion coefficient as a function of temperature,
laser-pump power, and excitation wavelength. Also the

variation of scattering efficiency as a function of pump
powcl ls I'cpoItcd. Thc I'csults show that clther incoherent
ol partially cohclcnt cxclton Imglatlon caIl occur dcpcnd-
ing on the initial excitation conditions. They also show
the effects of local thermal heating on excitation-
migration parameters.

The details of crystal growth and sample properties
were described previously. ' Figure 1 shows the pertinent
energy levels and transitions for this study. The dye laser
with Rodamine-6G pumps the Nd + ions in the region of
the absorption band consisting of overlapping levels of the

G~&2 and 65&2 manifolds. With high-energy vibronic
excitation a photon is absorbed and a phonon is emitted.
Rapid radiationlcss relaxation to the I'3~2 metastable

FIG. I. Partial energy-level diagram for Nd + showing the
excitation and emission transitions of interest to this work.
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state then occurs. Fluorescence occurs from this level to
the various components of the I term. An extensive
amount of work has been reported on the conventional op-
tical spectroscopy of this material. ' ' The energy in the
metastable state can be transferred from one Nd + ion to
ailofllei alid this mobllc exci'tatloil eliel'gy is treated as a
Frenkel exciton.

II. FOUR-%PAVE-MIXING TRANSIENT-GRATING
SPECTROSCOPY

Figure 2 shows a block diagram of the experimental
setup used for four-wave-mixing measurements. The out-
put of an argon-ion laser-pumped tunable dye laser with
Rhodamine-6G dye was split into three beams. By using
a variable beam spHtter and a variable neutral-density fil-
ter the power in each of these beams was controlled.
Beams a and b are the pump beams. They are chopped
and weakly focused inside the sample. Care was taken to
ensure that the difference in their optical path lengths was
less than the coherence length of the laser. The probe
beam p enters the opposite side of the sample conjugate to
pump beam a and the signal beam s exits the sample con-
jugate to pump beam b Anoth. er beam splitter was used
to send part of the signal beam to a photomultiplier tube.
The time decay of the signal beam was processed by both
a boxcar integrator and a signal averager before being
displayed on a recorder. This double averaging technique
gave excellent signal-to-noise —ratio results. The sample
was mounted in a cryogenic refrigerator with a tempera-
ture controller which varied the temperature selectively
between about 10 K and room temperature.

Four-wave mixing occurs through the third-order com-
ponent of the susceptibility tensor. This can be related to
local changes in the refractive index induced by the in-
teracting laser pump beams. These changes can be pro-
duced by several physical mechanisms including thermal
effects, photoconductive effects, and changes in electronic
state populations. Each of these has specific characteris-

ties different from the others, and thus it is generally pos-
sible to determine the dominant physical mechanism giv-
ing rise to the scattering for a specific system under given
experimental conditions. There are two different ap-
proaches to describing this physical process. ' ' One is
through the use of Maxwell's equations and the suscepti-
bility of the material to account for the nonlinear interac-
tion of the laser beams in the solid. This method is gen-
erally used to determine the signal-generation efficiency as
discussed in Sec. VI. The other approach is to treat the
process as the scattering of the probe beam from a grating
formed by the interfering pump beams. ' This method is
generally used to study the physical properties of the ma-
terial which produce and destroy tlM gl atlng. For the
case of interest here, the scattering is due to a population
grating. The interference pattern of the two pump beams
is a sine wave. This results in the creation of a high den-
sity of Nd + ions in the metastable state in the peak re-
gions of the sine wave and a low density of excited Nd +
ions in the valley regions. Figure 3 schematically depicts
this population grating. The difference in the refractive
index of the ions in the ground and excited states causes
the scattering of the probe beam. The Bragg-diffraction
condition is satisfied with the probe beam directed conju-
gate to one of the pump beams and scattering in the direc-
tion of the other pump beam.

The two primary experimental parameters to be mea-
sured are the scattering efficiency and the decay pattern
of the signal beam when the pump beam is chopped off.
The former information is of greatest interest in the prac-
tical application of four-wave mixing to optical data pro-
cessing, while the latter information is useful in under-
standing the physical mechanisms which cause the de-
struction of the grating pattern. Both types of measure-
ments are discussed in the following sections, but the
latter is most important in using this technique to study
exciton dynamics. A.s shown in Fig. 3, the grating is de-
stroyed by the normal radiative and radiationless relaxa-
tion processes, and, in addition, by the migration of exci-
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FIG. 2. Block diagram of the experimental apparatus. M, mirror; LS, lens; BS, VBS, and SBS,beam splitters; CH, chopper; PMT,
photomultiplier tube,
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tation energy from the peak to the valley regions of the
population distribution. It is this last process of exciton
migration which is of interest here, and the relationship
between the properties of this migration and the measured
experimental characteristics are discussed in the following
section.

III. CHARACTERISTICS OF GRATING
DECAY PATTERNS

Figure 4 shows the absorption spectrum of NdP50~4, in
the region of the laser wavelength at 77 K. This type of
stoichiometric rare-earth material has high optical densi-
ties in the regions of peak absorption, and therefore the
pump, probe, and signal beams are strongly depleted for
this type of excitation. Strong beam depletion makes it
difficult to perform four-wave-mixing experiments and to
interpret the results. Therefore these experiments were
performed by exciting into the high-energy wing of the
absorption transition or by using Stokes vibronic excita-
tion. Each point in the figure represents the results of
determining the exciton-diffusion coefficients for
Nd La) P50)4, samples with x =1.0 and 0.2 using
transient-grating data as dcscrlbcd below. These measure-
ments were made at 12.5 K using weakly focused laser
beams.

Figure 5 shows examples of the three different types of
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FIG. 4. Excitation wavelength dependence of the exciton-
diffusion cocfflicicnt %0th rcspcct to thc absorption spcctruIYl fol
P& ——0.18 %'. Absorption spectrum taken at 77 K and values for
D obtained at 12.5 K, 0 represents data for the x =1.0 sample
and 6 rcprcscnts data fof thc x =0.2 saIIlple.

FIG. 5. Examples of signal decay patterns observed at 12.5 K
at 8= 10 . A, A,,„,=5745 A; P~ =0.03 W. 8, A,,„,=5745 A;
Pp ——0.18 Vf. C, A,,„,=5724 A; Pp ——0.18%. x =1.0.

grating decay patterns that were observed for different
types of experimental conditions. These traces show the
excellent signal-to-noise ratio obtained with the dual-
averaging technique. Under most conditions the single
exponential decay is observed, which is consistent with re-
sults of previous work of this type. ' This pattern is
always observed for the x =0.2 sample. It is also always
observed for the x =1.0 sample when vibronic excitation
is used. However, for resonant excitation into the wing of
the absorption band of the x =1.0 sample, the other two
types of decay patterns can be observed. The oscillatory
pattern was observed at low temperatures using total
laser-pump powers of less than 30 mW. If the tempera-
ture is raised to about 100 K, the oscillatory pattern
disappears and a single exponential pattern is observed. If
the power is increased, the double exponential decay pat-
tern is seen. The physical significance of these different
types of grating decay patterns is discussed below.

Since the use of transient-grating techniques to study
exciton migration is fairly recent, there has been little
work done in developing and testing theoretical models
for interpreting experimental results. Several different
types of approaches to this problem have been employed.
The two most useful formalisms for developing specific
expressions describing population grating decay patterns
are due to Fayer and to Wong and Kenkre. ' Fayer's re-
sults have been derived for the two limiting cases of pure-
ly incoherent and purely coherent exciton migration. In
his formalism, the latter case is applicable for the initial
experimental conditions of direct, resonant excitation into
the cxciton band leading to strongly delocalized states.
The Wong and Kenkre approach has been developed for
the general case of partially coherent exciton migration as
well as the two limiting cases. The Payer and the %ong
and Kenkre results have been shown to be equivalent in
the purely incoherent migration limit if the continuum
approximation is made in both cases. However, the Payer
and the Wong and Kenkre formalisms lead to quite dif-
ferent results in the purely coherent migration limit. The
reason is that the latter is based on a generalized master-
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scattering from two types of gratings.
Figure 6 shows examples of results obtained by plotting

the measured signal decay rate versus the cI'ossing angle
of the pump beams under the conditions giving single ex-
ponential decays. For each set of measurements the re-
sults vary as sin (8/2), and are extrapolated to indepen-
dently measured values of 2/r, as predicted by the simpli-
fied form of Eq. (3) given in Eq. (7). The diffusion coeffi-
cients found from fitting these data are listed in Table I.
Their variations with excitation wavelength, temperature,
and pUHlp powc1 RI'c shown IQ Figs. 4, 7, Rnd 8, 1cspcc-
tively.

FIG. 7. Temperature dependence of the exciton diffusion
coefficient for incoherent motion, and H are for x =1.0,
A,,„,=5746 A, with laser-pump powers of 0.18 and 0.03 %,
respectively. 4 and 0 are for x =0.2, A,,„,=5749 A, with

laser-pump powers of 0.18 and 0.03 W, respectively.

K =2I[a +16j sin (kid/2)]'~ —a+1/rl .

In the following work we use Eq. (3) in fitting the data to
determine the microscopic interaction paraIneters j and a.
Then D is determined from Eq. (6) as a phenomenological
parameter to characterize 'thc macroscopic cxclton mlgla-
t1on. It must bc cmpha81zcd that, 1Q general~ only thc m1-
croscopic parameters have real physical meaning, whereas
the parameter D only has an exact physical meaning
w1th1Q thc 11m1t1ng condltlons d1scusscd 1Q dcriv1ng Eq,
(6), and in other cases it should only be considered as a
parameter used for comparative purposes to characterize
the mobility of the excitons. An oscillatory grating decay
pattern is predicted by Eq. (3), although an exact fit to the
experimentally obscI'vcd ShRpc 1s not posslblc duc to thc
limitations of the theoretical model as discussed in the
following sections. The double exponential decay pattern
shown in Fig. 5 cannot be theoretically described with a
slIDplc gI'Rt1Qg decay cxprcsslon Rnd 18 attribUtcd to

g ~ e

25 75 'l25 't75 225
PpU~p C. tTIW )

FIG. 8. Pump-power dependence of the exciton-diffusion
coefficient for incoherent motion. is for x =0.2, T =12.5 K,
and A,,„,=5756 A. O is for x =0.2, T =300 K, and A,,„,=5718
A. D is for x =0.2, T=300 K, and A,,„,=5749 A. G is for
x =1.0, T=300 K, and A,,„,=5743 A, 0 is for x =1.0,
T =300 K, and A,,„,=5688 A.

Figure 4 sllows tllree iiltei'estlng features in the depen-
dence of D on excitation wavelength. First, for direct ex-
citation into the absorption-band edge of the x =1.0 sam-
ple, noncxponcntial decay patterns Rfc observed. Tb18
may be associated with partially coherent exciton migra-
tion RQd 18 discUsscd in thc next scct1on. Thc other two
features are the enhancement of D after direct excitation
of the x =0.2 sample and after vibronic excitation 110
cm ' above the absorption-band edge for the x =1.0
sample. These effects can be attributed to enhancement of
the ion-ion —interaction processes giving rise to incoherent
exciton migration. In the latter case, this enhancement is
associated with the creation of phonons of energy of 110
cm 1Q thc vlbI'on1c cxcltat1on process. As scen 1n F1g. 1,
this is the same energy as the crystal-field splitting of the
I'3' metastable level, and thus the generation of 110-

cm ' phonons will cause an increase in the population of
excited ions in the upper component of this manifold.
The verification of this nonequilibrium population distri-
bution is given by the emission spectra shown in Fig. 9.
As the excitation wavelength is scanned into the region of
vibronic enhancement increased emission from the upper
level (b) of the metastable state can be distinctly seen. It
is known from the absorption spectrum' that the transi-
tion between the b level and the ground state has a higher
oscillator strength than the transition between the lower
level (a) and the ground state.

For both cases of interest here (direct excitation of the
x =0.2 sample and vibronic excitation of the x =1.0
sample), the assumptions leading to Eq. (6) are valid, and
thus this expression can be used for the diffusion coeffi-
cient where j contains the matrix element for the interac-
tion, a =r, is the exciton scattering time, and d is the
latt1cc spacing. Thc matrix clcIQcnt depends on thc osc11-
lRtor strengths and the spectI'al overlaps of the transitions
involved in the interaction. The scattering time has dif-
ferent properties depending on the mechanism limiting
the exciton mean free path. ' Thus the diffusion coeffi-
cient w111 1ncrease with an 1ncI'ease in the osc1llatoI'
strengths of the transitions involved in the energy
transfer. The lack of increase in D in the 110-cm ' pho-
non vibronlc cxcitRt1on I'cglon foI' thc x =0.2 sRIQplc May
be due to two reasons. The first is the generation of fewer
phonons in the more lightly doped sample. The second is
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PIG. 9. Fluorescence emission of the x =1.0 sample at 12.5
K and a pump power of 0.18 W for two different excitation
wavelengths.

the greater distance between Nd + ions which reduces the
number of ions available for absorbing the 110-cm ' pho-
nons.

The increase in D in the region of direct excitation for
thc x =0.2 sample can bc explained through tlM pI'opcI'-

ties of site selection. The excitation transitions are inho-
mogcncously broadened duc to random pcrturbatlons 1n

the local crystal-field sites of the Nd'+ ions. The
narrow-line laser excitation selectively excites the subset
of 1011s llavlllg 'tlallsltloils 111 rcsollallcc with thc cxcl'tat1011

wavelength. As the laser is scanned toward the center of
a transition, the concentration of ions in the resonant sub-
set Iilcrcascs. Tllls I'cslllts 111 Rll lllcrcRsc ill D because of
the increase in the density of lattice sites involved in the
exciton migration. For the particular case of interest here,
there is a significant amount of structure within the ab-
sorption band associated with the overlap of several dif-
ferent discrete transitions. This structure is partially re-
flected in the variation of D with excitation wavelength as
scen 1n Flg. 4.

Figure 7 shows the variation of D with temperature for
an excitation wavelength just on the edge of the resonant
absorption region and different laser powers. For low
laser power, the value of D for the x =0.2 sample
remains constant as temperature is lowered from room
temperature to 12.5 K, while for the x =1.0 sample D is
constant between room temperature and about 100 K,
below which nonexponential decay patterns are observed.
At high laser powers the room-temperature values of D
are approximately the same Rs those obtained with lower
powers, but a significant increase in D occurs at lower
temperatures. As shown in Fig. 7, D increases continu-
ously as temperature is lowered to 12.5 K, where it
reaches a value which is approximately equal to that ob-
tained with lower powers exciting in the peak region of
resonant excitation shown in Fig. 4. The x =1.0 sample
again exhibits nonexponential behavior below about 100
K.

There are several different types of physical process!
which can affect the temperature dependence of the di:
fusion coefficient. With reference to Eq. (9), these pn
cesses can be separated into two categories: those th;
change the group velocity vs of the excitons, and tho:
that alter the scattering time of the excitons. The fai
that D is independent of temperature for low-pump-pow!
conditions implies that the exciton-phonon scattering Ia
which contributes to I, must be independent of temper
ture. For this to be true there must be weak coupling b~

tween the excitons and acoustical phonons which x
present at low temperatures. Strong scattering ma
occur from optical phonons, but at the temperatures of il
terest in this study, which range from SHghtly above 1

well below the Debye temperature, too few phonons i'

this type will be available for this to be an effective mecl
anism for Hmiting the exciton mean free path. Thus tl
major mechanism for exciton scattering must be lattice

defects and boundaries which give a temperatur~
independent t, . This implies that the parameter a fro!
Eq. (3) in this case is dominated by exciton-defect interai
tions instead of exciton-phonon interactions. Therefo!
the origin of the observed temperature dependence at hip
powers must be due to processes affecting ug. These cai
Qot bc 1ntrinslc changes ln parameters such Rs tI'Rnslt1c

oscillator strengths and spectral overlaps since they do m

occur with low excitation power. The most probable e:
planRt1on Rppcaf 8 to bc R powcf broadcn1ng comblm
with the site-selection characteristics of laser excitatio!
At low tempeIaturcs the laser excitation 1s gust on tl
edge of the resonant transition and the low value of D
associated with the low concentration of the subset of ioi
cxcltcd. As powcf 18 1ncfcRscd this subset 18 saturated RIl

1oQs 1Q othcI' subscts hav1ng I ofcntzian w1ngs ovcrlapp1I'.
the laser-excitation area become excited. This results in
power broadening of the excitation spectrum so that sul
sets having higher concentrations of ions take place in tl
exciton-migration process. Activating these highe.
conccntI'Rt1OQ subscts crcatcs RQ lncfcasc 1Q D similar I

that observed when thc lascI' cxc1tatlon 18 scanIlcd clos&

to the center of the resonant transition. As the temper;
ture is raised, the spectral lines shift to lower energies I

that the laser-excitation wavelength employed is no longi
on the edge of the absorption transition, but rather is I

tllc vlbronlc sideband Rica. In this case, satulatloil RH

power broadening is less effective and there is a decrea!
in the enhancement of D. Thus the observed temperatu!
dependence of D for the x =0.2 sample at high las!
powers is essentially associated with the tempeIature shi:
of the spectral line out of resonance with the lase:
excitation wavelength. The same may be true for tl:
x =1.0 sample, but it is difficult to tell since the region I

nonexponcntial decay occurs as P begins to vary strong]
with T.

Figure 8 shows the change in D with pump power. F(
the majority of the experimental conditions investigated .
did Ilot vary wltll pulllp powcl. Howcvci', Rs sllowll 111 fl".

figure, for the x =0.2 sample at 12.5 K with excitation i

the area of the resonant transition, the value of D il
creases from its normal low value to its resonantl
enhanced value Rs powcf 18 1ncI'cased. Coupled with tl:
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characteristics described above, this can again be attribut-
ed to a power-broadening effect.

V. CHARACTERISTICS OF EXCITON MIGRATION
AFTER DIRECT EXCITATION

Next, we consider the results obtained on the x =1.0
sample at low temperatures for direct excitation into the
absorption band. For low-laser-pump powers the oscilla-
tory decay pattern shown in Fig. 5 is observed. The
source of these oscillations is unknown and may be associ-
ated with several different types of physical processes.
One possibility is the destruction of the grating through
partially coherent exciton migration. In order to test this
possibility, the results are analyzed in terms of a partially
coherent exciton-migration model as discussed below. Os-
cillatory patterns of the grating decay are predicted by Eq.
(3) from the model developed by Wong and Kenkre for
certain values of the parameters j and a. However, it was
not possible to obtain a close fit to the decay patterns ob-
served experimentally using Eq. (3) for two reasons. First,
the frequency of the observed oscillations decreases with
time, whereas the predicted value is a constant given by
4j sin(kgd/2). Second, the magnitudes of the oscillation
peaks increase with time before damping out, instead of
showing a uniform exponential decrease with time as
theoretically predicted. These variations are shown
graphically in Fig. 10. Both quantities exhibit a similar
exponential variation with time.

An important physical process which can affect these
results is local heating. As the excited Nd + ions relax ra-
diationlessly to the metastable state, phonons are given off
which produce a thermal grating pattern which follows
the population grating. This local heating can produce
three effects. The first is the variation of the ion-
ion —interaction parameter j. The magnitude of j can be
enhanced both by thermal broadening of the interaction
transitions and by thermally populating higher crystal-

field levels with stronger interaction properties. This
enhancement of j should decrease with time as the pho-
nons diffuse away from the locally heated region. This is
confirmed by the results in Fig. 10 which show the oscil-
lation frequency to decrease exponentially with the same
decay time as the thermal grating, as discussed below.

The second possible effect of local heating is the modu-
lation of the exciton scattering rate a. As discussed in the
preceding section, acoustic phonons do not appear to be
effective in scattering the excitons so any variation of a
due to local heating would occur only if optical phonons
are generated in the radiationless relaxation process. If
this occurs, cz would decrease with time as the optical
phonons diffuse away from the locally heated area. Ac-
cording to Eq. (3) this change in a would decrease the rate
of decay of the grating, but would not cause the peak
magnitudes of the oscillations to increase with time. The
latter may be associated with the decrease in j with time,
which can be seen from Eq. (3) to cause an increase in sig-
nal intensity. Although it is tempting to interpret the re-
sults in this way, because of the similar time-dependent
changes in the magnitude and frequency of the oscilla-
tions as shown in Fig. 10, there is no way to rule out the
presence of more complex interference effects similar to
those observed in coherent transient experiments.

The third possible effect of local heating is probe-beam
scattering from the thermal grating due to thermally in-
duced changes in the refractive index. There is no evi-
dence of contributions to the detected signal beam due to
this effect at low-laser-pump powers where the oscillatory
decay patterns are observed. However, at high pump
powers the oscillations disappear and are replaced by a
double exponential decay pattern. This can be attributed
to simultaneous scattering of the probe beam from the
thermal and population gratings. The slower decay rate is
consistent with those extracted from the observed single
exponential decay patterns of population gratings.
Scattering from the thermal grating obscures the observa-
tion of any coherent oscillations which may be present.
The decay pattern of the thermal grating is given by
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FIG. 10. Time dependence of the relative peak intensities and
half-periods of the signal oscillations for x =1.0, T =12.5 K,
P~ =0.03 W, and A,,„,=5745 A. T„, is the period of the oscilla-
tions.

Here, T is the spatial temperature amplitude, Dz is the
thermal diffusion coefficient, d' is the sample thickness,
and T~ is the transmission. The thermal properties of
neodymium pentaphosphate crystals ' predict a value of
D~ & 1&&10 cm s ', which is consistent with the rough
estimate of Dr =3X10 cm s ' obtained from the lead-
ing part of the double exponential decay.

Despite the complexities discussed above, it is possible
to obtain numerical values for j from the observed fre-
quencies of the oscillations and for o. from fitting the ini-
tial decay of the signal shape. This gives a value of
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j=1.2)&10 s ' at short times and a much smaller value
at long times, as seen in Fig. 10. Unfortunately, Eq. (3) is
much less sensitive to the parameter a, and so the best fit
to the experimental data can be obtained with any value of
n between 10 and 3&10 s '. By using the experimen-
tally obtained values of j and a in Eq. (6), an estimate for
the diffusion coefficient for partially coherent exciton
motion can be obtained. This analysis, with the short-
time value for j and the smallest value in the range of a,
is the origin of the point plotted in the direct excitation
region in Fig. 4 for the x = 1.0 sample and the value of D
listed in Table I. Note that this value of D is much
greater than the values obtained for vibronic excitation,
but it decreases significantly for long-time values of j or
higher values in the range of a. The fact that partially
coherent exciton migration was not observed for the
x =0.2 sample implies the need for a high concentration
of active ions to produce this type of motion. This can be
attributed to the increase in the separation of Nd + ions
which decreases the ion-ion —interaction rate.

tion due to the two strong pump beams, while AE is the
contribution due to the weak probe and signal beams. The
susceptibility of the multilevel system is approximated by

R 1
X— X$+ X28+1 A+1

where Xl is the susceptibility of the system with the ions
in the ground state and XI is the susceptibility of the sys-
tcIIl wltll thc loIls III tllc 1Ilctastablc state. 8 = II I /II I
where n 1 is the number of ions in the ground state and n2
is the number of ions in the metastable state. Expanding
the polarization to first order in AE/Eo gives

P(Eo+aE)=roe'"' g ~ Xo;(Eo)

Eo~E+ ~Eo ~'~E

I. + IEo
I

'

VI. PO%'ER DEPENDENCE OF SCATTERING
EFFICIENCY

Another experimental measurement of interest is the
power dependence of the scattering efficiency. Although
this does not contain specific information concerning ex-
citon dynamics, it does provide additional information
concerning the characteristics of the four-wave-mixing in-
teraction in the material. This type of information is
especially useful in the application of this technique to
areas such as optical data processing or phase conjugation.
The experimental beam geometry used for these types of
applications is different from the geometry used for
studying exciton dynamics, ' ' ' and this leads to dif-
ferent mathematical expressions for the scattering effi-
ciency. The detailed outline of the mathematical develop-
ment of the expression for scattering efficiency is given in
Ref. 12. An extension of this development is presented
below, in which some of the simplifying assumptions
made previously are no longer used. In addition, in previ-
ous work the mechanism of field coupling is modeled by
analyzing the response of a two-level system to the pertur-
bations of the electric fields, whereas in the treatment out-
lined below an attempt is made to better model the true
multilevel nature of the material by treating the suscepti-
bility as the linear combination of the susceptibilities of
two two-level systems, which has been suggested previous-
ly 23

The polarization of the medium is given by
I'(E) =coX'(E)E, where eo is the dielectric constant of free
space and X(E) is the dielectric susceptibility. The electric
field in the medium can be separated into two parts,
E =Eo+b,E, where the first part represents the contribu-

where 8 I ——R /(8 + 1), R I ——1/(8 + 1), and

—2ao I (i +5 )(1+6 )
Xo;(Eo)= I„+

I
Eo

I

'
Here, the i =1,2 subscripts refer to the ions in ground
and metastable states, respectively. ao is the line-center
small-signal field-attenuation coefficient, 5; is the detun-
ing parameter, and I,o is the saturation intensity.

The key approximations used in deriving the expression
for the four-wave-mixing signal intensity are EE&~Eo,
that the pump and probe beams are undepleted in travel-
ing through the medium (parametric approximation), and
the slowly varying envelope approximation. ' By using
these approximations and solving the wave equation in the
medium, expressions can be obtained for the magnitudes
of the electric field components at different positions
along the direction of propagation. The square of these
amplitudes gives the beam intensities. The quantity of
greatest interest is the scattering efficiency defined as the
ratio of the signal-beam intensity as it leaves the sample to
the probe-beam intensity as it leaves the sample in the ab-
sence of pump beams. The general expression for this is
quite coInplicated' and it is usually more convenierlt to
simplify the expression by making appropriate assump-
tions. For interpreting data on the power dependence of
the scattering efficiency, the least restrictive assumption'
to IDakc 1s that thc CIoss1ng angle of thc pump bcaIIls 1s
sufficiently large that the amplitudes of the pump and sig-
nal fields do not change appreciably over the distance
A,„=A,/(1 —cos8). This approximation holds for the an-
gles used in the experiments described here. The resulting
expression for scattering efficiency is

Cxp(% E )

I [cxp( —2(yL)+exp( —2(EL cos 8)—2 exp[ —(RL (1+cos 8)]cos[(IL (1—cos 8)]I
(cos '8 —1)

(15)

where
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I i;——cosh —5;sinb, , +3;= 1,
F2;=sinb, —5;cosh, ,

4z —(2L/cos8) g R;ao;/(1 —&;) .
i =1,2

Under more restrictive simplifying assumptions this ex-
pression reduces to the one obtained previously. ' Al-
though it is rather cumbersome to work with such a com-
plicated equation in fitting experimental data, any further
assumptions mask the results of some of the physical pro-
cesses underlying the mechanisms of four-wave mixing in
a multilevel medium. Figures 11 and 12 show the results
of measuring scattering efficiency versus laser-pump
power for both samples at room temperature with the ex-
citation wavelength in the direct-transition spectral re-
gion. Measurements were made in two different ranges of
power densities by changing the focused-beam cross-
section urea in the sample. The results change significant-
ly for the two different measurement conditions, indicat-
ing that scattering efficiency is sensitive to power density
as well as total pump power. It is immediately obvious
that the results do not obey a simple quadratic dependence
as predicted by a simple two-level —system model. In-
stead, the curves are almost s-shaped with the curvature
being more enhanced foi' the x =1.0 sample and being
greater for lower power densities.

The solid lines in the figures represent the best fits to
the data using Eq. (15) and treating R, 5;, a;„ Io;, and 6
(with i =1,2) as adjustable parameters. This was done on
a D1g1tal Equipment Corporation LSI-11 computer us1ng

a multiple-parameter, nonlinear-regression, least-squares-
fitting routine. Although with a complex expression such
as Eq. (15) involving eight adjustable parameters it should
be possible to generate a variety of different curve shapes,
it turns out in this case that to obtain any better fits to the
data than those shown in the figure requires unphysical
values for one or more of the fitting parameters. Table II
lists the values of these parameters used to obtain the fit-
tings shown in the figures. The fitting is good for the
x =0.2 sample with high-power-density conditions, but
for the low-power-density conditions it does not predict a
curvature as strong as that observed in the experimental
data. For the x =1.0 sample the fits are reasonably good
for both power-density conditions in the regions of low to-
tal power, but significant disagreement between theory
and experiment occurs in the high-total-power region.

Although there is no way to obtain exact values for the
parameters in Table II from independent measurements,
the values obtained from the fitting procedure are physi-
cally reasonable. It is interesting to note that for both
samples the value of R required to obtain the best fit to
the data is significantly greater in the high-power-density
case compared to.thc low-power-density case. This would
be expected if the multilevel model proposed here is valid.
The fact that there is some discrepancy between theory
and experiment shows that there are other physical pro-
cesses occurring which are not taken into account in the
model used here. One possible effect that might be im-
portant is beam depletion in the sample. This would be
Inore important in the highly concentrated material,
which is consistent with the poorer fit between theory and
experiment obtained in the x =1.0 sample compared to
the x =0.2 sample. Another improvement of the model
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FIG. 11. Variation of scattering efficiency with pump-beam
power at low-flux levels at T =300 K and a crossing angle of
10. D is for x =1.0 and A,,„,=5145 A. a is for ~ =0.2 and
k,„,=5750 A. See text for explanation of theoretical lines.
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FIG. 12. Variation of scattering efficiency with pump-beam
power at high-Aux levels at T =300 K and a crossing angle of
10'. Q is for x =1.0 and A,,„,=5750 A. G is for w =0.2 and
A,,„,=5750 A.
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TABLE II. Scattering efficiency parameters at T =300 K and 8=10'.

Parameters
High flux

x =0.2 x =1.0
Low flux

x =0.2
A,„(nm)
R
5)
52

a~ (cm ')
a2 (cm ')

Ip& (W/cm )

Ip2 (W/cm )

575
1.0
4.5
0.1

50
45
4.0&&10'
5.0)& 10
6.0X 10-"

575
1.0
4.9
0.1

10
9
4.0g 10'
5.0&&10'
1.0g10-'

514.5
0.01
7.2
0.1

50
45
3.9y 10'
5.0&&10'
6.0~ 10-'

575
0.01
5.3
0.1

10
9
4.0&&10'
5.0~10'
2.0&& 10-'

would be to use expressions for Gaussian wave fronts in-
stead of the simplified plane-wave approximation used
here. This difference between real and approximated
wave fronts may be less for the measurements made with
the more highly focused beams, which would account for
the better fit between theory and experiment for this case.

VII. DISCUSSION AND CONCLUSIONS

The preceding sections described the results of an exten-
sive investigation of Nd„Lai „P50i4 crystals using four-
wave-mixing spectroscopy. The most significant results
of this work can be summarized as follows. Under ap-
propriate experimental conditions, both population and
thermal gratings can be established. The nonlinear in-
teraction between the laser fields in the material which
creates these gratings cannot be described by a simple
two-level —system susceptibility model. Spatial exciton
migration contributes to the destruction of the population
grating, and characteristics of the exciton dynamics can
produce different grating decay patterns. The energy mi-
gration can be enhanced through vibronic processes which
populate the upper crystal-field component of the meta-
stable state and through excitation processes which selec-
tively excite higher-concentration subsets of ions within
the inhomogeneous spectral profile. The dominant
scattering mechanism which limits the exciton mean free
path appears to be scattering from defects and boundaries
in the crystals.

The theory of four-wave-mixing interactions in solids is
still in the process of being developed. The multiple-
energy-level system treated here allows the inclusion of
excited-state absorption and dispersion effects not present
in a simple two-level system. Although there is no a
priori justification of using a linear combination of sus-
ceptibilities as done in Sec. VI, this is the simplest way of
treating a multilevel system and is meant only to be a first
approximation in the development of this type of model.
The theory predicts a strong deviation from the quadra-
tric dependence of scattering efficiency on pump power
predicted by a two-level —system model, which is con-
sistent with the experimental results. Future development
of this model should involve more sophisticated methods
for treating the susceptibility of a multilevel system, the
effects of Gaussian wave fronts, and the effects of beam
depletion. Some progress in the latter area has been re-
ported recently.

Vibronic excitation has been employed in previous in-
vestigations of energy transfer and electron-phonon in-
teractions of ions in crystals. The results described in
Sec. IV show the potential usefulness of this technique for
studying the role played by phonons in the processes con-
tributing to the establishment and decay of the population
grating in four-wave mixing. The increase in the popula-
tion of the upper crystal-field component of the meta-
stable state, due to the selective generation of phonons
whose energy is identical with that of the crystal-field
splitting, is similar to the observations reported by Rives
et al. in other types of experiments. Since the resonant
transition in this case actually involves several overlap-
ping crystal-field components, it might be expected that
several vibronic enhancement peaks should be seen. For
example, these should appear near 5735 and 5748 A. Al-
though there appears to be some increase in D in the
former location, both of these wavelengths are in the re-
gion where direct absorption begins to occur. It is not
possible to develop a greater understanding of the vibronic
processes without having available more detailed informa-
tion concerning the phonon properties of the host crystal.

It is important to define the term coherence since it is
commonly used in different ways to describe energy
transfer in solids. ' Some authors reserve the term
coherence for describing the case where the ion-ion in-
teraction is so strong that the energy transfer must be
described by a spreading wave packet using Schrodinger's
equation. Others have used the term to describe the case
where an exciton moves as a quasiparticle with a given
momentum so that it travels over many lattice spacings,
maintaining its phase memory before scattering occurs. If
numerous scattering events occur within the lifetime of
the exciton, this can still be described by a diffusion equa-
tion. The use of the term coherence in Sec. V is associat-
ed with this type of long —mean-free-path exciton motion.

The observation of experimental results which may be
interpreted in terms of partially coherent exciton migra-
tion reported here is extremely important since it can pro-
vide an opportunity to experimentally study the charac-
teristics of this type of quasiparticle motion. Theoretical
models of this type of energy transfer have been developed
previously without any possibility of experimental verifi-
cation. The work of Kenkre ' provides the theoretical
model most closely describing the experimental situation
of this study. However, approximations made in Kenkre's
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model needed to obtain a tractable expression for compar-
ing with experimental results, make it impossible to obtain
an exact fit to the data as shown in Sec. V. It appears to
be difficult to modify Kenkre's generalized master-
equation approach to include the possibility of time-
dependent interaction parameters, and thus it may be
better in this case to start from the stochastic Liouville
equation as done by other workers. ' This is an impor-
tant problem for future theoretical work.

The ion-ion —interaction rate in neodymium pentaphos-
phate has been estimated in different ways and ranges
from 2.4 X 10 s ', obtained from nearest-neighbor
dipole-dipole interaction, 4' to 9.0)&10 s ', obtained from
a spreading —wave-packet calculation. The experimental
value for j obtained in this work is close to the former es-
timate. The value for the exciton scattering rate cannot
be determined as specifically from the experimental data
as discussed in Sec. V. The range of possible values of a
between 10 and 3&10 s ' is consistent with the dephas-
ing rate of 5&&10 s ' measured by coherent transient
spectroscopy methods" on the similar stoichiometric
rare-earth crystal Eup5OI4. The observation that acoustic
phonons are not active in scattering the migrating exciton
is not surprising since the wavelengths of acoustic pho-
nons are much greater than the nearest-neighbor ion
separations. This means that this type of phonon will
modulate the energy levels of ions in neighboring sites
simultaneously and will not be effective in causing scatter-
ing as the energy-transfer interaction occurs between these
ions. The determination of the exact mechanism causing
the exciton scattering is an important area for future
research. The fact that the acoustic phonons are not ef-
fective in scattering excitons does not imply that they do
not effect the overall characteristics of the exciton dynam-
ics of the system. It is obvious from the results that the
presence of phonons can effect the ion-ion —interaction
rate in several ways.

The diffusion length of the excitons given by
I.=V'2D& is found from these results to be of the order
of 1 pm, which is a significant fraction of the peak-to-
valley grating spacing as required for transient-grating ex-
periments. The exciton mean free path given by A=us/a
ranges from about 1 pm to values over 2 orders of magni-
tude smaller than this, depending of the value used for a.
Thus the lower-limit value for a predicts the excitons
moving with no scattering during their lifetimes, i.e.,
completely coherent motion, whereas using the upper lim-
it for a predicts hundreds of scattering events during the
migration of the excitons. The overall results of this in-
vestigation are more consistent with the latter type of ex-
citon migration.

The general consistency of the experimental results and
the theoretical model presented here does not give con-
clusive proof that the observed oscillatory grating decay
pattern is produced by partially coherent exciton migra-
tion. It is important to emphasize that these oscillations
were observed only under very special experimental condi-
tions and that these conditions are consistent with the re-
quired conditions of the Wong-Kenkre theory for predict-
ing this type of decay pattern. Under different experi-
mental conditions neither the Wong-Kenkre theory nor

other theories ' ' predict the appearance of oscillations
and none are observed. It is possible that some other type
of physical process is responsible for these results. How-
ever, no other mechanism consistent with the experimen-
tal results has been discussed in the literature, and there-
fore this question can only be answered through further
experimental investigations.

The four-wave-mixing transient-grating spectroscopy
technique employed here monitors the spatial migration
of energy. The results show this energy migration to be
very efficient and essentially independent of temperature.
Other techniques monitoring the spectral diffusion of en-
ergy show these processes to be much less efficient and
temperature dependent. ' Techniques employing ac-
tivator ions as traps can also detect spatial energy migra-
tion although the results may be difficult to interpret ex-
actly due to the presence of trapping effects. Research of
this type on rare-earth-doped neodymium pentaphosphate
crystals has been interpreted in terms of fast diffusion of
energy among the Nd + ions. ' The coherent transient
spectroscopy work mentioned earlier indicates that the ex-
citon wave function in EuP50i4 may be spread out over
several lattice spacings, indicating strong resonant energy
transfer. Other earlier studies of energy transfer in
NdPqOi4 crystals resulted in conflicting conclusions con-
cerning the extent of the energy migration. ' Some of
the apparent inconsistencies between early work and re-
cent work may be due to the significant improvement in
sample quality during this time interval. ' Furthermore,
different techniques may probe different types of physical
processes. Spectral diffusion measurements may not be
able to detect resonant ion-ion energy transfer in highly
concentrated crystals under certain conditions. Thus it
may be that transient-grating spectroscopy and site-
selection spectroscopy are providing complementary in-
formation concerning the characteristic of this material
instead of conflicting results. The interpretation of the re-
sults of the power dependence of D in terms of a power-
broadening effect is consistent with the fact that this ex-
perimental technique is probing long-range resonant ener-

gy migration and is not sensitive to short-range spectral
diffusion effects.

In conclusion, this work demonstrates the power of
four-wave-mixing transient-grating spectroscopy in prob-
ing the details of spatial energy migration in highly con-
centrated solids. Along with the development of more de-
tailed theoretical models discussed above, it is important
to extend this type of experimental investigation to other
types of materials. In addition, the work on NdP50i4
should be extended to include even lower temperatures
and to better define the transition from the high-mobility
region of resonant excitation to the lower-mobility region
of vibronic excitation.
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