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An extensive investigation of the spectroscopic properties of Nd, Y,_,P;O,, is reported. Time-resolved site-
selection spectroscopy and photoacoustic spectroscopy techniques were used as well as standard optical
spectroscopy measurements which were made as a function of Nd concentration, temperature, excitation
wavelength, and laser power. Results show that Nd ions occupy a variety of slightly perturbed sites. No
significant energy transfer appears to be taking place between ions in these inequivalent sites. Additional
experimental data presented here suggest a new quenching model for neodymium pentaphosphate crystals
based on spatial but nonspectral energy migration to surface quenching sites.

L. INTRODUCTION

The development of the technology of fiber optics
has resulted in a requirement for miniature op-
tically pumped lasers with low threshold and high
gain.! Stoichiometric laser materials such as
neodymium pentaphosphate (NdP,O,,) meet these
requirements.?~* Despite the significant amount
of work that has been done recently, there are
still some aspects of the luminescence properties
of concentrated Nd materials that are not well
understood. Complete characterization of the
optical properties of this class of materials is
important not only for technological design con-
siderations but also for obtaining a basic under-
standing of the physical interaction mechanisms
involved.

The most important property of stoichiometric
laser materials is that they exhibit unusually weak
concentration quenching. This allows the concen-
tration of neodymium ions in NdP,O,, to be very
high without significant degradation of the fluor-
escence and lasing properties of the material. The
characteristics of the concentration quenching in
stoichiometric laser materials are different from
those, in other well-characterized materials such
as Y,A1,0,,:Nd**, and the physical mechanism for
the quenching process is not understood at this
time. Developing a model to explain concentration
quenching in NdP,O,, is an important problem in
understanding this class of materials.

To date, three basic mechanisms have been pro-
posed to explain the concentration-quenching
characteristics of stoichiometric laser materials.
All have been proven unsatisfactory. The first
mechanism postulated was cross relaxation be-
tween pairs of Nd ions in the bulk of the crystal,
which predicted a quadratic concentration de-
pendence for the quenching rate.®"® This pre-
diction is inconsistent with experimental re-
sults.’”® A second suggestion for a quenching

mechanism involved crystal-field overlap mixing
effects between Nd** ions,'° but this has been
proved wrong by the observation that the oscil-
lator strengths of the Nd** transitions are inde-
pendent of concentration.’* Finally, energy mi-
gration fo ions in randomly distributed sites
throughout the bulk of the crystal acting as “sinks”
where the energy is dissipated radiationlessly has
been proposed.® " ®!? Unfortunately, this model
requires the unrealistic assumption that the con-
centration of ions in quenching sites is the same
for all samples independent of total Nd concen-
tration.® We recently reported preliminary results
indicating that spectral energy transfer between
Nd** ions in slightly different types of sites is not
taking place in NdP,O,, as it does in materials
such as Y,A1,0,,:Nd**, even at low concentra-
tions.®

In this paper we report the results of an investi-
gation of the mixed-crystal system of Nd,Y,_,P,O,,
where we have utilized some new spectroscopic
techniques in an attempt to better understand the
concentration-quenching mechanism in these ma-
terials. Laser time-resolved site-selection
spectroscopy was used to investigate energy trans-
fer, and the results show that migration among
Nd®" ions in nonequivalent sites does not take
place. Photoacoustic spectroscopy (PAS) mea-
surements were made to characterize radiation-
less relaxation processes among the excited states
of Nd** in these materials. The results are not
consistent with those expected for PAS signals
originating mainly from those phonons due to re-
laxation processes from higher absorption levels
to the metastable level. A model based on surface
quenching of the excitation is proposed which can
explain the observed PAS results, and is consis-
tent with all the other spectroscopic observations
obtained on this material. The possible mecha-
nisms for the quenching process and the effects
of radiative reabsorption are also discussed.
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II. SAMPLES AND EXPERIMENTAL EQUIPMENT

The NdP,O,, crystal was grown from solution
at Philips Laboratory while the mixed crystals
were grown at the Army Electronics Command
Laboratories. Six samples of Nd,Y,_, P,O,,
ranging from x =1.00 to x = 0.10 were investigated.
These consisted of small crystallites varying in
size from about 2.0 mm on a side to about 0.50
mm.

For optical-spectroscopy measurements, the
samples were mounted in a cryogenic refrigerator
to control the temperature. For PAS the samples
were mounted in an acoustical cavity and the
signal detected by a 1-in. electret microphone.
The excitation source for obtaining PAS and
fluorescence excitation spectra was a 1000-W
tungsten-halogen lamp passed through a $-m
monochromator. For measuring fluorescence
lifetimes and obtaining time-resolved spectroscopy
data, the excitation source was a nitrogen-laser-
pumped tunable dye laser with rhodamine 6-G
dye. This provided a pulse of about 10 nsec in
duration and less than 0.5 A in half-width. Sam-
ple emission was analyzed by a 1-m mono-
chromator and detected by a cooled RCA C31034
photomultiplier tube. To obtain steady-state
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FIG. 1. (a) Block diagram of time-resolved spec-
troscopy setup. (b) Block diagram of photoacoustic
spectroscopy setup.
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‘spectral data, the incident light was chopped and

the signal processed by a PAR lock-in amplifier.
For processing pulsed signals a PAR boxcar
averager triggered by the laser pulse was used.
The time gate of the boxcar was either set to
observe the fluorescence spectrum at a specific
time after the laser pulse, or scanned to obtain
the fluorescence as a function of time at a specific
wavelength.

Figure 1 shows block diagrams of the experi-
mental setups for time-resolved spectroscopy and
PAS measurements.

III. GENERAL SPECTROSCOPY AND CONCENTRATION
QUENCHING RESULTS

The absorption spectrum of NdP,O,, has been
presented elsewhere.! It is similar to the spec-
trum of Nd** ions in other hosts with lower doping
concentrations. The strongest absorption band
occurs at approximately 8000 A, corresponding to
the transition from the *I,/, ground state to a band
consisting of the unresolved components of the
®H,,, and *F/, levels (see the energy diagram of
Nd&** shown in Fig. 2). The second-strongest ab-
sorption band occurs near 5800 A, and is as-
sociated with the unresolved levels of the ?G,,
and ‘G4, levels. After absorption into any of the
higher-energy levels, radiationless relaxation
occurs to the *F;,, metastable state. Fluorescence
emission then takes place from the two crystal-
field components of this level to the various Stark
components of the */; multiplets. Branching ratios
determined previously’ indicate that most of the
energy is emitted in the transitions terminating
on the *I,,/, and */,/, levels centered around 1.06
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FIG. 3. Excitation spectrum of *Fy,, level in
Nd, 5Y 5P5044 and NdP;0y4 at 300 K.

um and 0.89 um, respectively. The fluorescence
spectrum is discussed in more detail in Sec. IV.

Figure 3 shows the fluorescence excitation spec-
tra of the *F,,, level monitored at 8880 A at room
temperature for both NdP,O,, and a mixed crystal
of Nd, Y, sP;0,4. The spectra are quite similar
for the pure and mixed samples. In particular,
the excitation bands centered at ~8000 and ~5800 A
are comparable. The relative strength in the
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FIG. 4. Concentration dependence of the *Fy /2 fluor-
escence lifetime and quenching rate for Nd, Y, P50y
at 14 K. See text for explanation of the theoretical line.
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FIG. 5. Temperature dependence of the fluorescence
lifetime of the %Fy,, level in NdP;O;, for laser-excitation
wavelengths of 5804° and 5836 A

absorption spectrum of these two bands! corre-
lated with the fact that the 8000-A excitation is
approximately the same or less intense than the
5800-A band in the excitation spectrum suggests
that the longer-wavelength band is less efficient
in contributing to *F,,, fluorescence than the
shorter-wavelength band.

Figure 4 shows the fluorescence lifetime of the
*F,/, level at room temperature as a function of
Nd concentration. The lifetime decreases from
about 220 psec for the Nd, ,Y, (P;0,, sample to
about 95 usec for NdP,O,,. A concentration-
quenching rate can be defined

Wo=1"t=15%, (1)

where 7, is the Nd fluorescence lifetime in.the
absence of any quenching interaction. This quench-
ing rate is also plotted in Fig. 4 as a function of
concentration. For an intrinsic lifetime of ~220
usec, the plot of the quenching rate varies ap-
proximately as x3/2.

The fluorescence lifetime of the *Fy,, level was
measured with different wavelengths of excitation
as a function of temperature between 14 and 300 K.
The fact that a significant variation in lifetime
with excitation wavelength was observed is dis-
cussed in Sec. IV. The temperature dependence
of the fluorescence lifetime for NdP,O,, for two
different wavelengths' of excitation is shown in
Fig. 5. -There is a small increase in lifetime
between 14 and 300 K. A similar trend is ob-
served for other samples and other excitation
wavelengths.
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IV. TIME-RESOLVED SITE-SELECTION
SPECTROSCOPY RESULTS

The optical spectral lines of impurity ions in
solids all exhibit inhomogeneous broadening to
some degree. This is due to the fact that imper-
fections and internal strains give rise to non-
equivalent crystal-field sites for the impurity
ions. In some cases the site differences are great
enough so that transitions from ions in different
types of sites can be distinctly resolved. High-
resolution lasers have been used to selectively
excite impurity ions in specific crystal-field sites
in glass and crystal hosts. By tuning the laser
excitation through an inhomogeneously broadened
absorption band, it has been possible to observe
significant variations in fluorescence spectral
parameters such as peak positions, intensities,
and radiative and radiationless transition prob-
abilities.' If pulsed lasers are used, time-re-
solved spectroscopy techniques allow the observa-
tion of the fluorescence spectrum at specific
times after the laser pulse. After selective ex-
citation of ions in specific sites, the fluorescence
spectrum in some systems has been observed to
evolve with time into spectra exhibited by ions in
other types of sites. This implies that energy
transfer is occ¢urring between ions in different
types of sites, and the observed time dependence
can be used to characterize the properties of the
energy transfer and help in identifying the mecha-
nism responsible for the transfer process.

For investigating site-selection spectroscopy
in the Nd,Y,_,P,O,, system, we pumped into the
absorption band consisting of the unresolved %G/,
and *G;, levels. The degree of site selection
obtained with this pumping is somewhat surprising
due to the number of overlapping levels and their
homogeneous broadening resulting from radiation-
less relaxation processes. However, these transi-
tions are known to be “hypersensitive” to changes
in the local environment of the ion,!!!5:1¢ and for
other systems such as Nd in mixed garnet crystals
we found that pumping into this level resulted in
easily observable site-selection and energy trans-
fer.'” The fluorescence was monitored from the
*F,,, level to the various components of the *I,/,
ground-state manifold in order to minimize homo-
geneous broadening of the transitions due to
radiationless relaxation processes. As the nar-
row-line laser excitation was scanned across the
broad absorption band at low temperature, for all
of the samples investigated, changes in the rela-
tive fluorescence peak intensities, peak positions,

and lifetimes were observed. For example, for the

NdP,O,, sample at 14 K, the lifetimes ranged
from 63 to 105 wsec, depending on the excitation
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FIG. 6. %F3,,—1,, fluorescence in NdBO,, 20 usec
after selective excitation into different regions of the
%Gy/y, *Gy), absorption band at 14 K.

wavelength, whereas at 300 K they varied between
about 102 and 115 usec. Figure 6 shows an ex-
ample of the different fluorescence spectra that
are obtained for the NdP,O,,sample at 14 K for
pumping at different wavelengths. The distribution
of the intensity among the five lines and the
fluorescence lifetimes differ significantly. The
lifetime is 67 psec for 5785.5-A excitation and

77 usec for 5837-A excitation. The highest-energy
line (labeled 1 in Fig. 6) shows the greatest varia-
tion with pumping wavelength, but there are rela-
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tive changes in the intensities of all of the other
lines also. Figure 7 shows an expanded picture
of line 1 as a function of excitation wavelength at
14 K for the Nd, Y, ;P,O,, crystal. Here the
‘changes in line shape and peak position are quite:
evident. For the 5831-A excitation the line is
resolved into two distinct peaks.

The spectral as well as lifetime changes as a
function of excitation wavelength can be attributed
to the selective excitation of Nd ions in nonequiva-
lent crystal-field sites. If rapid energy migration
occurs among the Nd ions, the spectra should
evolve with the time into some characteristic
spectrum representing the average distribution
of the energy among all of the ions in different
types of sites. We attempted to, observe this by
monitoring the spectra as a function of time after
the laser pulse in the range from 1 to 200 usec.
No significant time evolution of the spectra was
detected in this range for either of the two sam-
ples investigated, NdP,O,, and Nd, ;Y, ;P;O,,, for
any wavelength of excitation at any temperature.

In order to quantitatively describe any time-
dependent relative changes in.the spectra obtained
for two different excitation wavelengths, a fluor-
escence deviation function can be defined. The
spectrum obtained for a given excitation wave-
length is represented by a five-component func-
tion, each component corresponding to the ratio
of the integrated intensity of one of the lines of the
4F;/,—~ %Iy, transitions to the total integrated in-
tensity of all of the lines. Thus, each fluorescence
spectrum can be characterized by a five-component
vector. Any correlation between the fluorescence
spectra for different excitation wavelengths can be
seen by forming the vector difference between the
functions describing the spectra for each excitation
wavelength. Figure 8 shows typical results for
the fluorescence deviation as a function of time
after the laser pulse for both the NdP,O,, sample
and the Nd, Y, ;P;O,, at various temperatures.

A value of D=0 would indicate an identical dis-
tribution of relative intensities in the five spectral
lines for the two excitation wavelengths. The
presence of energy transfer between Nd ions in
different types of sites should result in a time-
dependent decrease in D toward zero. Instead,

for all cases investigated D remains, within ex-
perimental error, constant with time, indicating
that no energy transfer is taking place between
ions in nonequivalent sites.

The temperature dependence of the fluorescence
deviation function for NdP,O,, is shown in Fig. 9.
The error bars indicate the spread in the values
of D for measurements at different times after
the laser pulse at each temperature. Since the
decrease in D with temperature occurs without

ET T T TTTIT T T TTTTIM 3
5oE -
- O - @) O O__
105 =
salilw O 0o 3
51 0 g s
~ iy
£ ['B)Nd_Y PO OT4K 7
= 0505
> S OT-77K 1
< RN S N T |
| % e e B R 1 S I I MR AR L
S50 I
8 W—o © 00 0 g oo
N _
L Al A b A A D
1OE"D DDD O o O 0 Dé
o =
S OO - O o o I
L T=14 K =75 K
A) NdPO © 0 T=75
~ 54 A T=42K O T=110K
NIRRT Ry
1 10 100
t (usec)

FIG. 8. (a) Time dependence of the fluorescence devi-
ation function after excitation at 5784.5 and 5837 & in
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(b) Time dependence of the fluorescence deviation func-
tion after excitation at 5805.5 and 5835 A in Ndy 5Y 5Ps5-
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any associated time dependence, this temperature
dependence can be attributed to the reduced ability
of the laser to selectively excite Nd ions in specific
sites at high temperatures. This may be a result
of homogeneous broadening of the absorption levels
due to electron-phonon interactions.

The site-selection spectroscopy results pre-
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sented above show that Nd ions in pentaphosphate
hosts occupy different types of crystal-field sites.
Although the exact nature of these different sites
is not known, they are probably due to differences
in local strains resulting from structural imper-
fections and defects in the crystal. The fact that
no energy transfer could be detected between ions
in different types of sites is quite surprising in
light of the fact that similar studies made on Nd
ions in mixed garnet crystals show strong energy
transfer between ions in nonequivalent sites.!”

It is important to note, however, that spatial
energy transfer between Nd ions in equivalent
sites may take place without spectral energy
transfer to ions in different types of sites. This
type of transfer would not be observable by the
time-resolved site-selection spectroscopy tech-
niques used here, and is discussed further in
Secs. VI and VII.

V. PHOTOACOUSTIC SPECTROSCOPY RESULTS

Photoacoustic spectroscopy techniques have
recently been developed to characterize radiation-
less decay processes of ions in crystals.!®"2! By
comparing PAS results with fluorescence-excita-
tion spectra, it has been possible to determine
dominant relaxation channels,??! Low-resolution
photoacoustic spectra were obtained at room tem-
perature on the concentrated neodymium penta-
phosphate samples. : The 1000-W tungsten-halogen
lamp chopped at 110 Hz was used as an excitation
source. Figure 10 shows the results obtained on
the NdP,O,, sample and the Nd, (¥, ,P;0;,. The
signal-to-noise ratio on the more lightly doped °
samples was too poor to give meaningful results.
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 FIG. 10. Photoacoustic spectra of Nd, Y, P50, and
NdP;O,, at 300 K.
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Note that the relative peak heights of the major
absorption bands in the PAS spectrum are com-
parable to those in the absorption and excitation
spectra.

These PAS results are more difficult to interpret
than those in the previous samples investigated.?°:2
The photoacoustic signal normalized for the energy
of the incident light beam at phase angle 6 can be
expressed as the sum over all the relaxation
transitions that generate heat,?

Ipas ) N, ;‘%mh v; cos(a; = 8)/Nohv,, (2)

where N, is the number of photons absorbed,

¢, (@) is the fraction of excited atoms relaxing

via the ith type of radiationless transition, 2 v;

is the energy of the phonons emitted in the ith
process, and «a, is the phase angle at which the
signal due to transitions from the initial state of
the ith transition is maximum. N, andhy, are

the number and energy of the photons in the ex-
citation beam. For the case of Nd** ions, the

sum in Eq. (2) should include three different types
of radiationless decay processes that occur during
the relaxation of the ion from the level excited

by the incident light. First, phonons will be
emitted during the decay from the absorption

state to the *F;,, metastable level. Second, the
“F3,, level does not have unit radiative quantum
efficiency, and, thus some amount of relaxation
from this state to the ground state occurs radia-
tionlessly. Third, the majority of the fluorescence
transitions from the *F;,, state terminate on levels
of the *I; multiplets other than the ground state,
and subsequent relaxation to the ground state
occurs radiationlessly.  Previous measurements
have shown that there is virtually unit probability
of relaxing to the metastable level after pumping

‘into higher excited states.?® The radiative quan-

tum efficiency of the *F,/, level is of the order of
~0.9 in the absence -of quenching interactions.?®
Most of the emission terminates on either the
I}, Or the *I,/, multiplets. Thus, from these con-
siderations and the energy-level diagram shown
in Fig. 2, it would seem that the higher-lying
absorption bands should be more intense in the
PAS spectrum compared to the lower-energy bands
than in the absorption and excitation spectra due
to the first type of decay processes listed above.
This is the type of behavior observed in other
samples.?*?! Figure 10 shows that this is not the
case here, as exemplified by the fact that the
8000-A band is equal or greater in intensity than
the 5800-A band. .

This comparison of the absorption, excitation,
and photoacoustic spectra indicates that there is
relatively more radiationless quenching occurring



38 i JOHN M. FLAHERTY AND

after excitation into the 8000-A band than after
excitation into the 5800-A band. Since the absorp-
tion coefficients of these two bands are different,
a different spatial distribution of excited ions will
occur after excitation into each band. For such
heavily concentrated systems as those considered
here, the high absorption coefficient of the 8000-A
band will result in a significant fraction of the
excited Nd ions being located close to the surface
of the crystal. The somewhat smaller absorption
coefficient for the 5800-A band allows for more

of the excited ions to be located farther into the
bulk of the crystal. One mechanism to explain

the spectral properties reported here is surface
quenching, which is discussed in detail in Sec. VI.

V1. INTERPRETATION OF RESULTS

At this point it is worthwhile to summarize the
experimental observations which must be explained
by any viable model of concentration quenching in
Nd,Y,_,P.,O,, and similar materials. The quench-
ing rate must vary less than quadratically with Nd
concentration. Also it must have a very weak
dependence on temperature, and it must be pro-
portional to the absorption cross section. The
quenching mechanism cannot lead to variations
in oscillator strengths with Nd concentration, can-
not result in spectral energy transfer, and cannot
lead to nonexponential fluorescence decays. These
requirements, along with quantitative theoretical
predictions, place very rigid restrictions on de-
veloping an acceptable model for concentration
quenching in these materials. The mechanism
responsible for concentration quenching of Nd
fluorescence in other types of materials such as
Y;Al,0,,:Nd** is cross relaxation between pairs
of closely spaced ions. This leads to a quadratic
dependence of the quenching rate on Nd concentra-
tion which is contrary to the linear dependence
observed for the pentaphosphate hosts. The other
common mechanism for concentration quenching
which is observed in various materials is migra-
tion of the energy among the active ions until it
reaches a sink where it is transferred to an ion
that can dissipate the energy radiationlessly. This
mechanism is not consistent with several of the
requirements mentioned above. There is no de-
pendence of the quenching rate on the absorption
cross section in this model, and, generally,
quenching by this mechanism has been found to
lead to a strong temperature dependence. A quan-
titative estimate of the concentration of sinks
necessary to give the observed quenching rate
can be obtained in the fast-diffusion limit from
the expression W, =4rDR,C,, where D is the dif-
fusion coefficient, R, is the exciton trapping
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radius at the sink, and C, is the sink concentra-
tion. For the case of neodymium pentaphosphate

a sink concentration of only 10 ppm of the Nd ions
is necessary to cause the observed quenching rate,
whereas site-selection spectroscopy shows that
significant numbers of Nd ions exist in sites of
different local perturbations without resulting in
energy transfer or quenching.

Since the normal models for concentration
quenching do not appear to apply to stochiometric
laser materials, it is necessary to develop a new
model. One model that appears to meet all of the
requirements outlined above is based primarily
on surface quenching of the excitation energy. In
this model the Nd ions on the surface of the
sample act as sinks where the energy is dissipated
radiationlessly. This gives a high concentration
of sink sites but only in a very small region and
not distributed uniformly throughout.the sample.
This situation will result in effective quenching
for concentrated materials where the excitation
energy is deposited near the sample surface, where-
as it will be much less effective in lightly doped
materials, where the energy is deposited more
uniformly throughout the sample. Similarly for a
given sample, quenching will be more effective
where the absorption of exciting light is stronger
due to the fact that more of the excited ions will
reside closer to the surface. Weaker absorption
bands will allow excitation energy to be deposited
further into the crystal, resulting in less effective
quenching.

To determine whether or not a surface-quenching
model satisfies all of the necessary requirements
for explaining the observed data, an expression
for the quenching rate can be derived from simple
geometric arguments based on the situation shown
in Fig. 11. The incident light excites a Nd ions
at a distance R from the surface of the crystal,
and the energy can as an exciton migrate out from
this site to other Nd ions. According to standard
diffusion theory, after a time equal to the intrinsic
lifetime of the exciton, the excitation energy will
be found on one of the ions on the surface of a
sphere of radius I/, the diffusion length which is
determined by

1=v6D7, , : 3)

where 7, is the intrinsic lifetime of the exciton.
If it is assumed that only excitons that migrate
far enough to reach the surface are quenched, the
quenching rate for an excited ion at depth R is

Wo(R)=pT15;(A’'/A), O<R<l
(4)
Wo(R)=0, I<R,
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FIG. 11. Top and side-view geometry for excitation-
energy migration in surface-quenching model.

where A is the area of the sphere of radius !, A’
is the part of the area of this sphere that is outside
the sample surface, and p is a factor to account
for the probability of energy being dissipated
radiationlessly instead of radiatively when it
reaches-the surface. The fraction of the area
outside the sample can be found from the double
integration

r oM m/2-
A=?.zf0 d¢>2lfe sin6 6
: (5
=41(1> =R*)Y2 cos™}(R/1) .
Thus the first part of Eq. (4) becomes
WoR)=p(Tenl)~?
X (I =R»Y2cos"Y(R/l), O<R<l. (6)

The observed fluorescence intensity is propor-
tional to the concentration of excited ions. At
time ¢ the remaining concentration of excited ions
which were originally created at a depth R into
the sample is given by the product of the probability
of exciting an ion at that position multiplied by the
exponential decay function for such ions:

n(t) = exp{-t[75*+Wo (R)]}

x1,0C exp(-oCR) dR . (M

Here C is the concentration of Nd ions, o is the
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absorption cross section, and I, is the intensity
of the incident light. The total concentration of
excited Nd ions is found by integrating this ex-
pression over the entire thickness of the crystal

T. Using Egs. (4) and (6), this becomes

n*(t) =cCIoe“”°(f ' exp{-tp(1om) [l = (R - 1))
xcos” Y (R/1)} dR

T
+ f exp('—oCR)dR) . (8)
1
Evaluation of this expression shows that in this

model the time dependence of the fluorescence
intensity is described by

I(t) =1(0) exp[—t(75 1+ 0.226pc ClT5 Y] . 9)
Thus, the quenching rate is given by
Wq =0.226p0ClT5*t . (10)

The results of these considerations show that a
surface-quenching model predicts exponential
fluorescence decays and a quenching rate that
varies linearly with the absorption cross section.
Since the ion-ion interaction responsible for the
migration is a resonant interaction, no thermal
activation is necessary and only a weak tempera-
ture dependence is expected. The quenching rate
should actually be somewhat greater at low tem-
peratures, where there is less phonon scattering
to limit the mean free path of the exciton. This
appears to be verified by the lifetime data shown
in Fig. 5. Quantitatively the experimentally ob-
served quenching rate for neodymium penta-
phosphate can be predicted by Eq. (10) if the
thermal conversion probability for excitons reach-
ing the surface (p) is taken to be unity and the
diffusion length is of the order of 20 usec. Prev-
ious estimates of the diffusion length of excitons
in this material have ranged from 360 to 5000 A.
A theoretical estimate for the diffusion coefficient
can be obtained from the expression

D =W, nq |?R2, /AV, (11)

where ion-ion interaction rate, R, is the nearest-
neighbor Nd separation, and Av is the exciton
bandwidths. A rough estimate of the interaction
rate can be found by assuming a nearest-neighbor
electric dipole-dipole interaction for two ions in
exact resonance,

Wyane =To (Bo/R oy )*&C/Cr), L (12)

where z is the number of nearest-neighbor Nd
sites; Cr is the Nd concentration in the unmixed
sample, ‘and the critical interaction distance R,
is given by
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/6
3ef%7, \*
Ro=(8_2—f'2'—2—2: . (13)
Tém e n v
Here f is the oscillator strength of the transition
between the ground and metastable state, V is the
average wave number in the region of spectral
overlap, and  is the spectral overlap integral.
For two overlapping Lorentzian lines, :
1 AD, +AD,
T (AD,+ AT, + (PI+79)%

Q= (14)
where 7° is the peak position and AD is the Lo-
rentzian contribution to the linewidth. Thus for
perfect overlap Q is proportional to the inverse
of the homogeneous contribution to the spectral
linewidth. In most cases this is not possible to
measure by normal spectroscopy methods when
the transition terminates on the ground state and
no significant contributions are present from re-
laxation processes. Saturation and coherent trans-
ient spectroscopy investigations have found ho-
mogeneous linewidths of transitions of this type
to be of the order of 107 Hz.** This can be used
in Eq. (13), which leads to a predicted value of
51 A for R,. Then for transitions out to fifth-
nearest neighbors, a distance of 7.4 A, Eq. (12)
predicts an ion-ion interaction rate of 9.1x 10°
sec™!. Substituting these numbers into Eq. (11)
yields a predicted diffusion coefficient of 3x 1072
cm? sec™!. Then substituting this result into Eq.
(3) gives a predicted diffusion length of about

63 um, which is consistent with the value needed
to interpret the concentration-quenching data with
a surface-quenching model.

Although each Nd ion has only one true nearest-
neighbor site in the NdP;O,, lattice structure,
there are eight Nd sites within an 8 A radius.
Thus for the high concentrations used here, every
Nd ion will always have other Nd ions close by
for efficient energy transfer. The use of Egs.

(3), (11), and (12) in Eq. (10) shows that the
quenching rate should vary as C!-5. This is con-
sistent with experimental data as shown by the
solid line in Fig. 4.

An attempt was also made to fit the data with a
surface-quenching model in which the excitation
energy did not diffuse, but rather was trans-
ferred to the surface ions in a single-step electric
dipole-dipole process. The predictions of this
model were not consistent with the observed re-
sults, because they predicted a nonexponential
decay time and quantitatively an unphysically
large value for the interaction strength had to be
assumed to give the correct magnitude for the
quenching rate.

A direct check was made on the prediction that
the quenching rate is proportional to the absorption

cross section by monitoring the fluorescence life-
time as the laser excitation was scanned from the
peak to the wings of the absorption band. The re-

. sults obtained at 14 K for the NdP,O,, sample are

shown in Fig. 12. There is an obvious increase

in fluorescence lifetime, and thus a decrease in
the quenching rate as the excitation is scanned
from the region of high absorption to one of small
absorption as predicted. However, the dependence
of W, on o appears to be less than the linear de-
pendence predicted by Eq. (10).- There may be
several reasons for this. First, it is difficult

to change the laser wavelength without also alter-
ing its power and beam position. Thus, it is
impossible to exactly repeat the experimental con-
ditions from point to point in Fig. 12, and only the
general trend of the data can be considered im-
portant. Also the theoretical derivation of Eq. (10)
is based on the assumption that the number of
photons absorbed from the incident beam at depth
R is directly proportional to the absorption cross
section. This is only true for small values of the
absorption coefficient. The exact expression is

n=n,[1 - exp(-oCR)]
=n@CR[1 ~30CR+3+(@CR)* =+ - -], (15)

and, thus for the high optical densities treated
here the variation with the absorption cross sec-
tion should be less than linear. The linear ap-
proximation was made in deriving Eq. (10) only
to simplify the calculations.

In order to determine whether the lifetime change
shown in Fig. 12 is due to the change in absorption
strength and not a result.of selectively exciting
ions in different sites having different energy-
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FIG. 12, ‘Fy,, fluorescence lifetime vs wavelength
of laser excitation at 14 K along with laser-probed ab-
sorption band at 300 K for NdP;0,,.



transfer characteristics, we measured the decay
time after pumping into the *G,,,, band near 4700
A. The peak absorption strength of this band is .
significantly less than that of the 5800-A band,
and the lifetime is measured to significantly
greater, around 110 usec at 14 K. It was difficult
to scan the excitation into the wings of this band
and measure the lifetime change because of the
much weaker fluorescence signal. However, the
trend again appeared to be toward longer life-
times on the band edge. No shorter lifetimes
were detected. Thus, we conclude that the life-
time change in Fig. 12 is associated with the change
in absorption strength and not just site selectivity.
There is still a question as to the exact mecha-
nism for quenching after the exciton has migrated
to the surface. The energy levels of the surface
ions may be perturbed in such a way that they
act as sinks or allow for cross-relaxation to occur
with other Nd ions. A third possibility is that
there is such a high density of excited Nd ions on
the surface that biexcitonic processes are re-
sponsible for the quenching. The latter possibility
was investigated by monitoring the fluorescence
lifetime as a function of laser power for the
NdP,O,, sample at 14 K. The excitation was near
the peak of the 5800-A band, and the power was
decreased by a set of calibrated neutral density
filters. The fluorescence lifetime was found to
increase slightly with decreased laser intensity.
This suggests that some amount of exciton-exciton
interaction may be taking place. However, the
dependence of W, on laser power does not appear
to be strong enough to account for all of the quench-
ing, and most probably several different mecha-
nisms are taking place at the same time.

VII. DISCUSSION AND CONCLUSIONS

The surface-quenching model described in Sec.
VI is consistent with all of the results obtained
in this investigation. It also appears to be con-
sistent with data reported by other workers. Simi-
lar surface-quenching effects have also been ob-
served in other types of materials with high ab-
sorption coefficients such as aromatic hydrocarbon
crystals.?®

For crystals with high absorption coefficients,
radiative reabsorption effects should be expected.
We attempted to determine the extent of such ef-
fects by observing the fluorescence lifetime as a
function of sample alignment. The lifetime ap-
peared to lengthen slightly in going from front-
face to back-face illumination. The former con-
figuration was used to minimize radiative reab-
sorption effects.

It should be pointed out that there is a possible
alternative explanation for the fact that the relaxa-
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tion processes in the excited states do not appear
to contribute to the PAS signal. This would be
true if the decay occurred radiatively instead of
radiationlessly. There has been some weak fluor-
escence observed between 1.4 and 1.7 um which
has not been explained.” However, this was ob-
served, only at a high level of excitation and only
at room temperature and, thus cannot generally
account for all of the observed quenching char-
acteristics. ‘

It is still not clear exactly why the fluorescence
quenching rate is so much less in NdP,O,, than
in YAIG:Nd. One obvious difference is that there
is less resonance between the *F;/,—~*I,;/, emission
transitions and the *I,/,—~ *I,,/, absorption. Also a
distinguishing feature of the pentaphosphate host
is that the Nd ions are fairly isolated from each
other and do not share the same oxygen ion.*
Another interesting observation is that the quench-
ing of Nd fluorescence in phosphate glass hosts
is also significantly less than for other glasses.?®
Which of these features is most important in de-
termining the quenching characteristics is not
evident. It is known that hydrogen and other im-
purity ions are very effective in quenching the
fluorescence in these materials.?” These im-
purities may perturb the energy levels of neighbor-
ing Nd ions to allow stronger quenching inter-
actions to occur. The energy levels of surface
ions may similarly be perturbed.

The diffusion coefficient of the order of ~1072
cm? sec™! determined for NdP,O,, is significantly
greater than the typical values of D that range be-
tween 107° to 10~** cm®sec™! for energy migration
among other systems of rare-earth ions in solids.2®
The reason for this is primarily the higher con-
centration of Nd ions. In other highly concentrated
systems, exciton diffusion coefficients of this
magnitude have been found.?®*?%:3° This results
in efficient spatial diffusion without spectral dif-
fusion. As the excitation energy migrates near
to a spectrally different site, there are always a
significant number of ions nearby in equivalent
sites that favor transfer. Only at the surface is
there a significant concentration of perturbed ions
to cause effective quenching. The fact that the
exciton diffusion length is greater than the effective
thermal diffusion length!® minimizes the contribu-
tion of excited-state relaxation phonons to the
photoacoustic signal, and enhances the contribution
of the radiationless quenching at the surface.

In summary, the results of time-resolved site-
selection spectroscopy, PAS, and other investiga-
tions presented here are consistent with a model
involving spatial energy migration without spectral
diffusion which results in significant radiationless
quenching at the surface.
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