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Laser-excited, time-resolved site-selection spectroscopy techniques were used to investigate
energy transfer between Nd*¥ ions in Y;A150,, and Y3GasO, crystals. The results are con-
sistent with a multistep diffusion type of energy transfer with the mechanisms for diffusion and
trapping both involving resonant two-phonon-assisted processes.

I. INTRODUCTION

Although Y;Als0;,:Nd** is one of the most impor-
tant and most studied crystalline laser materials,’
there are still some important physical properties of
this system which are not well characterized and un-
derstood. Energy transfer between neodymium ions
is one example of a physical process which has not
been thoroughly investigated in this host. We report
here the results of an investigation of energy transfer
among Nd** jons in both Y3Als0,; and Y3GasO; cry-
stals. The technique of laser-excited, time-resolved
site-selection spectroscopy was employed. The time
dependence and temperature dependence of the ener-
gy transfer was found to be consistent with two-
phonon-assisted migration and trapping processes.

The study of energy transfer between ions in solids
has received renewed interest during the past few
years because of the ability to use pulsed laser excita-
tion.2 The fast pulse capabilities allow time-resolved
spectroscopy techniques to be used to characterize
the time evolution of the energy transfer whereas the
high-resolution capabilities allow the probing of the
effects of the inhomogeneities in the system. Studies
of the latter type can be divided into two categories.
The first includes the ultrahigh resolution investiga-
tions utilizing the fluorescence line narrowing of an
inhomogeneously broadened transition.® The second
involves systems whose inhomogeneities give rise to
significantly different crystal-field sites for the active
ions thus allowing the transitions from ions in none-
quivalent crystal-field sites to be distinctly resolvable
in the spectrum.* These new experimental tech-
niques have resulted in the requirement for new
theoretical models for interpreting the data which ac-
count for the effects of both spatial and spectral ran-
domness on the characteristics of energy transfer.*®
So far, these investigations have been applied to only
a very few cases and continued experimental and
theoretical efforts are both still necessary.

The motivation for the work described here was to
further our knowledge of the effects of different mi-
croscopic environments on the properties of Nd3*

- ions and the transfer of energy between Nd>* ions in

garnet crystals. Obtaining this type of information on
Nd3*-doped garnet materials is of special interest be-
cause of the relevance it has to the laser performance
of these materials.! It was also hoped that our gen-
eral understanding of the physics of energy transfer
between ions in solids could be enhanced by this
work and especially that the experimental information
obtained by new laser spectroscopy techniques could s
be used to check the validity of some of the proposed
theories of energy transfer. Again the Nd**-garnet
system was thought to be a good choice for this type
of fundamental study since so much previous work
has been done in establishing the spectral properties
of these materials such as transition-matrix elements
and branching ratios. The results of this investiga-
tion indicate that the characteristics of energy transfer

‘in YAIG:Nd crystals are quite different than previ-

ously thought.! A combination of proposed theories
of migration kinetics and phonon-assisted ion-ion in-
teraction is shown to adequately explain the major
portion of the results. However, as has generally -
been the case when the microscopic details of a com-
plex system are probed, the results are quite compli-
cated and some of them are not completely under-
stood. We also point out where further theoretical
development is necessary to provide a more exact
description of the real physical situation being investi-
gated.

II. THEORETICAL BACKGROUND

The theoretical approach generally used in recent
investigations of energy transfer between rare-earth
ions in solids”® was developed by Yokota and Tani-
moto® and includes terms for both the migration of
energy among sensitizer ions as well as the direct
transfer of energy from an excited sensitizer to an
unexcited activator ion by electric dipole-dipole in-
teraction. In this treatment the rate equation for the
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concentration of excited sensitizers #; is

dng
ot

=—P;ny +Dv2”s - 2 Wsa(Ri) ng , n

where S; is the intrinsic decay rate of the sensitizer,
D is the diffusion coefficient for the sensitizer excita-
tion, R; is the separation between a given sensitizer-
activator pair, and W, (R;) represents the strength of
the energy-transfer interaction which is discussed
below. To obtain the expression for the time depen-
dence of the concentration of excited sensitizers, Eq.
(1) must be integrated over time and averaged over
the spatial distribution of activators. This is a diffi-
cult procedure and was achieved by Yokota and Tani-
moto® by assuming a uniform distribution of activa-
tors, using an operator expansion for the integrand,
and dropping terms in (D3 W3R " for n > 3.
Here Ry, is the average closest sensitizer-activator
separation. Then by use of the Pade approximate
technique the solution of Eq. (1) is simplified to

n,(t) = n,(0) exp|—B,t = £a32C, WYPRE (N

) 3/4
1+10.87x +15.50x2 )
1+8.743x ’ _

where x = Dr*P W3R ;2 and C, is the concentration
of activator ions. At short times after pulsed excita-
tion the electric dipole-dipole interaction between
sensitizers and activators dominates the energy
transfer and Eq. (2) reduces to the standard time-
dependent expression for the energy-transfer rate in
the absence of diffusion.!®'2 At long times after the
excitation pulse the diffusion-limited situation is
reached in which the time-independent energy-
transfer rate can be expressed as

w;=47wDC,p , 3)
where
p=0.676 W *R}*D1/* 4)

is the trapping radius. Both of these two limiting
cases have been observed in studies of energy
transfer between rare-earth ions in solids.!> 4 For
the results obtained in this work the fluorescence de-
cays are found to be exponential and the data are
consistent with a time-independent energy-transfer
rate indicating that the diffusion-limited situation is
applicable.

It should be mentioned that there are several other
approaches to the treatment of energy transfer in-
volving both diffusion among sensitizers as well as
direct interaction with activators. The treatment of
Kurskii and Selivanenko!’ has been shown to be
equivalent to that of Yokota and Tanimoto® when
used to fit the same experimental data. The results
of Burshtein et al., ! reduce to the expressions of

Yokota and Tanimoto in the limit of weak diffusion
while in the limit of strong diffusion their expres-
sions are equivalent to those of the theory developed
by Soos and Powell'” which is applicable to the physi-
cal situation of large trapping regions surrounding ac-
tivators. Thus, the Yokota-Tanimoto formalism out-
lined above appears to provide the best available
description to the physical situation of interest in this
work.

Next, it is necessary to obtain the theoretical ex-
pression for the diffusion coefficient in Eq. (3) in
terms of the sensitizer ion-ion interaction rate. This
is a well-known mathematical problem which is gen-
erally treated by setting up the problem in a random-
walk formalism and showing the equivalence between
the random-walk picture and diffusion in the limit of
many steps in the random walk.!® In this approach
the diffusion coefficient is described in terms of the
average random-walk hopping time #, by the expres-
sion D =R2/6t,. The hopping time is then ex-
pressed in terms of the physical interaction causing
the hop to occur. Trlifaj'® has applied this approach
to the specific problem of excitons migrating via elec-
tric dipole-dipole interaction and finds the resulting
expression for the diffusion coefficient to be

D =3~4Cs4/3Rs(s’ W (5)

where C; is the sensitizer concentration, R, is the
sensitizer-sensitizer separation, and W, is the in-
teraction strength between two sensitizers. It should
be noted that this expression is exactly true only for
the case of a random walk on a simple cubic lattice
with each step having the same hopping time. For
the physical situation of interest here the migration
occurs on a lattice of randomly distributed sites
resulting in the possibility of significantly different
hopping times for different steps. In order to apply
this result to the case of interest, it is necessary to
use the average Nd-ion separation for R, and the
average interaction strength at this separation.
Although it has been shown? that the formal
random-walk results remain unchanged when a small
hopping-time dispersion is introduced and accounted
for by using the average value of #,, it is not clear
that a large dispersion in hopping times can be legiti-
mately handled in the same simple way. We are
currently investigating the effects of treating broad
distributions of hopping times in this formalism using
Monte Carlo numerical procedures.?! However, at the
present time, this is the only method we have of
treating the problem, and thus, we will follow the
usual practice of utilizing Eq. (5) with average values
for the parameters. '

Finally, it is necessary to decide on the appropriate
expression to use for the ion-ion interaction rates.
This depends on the mechanism of the interaction
(exchange, electric dipole-dipole, etc.) and on wheth-
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er the transfer is resonant or phonon assisted. These
_questions cannot be answered until the experimental
results are analyzed but it is possible to speculate
about the various possibilities. First, the optical tran-
sitions of trivalent neodymium ions in solids are gen-

erally thought to occur by forced electric dipole transi-

tions,? and, therefore, the energy transfer between
two Nd** ions is usually considered to take place
through forced electric dipole-dipole interaction.??
Second, it has been suggested that the small energy
mismatch in the transitions of two similar ions must
be made up by two-phonon processes instead of a
one-phonon process since the density of states of
very low-energy phonons is quite small and a single
long-wavelength phonon may modulate the environ-
ments of two closely spaced impurity ions in the
same way instead of providing the necessary modula-
tion of one ion with respect to the other.” There are
many different combinations of possible two-phonon
processes resulting in a variety of different possible
temperature dependences for the energy-transfer rate
such as T3, T7, and exp(—8/kgT), where 3 is the en-
ergy between one of the states involved in the
energy-transfer transition and a real intermediate
state reached by the phonons involved.

The procedure used in analyzing the data in this
work was to first determine from the time depen-
dence of the energy-transfer rate the nature of the in-
teraction mechanism and whether or not we are deal-
ing with a diffusion-limited case. Then from the
temperature dependence the nature of the phonon
assisting processes was determined. Finally, the mag-
nitude of the energy-transfer rate determined from
fitting the data was compared to that predicted by the
expression

w0y =21.2C,C;REq W (T)A W, (T)4 6)

derived above using known parameters for Nd** ions
in garnet crystal hosts and the appropriate expression
for the phonon-assisted interaction rate. Here both
R, and Ry, have been set equal to the average
Nd’*-ion separation Rny. The details of this pro-
cedure are described further in Sec. V.

III. EXPERIMENTAL

The samples investigated were good single crystals
of Y3Al50;, containing 0.85% (1.17 x 10?°cm™) neo-
dymium and Y3GasOj; containing 0.25%

(3.23 x 10" cm™3) neodymium. These were mounted
in a cryogenic refrigerator capable of varying tem-
perature between about 7 and 300 K. Broadband ex-
citation was provided by a 150-W xenon lamp while a
nitrogen-laser-pumped tunable dye laser was used for
selective excitation. With rhodamine 6G dye, the
laser provided pulses less than 10 nsec in duration
and less than 0.4 A in half-width. The peak power of
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FIG. 1. Energy levels of Nd3* ions in Y3Gas0,,, and
Y3A|50]2 crystals,

0 103 cm™)
15

k 11i0
T T T T T T
“YAIG:Nd (085 °/o)
0.3 T=295K A
1-b
2-a
0.2 3-b 4

o

[}
Ne]

YGaGNd (025%)]

OPTICACL)_ DENSITY
%)

T = 205 K
0.2 4
1b—0
o1 Pap =
2-a3-
38
0.0 1 1 1 1 1 1 1 1 1
4000 6000 8000 %\600 9000
A A

FIG. 2. Room-temperature absorption spectra of
Y;Gas0p,:Nd3* (3.0 mm thick) and Y3Al0,,:Nd®* (2.9
mm thick).
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FIG. 3. Room-temperature fluorescence spectra of the
4F3/2-419/2 transitions under broadband excitation. (See
Fig. 1 for the transition designations of the lines.)

the pulses was approximately 200 kW at a 30 Hz re-
petition rate. The sample fluorescence was analyzed
by al-m spectrometer capable of a resolution in first
order of 0.16 A. The signal was detected by a cooled
RCA C31034 photomultiplier tube, averaged by a
boxcar integrator triggered by the laser, and displayed
on a strip-chart recorder. The time resolution used
was about 0.1 usec.

Figure 1 shows the energy levels relevant to this
investigation of Nd** in the two types of garnet host
crystals. Our results are quite similar to those pub-
lished previously.?*=%° With the experimental equip-
ment described above, the ions are pumped in the
various components of the 267/2 and *Gs), states and
fluorescence occurs after radiationless relaxation to
the *Fy), levels. We monitored the fluorescence tran-
sitions from this metastable state to the four lowest
components of the */y/; ground-state manifold.

Figure 2 shows the absorption spectra in the region
of pumping and fluorescence at room temperature
while Fig. 3 shows the fluorescence spectra at room
temperature under broadband excitation. The differ-
ences in relative peak intensities for similar lines
show the differences in oscillator strength and
branching ratios for the Nd3™ transitions in the two
different hosts.

Figures 4 and 5 show the fluorescence spectra for
the two samples at low temperatures under selective
excitation at short times after the laser pulse. The
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FIG. 4. Fluorescence spectra of Y;Als0y,:Nd3* at low
temperatures for two different narrow line laser-excitation
wavelengths.

structure in the spectra near each major line is indica-
tive of the variation of transition energies for ions in
nonequivalent crystal-field sites. The variation of
this structure with pumping wavelength indicates that
ions in specific types of crystal-field sites are being
selectively excited. For each sample, comparison of
the intensities of the same transitions in absorption
and emission spectra show that the branching ratios
and oscillator strengths are quite different for ions in
different crystal-field sites.

The fluorescence lifetimes were measured to be
about 200 usec for the Y;Al;0y, host and 250 usec
for the Y3;GasOy; host. These are essentially tem-
perature independent for the range investigated.

Also they were found to be the same within experi-
mental error for ions in all of the major sites which
could be selectively excited in both host crystals.

The relative integrated fluorescence intensities of
transitions from ions in different crystal-field sites
change as a function of time after the laser pulse.
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FIG. 5. Fluorescence spectra of Y3;Gas0,,:Nd3* at low
temperatures for two different narrow line laser-excitation
wavelengths.
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FIG. 6. Fluorescence spectra of Y3Gas0;,: Nd3* at 100 K
for two different times after the laser pulse (1,p).

Since the fluorescence lifetimes are found to be
essentially the same for ions in all major types of
sites in the same host, this time dependence can be
attributed to energy transfer among ions in different
types of sites. Figure 6 shows an example of the
fluorescence spectrum of Nd** in the yttrium gallium
garnet sample at 100 K at two different times after
the laser pulse. Figure 7 shows the time depen-
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FIG. 7. Ratios of the integrated fluorescence intensities of
transitions from Nd3* jons in different crystal- field sites in
Y;3Ga;s0,; as a function of time after the laser pulse at 100 K.
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FI1G. 8. Time dependence of the integrated fluorescence
intensity ratios of lines from Nd3* ions in different crystal-
field sites in Y3A150,, at 15 K. (Sée text for explanation of
theoretical lines.)

dences of the relative integrated fluorescence intensi-
ty ratios of three sets of lines in this spectrum. Simi-
lar results are observed for the yttrium aluminum
garnet host. The time dependences are much
stronger at high temperatures than at low tempera-
tures. However, above 200 K no site selection can
be detected probably due to the phonon broadening
of the terminal state of the pumping transitions.
Below about 25 K the time dependence of the rela-
tive intensities ratios of ions in different types of sites
is essentially negligible in the Y;GasO;,: Nd3* sample.
At these lowest temperatures in the Y;Als0,,: Nd3*
sample the relative intensity ratios vary with time in
the opposite direction as that observed at high tem-
peratures. An example of this time dependence is
shown in Fig. 8.

IV. ANALYSIS

The time-resolved site-selection results on energy
transfer between ions in different types of crystal-
field sites described above can be analyzed, using a
simple two site model with the rate parameters shown
in Fig. 9. The rate equations for the populations of
the excited states of the two sites can be written

dng

=Ws—Bn; —wsns +wang , (7a)
dt
d
-5:_= We—Bng +wsng—wgn, (7b)

where W, and W, are the pumping rates, 8 is the in-
trinsic fluorescence decay rate, wg and o, are the en-
ergy transfer and back transfer rates between the sen-
sitizer and activator sites and AFE is the energy
mismatch between the excited levels of the ions in
the two sites. In order to solve these equations a
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specific mechanism must be assumed for the energy-
transfer process to determine the time dependence of
the transfer rate.

First let us consider the data obtained on the
Y3GasOq,: Nd** sample. The energy transfer was .
characterized for an excitation wavelength of 5886 A.
At low temperature it was difficult to detect any time
dependence of the relative fluorescence intensities,
and it is concluded that very little energy transfer is
taking place. At 100 K a distinct time dependence is

J

observed as shown in Fig. 7. The three lines treated
as sensitizer intensities all appear to be associated
with transitions from Nd ions in the same crystal-
field subset and all the activator lines are from transi-
tions from ions in a different subset. It was found
that the best fits to these data could be obtained only
by assuming a time-independent energy-transfer rate
with no back transfer. Then treating the pumping
rates as 3 functions, Egs. (7a) and (7b) can be solved
for constant w, and w; to give

(ws/w,) (1 + ngo/ng0) — (ws/w, — na0/ng0) expl—(w; + w,) 1]

I
oK
I

where K represents the ratio of the oscillator
strengths and branching ratios for the transitions of
the ions in the different crystal-field sites. The aver-
age value of the energy-transfer rate needed to give
the solid line fits to the data for the three sets of
transitions is listed in Table I. The best fits were
found with w, =0 sec™.

The data for the Y3A150,,: Nd** are more difficult
to interpret since the transfer proceeds in one direc-
tion at 15 K and in the opposite direction at higher
temperatures. The low-temperature data in Fig. 8
can be fit by either Eq. (8) or a similar equation with
the transfer rate replaced by o — wt~'/2 to show an
explicit time dependence. As the solid and dashed
lines in the figure indicate, the ¢~/2 time dependence
for the transfer rate gives a somewhat better fit to
the data than the constant rate but the latter cannot
be ruled out by this analysis. The fitting parameters
are listed in Table I.

The temperature dependence of the energy-transfer
rate can be determined from Eq. (8) and measure-

S a

FIG. 9. Energy level and transition rate model used for
explaining energy transfer between Nd3* ions in different
crystal-field sites. (See text for explanation of symbols.)

(1 + nz0/n50) + (w5/w, — 140/ n50) expl—(w; + w,) 1]

, )]

]
ments at very short and long times after the laser
pulse. The results for the Y;GasO,,: Nd** are shown
in Fig. 10. Above about-30 K the transfer rate is
found to increase exponentially with an activation en-
ergy of about 83 cm™!. In analyzing these data the
factor K accounting for differences in branching ra-
tios is taken to be independent of temperature. A
similar analysis was made of the Y;A150;,: Nd** data
and an exponential temperature dependence was
again found for the transfer rate as shown in Fig. 11.
In this case the weak energy transfer observed at low
temperatures was treated as a temperature-indepen-
dent back transfer process at high temperatures. The
activation energy is about 140 cm™!.

V. INTERPRETATION

Since the observed energy-transfer rate is found to
be independent of time, energy migration among sen-
sitizer ions may be treated in the diffusion limited re-
gime and the use of Eq. (6) is justified. The tem-
perature dependence appears to be the key in under-
standing the energy transfer in this case. For an ex-
citon hopping type of energy-transfer phonons can ef-
fect the hopping rate in two different ways.?> The
first is enhanced diffusion when new transitions are
thermally activated.!> The activation energies for
both samples are consistent with the splitting between
the ground state and the first excited states of the
*Iy, manifold. This explanation might be reasonable
for the Y3;Al50,,:Nd*>* sample for which the a-2 tran-
sition is much stronger than the a-1 transition. How-
ever, this is not true for the Y3GasO,,: Nd** sample
and a consistent explanation for both samples should
be expected. The second possible effect is a thermal
activation required for either the hopping or trapping
steps. The only way we were able to obtain a con-
sistent fit to all of the data was by assuming that both
the migration and trapping steps are thermally ac-
tivated by one of the two-phonon-assisted energy-
transfer processes suggested by Holstein et al.® The
mechanism providing the good fits to the data is one
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TABLE I. Energy-transfer parameters.

Y;Al0,: Nd3+

Y;Gas0,,:Nd3*

(1.18x10¥ cm™3)  (3.24 x10" cm™)

Spectral parameters

C, (em™)
C, (em™)
Aasi?homo (Cm—l)
AEg, (cm™)
AE}, (em™)
I (em™)

70 (sec™)

Estimated parameters

JAREy (cm®)
JEHR Gy (em®)
Fitting parameters
w, (sec™)?

w, (sec™D)

8 (cm™)
AEg (cm™h)

Model paranﬂeters

1.1 x10%0
8.4 x10!8

20x1074

0.6 x 10730
12.0x 10750

6.7 x10710
3.5x10710
6.5x1077

Dy (cm? sec™!)
D (cm? sec™1)®
I (cm)®
aT =100 K.
T (K)
10'0 ; 5l0 4|O 3'0 2'0 1'5
1 1 1 1 1 1
002 004 006
177 (KD

FIG. 10. Temperature dependence of the energy-transfer
rate between Nd3* jons in nonequivalent crystal-field sites in
Y;Gas0;,. (See text for explanation of theoretical line.)
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FIG. 11. Temperature dependence of the energy-transfer
rate between Nd3* ions in nonequivalent crystal-field sites in
Y;A150;,. (See text for explanation of theoretical line.)
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in which the two phonons are in resonance with a
nearby real electronic state. The transfer rate
between ions / and j for this mechanism is

. 2(AE)? 2T
W, =t +J} y
P T AE) +812 || R(AE))?
E; |-
x |1 +exp kTI exp T;: , )

where J; and J, are the matrix elements for transfer
involving the initial excited state and the ground state
and for transfer involving the intermediate state
reached by the phonons, respectively. AEj is the en-
ergy mismatch between the transitions of the two
ions involved in the transfer process, 8 is the energy
of the resonant phonons, and I is the width of the
intermediate state reached by the phonons. For the
Nd-Nd energy transfer considered here the exponen-
tial factor involving 8 dominates the temperature
dependence and is consistent with the splitting of the
lowest two components of the 419/2 ground-state man-
ifold.

If both sensitizer-sensitizer and sensitizer-activator
interactions are described by the expression for two-
phonon-assisted energy transfer given in Eq. (9), the
measured transfer rate is expressed as

0, =71.6C,C, R, Lﬁ (1 + s/ Ty
12 J2 3/4
L,
AEZ | ar?
,]2 2.]2 1/4
‘2 2 : 2 e‘8/kT ’ (10)
AEZ ' AE2 +8T

where it has been assumed that AE is small com-
pared to I' and kT.

The solid lines in Figs. 10 and 11 represent the
best fits to the data given by Eq. (10) with the values
for & being the differences between the ground and
first excited state in each sample. To obtain these
fits to the data it was necessary to estimate the con-
centrations of sensitizer and activator ions, the
strengths of the matrix elements, the widths of the
intermediate states reached by the phonons, the
sensitizer-activator energy mismatches, and an aver-
age value for the energy mismatch between sensitizer
ions. Although variations of oscillator strengths
between ions in different sites complicate the matter,
high-resolution absorption data at low temperature
can be used to estimate the concentrations of ions in
different sites from relative line strengths. For the
types of sites investigated in Y3Al50,,:Nd** the con-
centrations are C;=1.1 x 102 and C, =8.4 x 10
c¢m™3 while for the Y;GasOy,: Nd*" sample they are
C,=2.7x10" and C,=5.4 x10"® cm™.

Kushida?* has modified the general electric dipole-
dipole energy-transfer expressions of Forster'® and
Dexter!! to apply specifically to rare-earth ions. The
squared matrix elements can be estimated from his
expression

oo DR
QL+ @I, +1)

X

3 0ul @l 1u) |J;>|2]

x [zaakw,,l U] m'w] . (1n
k

where f and i/ indicate the final and initial states of
the systems, R is the separation between the two
ions, and the ) are the Judd-Ofelt parameters. The
latter have been determined by Krupke? and for the
4F3-*I9), transitions the expression for the squared
matrix element becomes

ch?\?

Jp=(139x1072) — A
A=t )(n2+_2)47r7R.6

(ergd) , a2

where 7 is the refractive index of the crystal at the
wavelength of the fluorescence A. A factor for the
branching ratio must be included to determine the
squared matrix elements for specific transitions
between individual crystal-field levels within the
ground and excited multiplets. For the two transi-
tions of interest in expression (10) the squared ma-
trix elements have the values

J2 =0.6 x 107°R ¢ cm® |
J5 =120 x107°RgS cm* ,

for Y;Als0,,: Nd*t; (13)
JY =3.5%x10"°RgE cm? ,

JH =39 x107°Rg§ cm?,

for Y;GasOy;: Nd3*.

The level width of the intermediate state can be
taken from measured spectral data to be about 7
c¢cm™! for the aluminum garret host and about 5 cm™
for the gallium garnet. Also, the sensitizer-activator
energy mismatches are measured to be about 5.2
cm™! for the aluminum garnet sample and 6.6 cm™
for the gallium garnet.

The various estimated values of the parameters
given in the preceding three paragraphs can be substi-
tuted into Eq. (10). The remaining unknown param-
eter in the equation is the average transition energy
mismatch between two sensitizer ions. An upper
bound on AE is the inhomogeneous linewidth for

1

1
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~inhomo

the sensitizer transitions Avg which is measured
to be of the order of one and a half wave numbers.
The best fits to the data using Eq. (10) are shown as
‘solid lines in Figs. 10 and 11. They required values
of AE of about one-third of a wave number which is
somewhat less than the inhomogeneous linewidth as
expected. '

With the estimated parameters and those obtained
from fitting the data, it'is now possible to obtain a
value for the diffusion coefficient from Egs. (5) and
(9) with the temperature dependence expressed ex-
plicitly as

D = Dge ¥kT (14)

The values of Dy and D at room temperature are list-
ed in Table I. The diffusion length /can be estimat-
ed from the expression®

I=(6D7)2 . (15

Again the room-temperature values of this parameter
are listed in Table . Note that the extrapolation of
these parameters to room temperature may not give
exact values but it provides useful estimates for com-
parison to other data obtained at room temperature.

VI. DISCUSSION AND CONCLUSIONS

To summarize, the time-dependent and
temperature-dependent data obtained on energy
transfer between Nd** ions in two different garnet
host crystals can only be explained by a multistep en-
ergy migration process where both the hopping
between ions in similar types of sites and the transfer
of energy to ions in nonequivalent crystal-field sites
take place by a two-phonon-assisted mechanism in-
volving resonant transitions between the ground and
first excited states. For both hosts the sites which
are selectively excited by the narrow-band laser pulse
are the dominant types of sites for Nd** ions in the
lattice whereas there are significantly less Nd** ions
in activator-type sites. The nature of the different
types of crystal-field sites is not known but the dom-
inant sensitizer sites may be Nd** ions in unper-
turbed Y37 lattice sites whereas the less populous ac-
tivator sites may be Nd** ions in sites near to lattice
defects or impurities which alter the local crystal-field
environment. It is well known that substitutional im-
purities purposely introduced into the garnet lattice

-produce a variety of sites with different transition en-
ergies for Nd*>* ions.2>2¢ It should be noted that
time-independent energy-transfer rate could also indi-
cate single-step transfer between sensitizer-activator
pairs all at the same fixed distances. This type of dis-
tribution is not physically reasonable unless some
clustering of Nd** ions occurs. Clustering, however,
would lead to cross-relaxation quenching which is not
observed.

The major complication in interpreting the results
is the complex nature of the system. The excitation
energy is migrating on a lattice of randomly distribut-
ed sites with a superimposed random distribution of
transition energies. No exact method for treating this
problem has been developed, and it may be that nu-
merical techniques are the only possible solution.>¢
The theoretical approach used here assumes that the
inhomogeneities in the transition energies are more
important in determining energy-transfer characteris-
tics than the inhomogeneities in the spatial distribu-
tion of ions. Thus, the expressions describing exci-
ton diffusion in Egs. (3), (5), and (15) are all based
on a uniform distribution of ions with the transition
energy inhomogeneities accounted for in the expres-
sion for microscopic ion-ion interaction rates. This
approach appears to give a reasonable explanation of
the energy-transfer characteristics in the systems in-
vestigated here, but a more exact approach to this
problem would certainly be desirable. Also, for the
small values of W,, R4 encountered in this case, it
may be necessary to include higher-order terms in
the expansion.used to derive Eq. (2). Thus, the
magnitudes of the parameters obtained from this
analysis must be considered as only rough estimates.

The nature of the residual energy transfer at very
low temperatures in the Y;A150,,: Nd** sample is still
not completely understood especially with respect to
the fact that the transfer proceeds in the opposite
direction from that observed at higher temperatures.
It may be that for some reason the site selection is
different at low and high temperatures, but this is not
apparent from any spectral observations. Maintaining
exactly the same selective excitation at all tempera-
tures is difficult when the pumping is to a higher ex-
cited state consisting of numerous, relatively broad
levels. Also, it is not understood why the resonant
phonon processes in the ground-state manifold dom-
inate the temperature dependence instead of similar

" processes involving the components of the 4Fy), state

which have a smaller splitting. However, it is in-
teresting to note that Kushida?’ has found that the
thermal broadening of these transitions is also attri-
butable to phonon processes in the ground state.
Also, migration of energy among Nd** jons in a glass
host has been found to have a thermal activation en-
ergy of ~150 cm™.28

The value of D of the order of 107! cm? sec™ is
similar to the values found for energy migration
among other rare-earth ions in solids which range
from 107° to 107'* cm? sec™'.? Although a signifi-
cant amount of the difference in D, for the two sam-
ples can be accounted for simply by the difference in
sensitizer concentrations, the diffusion coefficient for
Nd excitons will be intrinsically larger in the Y3;Al50(;
host compared to the Y3;GasO,; host due to the in-
creased values of the matrix elements in Eq. (9)
which make W, larger in Eq. (5). Note that in-
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creased inhomogeneous broadening will decrease Dy
by decreasing W, in Eq. (5). There are two previous
estimates of the energy diffusion characteristics for
the Y3Al50,,:Nd** system. Danielmeyer, Blatte, and
Balmer? theoretically estimated a diffusion length of
about 500 A from spectral considerations and Daniel-
meyer®® determined the anomalously large value of
D =5x10"7 cm? sec”! for a sample containing only
0.4% Nd** from analyzing its single-mode laser
operation. The time-resolved site-selection technique
utilized in the experiments reported here is the most
direct way of characterizing the energy migration re-
ported thus far.

In conclusion, laser-excited time-resolved site-
selection spectroscopy has been used to characterize
the transfer of energy among Nd** ions in two types
of garnet host crystals and the results interpreted in
terms of an exciton diffusion and trapping model.

Both the diffusion and trapping mechanisms are con-
sistent with the predictions of one of the new
theoretical models for two-phonon-assisted transfer
processes. The migration parameters obtained in this
way are consistent with those obtained for other simi-
lar systems but it is obvious that there is an impor-
tant need for an exact way to theoretically treat cases
of energy migration on a random lattice.
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