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We have measured the fluorescent decay rates of the *P, and P, states of the Pr** ion in PrCl; and
LaCl; over a wide range of temperatures. At low temperatures the radiative lifetime of the 3P, state in
LaCl;:1-at.% Pr is 14.7 4+ 1 psec, while at room temperature in PrCl; the nonradiative lifetime is
~ 0.38 psec. In the dilute crystal the three-phonon-relaxation lifetime of the *P, — 3P, decay has been
determined to be 3.1 4+ 0.3 usec. We have also set a new much lower limit on the nonradiative-decay
lifetimes of the 3P, and 'I states of 7 < 1.5 nsec. Some major discrepancies between our results and
previous work are noted and, in several cases, resolved. A more refined model of the relaxation
processes in the 3P states is described which qualitatively explains the exceptionally large relaxation
rates of the P, state and the much slower P, decay rate. We demonstrate that the detailed
excited-state composition must be considered to explain the relative magnitudes of relaxation rates.

I. INTRODUCTION

The recent development of pulsed tunable dye
lasers spanning the entire visible spectrum® now
allows the selective excitation of many energy lev-
els in paramagnetic crystals. The spectral inten-
sity and time resolution available with this new ex-
citation method far exceed that attainable with pre-
vious flash-lamp-pumping techniques. A number of
problems involving nonradiative interactions in pa-
ramagnetic crystals may now be amenable to de-
tailed study. In particular, there has been con-
siderable recent interest in the fluorescent prop-
erties of concentrated rare-earth materials since
it has been demonstrated that these crystals could,
after all, display stimulated emission.?™® The ra-
diative- and nonradiative-decay mechanisms have
a crucial bearing on the properties of laser transi-
tions. In the course of our study* of stimulated
emission in PrCl;, we observed significantly dif-
ferent decay rates than those reported in the litera-
ture.®® This led us to make a detailed investiga-
tion of the decay processes in PrCl; and the dilute
analogue LaCly: Pr.

The energy-level system of the trivalent-rare-
earth crystals PrCl; and LaCl; : Pr are among the
simplest and best understood of any paramagnetic
crystals. A partial energy-level diagram of Pr®
(f2 configuration) is shown in Fig. 1. A substantial
number of sharp fluorescent transitions makes
Pr*" nearly ideal for the study of optical-transition
lifetimes and nonradiative-decay phenomena. We
have pumped these crystals in the regions of the
8p,, 3Py, I;, and *P, states. We were able to re-
solve some of the discrepancies with earlier work
by careful analysis of all decay paths and have also
set new, much smaller upper limits on the nonra-
diative-decay time for the 3P,, I;~%P, nonradia-
tive decays.

In Sec. II we describe the experimental technique
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used in these experiments. Sections III A and III B
contain experimental results for the dilute and con-
centrated material, respectively, when pumping
3P, and 3P,. Section IIIC is an analysis of those
results in terms of rate equations. In Sec. IV we
discuss nonradiative decay by multiphonon relaxa-
tion and its application to 3P1—decay processes.

We propose a new path for the 3P, - *P; decay in
Sec. 1IV.

II. EXPERIMENT

The crystals used were fairly small (~10X4
X2 mm) cleaved samples of either PrCl; or
Lag, ggPrg.;Cl; grownby Guggenheim. The crystals
were mounted in quartz cuvettes under a helium
atmosphere and sealed with rubber cement to re-
tard surface deterioration by water vapor. Ade-
quate surface quality could be maintained for sev-
eral low-temperature runs by this simple method.

The cuvettes were mounted in a small glass
Dewar into which cold nitrogen or helium gas was
blown. The temperature was determined with either
a thermocouple or calibrated carbon resistance
thermometer,

The crystals were optically excited with a nitro-
gen-laser-pumped dye laser which had a peak power
of 11 kW, a spectral width of 6 GHz, and a pulse
width of 4 nsec (full width at half-maximum). The
repetition rate could be varied from 1 to 100 Hz.

The crystal fluorescence was dispersed by a Jar-
rell-Ash 1-m spectrometer (limiting resolution
~0.06 A in first order) and detected by a photomul-
tiplier (EMI 9558A) with S-20 response. The out-
put of the phototube was either averaged by a box-
car integrator or directly displayed on an oscillo-
scope. For qualitative measurements, the scope
display was photographed; however, for accurate
measurements, the boxcar gate was swept over a
time interval corresponding to a change of about a
factor of 10 in the fluorescent intensity (~ 2.4 decay
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FIG. 1. Partial energy-level diagram of LaCly: Pr.
The splitting within J manifolds are purely.illustrative.
The 3F; (6280-cm™), *F, (6700 cm™), 'G, (9733-cm™),
D, (16 630-cm™), and 'S, (48 800-cm™) manifolds have
been omitted.

time constants). The intensity versus time data
were fit to a single-exponential decay curve. The
ultimate time resolution of the system was limited
by the speed of the photomultiplier to about 20 nsec.
Since the shortest decay time measured with this
system was about 400 nsec, the photomultiplier re-
sponse was not a serious limitation.

III. EXPERIMENTAL RESULTS
A. LaCl, : 1-at.% Pr

The fluorescent lifetime of the 3P, state in dilute
LaCly : Pr has been studied by Barasch and Dieke®
using optical excitation and by Low et al.” with x-
ray excitation. Dorman® has indirectly measured
the radiative lifetime by determination of oscillator
strengths in absorption. The three measurements
are in reasonable agreement; Barasch and Dieke
quote 13 usec for the *P, compared to the Low et
al. value of 15+2 psec and the Dorman determina-
tion of 18.4 usec.

In Fig. 2, our measurement of the total fluores-
cent decay time® of P, is plotted as a function of
temperature for both the dilute sample and pure
PrCl;.!° In each case, there is a monotonic de-
crease in the decay rate as the temperature de-
creases.!! This is consistent with the total decay
rate being the sum of a radiative decay rate which
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is independent of temperature and a temperature-
dependent nonradiative-decay rate. The nonradia-
tive component decreases with decreasing tempera-
ture but the exact functional dependence depends

on the details of the nonradiative decay. Although
the nonradiative rate does not go to zero at 0 K,

we argue that for the dilute crystal it is small
enough to be considered negligible compared to the
radiative decay. This follows from the fact that
3P, is about 4000 cm™ above the D, state which
corresponds to the energy equivalent of about 18
optical phonons and, moreover, is spin forbidden,
Experience with nonradiative decays in dilute rare-
earth crystals indicates that such a nonradiative
process should be negligible at low temperatures, 2714
(We shall discuss this further in Sec. IV.) We
therefore claim that the extrapolated value for the
lifetime of the dilute crystal in Fig, 2, 14.7+1.0
psec is the real radiative-decay lifetime of the 3P,
state., This is reasonably close to the values quoted
above from previous work. The “gentle” variation
of the decay time, from ~ 13 psec at room temper-
ature to 14,7 psec at low temperatures, shows that
the nonradiative-decay time at room temperature
cannot be less than ~110 usec. However, the 10%
increase in lifetime at low temperature could be
simply due to a change in the radiative transition
rates because of thermal variation in the lattice
crystal field. In that case the nonradiative life-
time at room temperature could be much longer
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FIG. 2. Decay time of LaCls: Pr (triangles) and PrCly
(dots) plotted as a function of temperature. The relative
change with temperature is much greater in PrCl; than
in the dilute crystal.
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FIG. 3. Oscilloscope photographs of fluorescent in-
tensity vs time for 3P1 and 3Po states on pumping 3P1;
(a) °P, emission, (b) °P, emission,

than 110 usec.

When the 3P, state is selectively excited, we ob-
serve fluorescence from both the 3P, state (=530
nm, 3P, - %H; transition) and the 3P, state at all
temperatures. This is as one would expect so long
as the radiative-decay rate of 3P, and nonradiative-
decay rate to 3P, are “comparable.” A plot of the
decay rate of the 3P, fluorescence versus tempera-
ture surprised us when the decay rate appeared to
increase as the temperature was reduced below
300K. In addition, the plots of the logarithm of in-
tensity versus time were curved indicating that the
decay curves were not of single exponential char-
acter. At 300 K, the decay rate of 3P, was nearly
identical to that of *P; at the same temperature
(13.2 usec). Oscilloscope photographs showing the
double decay rates for *P; and the slow buildup of
P, are presented in Fig. 3. The complex decay
curve was previously observed by Low et al.” who
report a double decay of 4.5 and 14 usec at 300 K.
Barasch and Dieke report a decay time of 5 usec
for 3P, at 4 K while Dorman’s measurements would
imply a radiative lifetime of 37 usec at low tem-
peratures. The source of these anomalies became
clear when we observed that when pumping the 3P,
state at room temperature, we obtained strong flu-
orescence from ®P, despite the fact that it lies 591
cm™ above ®P,. The complex decay curves and
anomalous temperature dependence are clearly due
to the nonradiative transfer 3P, -3Py~3%pP,.-.. A
detailed discussion of this process will be post-
poned to Sec. IIIC. The variation with tempera-
ture of the intensity ratio of the 3P;-to-3P, emission
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on pumping *P, is shown in Fig. 4.

At the lowest temperatures, the fluorescent life-
time of 3P, is 2.81+0.28 psec, which is consider-
ably different from the values of 4.5 and 4.8 usec
obtained by Low et al.” and by Barasch and Dieke, ¢
respectively. By measuring the ratio of *Py-to-*P,
fluorescent intensities when exciting *P;, it was
possible to determine the quantum efficiency of
transfer of excitation from 3P, to ®P,. A value of
29.7 psec for T, of 3P, was calculated by multi-
plying our measured value for the 7,,4 of 3P, by the
ratio of Dorman’s® values for emission oscillator
strengths of *P; and ®P,. By combining these num-
bers we calculate a value of 3.2+0.4 usec for the
lifetime of the *P,-to-*P, excitation transfer pro-
cess. By comparison, if the 2.81-usec fluores-
cent decay of P, is assumed to arise only from ra-
diative decay to 3H; and nonradiative transfer to
3Py, the transfer lifetime is 3.1+0.3 psec. There-
fore, to within our accuracy of measurement, P,
decays nonradiatively only to ®P, in the dilute crys-
tal.

B. PrCl,

The fluorescent lifetime of the 3P, state is plotted
as a function of temperature in Fig. 2. Note that
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FIG. 4. Ratio of the fluorescence intensity of *P, to
that of 3P, as a function of temperature. The 3P, level is
pumped in this experiment.
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the lifetime at room temperature (370 nsec) is less
than #; that of the dilute sample. Even at low tem-
peratures the lifetime of 3P, in the concentrated
crystal is still smaller than the dilute crystal by
about a factor of 3. The decay time is a monotonic
function of temperature for the concentrated crys-
tal as it was for the dilute case. These results are
in almost total disagreement with Barasch and
Dieke, who quote a room-temperature decay life-
time of ~12 psec and a peculiar temperature vari-
ation.!! In PrCl,, only the P, state fluoresces and
then only when the 3P, state is directly excited.
This is in marked contrast to the situation in the
dilute crystal where both the P, and 3P, states flu-
oresce when either is pumped. At low tempera-
tures (<50 K) and sufficiently high-pumping flux
(310° W/cm?), the threshold for stimulated emis-
sion was passed and the 3P, state emitted at 530
nm [3P,(p=1)=3H;(1n=2)].1 However, no spon-
taneous fluorescence was ever observed from the
3p, state in PrCl,. This behavior of the P, is con-
sistent with the state being nonradiatively quenched
in a time much less than the radiative lifetime of
3P,. From Dorman’s determination of the radiative
lifetime in the dilute crystal and an estimate of the
sensitivity of our detection system we deduce a
nonradiative quenching time = 1.5 nsec at low tem-
peratures. It should be noted that the 3P, is not
relaxing to the P, state, 590 cm™ below it, since
we do not see any of the characteristic emission
from 3P, when pumping the 3P, state; nor is there
any optical emission at wavelengths below 1 um.
The precise decay route for this process is still
obscure but it almost certainly involves energy ex-
change with neighboring Pr ions.®

C. Rate Equations

In analyzing the time response of the *P, and *P,
fluorescence decay we shall use an idealized three-
level system which includes a single 3P, level, a
3P, level, and a single lower level which is a syn-
thesis of all the low-lying states of Pr®*. These
states shall be designated by the subscripts 2, 1,
and 0, respectively. Let n; and n, be the popula-
tions of 3P, and 3P,, respectively; w,, is the non-
radiative-decay rate for *P, - 3P;; and w, is the in-
verse process and w,;,, wy are the decay rates
from *P; and 3P, respectively, to the lower level.
We have the following rate equations for the evalu-
ation of the population:

.
Ny = = Wyehy + Warllp — Wi2hy

(1)

.
Np = = Waghlp + WiaMy — WarMy

Assuming a solution of the form
ny=Aje*t +Aj et

we obtain
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Zh, == (ww+ Wag+Wyg + uI21)

+ [(wxo + wlz)z - (wpo+ 1'4’217z +4wawy,) V2 (@)

The pump pulse is much shorter than times in-
volved in the emission so that we have essentially
instantaneous excitation.

1. 3Po Pumping

For the case where 3P, is being pumped we have
the initial condition (#=0)

Al+Al=n, A3+A;=0 , (3)
where » is the number of excited atoms. The gen-
eral solution may be written

nl(t)zn[(l -c—Xa )e"*‘

A+ Wi+ Wep
+C—War el.t] (4a)
A+ Wi+ Wy ’
ny(t)= nCle*t - ) , (4b)
C= (wlez1 - (A.. + ng+ M)21) (X. + W0+ wlz))-I
wlz(k.+wm+w12) :
(4c)

This expression may be simplified by substituting
the detailed balance condition w,,/w,, = 5 e/,
where A=591 cm™. We can, therefore, use the
fact that wy > w;, in our temperature regime.

From the experimental data it is also true that w,,
> w0, Wae. We then have the approximate result

Ae™—wyg , A= (wyp+wy) ,

ny(t, T)=nle 10t 4 3¢~ Waorwar)t-a/kTy (5a)
ny(t, T) = 3ne /™ (™10t — g=warrwarty | (5b)

We see that at 0 K, ®P, decays with a rate w,,.
At high temperatures and at times such that w,,¢
> 1, the *P; decay rate will be essentially the same
rate as 3P,, i.e., wy,. Note that we have nof as-
sumed that w,y and w,y are pure radiative decays so
that they too may be temperature dependent.

The ratio of intensities of the decay from 3P, to
that from ®P, is given by

%eA/kTe-wwt + e-(wzoown)t

R:

o107 _ o= lwagrwpy )t . (6)
For times such that ¢ > w;}, this expression reduces
to R=e®*, Figure 4 shows the fit of the experi-
mental data to the above expression for R.

2. 3Pl Pumping

The solution for this case is entirely analogous
to the preceding one so we shall not duplicate any
of the details. For this situation we have

neA/kT ¢ "
ny = W(e'"’w‘ — g™ Wartz0)t) | (7a)
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n -
N = 5o (3e-w10t+eA/kTe (“’21"‘"’20)‘) . (7b)

At low temperatures, n,=nexp[— (w,, + wy)¢] and
the decay rate of 3P, is just wy; + wsy. This result
was anticipated in Sec. III A when we determined
the rate of transfer of excitation between 3P, and
3p,. At room temperature, Eq. (7b) predicts a
double exponential decay. The tail of this decay
should have a time constant wis as we have indeed
observed. (w7} is the time constant of 3P, emis-
sion.) The apparent increase in the decay rate as
temperature is decreased arises from the fact that
the intensity of the slow decay (w,o) decreases with
temperature until at sufficiently low temperatures
only the fast decay is left.

IV. MULTIPHONON RELAXATION PROCESSES IN
’p,,'1, STATES

In Sec. IIIA we saw that the nonradiative relaxa-
tion time of the 3P1 -3P0 transition was ~ 3 pusec at
low temperatures. The energy separation of these
two manifolds is 591 cm™ while the most energetic
optical phonons!®!? in LaCl, have energies below
~250 cm™, This relaxation process therefore re-
quires at least three phonons to balance the energy.
Although this relaxation decay is a third-order pro-
cess, similar lifetimes for three-phonon decay'?
are observed for several other ions and host crys-
tals,

We have also attempted to measure the nonra-
diative-decay time from 3P, to *P,. In our experi-
ments we were never able to observe any emission
from the st state. There was, however, efficient
energy transfer to the P, state when the *P, was
selectively excited. Within the resolution of our
apparatus (20 nsec) we were unable to see any de-
lay between the dye laser pulse and the onset of flu-
orescent emission from the 3P; level. A still small-
er limit can be set from our earlier measurement
of the start of stimulated emission from 3P, when
pumping ®P,.* We observed this delay to be less
than 1.5 nsec (a detector with response time <0.1
nsec was used in this measurement). We could al-
so pump the I; states and, again, we observed no
direct emission from 'I; and efficient transfer to
3P,. The delay time was again = 1.5 nsec. From
Fig. 1 we see that 3P, is separated from *P, by
more than 1100 cm™, Therefore, direct relaxation
to :"Pl requires at least five phonons and a fifth-
order process. The speed of this process is or-
ders of magnitude faster than similar five-phonon
processes reported in the literature, 12:13:18:19

In view of this discrepancy, we have investigated
the possibility that P, first relaxes to I; which in
turn rapidly relaxes to *P,. The relaxation
process postulated is shown in Fig, 5. Since the
higher-energy levels of 'I; have not been observed
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reliably, we give our calculated values for these
states. Note that in this process, the highest-or-
der term is the three-phonon relaxation coupling
P, and 'I;. An immediate problem arises from the
fact that there is a change in spin multiplici’cy20 in
the transition 3P, ~'I; as well as in 'I;~3P,. Since
phonon interactions are not spin dependent, this
process is forbidden in the pure Russell-Saunders
(diagonal spin-orbit interaction) limit. However,
in the intermediate-coupling limit, L and S are no
longer “good” quantum numbers and states with the
same J value may be coupled. In the general case,
the state functions of interest are found to be*

|*P,)"=0.959(%P,)+0.281|'D,) - 0.029|°F,) ,
(8a)
|'I5)’=0.9985 |'I;) + 0. 0541 |*H) . (8b)

Therefore, the transitions involving a change in
spin are allowed although their magnitude is de-
creased in proportion to the size of the coefficients
in Egs. (8).

There has been a substantial quantity of recent
theoretical and experimental work on the problem
of multiphonon relaxation in solids and mole-
cules.®™® Most of these have considered the
strong electron-phonon coupling present in 3d ele-
ment crystals or organic complexes. In the tri-
valent rare earths, the rather weak electron-pho-
non coupling allows a simpler approach utilizing

Ecm™ )  AE(ecm™

22 207 1113 3P, (p=0)
21590 494 7 g (1 =3)
21530 424 g Mg (p=2)
21396 300 g g (n = 0)
21298 202 g (n=0)
21 096 o 3Py (g = 0)

FIG. 5. Postulated decay path °P, —!I,—~°P,. Each
arrow indicates an emitted phonon. Arrows displaced
horizontally indicate that the transitions are consecutive,
The 3P2 —1J, step is a three-phonon (simultaneous) transi-
tion,



8 RADIATIVE AND NONRADIATIVE TRANSITIONS IN... 1851

the Born-Oppenheimer approximations and pertur-

bation theory. The orbit-lattice interaction is then
expressed as

Ho =23 V(55 Q0)=VO(E)+ LV (F) Qi

i,Vu(F)QiQ!“L"' , (9)

[

+

where V0 is the static crystal potential energy, Q;
are normal modes of the crystal, and V;=98V°/8@Q,,
Vi;=9V%/8Q;8Q,,... . The relaxation phenomena
are caused by the terms V;, V;;, while the basis
functions of the electronic states are assumed to be

J

Ww:% 2 |0t + 1] @7y e e+ (g 41| @y |my) |2
vectors
« ¥ @l Vol dpaa) e e e Wyl Vilpa)

diagonal in V°. For the purpose of discussing mul-
tiphonon relaxation at low temperature and neglect-
ing dispersion, @; is proportional to the creation
operator (phonon number representation)

(n¢+1|Q¢ |n,-)"'(n,-+1)1/2 .

It is not our intention to attempt a detailed calcu-
lation of the relaxation rates involved inthe LaCl; : Pr
system. We shall be content to discuss relative
magnitudes and qualitative features of the process.
We will therefore only use the lowest-order term
in the phonon operators in Eq. (9), V;Q;. The p-
phonon transition rate may be written

intermediate | (Epey = EaA+Fwpg+o0o +Hwy)eee (By — Ep+ ;)

states

This expression is still intractible when one con-
siders that we must still sum over the density of
states of the vibrational modes and over the inter-
mediate electronic states. The main physical con-
tent of this expression can be elucidated by writing
the result in the following form:

W(D)=;_‘g

glw) ,

(11)
where (AE),, is the average energy denominator,
glw) is an appropriate joint density, and {(g) is an
average amplitude for the vibrational modes.

The most important optical modes for the multi-
phonon case will be the most energetic ones, %
those with energies of =200 cm™,

For a single-phonon relaxation, Eq. (11) reduces
to

% Wal{@ ) a Vo Pp1) e+« Wyl{q)a Vylda) |2
(AE) T

AR N T A TN IS (12)

The average amplitude is approximately given by

1

. 13
(q2>,,(opt1ca1)*:'m [T

. (13a)

T 1

ZM(.O% l_e-nwlkT ’

{¢g?) mlacoustic) (13b)

2
O(Ep—E s+Hwp++oo +hwy) . (10)

where M is the reduced mass and wp is the Debye
frequency. The magnitude of V,=~ v/ 3Q, may be
written

[Vol=c|V°|/a | (14)

where a is the nearest-neighbor distance (=3 A in
LaCly) and ¢ is a constant which depends on the or-
der of the spherical harmonic and the particular
mode. Typical values for ¢ range between 1 and 20
(see Ref. 27 and 28). For optical modes we get
(¢dw/a~10%-10", cV°~102-10" em™, and glw)
~10"°-10"° sec. The matrix elements of the an-
gular parts of V,, i.e., (5C3(8, ¢)19,), where
CR(6, ¢) is a spherical harmonic, typically range
between 0.01 and 1 (when the matrix element is not
identically zero due to selection rules). If we sub-
stitute the maximum estimates above into Eq. (12)
we see that the single-optical-phonon transition
rate can be as large as 10'® sec™, Hence, single-
phonon transition rates of the order of 10*® sec™
would not be unreasonable in many cases. It is not
surprising therefore that rapid transition rates oc-
cur in some cases for the three-phonon case, pro-
vided the interaction term {q) . (¥;| V;19;.,) is not
too small relative to the average energy denomina-
tor <AE>av.

Specializing Eq. (11) to the ®P, - I, relaxation
case, we get

2 ol (g ) ay Vsl g) (L | {q ) oy Vo I 1) ALl g ) V1 13P,) | 2
WP, - 11, = Tg(w) (_LEL_S__Q%%ETz D)l (@)uV,1°P,) . (15)
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Taking account of the intermediate coupling corrections in (8) and substituting for (AE),, ~280 cm!~280

x2x1078 erg,

2
W(S) - 2"5(“)) (0. 28)2 (11Q| <q )aVsI 116)((;{6;)&2();'0?§ I 116)(116l (q >avV1 l 1D2)

The uncertainty in this (and most other) calculations
make detailed evaluation of Eq. (16) rather futile.
What we primarily wish to point out is that, by their
nature, the matrix elements connecting I states

in Pr® are exceptionally large for rare-earth ions.
This is partly reflected in the fact that the upper

!I; states are so broad that they are undetectible in
absorption. Calculation of the functions (g, pu| C§l
1Ie, k) show that the largest such matrix elements
are greater than unity, about a factor of between 3
and 30 times greater than that typical of rare-earth
ions. In particular, they are substantially greater
than the values occurring in the cases considered
by Riseberg and Moos!?'*® who studied several cases
of three-phonon relaxation in rare earths. This
fact is not only sufficient to overcome the reduction
due to the intermediate-coupling coefficient (0.28)?
=~ 0,08 but to allow a relaxation time several orders
of magnitude greater than the “typical” values given
in the curves in Refs. 12 and 18.

The consecutive portions of the decay illustrated
in Fig. 5 (single-phonon decays) may be safely as-
sumed to be instantaneous within the time scale we
are considering since we saw that single-optical-
phonon relaxation will typically® take place in
~1073 sec. Even the intermediate-coupling factor

J

. (3Po| (q>avV3| 3Pz)(3le (q>aVz|3P1)(3P1| (4>nV113P1) 2

. (16)

(0.054)*~0,003 necessary for the final step I;(*Hg)
-3P, will not be a bottleneck for this case.

The *P, state relaxes to *P, by a three-phonon
process in about 3 usec, at least 2000 times more
slowly than the 3P, - 3P, relaxation. There are two
reasons for this large difference in relaxation rates;
one is the size of the matrix elements which we dis-
cussed above. The second reason involves the fact
that for a potential term C#(6, ¢) to have a nonzero
matrix element between states | LSJ > and | LSJ’>,
we must have K= J+J’ (this is one-half of the tri-
angle rule for adding angular momentum). For a
transition *°P, =3P, J+J'=1. However, these
states both have the same parity (to first order in
the odd crystal field) so that an odd potential term
C{(6, ¢) cannot couple them while the even term
C3(6, ¢) also gives zero coupling because the tri-
angle rule is violated. This restriction may be
lifted by taking into account J mixing by the static
crystal field V¢, i.e.,

CP|VO|3P, )/ 6E

(see reference cited in Ref. 19). However, for
higher-order phonon processes it is not necessary
to rely on static mixing. The three-phonon process
can be described as follows:

w® = %’; glw)

Note that 3P, appears as a virtual intermediate
state. This fact results in a larger energy denom-
inator since 3P, is ~1700 cm™ above 3P,. The re-
sult is that (AE),,~750 cm™ in this case compared
to the 280 cm™ we would have for (A E),, if no new
intermediate state were required; (280/750)*=~0.02,
This reduction is far less than that introduced by
the static mixing described above.

The largest matrix elements of C§ within *P
states are about 0.3. Taking into account the ratio
of matrix elements and average energy denomina-
tors and the intermediate coupling required for
3p,- I we expect

W (P, - ,) ~ 55000 P, - °Py) . (18a)

(AEY, :

(17)

f
The experiments show that

W(s)(apa - IIG) > 2000u/(3)(3p1 - SPO) . (1 8b)

The point of these calculations has been to demon-
strate that the exact nature of the relaxing states
cannot be ignored in estimating multiphonon relaxa-
tion time. The general curves in Refs. 12 and 18
are, indeed, very useful but we have seen that a
special case can fall three orders of magnitude out-
side of this pattern.
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