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We describe a method of measuring spin-lattice relaxation rates of dilute nuclei using optical

hole burning. This was applied to "*'Pr nuclei doped into LaF;y at low concentrations (0.01 to

2.0 at.%). The observed relaxation rates varied by about two orders of magnitude between 2

and 4.5 K. At the lowest concentrations the data are interpreted in terms of two mechanisms:

resonant two-phonon (Orbach) relaxation with a S7-cm™! activation, and praseodymium-

lanthanum cross relaxation. At higher concentrations an additional hole-filling process was ob-
served and attributed to homonuclear Pr—Pr dipolar coupling. Theoretical estimates of the
phonon-induced relaxation rates are given and agree approximately with experimental values.

I. INTRODUCTION

A number of optical methods have been used to
measure the spin-lattice relaxation of electron spins,
principally the detection of population changes by
magnetic circular dichroism' or Faraday rotation.? It
is not expected that these methods would be useful
in the case of nuclear spin systems since the small
nuclear moments would not lead to easily observable
magneto-optic effects. This is particularly true for di-
lute nuclear spins. Conventional magnetic resonance
relaxation measurements® of dilute nuclei are also
difficult. However, the recent discovery in LaF;:Pr’*
of an optical pumping cycle which leads to laser-
induced optical hole burning® has provided the means
to monitor Pr(/ =%) nuclear spin populations opti-
cally. Excitation by monochromatic laser light leads
to (optical) frequency-selective redistribution of nu-
clear population which results in a reduction in ab-
sorption. The laser absorption thus provides a sensi-
tive probe of these populations, and this has previ-
ously been used to detect nuclear spin transitions in-
duced by rf irradiation.>® The recovery time of these
holes provides a direct measurement of the nuclear
spin-lattice relaxation times.” As previously noted,®
this recovery time varies by almost three orders of
magnitude between 1.8 and 4.2 K. An understanding
of this effect in terms of mechanisms for nuclear
spin-lattice relaxation motivated the present study.

The optical pumping cycle used to produce the
ground-state nuclear polarization* involves the transi-
tion from the lowest crystal-field component of 3H,
(the ground state of the Pr** ion) to the lowest
crystal-field component of 'D; at 5925.2 A. The
crystal field of C; symmetry removes the 2J +1-fold
degeneracy, leaving singly degenerate electronic lev-
els. The ground-state nuclear spin levels consist of
three doubly degenerate levels split by the second-
order hyperfine interaction as well as the relatively
small nuclear electric quadrupole interaction (see Fig.
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1). The second-order interaction requires the pres-
ence of nearby electronic levels,’ located in this case
57 cm™' above the ground state and 23 cm™' above
the excited state.'”

The presence of a three-level nuclear spin system
complicates the relaxation dynamics somewhat, since
the three relaxation times corresponding to the three
possible transitions among these levels need not be
equal. This leads to nonexponential relaxation
behavior.!" By applying saturating rf radiation at the
frequency of one of the three transitions, it can be
shown that the recovery reduces to a single exponen-
tial. Repetition of this experiment for the other two
transitions gives enough information to derive the
three individual nuclear relaxation times. This idea
was first applied to relaxation studies in pure nuclear
quadrupole resonance'? and has been used with limit-
ed success for electron spin-lattice relaxation in excit-
ed triplet states of organic molecules.”>'* In the
present study, it provides the simplification needed to
properly identify the nature of the relaxation
mechanisms which are operative.

We have measured the relaxation times in the
ground state of LaFy:Pr’* between 1.5 and 4.6 K and
find contributions to 7 from two different mechan-
isms: (i) Resonant two-phonon (Orbach) relaxation"’
involving the first excited crystal-field level at an en-
ergy of 57 cm™'. This mechanism is dominant above
~3.5 K. (ii) A concentration and temperature-
independent process which is important below 3 K
and which we attribute to Pr-La cross relaxation. In
addition, we find a temperature-independent but
concentration-dependent hole recovery process which
appears below 3 K and which is due to Pr—Pr nuclear
flip flops. This 7,-like process provides a mechanism
for hole recovery when ions having different optical
frequencies are involved.

We also present a derivation of phonon-induced re-
laxation rates'® for the case of nuclear levels which
are split by the second-order hyperfine interaction.
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FIG. 1. Energy-level diagram for LaF;:Pr3*. The two
lowest crystal-field states of the *H, (ground state) and ' D,
manifolds are shown as well as the second-order hyperfine
splitting for the lowest levels. The arrows indicate the opti-
cal transitions probed by the laser light.

Expressions for direct, Raman, and resonant two-
phonon (Orbach) processes are given. The basic
mechanism involves coupling of the phonons and nu-
clei through phonon modulation of the hyperfine in-
teraction. In the case of the Orbach process, an addi-
tional contribution appears due to the difference in
magnitude and orientation of the second-order hyper-
fine tensor in the ground and resonant intermediate
electronic levels. This mechanism is very similar to
one recently considered for spin-lattice relaxation in
excited triplet states of organic molecules.'”'® Nu-
merical estimates of these relaxation rates for
LaF;:Pr’* are given and shown to be in reasonable
agreement with the experiments.

The relaxation times observed at low temperatures
are on the order of several minutes and longer, and
provide a basis for detailed interpretation of recently
observed'*?° very long-lived stimulated photon echo
decays. These decays are governed by the same re-
laxation processes in the ground-state hyperfine lev-
els as are responsible for optical hole recovery.

II. EXPERIMENTAL

Holes were burned by irradiation of the sample us-
ing ~50 mW (2-mm beam diameter) of light from a
single froequency rhodamine 6G dye laser operating at
5925.2 A. Typical burning times were in the range
1—-2 sec. The recovery of these holes as a function
of time was recorded as an increase in the amount of
fluorescence excited by a weak (~10~* of the burn-
ing intensity) probe beam at the same laser frequency
as used for burning. Up to 50 such recovery curves
were averaged to improve signal to noise.

The LaF; crystals (~2 x2 x3 mm?®) were posi-
tioned in an rf coil with the coil axis parallel to the
laser propagation axis and the crystal ¢ axis. The
holes were burned and their recovery monitored in
the presence of rf radiation at the frequency of each
of the three ground-state splittings in turn, i.e., 8.47,
16.7, and 25.2 MHz.® Sufficient rf field strength was
used to saturate the populations involved in a few
milliseconds or less (2, 2, and 10 G, respectively,
at the above three frequencies).

The rf coil and crystal were immersed in a liquid-
helium cryostat and the temperature was controlled
between 1.5 and 4.6 K by controlling the pressure of
helium vapor by pumping or pressurizing the liquid-
helium bath.

IIIl. RESULTS AND DISCUSSION

The energy level structure* '° of LaF3:Pr’* is shown
in Fig. 1. Since the laser linewidth and the widths of
the levels are less than the hyperfine splittings, only
one of the ground-state levels is optically pumped for
a given ion, and the population of this level is then
monitored during the hole recovery period. Howev-
er, since the inhomogeneous broadening of the opti-
cal transition is much larger than the hyperfine split-
tings, the other levels are pumped for other ions in
different environments. Thus, the measurement of
the nuclear relaxation is complicated both by the su-
perposition of hole recoveries due to these three
classes of ions and by the nonexponential return to
equilibrium expected for a three-level system.

For a three-level system characterized by the three
spin-lattice relaxation rate constants K3, K53, and
K3 and perturbed from equilibrium by some means
such as optical pumping, the relaxation of the popula-
tion of level i is given by:

ni (1) =n;() +ntexp(Ayt) +n-exp(A_t) . 1)
The decay constants A+ are given by
Ae=—(K;3+ K +Ky)
+[(Ki3+ K+ K3)?
=3(K;3K 1+ KKy +KpKp)1'72 )
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n;( ) is the steady-state equilibrium population and
n* and n;” are determined by the initial populations.
It should be pointed out that measurement of the de-
cay constants A4+ and A_ alone is insufficient to deter-
mine the rate constants, K;."

If one of the Kj; is artificially made much larger
than the other two by application of rf at wj; the situ-
ation simplifies considerably. Instead of the three
classes of ions mentioned above, there are two; those
for which the optically pumped level is one coupled
by rf and those for which it is not (Fig. 2). There-
fore, the more complicated three-level system is ef-
fectively reduced to a two-level case and one expects
simple exponential relaxation. By using K; >> K},
K; in Eq. (2) and inserting appropriate initial condi-
tions [i.e., either n;=n; = -}x, m=1—x, or n;=n;
= %(l —x); nm;=x where x is the residual population
in the optically pumped levell one finds that the hole
recovery is a single exponential with a rate given by

Furthermore, by measuring this hole recovery for
three experiments in which each of the three pairs of
levels in turn is saturated by rf, the spin-lattice relax-
ation rate constants can be derived, namely

K;j=+(—=R,+R;+R,) . (4)

This method was previously suggested by Grechish-
kin and Shishkin'? and by Zulich er al.'3 for spin-
lattice relaxation measurements of nuclear quadru-
pole systems and excited molecular triplet states,
respectively.

We have used these methods to measure the tem-
perature dependence of the relaxation rates for the
8.47 and 16.7 MHz transitions for LaF;:Pr** at liquid-
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FIG. 2. Population distribution in the ground-state hyper-
fine levels produced by optical pumping in the presence of
saturating rf at 16.7 MHz. The straight arrows designate the
levels from which the population is removed by absorption
of laser light. The three diagrams correspond to ions with
different optical splittings due to inhomogeneous broaden-
ing. The spin-lattice relaxation rates K, K53, and K3 cor-
respond to the three possible transitions among these levels.

helium temperatures. The results are displayed for
several Pr’* concentrations in Fig. 3. Because the
25-MHz relaxation is considerably slower than the
other two the relative error in its value is large, and
the res_ults are not shown. In order to explain the
observed relaxation behavior at least three distinct
mechanisms are necessary. At low temperatures
there are two temperature-independent mechanisms.
One of these affects only the 8.47-MHz relaxation
and is concentration independent; the other affects
both transitions and its contribution is approximately
linear in concentration. Above 3.5 K both relaxation
times are highly temperature dependent, indicating a
phonon-induced relaxation mechanism. A plot of the
log of the temperature-dependent part of the relaxa-
tion rate vs 1/T (see Fig. 4) shows that it is exponen-
tially activated with an activation energy very close to
the energy of the first excited electronic state (57
cm™!). This result indicates that the temperature-
dependent relaxation is due to a resonant two-
phonon (Orbach'®) process involving the first excited
crystal-field level of *H, as intermediate state [Fig.
5(a)]. No evidence of direct or Raman process relax-
ation (T or T’ temperature dependence'®) is seen,
and the observed 8.47- and 16.7-MHz relaxation
rates are described by the expressions (in sec™!):

(TD547=0.18 +30C +5 x 107 57/kT (5)
(TDT=10C +3 x 1077574 6)

where C is the Pr concentration in at. %.
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FIG. 3. Relaxation rates measured by optical hole
recovery for the 8.47- (left) and 16.7-MHz (right) ground-
state hyperfine transitions of LaF3:Pr3* for four Pr3* con-
centrations.
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FIG. 4. The temperature-dependent part of the relaxation
rates shown in Fig. 3 are plotted for the 0.05 at.% crystal.
The exponential temperature dependence confirms the pres-
ence of a resonant two-phonon (Orbach) relaxation process
[Fig. 5(a)] involving the first excited electronic state at 57
em™! (see Fig. 1).

There are two temperature-independent terms in
Egs. (5) and (6). At the lowest concentrations stu-
died (0.01 and 0.05 at. %), a contribution of 0.18
sec”! remains for the 8.47-MHz transition. No simi-
lar term exists for the 16.7-MHz transition. We be-
lieve that the most likely explanation involves a Pr-
La cross-relaxation process involving simultaneous
spin flips of the Pr nucleus and three surrounding La
nuclei [see Fig. 5(b)]. The lanthanum spin flips
would take place between the i% and i% states

v=BAT | am=1
57 cm™!
372 am AM
am-1]5 M) W
— (Pa), (Pa), (PLa)y
P(3+ Pr3+

(a) (b)

FIG. 5. Schematic representation of spin-lattice relaxation
processes observed in LaFy:Pr3*. (a) Orbach relaxation in-
volving phonon absorption and emission (arrows) via the
first excited electronic level. (b) Cross relaxation between
the Pr and surrounding La quadrupole levels conserves en-
ergy and spin angular momentum with a four spin flip pro-
cess for the 8.47-MHz transition. This leads to a tempera-
ture-independent relaxation rate below 3.5 K for this transi-
tion.

which are separated by 2.8 MHz,2' and the process
could thus conserve both energy (to within the 200-
kHz Pr linewidth) and spin angular momentum. As-
suming that the eight spin states of '*’La are occupied
randomly, a statistical analysis shows that there is
about a % probability that 3 of the 12 nearest lantha-
num nuclei are in appropriate spin states for this pro-
cess to occur. An estimate of the resulting relaxation
rate for the 8.47-MHz transition can be obtained us-
ing a perturbation treatment of the Pr—La dipolar in-
teraction taken to third order. If the strength of the
Pr—La coupling is on the order of a few kHz, this
calculation yields (7F™12)~!' ~0.1 sec™! which is con-
sistent with the observed rate. This relaxation
mechanism would not be possible for either of the
other two transitions and should be strongly affected
by an externally applied magnetic field which could
detune the resonance between the Pr and La split-
tings. Preliminary results indicate that the 8.47-MHz
relaxation time does indeed increase in the presence
of a magnetic field.

The concentration-dependent terms in Eqgs. (5) and
(6) are most likely accounted for by Pr—Pr interac-
tions. Although only two concentrations which show
this contribution have been investigated, the data in-
dicate that the variation with concentration is linear
or nearly so. A linear dependence is consistent with
a mechanism of optical hole recovery by nuclear spin
flip flops induced by the Pr—Pr dipolar interaction
which varies as r~> where r is the Pr—Pr distance.?

I 4
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S e =
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FIG. 6. Concentration-dependent optical hole recovery is
caused by Pr—Pr spin flip flops (dotted line) when one Pr
ion is resonant with the laser (double headed arrows) and
the other is not.
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Although this is not a T process, since the overall
spin energy is conserved, it does lead to a filling in of
the hole burned by the laser and will therefore be ob-
served by this experiment. The hole filling comes
about because the two spins participating in the flip
flop can have different optical transition frequencies
(see Fig. 6). This provides a rather direct way of
measuring the homonuclear dipolar interactions
between dilute nuclei—interactions which are masked
in other experiments (i.e., magnetic resonance
linewidth) by stronger heteronuclear couplings. The
relative size of the mutual spin flip matrix elements
predicts a larger flip flop rate for the 8.47-MHz tran-
sition than for the 16.7-MHz transition and this is
observed. However, when the ~10 kHz/G enhanced
moment of Pr is used to estimate the dipolar interac-
tions, one calculates a flip flop time which is 10 to
100 times shorter than the experimentally observed
relaxation time. This suggests that several flip flops
are needed to refill the hole, indicating the presence
of some degree of correlation between the crystalline
environments (and therefore between the optical
transition frequencies) of nearby ions. The possibili-
ty of concentration-dependent relaxation due to the
presence of paramagnetic ions introduced into the
samples along with the PrF; dopant should also be
considered. However, one should then expect a
much larger concentration-independent contribution
due to the same impurities which should also be
present in the LaF; host.

IV. APPLICATION OF RELAXATION THEORY

We now turn to a discussion of the coupling
between phonons and nuclear spins which leads to
the observed temperature dependence of the relaxa-
tion rate. This coupling can come from phonon
modulation of the local magnetic field, the electric
field gradient at the Pr nucleus,?’ and/or the hyper-
fine field. In the case of LaF3:Pr**, effects due to the
hyperfine interaction are an order of magnitude
greater than nuclear quadrupole or magnetic dipole
effects.*® Therefore, one can anticipate that pho-
non-nuclear coupling via the hyperfine interaction
will be the dominant 7, mechanism. Following the
method of Orbach,'’ we use a dynamical crystal-field
approach to calculate the spin-lattice relaxation rate
due to direct, Raman and Orbach processes and use
the results to make numerical estimates for
LaF3:Pr’*.

Within the *H4 manifold, the Hamiltonian can be
written as

H=H +A4,T-T . @)

where H is the crystal-field Hamiltonian, Tand T
the nuclear and electronic angular momenta, and 4,
the hyperfine coupling constant. We write the wave

functions to first order in the hyperfine coupling us-
ing as a basis the eigenfunctions |j) of H., and a
suitablg nuclear basis, |m ) where
3 5 .
m=-—5,—=5 - 5. Thus, the wave functions for
these hyperfine levels are
Livm;y =1 ) [y)s j=0.1- -
S 3 S
171——7.—7"'7 B (8)
where

|£ri) = 2Clnml £3) £ Clnml F3) £ Cliaml £3)

9)
specify the nuclear states, and
. Jalid!
My =17+ 4 |"><’7| all ) la 10
Ly =17y + 4, ;——Ej_ £ (10)

gives the first-order mixing of the 3H, crystal-field
states by the hyperfine interaction. The repeated in-
dex a implies summation over x, v, and z directions.
The C’{,/‘m are chosen to diagonalize the matrix
(j,m,—IA,-T- T|./‘,mj'), taken to second order in 4.
This matrix corresponds to Teplov’s pseudoquadru-
pole spin Hamiltonian,?* and its eigenvalues give the
hyperfine splittings in state |/ ).

The interaction with the phonons is through the
electronic orbit-lattice interaction, given in terms of
the lattice strain €, in the form of a dynamical crystal
field's

V0/=62Vk/=EzAk[Y/l((0.¢) . (11)
ki kl

For the direct process, one needs the matrix element
of Vo, between the two ground-state hyperfine levels
involved. Since Eq. (11) contains no nuclear opera-
tors, the phonons cannot directly flip nuclear spins.
However, the matrix element in question is nonzero
by virtue of the mixture of states induced by the hy-
perfine interaction [Eq. (10)]:

(0.m [ Val0.m") = 0 Vigl0) (ml 1|’y . (12)
where
AL Jali
(f|Vk'7|./)=A/z (i kIl”A)<”| 1)
n Jjn
L+ ilaln) (nl Vil .

A

where Aj, =E; — E,, etc. The usual expression for
the direct process relaxation rate'’ with the above
matrix elements gives

2

- 3
( TD) ! =\
Hom—m 2mpvk

3 (01 Vglo) (ml 1 lm')

kil

3
'
mm

(14)
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where p is the crystal density, v the velocity of One can follow a similar procedure to find the
sound, and @_ . is the hyperfine splitting frequency corresponding contribution to the two-phonon Ra-
between the two levels indicated by the subscripts. man and Orbach relaxation rates. As in the case of
Note that this relaxation rate is proportional to a the direct process, Raman relaxation requires the
quantity of order (A4,/A)2 (~1077 for LaF3:Pr**) presence of the hyperfine interaction to induce a net
where A is a typical crystal-field splitting. spin flip:
J
i’y |
9(6)! kT (m|l\m)
(TF) L= [4,,3 370 ]‘ l 33 OVl 1, 10) + Ol Waln) (nl Vg Jonp === == . (9)
Kik'l

where A,o=E, — E,.
The evaluation of the Orbach process relaxation rate is similar, but is slightly complicated by the nonnegligible
lifetime of the intermediate state. The general two-phonon relaxation rate is given by’

2
(0m| VkI“M) M|V, ..lom")
o 9 f k'l wp
() pRT N cosh 2/‘7, dw, wf ,‘,k',' M PP cosech kT (16)
I
where the integral is over phonon frequencies w,, phonon energies near Ay one obtains a large contri-
and 8, are the energies of the |1 M) levels with bution to the integral corresponding to resonant two-
respect to their center of gravity. 7= (2I')""is the phonon scattering via the intermediate |1M) levels.
lifetime of these intermediate levels where By using Eqgs. (8) and (10), working out the squared
factor, and performing the integration, one finds two
3 Am important low-order contributions to the resonant re-
r= P an laxation process. One of these involves the same
mpv basic mechanism as the direct and Raman processes
discussed above, namely phonon modulation of the
The nonresonant contribution to this integral (i.e., hyperfine interaction. The interaction of the phonons
for phonon energies far from Ajq) gives the Raman and nuclear spins through the hyperfine field is given
relaxation rate. The lowest order (in 4,) nonzero by the matrix element (1| Vg|0) (sn |I,,|ri1') appearing
term which results is that given by Eq. (15). For in the following expression for the relaxation rate:
J
3
(rfH- = ‘———3 2101 exp| 222
m=m' 2apvh || & kT

3 (OIV) (1Y, 10) + O] Vi 1) (11V,.,10)) (| 1ol ")

kik'l’

(18)

2/|§<olvk,|1>2

(7)1 is approximately proportional to the phonon absorption rate which goes as 7~! in the low-temperature
limit.

The second contribution to the Orbach rate comes about due to the finite lifetime of the intermediate state to-
gether with the difference in orientation of the principal axes of the second-order hyperfine interaction as com-
pared to the ground state. Thus, the nuclear overlap factors (M [} are nonzero where |M ) denotes a nuclear
wave function in the excited state. In this case, phonon-induced transitions to this excited state lead to excitation
of nonstationary linear combinations of spin states which evolve at the excited state hyperfine splitting frequen-
cies. Because of this time evolution for a duration 7, the system can relax back to a different hyperfine level in
the ground state. The probability for this depends on the overlap factors, the lifetime 7, and the rate of evolu-

tion in the excited state, w0
3 A 3 _A 2 wZ ,12
T = |2 |22 — 0| Vull a|MY(M|m' ) (m' |MY (M MM
(102 5] ool g 0ttty ity iy oy |
—A - - , - - 0l 7!
=—17lexp T“’] S (mIMyMIm'y (' | MY (M Y |—2— || (19)
k e l+wMM,‘r
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In contrast with Eq. (18), this expression is propor-

tional to 7 in the limit w, /7 << 1, and for very

short lifetimes (70')~" > (T92)~'. As r increases,
the two contributions become comparable, since the
overlap factors in Eq. (19) are about 0.1—0.8. In fact
(T?)~" contains a factor of order (4;/A9)2~ 1077

and for example when », = (27)10 MHz and
=10 psec, w,, 7'~ 1077 also. Other factors in

Egs. (18) and (19) are of similar magnitude.
In the limit @ 7 >> 1, Eq. (18) becomes

—Aj
kT

02y -1 P |
(ry?) ., =7""exp

X

§l<mlM><M|m’>|2]. (20)

In this case (7P2)~'~107(7{')~". The form of Eq.
(20) indicates that in the long-lifetime limit the three
hyperfine levels in the excited state can be considered
as independent relaxation channels since no interfer-
ence terms appear. The relaxation rate is then
governed by the phonon absorption rate and the indi-
vidual overlap factors for each level.

Results similar to those of Eqgs. (18) and (19) were
previously obtained by Culvahouse and Richards®
and by Lyo? in the context of electron spin reso-
nance and more recently for the case of excited elec-
tronic triplet states of organic molecules by Verbeek
et al.,'” and by Levinsky and Brenner.'®

We have estimated the magnitudes of these various
contributions to the spin-lattice relaxation rate for the
ground-state hyperfine levels of LaF3:Pr3*, using the
crystal-field parameters tabulated by Matthies and
Welsch?’ as the starting point. The *H, crystal-field
Hamiltonian was diagonalized numerically and the
resulting eigenfunctions used as a zero-order basis in
the calculation of the hyperfine splittings and nuclear
spin functions [see Egs. (7)—(10)]. In calculating
matrix elements of Vy,, the dynamical crystal-field
parameters were approximated using the static
values, as discussed by Schultz and Jeffries.?? The
density and sound velocity of LaF; were also taken
from Ref. 28. From fluorescence line narrowing data
of Erickson,? the lifetime of the crystal-field state 57
cm™! above the ground state is 7=3.2 psec. For
comparison, the crystal-field calculation using Eq.
(17) gave 7=10 psec. From Egs. (14), (15), (18),
and (19) one obtains the following estimate of the re-
laxation rate for the 16.7-MHz transition:

(T)H'=2x108T+7x 107877+ (3 x 10 +2 x 10%)
xexp(—=57 cm™'/kT) sec”! . 1

Similar estimates are obtained for the 8.47-MHz tran-
sition while those for the 25.2-MHz transition are
about an order of magnitude smaller. The two fac-
tors in parentheses are the contributions to the Or-
bach relaxation rate from Eqgs. (18) and (19), respec-
tively. The calculation of the Orbach relaxation rate
gives reasonable agreement with experiment [see
Egs. (5) and (6)], considering the relatively large er-
ror in determining the prefactor of the exponential
due to the narrow range of temperature covered by
the data. From these estimates, it can be seen that
the direct and Raman processes will be important
only for 7 < 3 K and are masked in the experiments
by the presence of other temperature-independent re-
laxation processes, or by experimental limitations
resulting from long-term laser frequency drift.

V. CONCLUSIONS

We have shown that optical hole burning in
LaF3:Pr’* can be used to accurately measure nuclear
spin-lattice relaxation rates of these dilute (0.01 to
2.0 at. %) nuclei. The relatively complicated relaxa-
tion dynamics of the / =% system were simplified by
saturating one of the three zero-field hyperfine tran-
sitions to effectively produce two-level behavior. In
this way, the relaxation rates for each of the three
hyperfine transitions could be determined. The
temperature-dependent relaxation was shown to be
due to a'resonant two-phonon (Orbach) relaxation
process involving the first excited crystal-field level
57 cm™! above the ground state. The phonon absorp-
tion and emission processes couple to the Pr nuclear
spins through the hyperfine interaction which ad-
mixes the spin states differently in the ground and
excited crystal-field states. Theoretical estimates of
the phonon-induced relaxation rates come within an
order of magnitude of the experimentally observed
rates. The 8.47-MHz transition showed an additional
temperature-independent contribution to 7', due to
Pr—La cross relaxation.

A concentration dependent hole-filling process was
observed and interpreted in terms of Pr—Pr flip flops
due to homonuclear dipolar interactions. This experi-
ment thus offers a rather direct probe of these weak
interactions between dilute nuclei.
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