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Multiple-Pulse Nuclear-Magnetic-Resonance Transients of
Xe"' and Xe"' in Solid Xenon*f

WILLIAM W. WARREN, JR.)t AND R. E. NORBERG
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(Received 18 July 1966)

Transient nuclear free-precession signals have been investigated for Xe"9 and Xe"' in solid xenon. Co-
herent radiofrequency pulses with controlled phase differences were used to produce "solid" echoes and
"quadrupole" echoes which provide information about static dipolar and quadrupolar interactions in the
solid. "Conventional" Xe"' echoes formed by rephasing in the external magnetic-6eld inhomogeneity were
observed at temperatures for which the central transition of the Xe"' spectrum is motionally narrowed by
self-diffusion. The temperature dependence of the data is consistent with the correlation times for self-diffu-
sion obtained in previous Xe'" experiments.

I. INTRODUCTION

HE time dependence of the nuclear free induction
decay which occurs after application of a 90'

pulse at the nuclear Larmor frequency contains useful
information about spin-dependent interactions of
nuclei in solids. ' Unfortunately, in cases where several
types of interaction are present, analysis of the free-
induction decay is complicated by the problem of
separating the effects of the various interactions. More-
over, important portions of the nuclear signal often
occur during the "dead time" or "blocking time" of the
pulsed nuclear-magnetic-resonance apparatus. For the
study of magnetic dipole-dipole and static electric
quadrupole interactions, these problems may be over-
come to some extent by the use of appropriate multiple-
pulse sequences. ' ' These sequences produce free
precession signals known as "solid" or quadrupole
echoes according to whether they are produced by
dipolar or quadrupolar interactions, respectively. Such
echoes are distinct from "conventional" spin echoes' '
in that their formation does not depend on an inhomo-
geneity in the applied external field. This paper describes
observations of multiple pulse transients for Xe" and
Xe"' in solid natural xenon at 4.2'K, and conventional
spin echoes for Xe"' at temperatures at which the
resonance line is motionally narrowed by self-diffusion.

The theory of multiple pulse transients in rigid
dipolar-broadened systems has been developed for a
number of pulse sequences by Mansfield. 4 These
calculations show, for example, that in a system
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containing a single magnetic species, the effect of a
sequence of two 90' pulses diGering in phase by 90' and
separated by a time r (90' r 90-'s-o' sequence) is forma-
tion of a "solid" echo at t= 2r where t=0 is the time of
the initial 90' pulse. The analysis shows that if 7 is
suIBciently small compared to the duration of the
free-induction decay, the solid echo shape accurately
reproduces the free-induction-decay shape. This permits
analysis of the decay shape in the region that is normally
masked by the blocking time of the pulsed spectrometer.

In a system containing two magnetic species I and
S, the theory indicates that a well-defined solid echo
may be observed following a 90'-v-90 go sequence if
crll', the contr'ibution to the second moment arising
from interactions among the resonant species, is large
compared with the contribution 0-Iq' of interactions
between the resonant species I and the nonresonant
species S. On the other hand, if 0-&8'))0-lz', the theory
predicts that a solid echo will not occur. Further,
Mansfield has shown that application of a pair of
"in-phase" 90' pulses (90'-r-90'o' sequence) to a
system containing two species should result in formation
of an echo-like signal whose initial slope is a function of
OI8' and v. He has described a procedure for measuring
0.&z' directly by analyzing the dependence of this
signal on the pulse spacing v. A third sequence which is
of interest for a system containing two species is a
90'-7-180'0' „90'sequence. It is easy to show' that for
sufficiently short r, the height of the echo occuring at
t= 2v- approaches the magnitude that the free-induction
decay would have at )=2~ if the nonresonant species
were not present. There exists, therefore, the possibility
of measuring the resonant spin contribution OII' with
this type of solid echo.

In solids which nominally exhibit cubic symmetry,
crystalline defects usually introduce random distribu-
tions of electric 6eld gradients. In such solids, the
resonance lines of nuclei possessing electric quadrupole
moments are broadened, often to such an extent that
only the central (rrt=& —',) transition can be seen by
conventional steady-state techniques. If the root-mean-

eW. W. Warren, thesis, Washington University, 1965 (un-
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square quadrupolar interaction is much larger than the
dipolar spin-spin interaction, the result of such quadru-
polar broadening in a pulsed NMR experiment is
production of a two-component free-induction decay.
In the limit of very large radiofrequency field H& and
very short blocking time, one sees a rapidly decaying
initial transient (corresponding to the quadrupolar
broadened satellite lines) followed by a much longer
"dipolar" decay whose shape is related to the shape of
the dipolar broadened central transition.

Solomon' has applied the density-matrix formalism
to calculate the transient response of a system of nuclei
experiencing first-order quadrupolar interactions in an
imperfect cubic crystal. If dipolar interactions are
neglected, the calculation shows that the amplitude of
the free-precession signal for I=-,' is

QO

s(t) =s(0)—
5

f(a) cos(2a')du+ s, (1)

where a=3eQV„/4I(2I 1)A, Q is th—e nuclear quadru-
pole moment, and V„is the electric field gradient in
the direction of the magnetic Geld. The function f(a)
describes the distribution of electric field gradients in
the solid. The weaker dipolar interactions cause the
"time-independent" component of Eq. (1), namely
sS(0), to decay in a characteristic time T'.

In principle, one could study the gradient distribution
f(a) by analyzing the initial portion of the free-induc-
tion decay. This may be difficult in practice if the
apparatus blocking time is of the same order as the
duration of the quadrupolar free-induction decay.
Solomon' has shown that application of a second pulse
of rotation angle P at time ~=r will produce one or more
quadrupole echoes whose shapes are given by the
Fourier transforms of f(u) and which may be used to
observe the electric-field-gradient distribution. If the
two pulses are in phase (90'-r-Ps sequence), Solomon's
theory shows that, for I=—'„the height of the signal
following the second pulse (relative to the magnitude
of the free-induction decay immediately preceding the
application of the second pulse) should be

S(/) =—(9/8) sin'P cosP f(a)gcos2a(t —2r) jda

$(t) =(9/8) sinsP f(a)~cos2a(t —2r) jda

+s(1+3 cos'P). (3)

In the case of the 90'-r-P&e sequence, the echo achieves
maximum amplitude when P=90' and the echo ampli-
tude is about 2~ times greater than that of the 90 -r-

+(1/4)(cosP)(9c»'P —3) (2)

This sequence thus produces a quadrupole echo at
t=2r which achieves maximum amplitude when the
second pulse rotation angle is about 55'. A similar
calculation' for a 90'-r-P» sequence yields

55'0' echo. This suggests the advantage of using the
90'-r-90'90 sequence for study of gradient distributions
under conditions of low signal-to-noise ratio.

Xenon crystallizes in the face-centered cubic structure
and is ideally suited for experimental tests of the above
ideas. Natural xenon contains two magnetic species:
Xe"'(26.24% abundant) with I=-', ; and Xe"' (21.24%
abundant) with I=a and Q= —0.12&(10 "cm'.' The
low abundances, weak magnetic moments, and large
interatomic distances lead to narrow dipolar broadened
lines or, equivalently, long "dipolar" free-induction
decays. One can therefore compare the free-induction
decay and solid echo shapes with only modest require-
rnents on the apparatus blocking time. Furthermore, a
study of the eRect of atomic diRusion on the dipolar
interactions of Xe"' in solid xenon has been reported. "
The correlation times for self-diffusion obtained in the
Xe"' experiments are thus available for interpreting the
eRects of diRusion on the dipolar and quadrupolar
interactions of Xe"'

II. EXPERIMENTAL PROCEDURES

The 3.0 Mc/sec coherent pulsed nrnr apparatus used
to observe transient Xe"' and Xe"' signals has been
described previously. '" In the present experiments
signals obtained at 4.2'K were demodulated by a diode
without prior insertion of a reference signal at the
resonance frequency, e.g, , without utilizing coherent
(phase-sensitive) detection. " The long spin-lattice
relaxation time of either species at 4.2'K rendered it
difficult to maintain the magnetic field at exact reso-
nance between observations. This offset the advantages
of coherent detection, since slight departures from
resonance appeared as distortions of the long "dipolar"
free-induction decay. Signals observed with simple
diode detection were less sensitive to small changes of
the magnetic field. For sequences in which the pulse
spacing was of the order of the duration of the dipolar
free-induction decay, the correct phase relationship
between pulses was preserved by manually maintaining
the field on resonance with a steady-state proton
resonance obtained with a crystal-controlled marginal
oscillator. "At higher temperatures, the short quadru-
polar spin-lattice relaxation time" of Xe"' permitted
convenient utilization of coherent detection for measure-
ment of Xe"' spin-spin relaxation times.

The 90' phase shifts required for some sequences
were obtained by the method of Meiboom and Gill."
Pulse widths for 180' pulses were adjusted by minimiz-
ing the free-induction decay following the pulse. The
widths of the 90' pulses were then determined by adjust-

"Varian Associates (unpublished).
"W. M. Yen and R. E. Norberg, Phys. Rev. 131, 269 {1963).
"W. W. Warren and R. E. Norberg, Phys. Rev. 148, 402
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'8 J.J. Spokas and C. P. Slichter, Phys. Rev. 113, 1462 {1959)."R. L. Garstin, A. M. Patlach, and H. A. Reich, Rev. Sci.

Instr. 30, 79 (1959)."S.Meiboom and D. Gill, Rev. Sci. Instr. 29, 688 (1958).
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Fro. 1. Photographs of XeRRR transient signals in solid xenon at 4.2'K. The full length of each trace is 3 msec. (a) Free-induction
decay following a 90' pulse. (b) Solid echo following a 90'-r-90'gp sequence with r=0.40 msec. (c) Transient signal following a
90 -r-90 p sequence with r=0.63 msec. (d) Solid echo following a 90'-r-180'p sequence with r=0.63 msec.

ing the pulse width to be half that of the 180' pulse or
by minimizing the signal immediately following the
second pulse of a 90 -7-90'0' sequence.

Xe"' spin-spin relaxation times T2 were measured in
the region of motional narrowing with Carr-Purcell-
Meiboomr" (CPM) and 90'-r-180'p two-pulse se-
quences. Since the value of T2 in the region of incipent
motional narrowing was of the order of the dephasing
time in the external field inhomogeneity, the homo-
geneity was deliberately degraded to improve the
resolution of the echoes. Numerical values of T2 were
obtained graphically from semilogarithmic plots of the
two-pulse and CPM echo envelopes.

The cryogenic techniques used for NMR studies of
solid xenon have been described elsewhere ' "" For
measurements of Xe'" spin-spin relaxation times at
temperatures above the liquid-nitrogen bath tempera-
ture, heat was supplied by a bifilar manganin coil
wound on a copper can enclosing the nylon sample
holder. The heater can was removed for experiments

'PW. M. Yen, thesis, Washington University, 1962 (unpub-
lished).

at 4.2'K in order to eliminate ringing effects resulting
from interaction between the copper can and the rf
pulse. In the liquid-nitrogen temperature range such
effects were negligible, and the copper can served to
reduce thermal gradients in the sample container.

III. EXPERIMENTAL OBSERVATIONS

A. Rigid Lattice: Xe"'
Xe"' free precession signals were observed in solid

xenon at 4.2'K in a field of 2550 G. The samples were
doped with small amounts of air (containing para-
magnetic oxygen) which shortened the spin-lattice
relaxation time to a convenient value —typically about
5 min. In the range of concentrations used, the free
precession signal shapes were independent of impurity
concentration.

1. Free-Indlcti orI, Decay

The oscilloscope trace of a Xe"' free-induction decay
is shown in Fig. 1(a). Yen and Norberg" studied the
Xe ' decay at a field of 8920 G and showed the decay
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90 gp' sequence should be useful for determining the
shape of the free-induction decay in cases in which the
initial portion of the decay is obscured by blocking of
the apparatus.

3. PO'-r-PO'p Transient

Mansfield' has shown that the signal following
application of a 90'-r-90'p' sequence to a system
containing two magnetic species has the general
character of a derivative free-induction decay character-
ized by the nonresonant second moment contribution
O~q'. The expected signal is given by an expansion of
the form

r4(t —2r)
S(t)= —S(0) O'I82r(t 2r)+M—4iis

3f

r2(t —2r)~ r(t —2r)4
+Iaaf'4pis +M44IB +''' (6)

3f

The coefhcients 3f,~ M42 M43 are related to the
fourth-moment contribution of the nonresonant species
and S(0) is the initial amplitude of the free-induction
decay. MansGeld has described a method of determining
0&z~ by analyzing the dependence of the initial slope
S'(r) on the pulse spacing r.

The Xe"' signal obtained with a 90'-r-90'p sequence
is shown in Fig. 1(c).The modulus of the signal occur-
ring after the second 90' pulse exhibits the general fea-
tures predicted by Eq. (6). Unfortunately, the initial
slope of this signal was found to be extremely sensitive to
the 90' pulse width and to tuning of the magnetic field.
This difFiculty led to large variations in the values of
0»' determined by Mansfield's method and the data
yielded only an order of magnitude measurement.

BCis=g C; I,'S, (7)

with
C; = (yrysh'/r; ')(1—3 cos'8,,).

%ith respect to operations on the resonant species I,
the Hamiltonian (7) has the same rotational symmetry
properties as the term of the Zeeman Hamiltonian
describing the eBect of an inhomogeneous magnetic
Geld:

XI,II =boih Q I,'DH;,

where hH; is the difference between the Geld at the site
of the ith nucleus and the average applied field Hp.
In a two-species system, therefore, one is led to expect
90 -r-180'gp sequence or a 90'-7-180'p' sequence to
lead to formation of an echo analogous to the "conven-
tional" spin echoer obt;ain, ed, in an inhomogeneous

4. PO'-r-180 p gp' SOM Echo

The Hamiltonian describing the dipolar interaction of
the resonant species I with the nonresonant species S is

magnetic Geld. In a rigid solid, application of a 180'
pulse inverts the I spins relative to the local fields
produced by the S spins. It is easily shown that to
zeroth order in the commutator $3CII+Xss, Krsj, an
echo is formed at t= 2r with maximum amplitude equal
to the amplitude at t=2r of a free-induction decay in
which the only broadening interaction present is the
resonant spin dipolar interaction 3'.~g. By observing
90'-r-180' echoes with various values of r, it should
therefore be possible to make a direct determination of
Ogz', the resonant spin contribution to the second
moment in a two species system.

The Xe"' solid echo obtained with a 90 -r-180'p'
sequence is shown in Fig. 1(d). The envelope of the
signal amplitude at t=2r was found to be nearly
Gaussian with T20=1.5+0.1 msec. This yields for the
resonant spin contribution

04~4 4242=0 44&0.06X10' sec—' (solid echo).

This value is approximately one-half that expected
from the Uan Uleck theory. Since the resonant spin
(Xei2~—Xe"9) interaction makes the major contribution
to the total second moment and since the experimental
second moments determined from the free-induction
decay are in good agreement with theory, it is clear
that the echo amplitudes for large r di6er appreciably
from the zeroth-order prediction of theory.

B. Rigid Lattice: Xe"' (I= 23)

Xe"' free precession signals were observed in solid
xenon at 4.2'K in a Geld of 8600 G. The samples used for
Xe"' studies were the same as those used for the Xe"
measurements. The Xe"' spin-lattice relaxation time at
4.2'K was typically about 10 min.

I. Free-Induction Decay

The oscilloscope trace of a typical Xe"' free-induction
decay is shown in Fig. 2 (a). Analysis of the shape of the
decay was complicated by the fact that over the dura-
tion of the free-induction decay, dephasing due to
inhomogeneity of the magnetic field was not negligible.
A correction was made by assuming the observed signal
to have the form

S(t)=S,(t)S„(t), (9)

where Sq(t) is the true free-induction-decay shape and
S (t) is a function determined by the magnet inhomo-
geneity. The function S (t) was obtained from free-
induction-decay shapes observed in liquid xenon. The
logarithm of the corrected free-induction signal ampli-
tude is plotted against t' in Fig. 3. Although the
curvature of the data indicates that the decay is not
Gaussian, a Gaussian analysis is useful to obtain an
approximate parameter to characterize the decay time.
The solid line in Fig. 3 represents roughly the average
slope of the Xe"' data and yields a value for a Gaussian
spin-spin relaxation time Tmg=3. 6 msec.

I '4
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The observation of quadrupole echoes' in solid xenon
and intensity loss in the Xe"' free-induction decay at the
transition from liquid to solid indicates that the free-
induction decay observed in the solid corresponds to
only the central (m=&-', ) transition, e.g. , the "time
irgdepeggdeggt" part of Eq. (1). Moreover, the signal
amplitude in the solid just below the melting point
was approximately 5 of the amplitude in the liquid, in
good agreement with Eq. (1). The "quadruPolar"
component of the free-induction decay occurs during
the blocking time of the apparatus.

The theory of dipolar broadening of the central
component of a erst-order quadrupolar broadened line
has been given by Kambe and Ollom. "For the case of
Xe"' nuclei in a solid xenon sample in which the
electric field gradient varies from site to site, the theory
predicts for the resonant spin contribution to the
central linewidth

O.jag gag' ——0.021)&10' sec '.
Evaluation of the Van Vleck expression' for the
nonresonant contribution to the second moment yields

0.~3y yg9'=0. 032X10 sec

The total second moment is then

o'=0.053K 10' sec ' (theory) .
The slope of the broken line in Fig. 3 corresponds to this
value for the theoretical second moment. The total
second moment derived from the approximate Gaussian
analysis of the free-induction decay is

o'= Tsg '=0.077&&10s sec ' (free-induction decay).
~'&.Xamhe and J.K. Ollom, J'. Phys. Soc.Japan 11, ,50 (1956).

In the contrast to the case of Xe"' the Xe'" free-
induction decay is (1) non-Gaussian and (2) of some-
what shorter duration than one expects if only dipolar
broadening of the central transition is considered. This
suggests the presence of second-order quadrupole
interactions in the polycrystalline samples. Measure-
ments of the strength of the quadrupole interaction by
means of quadrupole echoes confirmed in fact, that
second-order effects were of the same order of magnitude
as the dipolar interactions.

Abragam" has suggested an additional mechanism
which may contribute to the non-Gaussian character
of the free-induction decay. In a system containing two
species of approximately equal abundance, the various
terms in the expression for the fourth moment M4 are
approximately proportional to yl', y~'yq', yI'y8', and
7rgyss. In the case of Xe"', ya/yr=3 5so th.at the
yl'yq' term dominates the fourth moment. Then

Mg/o'~ (ys/yr)s=10,

whereas in the ideal Gaussian case, 314/o'= 3. The rapid
mutual "Rip-Oops" among the nonresonant spins thus
lead to a kind of "motional narrowing" of the non-
resonant contribution and a quasi-Lorentzian line
shape. This is consistent with analysis of the Xe"'
decay shape which showed the decay to be intermediate
between a Gaussian and an exponential.

Z. 90 r 55 p' oggd 90 r 90-g-p' QuodruPole -E-choes

Xe"' quadrupole echoes obtained with 90'-T-55 ()

and 90'-r-90'gp' sequences are shown in Figs. 2(c) and

19 A. Abragam, The PrirIci ptes of Nuclear Magnetism C„'Clarendog.
Press, Ogford, England, 1961), I hap. IV.
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FIG. 4. Photographs of Xe"' transient signals in solid xenon at 4.2'K. (a) Solid echo following a 90'-r-180'p sequence with r= 6.3
msec. The full length of the trace is 50 msec. (b) Compound solid-quadrupole echo following a 90'-v -55'0' sequence with ~=4 rnsec.
The full length of the trace is 20 msec.

2(b), respectively. The prediction of Eqs. (2) and (3)
for a larger quadrupole echo with the 90'-r-90 go

sequence is clearly borne out. The dependence of the
90'-r-jf4p echo amplitude on the second pulse width j(I

was investigated' and found to be in qualitative
agreement with Eq. (3).

Solomon' has shown that if the rotating rf field II~
is of insuflicient magnitude, the echo shape is not given
rigorously by Eqs. (2) and (3). For small Hi fields, the
echo width should be proportional to II~ since in that
case the pulse only rotates those spins for which

~
a~ &yHt. On the other hand, if (a')'~'((yHt, the echo

shape should reproduce the true shape of the gradient
distribution f(a).

In the present experiments, maximum H~ was about
22 G. Investigation of the H~ dependence of the echo
width showed that T~~~, the echo full width at half-
maximum was dependent on Hi although dTt~s/dHt
was sufficiently small at II~

= 22 G to permit an estimate
of the width of the gradient distribution in a typical
polycrystalline xenon sample:

3eQ(lr 2)1/2

= 2.4&0.2 kc.
47r Tris 4I (2I 1)k

It is possible to use the above result to estimate the
relative magnitude of the second-order quadrupole
eRect. Second-order shifts of the nuclear Zeeman levels
are of the order of 4(a )/ojp and the ratio of the second-
order shift to the dipolar root second rnornent is

4(a')/ojpo =0.2.

It is clear that second-order quadrupole broadening of
the central line is not negligible. The effect is, in fact,
of suS.cient magnitude that it could be responsible for
the lack of agreement between the observed "dipolar"

"M. H. Cohen and F. Reif, in Solid State Physics, edited by
F. Seitz and D. Turnbull (Academic Press Inc. , New York, 1957),
Vol. 5.

free-induction decay and the Van Vleck theory of
dipolar broadening.

Cohen and Reif" have shown that a Gaussian gradient
distribution results from a large concentration of defects,
whereas low concentrations produce Lorentzian dis-
tributions. Analysis of the shape of the Xe"' quadrupole
echo showed it to be very nearly Gaussian, indicating
that the density of defects in these samples was large
enough that each nucleus was aRected by several sources
of electric field gradient. Possible sources of the electric
field gradients include impurities, dislocations, and
surface eRects in the polycrystalline samples. The echo
widths were reproducible to within &10'%%u~ in samples
solidified on diff erent occasions and with diRering
impurity concentrations. Observation of the echoes in
samples with low-impurity concentrations indicated
that the gradient distribution did not result from the
presence of a hexagonal phase of the kind reported for
solid argon-nitrogen mixtures. ""Attempts to reduce
the average field gradient by annealing dislocations at
temperatures about 10'K below the melting point
were not successful.

3. Xe"' Solid ("Dipolar") Echoes

The solid echo obtained with a 90'-v--180'0. sequence
applied to Xe"' at 4.2'K is shown in Fig. 4(a). The
echo is presumably of the same type as the echo
obtained with the same sequence applied to Xe"'
LFig. 1(d)].The Xe""echo is more clearly defined than
the Xe"' echo since in the case of Xe'", dipolar interac-
tions with the nonresonant species make the major
contribution to the total second moment. Moreover,
for Xe"' there is a small contribution to the echo
amplitude due to rephasing of the spins in the external
magnetic field gradient.

2'L. Meyer, C. S. Barrett, and P. Haasen, J. Chem. Phys. 40,
2744 (1964)."C.S. Barrett and L. Meyer, J. Chem. Phys. 42, 107 (1965).
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The envelope of the Xe 3 90 -r-180 0' echo ampljtude
was found to be approximately Gaussian with T&g= 9.5
&0.5 msec. This yields the following value for the
resonant spin contribution to the second moment:

otst tst'=0. 011&0.001X10' sec ' (solid echo).

By comparison, the theoretical prediction is

otst ts&'=0.021X10' sec ' (theory).

This discrepancy between the theoretical value of 0-»'
and the envelope of the 90'-r-180'0 echo is similar to
the discrepancy found in the analogous case for Xe" .
It seems clear that the simple interpretation of the
90'-7-180'0 echo formation given in Sec. IIIA, while
qualitatively correct, is not adequate to permit an
accurate measurement of o-I~' and that terms involving
the commutator $Xrr+~ss, '3t'-rsj should be taken
into account.

It is dificult to interpret the effect of 90'-7-90 go

and 90 -r-90'0 sequences on the dipolar part of the Xe"'
signa1. due to the presence of quadrupolar broadening
produced by defects in the solid xenon samples.
Although Mansfield4 has calculated the response for
multiple-pulse sequences applied to the central compo-
nent of a mell-resolved quadrupole split line, the present
case, namely the dipolar broadened central component
in an imperfect cubic crystal, has not yet been treated.
In the absence of a quadrupole interaction, we would
expect only a weak Xe"' dipolar solid echo following a
90'-7.-90'go sequence since the theory indicates that
no solid echo should occur if 0~~'&)0.11'. In the case of
Xe"' the calculated second moment contributions give
0 r 3t tss /0 33$ tst 1.6 and, in fact, relatively little
rephasing of the dipolar portion of the signal was
observed after a 90'-r-90'go' sequence. In contrast, for

0199 331'/(Tlsp -199 0 1-5 and . an echo could be
obtained LFig. 1(b)j.

Finally, we present in Fig. 4(b) a compound echo
obtained with a 90'-v-55'0' sequence for which the
pulse spacing r was of the order of the duration of the
"dipolar" free-induction decay. The time dependence of
the slowly varying part of the echo is similar to that of
the dipolar signal, while the sharp spike at t=27- is
nearly identical to the quadrupole echo obtained with
short pulse spacings. The slowly varying part of the
signal may be related to the transient predicted by
Mansheld for a 90 -T-90 0 sequence. There clearly
exists the need for an extension of the theory to systems
containing two magnetic species and exhibiting quad-
rupole broadening from random defects in a cubic
crystal.

C. EfFect of Atomic Motion on Free-Precession
Signa, ls: Xe'"

The free-induction decays and. multiple-pulse tran-
sients described in the preceding sections are char-
acteristic of solid xenon samples in which thermal

atomic motions are slow compared to the duration of
the free-precession signals. However, as the temperature
of the sample is raised, one expects atomic motion to
have important eftects on the dipolar and quadrupolar
interactions. "'4 In particular, one expects motional
narrowing of the dipolar and quadrupolar broadened
parts of the resonance line when the correlation time
7-, for atomic diffusion is shorter than the duration of
the corresponding free induction decays in the rigid
solid.

0' tan-'IT„i + E(4 ln2) T„i
For a Gaussian line in the rigid lattice (r,o))1), Eq.
(10) reduces to

1/Tsg ——0.

while for the well narrowed line

1/T, I,=0'r, .

It has been shown" that for diffusion in a fcc lattice,

r.=d'/12D,

where d is the cube edge parameter and D is the
coefficient of self-diffusion. Thus, measurements of T2I.
and a- combined with knowledge of d permit determina-
tion of the diffusion coeKcient D. If the temperature
dependence of D is described by an Arrhenius relation

D=Dp exp( FD/It. T), —(12)

the inverse linewidth T21, should increase exponentially
with increasing temperature.

In situations where the motionally narrowed line-
width is less than the average inhomogeneity in the
magnetic fj.eld over the sample volume, the inverse
linewidth or spin-spin relaxation time T21, can be
measured by means of 90'-r-180' (two-pulse) spin
echoes or Carr-Purcell-Meiboom (CPM) sequences.
Using these techniques, Yen and Norberg" investigated
motional narrowing of the Xe"' resonance in solid
xenon and found that T21. increases by three orders of
magnitude between 115 and 160'K. These authors were

' N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev.
73, 679 (1948).

94 W. G. Clark, thesis, Cornell University, 1961 (unpublished)."R.Kubo and K. Tomita, J. Phys, Soc. Japan 9, 888 (1954).
9' H, C. Torrey, Phys. Rev. 92, 962 (1953).

l. 3Iotior3at Narrowir3g of the Central
(rr3= &9) Trarssitiol

Kubo and Tomita" have applied the methods of
irreversible quantum-statistical mechanics to the prob-
lem of dipolar broadening in the presence of atomic
motion; they have shown that for v,~&1, in the
adiabatic limit (&ppr&&1) the absorption line should be
I.orentzian with a half-width at half-maximum Ace
= 1/Ter, where
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able to extract the activation energy for self-diffusion

E~, the diffusion constant Dp and the correlation time
r, from the T21, data.

Since their masses differ by less than 2%%u&,
Xe" and

Xe"' should diffuse with nearly the same coefBcient of
self-diffusion. The correlation times obtained from Xe"'
studies may therefore be used to predict the effects of
atomic motion on the Xe"' dipolar linewidth. Motional
narrowing should commence at a temperature such that
r.=o. '."The theoretical value of 0 indicates that this
temperature is 119'K for Xe'".Above this temperature
T2z, should increase exponentially, governed by essen-
tially the same activation energy ED as Xe' . Measure-
ment of T2L, for Xe"' in the motionally narrowed
temperature range should therefore provide a useful
independent check on the Xe"' diffusion measurements.

Spin-spin relaxation data for Xe"' are presented in
Fig. 5 together with Tj data for the solid and liquid
above 90'K. T2 was measured from the rigid lattice to
175 K with 90 -r-180 p' and CPM sequences. Data
obtained above 110'K were analyzed by assuming
exponential echo envelopes (Lorentzian line shape),

S,(t) cc exp( —t/T s)r,
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S,(t) ~ exp( —P/2Tsg').

It is interesting to note that as a result of the presence of
two magnetic species and the formation of 90'-r-180'
solid echoes of the type shown in Figs. 1(d) and 4(a),
the echo envelope remains greater than Tso ——(o isi isi) '
in the rigid lattice. The same qualitative behavior was
exhibited by 90'-r-180' echo envelopes at 4.2'K.
Because of poor signal-to-noise ratio and ambiguity
introduced by the necessary corrections for magnetic-
6eld inhomogeneity, analysis of free-induction decays in
the region of incipient motional narrowing was not
attempted.

The steep broken line in Fig. 5 is drawn with a slope
corresponding to the activation energy for self-diffusion
obtained by Yen and Norberg" and intersects T20= r '
at the temperature for which 0.r,=1. The onset of
motional narrowing clearly occurs where expected on
the basis of Yen and Norberg's results. The initial
slope of the Xe"' data is very nearly the same as that
of the Xe" data while at higher temperatures, T~J.
deviates from the expected dipolar behavior under the
inhuence of strong quadrupolar Tj processes. At
temperatures near the melting point, the T21, data show
a broad maximum and T2J. approaches T~. Lifetime
broadening thus limited the measurement of the Xe"'
dipolar T2g to a relatively small temperature range,
and it was not possible to extract a meaningful activa-
tion energy from the data.

A sharp decrease in both Tj and T2 is evident at the
melting point. The shorter spin-lattice relaxation times
in the liquid are due to the much higher frequency of

I'rG. 5. Spin-spin and spin-lattice relaxation times for Xe"' in
solid and liquid xenon. The broken line is drawn with a slope
corresponding to the activation energy for self-diffusion reported
in Ref. 11; it intersects the rigid lattice Gaussian Tso (solid line)
at the temperature for which r, =T20. The T& data are quoted from
Ref. 12. Note that T20 values obtained from the envelopes of
90'-r-180'p solid echoes remain greater than Tsg=1/oi3$ $3j iii
the rigid lattice.

atomic motion in that phase. The Xe"' correlation
times obtained by Yen and Norberg" indicate that for
Xe"' in liquid xenon at a resonance frequency of 3.0
Mc/sec,

(opr„=104«1.

Therefore, the conditions of "extreme narrowing'"'
should hold in the liquid. The equality of T& and T2 for
Xe"' in liquid xenon is good evidence that this is
actually the case.

Z. Egect of Atomic Motion oN the Qt4adrlpolar Interactions

As diffusion increases, the internal electric field
gradients which are responsible for the quadrupole
free-induction decay and quadrupole echo also become
time-dependent. A diffusing atom samples various
electric field gradients within the distribution f(a)
so that the average gradient experienced by a given
nucleus decreases. By analogy with the case of dipolar
broadening, the quadrupolar broadened portion of the
line should begin to be affected when the correlation
time for the quadrupolar interaction r, is roughly
equal to the inverse width of the static broadening.

"A. Abragam, Ref. 19, Chap. X.



W. W. WARREN, JR. , AND R. E. NORBERG

Multiple pulse experiments at 4.2'K indicate that
(ag)))~'; thus, the quadrupolar broadened portion of
the resonance ought to begin to exhibit the effects of
atomic motion at a higher temperature than the dipolar
broadened portion. After narrowing commences, the
quadrupolar free-induction decay should lengthen with
increasing temperature until both the dipolar and
quadrupolar decays are lifetime limited by T& processes.
A similar effect should occur for the quadrupole echo. '4

The temperature at which the quadrupolar broadened
portion of the line should be affected by atomic motion
was estimated using the experimental Xe"' correlation
times for self-diffusion and the measured width of the
static broadening. The correlation time 7., after which
the quadrupole interaction changes appreciably ought
to be somewhat longer than the mean time 7., between
diffusion jumps since several jumps may be required
before the gradient changes. Given the high density of
defects suggested by the Gaussian quadrupole echo
shape, 2P a reasonable guess might be r,= 10r,. If this is
assumed, we should expect that at the melting point,
(a') = 107 sec '; thus, the mean quadrupolar broadening
would still be much greater than the width of the
inhomogeneously broadened central line. On the other
hand, in the liquid 7., decreases by about five orders of
magnitude" so that the effects of static quadrupolar
broadening in the liquid should be negligible compared
to quadrupolar lifetime broadening. The free-induction
decay amplitude increased by a factor of approximately
—', when the sample melted, indicating that quadrupolar
broadening does indeed vanish in the liquid. The
factor —', is in excellent agreement with Eq. (1) in the
limit f(a) 8(0).

Because of poor signal-to-noise ratio at temperatures
near the melting point, it was not possible to observe
the quadrupole echo and investigate the effect of
diffusion on its shape and position. "Hence, the only
statement that we can make concerning the effect of
diffusion on Xe'" quadrupolar broadening is that
motional narrowing probably commences in the solid
near the melting point and that quadrupolar broadening
is certainly absent in liquid xenon.

IV. SUMMARY

Xe"' and Xe"' multiple pulse transients observed in
solid xenon at 4.2'K were consistent with the theories of

Mansfield and Solomon. The decay of the Xe' 90'-r-
90'9p' solid echo reproduced the shape of the free-
induction decay to within experimental error while, as
expected from theory, a well-defined echo was not
obtained from Xe"'.Although the Xe"' signal following
a 90'-~-90'p sequence was in qualitative agreement
with theory, it was not possible to obtain an accurate
measurement of 0-~~9 ~3~'. In the case of Xe"', interpreta-
tion of the 90 -~-90 p' sequence was complicated by
the presence of quadrupolar broadening and formation
of quadrupole echoes. Well dehned 90'-7.-180' solid
echoes were obtained for both Xe"' and Xe'". As the
pulse spacing 7 was increased, the echo amplitude
decreased more slowly than the simple local-field
model would suggest. The value of 0-II' for either species
determined from the 90'-r-180' solid echo envelope
is roughly one-half the theoretical value.

Quadrupole echoes obtained from Xe"' at 4.2'K
yielded an estimate of the typical strength of the
quadrupole interaction due to random defects in the
solid xenon samples. On the basis of this estimate, the
Xe"' free-induction decay was interpreted as corre-
sponding to the central (ni=+g') component of the
spectrum. The broadening of this component is mainly
dipolar in origin with approximately a 20% contribution
from second-order quadrupole interactions. Investiga-
tion of Xe"' quadrupole echoes verified that introduc-
tion of a 90' shift in the relative phases of the two
pulses in a sequence leads to a quadrupole echo which
attains maximum amplitude if the second pulse
produces a 90' rotation (90'-r-90 gp' sequence).

Xe"' spin-spin relaxation times measured with
"conventional" 90'-r-180' spin echoes indicate that
motional narrowing of the Xe'-" central component
occurs at the temperature expected from the correlation
times for self-diffusion obtained by Yen and Norberg.
Within the small temperature range between the onset
of motional narrowing and the onset of lifetime broaden-
ing, the temperature dependence of the Xe"' T2 data
is in agreement with the activation energy for self-
diffusion reported by Yen and Norberg.
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