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Quadrupolar Echoes in Solids
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In a classic paper, Solomon showed that the presence of inhomogeneous, first-order quadrupolar inter-
actions leads to the formation of extra "allowed" spin echoes in nuclei for which the spin I=-,'. We demon-
strate (both theoretically and experimentally) that shifting the rf phase of the second pulse by 90' (in a
spin- —', system) enhances the extra allowed echoes by a factor of almost 5 in amplitude over the unshifted
case. Using the density-matrix formulation (and assuming no magnetic inhomogeneities), we have derived,
for a 90' phase shift, the amplitude and shape dependence on the second-pulse turning angle of the ~37., 2v.,
and 3r echoes. Experimental echo amplitudes and shapes (for both 0' and 90' phase shifts) were obtained,
at room temperature, on '"I in a fused sample of KI, and these show good agreement with the calculations.
Because of the enhancement, this technique affords a much easier separation of the respective distributions
arising from the $ +-+ —,' and from the —,

' +-+ $ satellite transitions than is possible in the unshifted case. Another
feature of the phase-shifted case is that, in favorable circumstances, the 3v echo may be observed although
the 2~ echo is obscured by the receiver recovery time. Preliminary data on quadrupole distributions at Al
sites in NiAl and AuA12 intermetallic compounds are presented. Spin-spin relaxation of the satellite transi-
tions is noted. Results expected for systems which have spin values other than I=-, (both integral and
half-integral) are mentioned.

I. INTRODUCTION

"UCLEAR quadrupole interactions are ideal
probes for investigating the electronic structure

of defects in solids. Strains, dislocations, impurities,
variations from exact stoichiometry, and other devi-
ations from the ideal lattice produce distributions of
electric field gradients at the various nuclear sites. The
method of continuous-wave nuclear magnetic resonance
(cw NMR) has been widely and successfully used' ' to
study these distributions. Usually only indirect in-
formation is obtained from these experiments, i.e., the
presence of increasingly large quadrupole distributions
is inferred from decreases in intensity of the resonance
line. In dilute alloys it is sometimes possible to identify
the quadrupole interaction associated with impurity
atoms at discrete distances. ' However, as the alloy
concentration is increased, the impurities are closer
together, and the sharp powder pattern edges at various
near-neighbor coordination shells smear out into a
broad, weak structure difIicult to detect by cw NMR.
Another technique that has been useful for dilute
alloys is zero-6eld quadrupole resonance. 4

The advent of high power, phase coherent, pulsed rf
transmitters has opened up a rather exciting chapter
in the investigation of the inhomogeneous nuclear
quadrupole interactions caused by defects in solids.
Solomon, ' in a classic paper, showed that "quad-
rupolar" spin echoes could be excited in nuclear spin
systems for which the spin I&-,'and, more important,
that unique information on the distribltioe of 6eld
gradients could be extracted from the echo shapes. He

*NRC-NBS Postdoctoral Research Associate, 1966-1968.
' L. E.Drain, Met. Rev. 119, 195 (1967),and references therein.

Additional references to this kind of work will be noted below.' T. J. Rowland, Phys. Rev. 119, 900 {1960).
3 L. E. Drain, J. Phys. Cl, 1690 (1968).
4 A. G. Redfield, Phys. Rev. 130, 589 (1963).' L Solomon, Phys. Rev. 110, 61 (1958).

further demonstrated, both theoretically and experi-
mentally, that extra echoes could be elicited in the case
of I=-,'. The amplitude and character of the echoes
depended upon the turning angle of the second pulse
in a two-pulse sequence. The method was suQiciently
sensitive to measure the distribution of gradients around
"rI (spin —', ) nuclei in cubic Kl under various kinds of
strain.

Recently Sutterworth' pointed out that an inhomo-
geneous magnetic fleld (whether externally or internally
present) of suflicient strength would suppress the extra
echoes in the Solomon case for I& ~~ and lead to about
a factor of 2 increase in amplitude of the echo at 27-

(r is the pulse spacing) in all cases where there existed
quadrupole interactions. He suggested that combined
quadrupolar and magnetic inhomogeneities in metals
and alloys could be distinguished from one another in
an echo experiment. Preliminary data were presented
on Cu-Zn and Cu-Mn. Dowley~ later exploited this
technique in measuring magnetic and quadrupolar
interactions both in sponge and small particles of Al.
Combined magnetic and quadrupolar interactions in
transient NMR experiments have also been discussed
by Flett and Richards, ' who in addition reported results
on ~Na in NaC1 crystals.

More recently, Sonera and Galimberti, as well as
%arren and Norberg, " showed that phase shifting the
second rf pulse relative to the first in an echo sequence
would increase the quadrupolar echo amplitude by
about a factor of 3 for I= ~, in the absence of magnetic

s J. Butterworth, Proc. Phys. Soc. (London) 86, 297 (1965).
7 M. Dowley, Solid State Commun. 3, 351 (1965);Phys. Letters

24A, 428 (1967).
s A. M. Flett and J. C. S. Richards, Proc. Phys. Soc. (London)

86, 171 (1965).' G. Bonera and M. Galimberti, Solid State Commun. 4, 589
(1966); G. Bonera, A. Avogadro, and I. Borsa, Phys. Rev. 165,
391 (1968).' W. W. Warren, Jr., and R. E. Norberg, Phys. Rev. 154, 277
(1967).
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inhomogeneities. Bonera and co-workers utilized this
technique to measure field gradients at 'Br and "Br
nuclei in NaBr and KBr crystals. ' Warren and Nor-
berg'0 also capitalized on the 90' phase shift in their
study of ~'Xe and "'Xe in solid Xe.

In this paper the calculation of the dependence of
the echo amplitude and shape on rf phase and turning
angle of the second pulse is extended to spin I=~.
Assuming little or no magnetic inhomogeneity, we show
that a 90 phase shift nearly doubles the amplitude of
the 27 quadrupolar echo and enhances the extra quad-
rupolar echoes at ~r and 3r by a factor of about 5
(compared to the unshif ted case). This technique
affords a much easier separation of the distributions
due to pairs of quadrupolar satellites with digerertt
transition probabilities (which occur when I) s) than
when there is no rf phase shift between pulses.

In addition, the multiple echoes could (under certain
favorable conditions) relax recovery-time restrictions
which prevent the observation of any echoes when
v&v„.Here 7.

„
is the recovery time of the detector

after an intense rf pulse. As we will show, this could be
helpful in studying spin systems in which the recovery
times are not too much shorter than the spin-spin
relaxation times.

We utilize this new technique to study defects due to
strain in an ionic crystal (KI) and defects due to non-
stoichiometry in a metallic alloy (NiAl). The latter
interests us especially inasmuch as the distribution of
electric field gradients is intimately related to the phase
stability of the alloy. We do not pursue this relationship
in this paper, but expect to do so in the near future.
For now, we present preliminary measurements of the
echo amplitude of "I in KI and '7A1 in NiA1, and show
that these agree quite well with the calculated ampli-
tudes, as a function of the rf phase and turning angle
of the second pulse. We also show some results demon-
strating the breakdown of the relations when the rf
power is reduced.

developed by Solomons and the notation used in his
paper is retained here as much as possible. In the
rotating frame the quadrupolar Hamiltonian can be
expressed in first order as

Xg——+ut't[I, s—-',I(I+1)j,
where u= eseQV. ,/I(2I 1), —

Q is the quadruPole
moment, and V„is the electric 6eld gradient. " Five
simplifying conditions are assumed:

(a) The applied dc field He is sufficiently large that
the quadrupole interaction can be considered a first-
order perturbation.

(b) In the rotating frame pH&)[(u')„]'t'. Here y
is the nuclear gyromagnetic ratio, H& is the applied rf
field, and [(u'), )'ts represents the rms width of V„.

(c) Dipolar and other spin-spin interactions can be
neglected in comparison with the quadrupolar energy.
In general, the treatment of the combined quadrupolar
and dipolar systems is extremely dificult" and is
usually dealt with by only qualitatively considering the
dipolar interaction.

(d) The field gradients are axially symmetric.
(e) Hi is spatially uniform.

We can then immediately proceed to evaluate the echo
signal S(t):

(2)

in which Tr indicates trace and p(t r) is the d—ensity
matrix evaluated at t—r after an infinitely narrow 90'
rf pulse along the rotating y axis at t=0 followed by
an infinitely narrow "p" pulse shifted in rf phase by
P relative to the first pulse, applied at r later; P is
given by yII~Af, where ~f is the width of the second
pulse. More specifically,

p (t r) e ie (t z)I, R ie —iaIz &p (0—)ei—eiz r

g R &ie(t r) ize ~ (—3)

II. THEORY

A. Density Matrix

The method of handling the calculation of echo
amplitude and shape is essentially the treatment

p(0) is the density matrix immediately after the first
pulse at t= 0 and is given by I,= , (I++I);-
and R= exp( —sPI„).The expression for S(t) becomes

S(t) = g (ml p(t —.)I Im)
m= —S

((m [ exp[ —iu(t —r)I s]Rr 'm")(m"
[ exp( —surI s)p(0) [m')

m, tn' fn"

X(m'
[ exp (iurI, ')R exp[iu(t —r)I,'1I~

[ m))

((m [R ' [m")(m' [R[m+1)(m" [ p(0) [m')F (m) exp[iqb(m' —m" —1)j
tn, m', m,"

&&exp(iu[(2m+1) (t—r) —(m'" —m")rj)), (4)
u A. Abragam, The Principles of Nnclear Magnetism (Clarendon Press, Oxford, England, 1961), p. 231.
"P. Mans6eld fphys. Rev. 137, A961 (1965)g has treated combined dipolar and quadrupolar echoes in the case of (a) well-

deaned quadrupolar satellite transitions, i.e., V„everywhere the same, and (b) only the central transition is excited.
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FIG. 1. Plot of the quadrupolar and central transition con-
tributions to the 2v echo amplitude for I=-,' as a function of the
second-pulse turning angle p and rf phase shift p from Eq. (7).
The echo amplitudes are shown for the case of no rf phase shift
between puises (p =0') and where only an inhomogeneous
quadrupolar interaction exists; (a) net quadrupolar contribution,
(b) central-transition contribution, and (c) sum of the previous
two. In this entire paper, the erst pulse is assumed to have a 90'
turning angle. An arbitrary normalizing factor has been used for
the vertical scale. The same factor is used in Figs. 1—9, so that the
echo amplitudes may be directly compared. (Figure 10 has a dif-
ferent normalization factor. )

In other words, as is well known the outer satellites in
an I=—, system have a distribution in frequency which
is twice as broad as the inner satellites, leading to an
echo at 2v which is half as wide as the inner satellite
echo.

We have plotted the bracketed terms or echo ampli-
tudes discussed above as a function of the turning angle
of the second pulse P and for @=0 (the Solomon case)
in Figs. 1 and 2 and for /=90' in Figs. 3 and 4. The
total echo amplitude both with and without the

(—-', ~ —', ) contribution is shown in Figs. 1 and 3. It is
interesting to note that the application of a su6iciently
strong magnetic inhomogeneity K «=&AbI„where
br&1, leads to the restriction @1=AD', so that only the
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FIG. 2. Plot of the individual quadrupolar satellite contributions
to the 2v echo amplitude when p =O'. The curves are identiied as
arising from the following: (d) inner satellite transitions (——,~——,') and (sm ~ —,'), (e) outer satellite transitions (——,

' &-+ ——,') and
(3 ~ 5)

Fze. 3. Plot of various contributions to the 2v echo amplitude
versus p for &=90', (a) net quadrupolar contribution, (b) central
transition contribution, and (c) total contribution.
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FI:G. 5. Plot of the net quadrupolar and central transition con-
tributions to the 2r echo amplitude versus P when combined
inhomogeneous quadrupolar and magnetic interactions are present
and where br&1 and p=O'. The curves are labeled as in Fig. 1.

second term in Eq. (6) contributes. (Here b is the s
component of the inhomogeneous magnetic field. ) Only
the echo at t=2r then occurs. In this case, phase
shifting by 90' simply inverts the echo with no other
effect in contrast to the previously mentioned cases.
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FI:G. 4. Plot of the individual quadrupolar satellite contributions
to the 2r echo amplitude when @=90'.The curves are identihed
as in Fig. 2.
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In Figs. 5 and 6 we have plotted the echo amplitudes
for &=0 when both magnetic and quadrupolar inter-
actions are present and where br & 1.This is the Butter-
worth case. ' It should be noted at this point that if a,

magnetic inhomogeneity, large compared with the
spin-spin interactions, were applied to an I=—, system
and the quadrupolar interaction allowed to vanish, it is
straightforward to derive from the density matrix
formulation the well-known Hahn echo. ' The echo
signal is given by

E(t) = —(35/2) sin'-,'p db f(b) expLib(t —2r)j.

Also in this case the echo appears only at t=2r. In
Fig. 7 we have plotted the amplitude of this echo as a
function of P. Such a pattern would be observed, for
example, in pure annealed aluminum if a sufficiently
large magnetic inhomogeneity were applied.

Comparing the cases of 0' and 90' phase shift, Figs.
1—4, it should be noted that the 90' total satellite echo
amplitude (excluding the central transition) reaches its
maximum value at about p=48' and 132' and is almost
a factor of 2 larger than the corresponding P=O' maxi-
mum echo. In both cases the shape of the echo is
determined predominantly by the Geld gradients

FrG. 7. Plot of the echo amplitude versus P when only
an inhomogeneous magnetic Geld exists.

through the quadrupole interaction only if the spin-
spin decay time is long compared to 2~/Da'), ]'".

C. ~3z and 3c Echoes

Returning to Eq. (5) one notes that other echoes can
be formed at t= L1+(+2m'+ 1)/(2m+ 1)$r when
t&r, the plus sign refers to the time dependence in
the Grst sum whereas the minus sign applies to the
second sum. In general, for half-integral spins, (I—~~)

X (I—ss) echoes other than that at t= 2r can be formed.
For I= ~ there are two additional echoes, occurring at
t=~r and t=3r.

The mathematics is straightforward; the signals
representing these echoes are

da).f(a),) cos2(o, (t—-', r)

~(t) =fo(p)+f, (p) des. f(cv ) cos~, (t —3r).

Here fs(p) is the contribution of the central line and is
given as in Kq. (7) by

and

fs(P) =~a{ I&
—'

I ~l —-'& I' —I&
—'

I
~l-'& I'e "e)

=~s{coss,'P(cos4 ,'P 6-cos'-,'P-sin—'-,'P+3 sin~s~P)s —e "e sin'-', P(3 cos'-,'P+sin4-,'P —6 cos'-', P sins-,'P)'}

f (P) =(v'40){&s I&l s&&s I~l s& exp( —2s4» —
&
—

s l~l s&&SI~I —s&)
=20{cos''sP sin' —'P(cos's'P —4 cos's'P sin'~P)e s'e —cos'—'P sins-,'P(sin's'P —4 cos'-'P sin'-,'P)) .

The Grst noteworthy detail here is that these signals
(unlike the 2r echoes) can be unambiguously asso-
ciated with one pair of quadrupolar transitions. For
example, the ~37 echo width is determined by the outer"E. L. Hahn, Phys. Rev. 80, 580 (1950).

satellite distribution (i.e., that due to —ss &-+ —s and
transitions), whereas the 3r echo is a direct

measure of the inner satellite distribution (—ss ~ —
~~

and ss ~-', transitions). While in principle one can
analytically separate out this information from the 2r
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measured by comparing the area of the pulse envelope
to that of a 90' pulse. When the T~'s were suKciently
short the echo shapes were scanned with a commercial
boxcar integrator and plotted out on an X-I' recorder.
Otherwise the data were recorded photographically
from an oscilloscope display.
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FIG. 8. Plot of the quadrupolar and central transition contri-
butions to the —,'7. and 37- echo amplitudes for I=-,' as a function
of the second pulse turning angle for @=O'. The curves in each
case represent contributions to the echo from the following:
(b) central transition (—-,'~ &) which is time-independent;
(d) inner satellites (—$ &-+ ——,'), (—,

' ~ —,') which contribute only
to the 3r echo and; (e) outer satellites (—-', ~ ——,'), (-,' ~-', )
which contribute only to the $r echo Lnote that (d) and (e) have
dentical dependences on P in this case); and (c) sum oi (b)+(d)
or 3r echo, or sum of (b)+ (e) for —,'7 echo.

echo using Eq. (7), it is much simpler and more direct
to obtain $(ar,'), j'I' from the 3r or -', r echo shapes.

A second important detail is that the maximum
amplitude of these two echoes which occur at P=90'
when @=90' (again ignoring the central transition) is
nearly 5 times greater than that attainable when &=0.
In Figs. 8 and 9 we have shown, respectively, the ~v
and 37 echo amplitudes as a function of P with and
without the central line contribution for the case of
@=0in Fig. 8 (Solomon case) and when P 90' in Fig.
9. The vertical scale is the same as in Figs. 1—7.

III. EXPERIMENTS

A. Instrumentation

All the spin-echo experiments were performed at 8
MHz and at room temperature on a phase coherent,
pulse coherent, crossed-coil spectrometer. ""The power
ampli6er was capable of producing an rf field in the
rotating frame II~ greater than 160 6 with rise and
fall times less than 0.25 @sec in a transmitter coil
volume of 5 cm'. The effective sample volume was less
than 0.5 cm'. Crossed coils generally provide a more
homogeneous Ht over the sample volume. The receiver-
detector had a recovery time of about 15 psec. Phase
locking the rf pulses to the rf carrier (i.e., pulse co-
herence) not only helps to reduce receiver recovery
time' but also eliminates pulse jitter which is par-
ticularly annoying when working with narrow (&1

~5 The rf and pulse circuitry of the transmitter were taken from
a design by John Brewer of Argonne National Laboratory. Dr.
R. M. Cotts supervised the construction of the receiver from a
design by W. G. Clark PRev. Sci. Instr. 35, 316 (1964)g during a
sabbatical at the National Bureau of Standards.

'6 The clamp circuitry was designed by J. J. Spokas, Rev. Sci.
Instr. 36, 1436 (1965).

C. Results on KI

In order to verify Eqs. (7) and (8), echoes were
observed on "rI (spin ss) in KI at room temperature
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FIG. 9. Same as Fig. 8, except &=90'.

"G.W. West, Phil. Mag. 9, 9"/9 (1964); 15, 855 (1967).

B. SamyIe Preparation

The "I sample was prepared from powdered KI by
heating the material to near its melting temperature
where it would fuse and form a solid piece. The object
was to increase the density without fracturing the
sample so as to improve the NMR signal to noise.
Sufficient strains remained in the KI so that quad-
rupolar echoes were easily observed.

The NiAl intermetallic compound was made in two
stages. First, buttons were made in an arc fur~ace
with a water-cooled hearth by melting together 99.995
Ni and 99.99 Al. These buttons were then remelted in
an induction furnace in a recrystallized triangle RR
aluminum oxide crucible in sacro. Metallographic
examination revealed no second phase. The NMR
sample was prepared by hand filing the button. The
powder was then sealed in an evacuated quartz tube
and annealed for 1 h at 1000'C.'" Another sample was
prepared from the same button by grinding in a shaker
mill, but was not annealed. Results obtained on it were
not significantly different from those observed on the
annealed sample although no attempt was made to
calibrate NMR intensities. The stoichiometry was not
measured in this experiment. However, a more com-
prehensive investigation is planned in which specific
stoichiometry as determined by chemical and other
means will be correlated with cw NMR intensities as
well as quadrupolar echo shapes.
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using an Lt~ of about 160 G. In many respects "I in
KI is ideal for this experiment. In our sample the free
induction decay from the central line had a Gaussian
shape with a width at half-maximum of 0.570 msec
corresponding to an absorption half-width at half-
maximum of about 0.41 kHz. On the other hand, the
half-widths of the quadrupolar echoes were no larger
than 13 @sec so that (a) the echoes could be observed
over a time interval much smaller than the spin-spin
decay time and (b) r could be large enough to minimize
interference from the quadrupolar portion of the free
induction decay immediately following the second pulse.
Also the quadrupolar interactions were easily saturated
by the H& available. In addition the sample had a T&

of about 16 msec so that it was convenient to use a
boxcar integrator to improve signal to noise. The echo
widths were found to be independent of H» for B~&45
G. First, the amplitude of the echo at 2v- was measured
as a function of P where &=90', and these results are
plotted in Figs. 10(a) and 10(b) where the central-line
contribution has been subtracted out. In Fig. 10(c) we
have shown the measured amplitude of the ~3m echo
versus P on the same scale again with P= 90', and with
the central-line contribution subtracted out. The ampli-
tude of the 37 echo was found to be the same as that
of the ssr echo for all P.

Figure 11 shows "~I echoes for various pulse sequences
which are indicated by 90' r pe whe—re r—~110@sec.
All sequences except in Fig. 11(f) were made with
Hi ——80 G. Two interesting effects are to be pointed
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FIG. 11.Oscilloscope traces of "'I echoes in a solid polycrystal-
line sample of KI for the following pulse sequences: (a) 90—v —Sso,
(h) 90—p' 45pp (c) 90—p' —90pp (d) 90 r —155gp (e) 90—p'

180pp (f) 90—7' —180pp (g) 90 p' 40p, and (h) schematic
drawing of (g) which may be helpful in deciphering the photo-
graphs. The full length of each oscilloscope trace is 500 @sec. The
rf field was 80 G except in (f) where it was raised to 160 G. (g) and
(h) should be compared to (c) to see the effect of phase shifting on
the —,'r and 3r echoes. The factor of 5 should be apparent in com-
paring the extra echo amplitudes (see text for details).

oo 45o
I

900 1354 leO

Second Pulse Turning Angle, P

Fxo. 10. Plot of the experimentally measured amplitude of the
echoes at ~3m- and 2r of ' I in a solid polycrystalline sample of KI
as a function of P. The 2r echo amplitude is shown in (a) whereas
in (b) the total 2r echo amplitude minus the central-transition
contribution is plotted. The —,7 echo amplitude from which the
central-transition contribution has been subtracted is shown in (c).
The data were taken at 8 MHz using an rf f'IeM HI of about 160 G.
Here v was about 100 @sec. Note that &=90'.

out here. (a) The —,sr and 3r echoes which are barely
visible in Fig. 11(g), (the 90—r—40p sequence should
maximize these echoes for the &=0' case) are enhanced
by almost a factor of 5 in Fig. 11(c) where P=@=90
as was indicated earlier. Note that the echo at 27- in
Figs. 11(g) and 11(h) is inverted in phase with respect
to the 2r echo in Fig. 11(c) and that "quadrupolar"
amplitudes are referred to the base line signal which is
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the decay. of the (——,
' ~ —,') signal. (b) While the echo

widths were found to be independent of H~, it was found
that the 90—r—180gg sequence, Fig. 11(e), retained a
small amount of quadrupolar echo contrary to Fig. 3.
YVhen B~ was raised to 160 G the structure was attenu-
ated. This structure consists of vestiges of the allowed
echoes. However, in common with the "forbidden"
echoes discussed by Solomon, ' it is the result of the fact
that the ratio Hi/L(a'), O'I' is not infinitely large. We
found that the —,'r and 37. echoes were exponential rather
than Gaussian with half-widths of, respectively, 5.8&0.5
and 12.5&0.5 psec. (The signs represent estimated
uncertainties both here and elsewhere in the paper. )

0 50 I oo
(b) (g) I I g g g I s g s g I

TIME {)is)
FiG. 12. Oscilloscope traces of quadrupolar echoes observed on

O'Al in intermetallic NiAI. The pulse sequences are as follows:
(a) One 90' pulse, free induction decay; the total trace measures
200 i4sec. (b) One 90' pulse, free induction decay; the total trace
is 100 @sec. (c) 90'—r—5 gp, v 16 @sec; (d) 90—r —45gp, {e)
90 T 90gg ' (f) 90—r 135gg ' (g) 90——r —180gg, and (h) 90—r—90gp with a larger r, ~ 25 @sec. Note the 2r echo.

These numbers correspond to I.orentzian distribution
functions, si f(-,'re, ) and f(co,), with half-widths at half-
maxima of, respectively, 19+2 and 9~1 kHz for the
outer and inner satellites. We note here that the effects
of the inhomogeneous H~ would be to smear out the
relatively sharp minima and maxima of the quadrupolar
echo ainplitude as a function of P, but no smearing was
observed in our crossed coil probe.

D. Prehmxnary Results on NiA1

In extending the quadrupolar echo technique to
metals we chose '~A1 in NiAl because of the relatively
long spin-spin decay time and because it had a spin of
2 and a relatively strong signal. Although this inter-
metallic is of the cesium chloride structure it has a
wide range of stoichiometry near the equiatomic com-
position over which there are departures from cubic
symmetry. '~ The Al resonance in these compounds has
been well characterized as a function of stoichiometry,
using cw methods, by West'~ and by Seitchik and
Walmsley, " but the actual range of the quadrupolar
interaction was not measured; this is a task for which
the pulse method is ideal.

Solid echoes were observed at ~~, 2r, and 3r in
annealed samples of NiA1 (see Sec. III 8) at 8 MHz
and at 298 K. The echo amplitudes were in agreement
with those predicted by Figs. 1—4, 8, and 9. An B& in
excess of 160 G was used and appeared sufficient to
saturate the spectrum within experimental error.
Oscilloscope traces of the 'rAl (in NiA1) echoes as well
as the free induction decay are shown in Fig. 12. In
the sequences displayed, 7. was too short for the —,'7.
echo to be observable but has been increased in Fig.
12(h) so as to make this echo more obvious. Figure
12(g), in common with the I in KI, shows quadrupolar
structure on a 90—~—18090 sequence. In this case, the
structure could very well be the "forbidden" echo at
sT expected when &II&/Hag), ~)il'))1 is not completely
satisfied. As can be seen in Figs. 12(a) and 12(b), the
Al free induction decay has considerable amounts of
quadrupole structure immediately after the rf pulse
which makes it somewhat difficult to obtain the width
of that part due only to the central line. Signal-to-noise
consderations aggravated by a rather long Ti (Ti 80
msec) precluded an accurate extrapolation to extract
the central-line decay time. However, it appears that
the decay time calculated from either the data of West"
or Seitchik et al.' is consistent with our results. A
crude estimate of the ratio of the 2r echo amplitude
extrapolated to r=0 to that of the central-line free
induction decay extrapolated to t=0 suggests that all
Al sites are experiencing strong Geld gradients. Our
measured half-widths, Ty~2 at half-echo maxima are as
follows. ~r echo: T~i2 ——2.0&0.8 @sec- 2r echo: T~i2——3.5
&0.5 @sec; 3r echo: T~i&

——4&0.5 psec. The 27. and 37.

' J. A. Seitchik and R. H. YValmsley, Phys. Rev. ].$]., 1473
(1963).
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FIG. 14. Total theoretical line-shape derivatives plotted for
2'Al in NiAl assuming Gaussian shapes for both satellite and
central-line distributions. Only the low-frequency portion of the
total line shape is shown; the high-frequency portion is identical
except opposite in sign. The vertical scale has been broken at the
top in order to show the relative height of the central-line peak.
In addition, outer satellites, inner satellites, and central-line
distributions are given by the curves marked u, b, and c
respectively.

Frc. 13. Theoretical line-shape derivative plotted for mal in
NiAl assuming that the central line is Gaussian with k-t-

eak widthpea wi t of 5.0 kHz and that the quadrupolar distributions are

Ref. 1
Lorentzian. The central linewidth was taken from th d t f

e. 8 and the satellite information was extracted from our
~ ~ ~

experimental echo shapes. An arbitrary normalization factor has

13-15 s
been used for the vertical scale. The same factor is used

' I
so that the absorption derivatives may be directly

compared.

measurements were made for T 16 @sec whereas th
3

e
2, T echo was measured at T=25 @sec. No changes in
the former echo shapes were noted for T=25 @sec
within the experimental error. We could not distinguish
between an exponential and Gaussian decay of the Te 2T
and 3T echoes. If the decay were Gaussian the distri-
bution function f(&o,) for the inner quadrupolar sat 1-
l'

sa c-
ites would be Gaussian with a half-width at half-

maximum of 55&7 kHz, whereas the outer satellites
would have a Gaussian distribution with a half-width
at half-maximum equal to 110&44 kHz. Accordinglyccor ingy,
if the echo shape were exponential the distributions
f(&o,) and 2fico,) would be Lorentzian with half-widths
at half-maxima of, respectively, 28&3 and 55~22 kHz.

FREQUENCY, kHg

FIG. 15. Total theoretical line-shape derivatives plotted for' Al in NiAl assuming Lorentzian satellite distributions and a

line h
aussian central line. Only the low-frequenc t'

s ape is shown; the high-frequency portion is identical exce t
opposite in sign. The vertical scale has been b k
order to show the relative height of the central-line
addition, the outer satellite inner satell't
distributions are given by the curves marked a

~ ~ ~
a e i e, an central-line

respectively.
mare a, , and c,

In order to understand how these echoes contribute
to the observed cw spectrum we have assumed a total
distribution function

9 16 10
PGO =—aGO —iQ)

35 35 35
' " '

for the 2rAI line in NIA1, where f, (&o) is the normahzed
Gaussian representing the central-line absorption and
w"ere fi(~)=f(~.) and f2(&)=if(2~.) are, respec-
tively, the individually normalized inner and outer
quadrupolar satellite absorption functions Ic ions. n practice,
one observes the derivative of fr(co) in a cwz ~ in a cw experiment
and we have accordingly plotted out dfr (co)/des= (1/2s)df(2sv)/dv in Figs. 13—15 (v is in frequency
units). The peak-to-peak width for the central line
was taken from the data of Seitchik et al "(bv=5.0.

kHz) whereas the peak-to-peak widths for the satellite
lines were obtained from our echo widths. For the
latter, one uses the following relationship:

Gaussian: h~»/2= (2 ln2)'i'/T,

Lorentz: Aced»/2= 1/VBT2 —(In2)/Vj'T», . —

Here ha&» is the peak-to-peak derivative width and
Tii2 is the appropriate echo half-width at half-maxi-
mum. For example, Tl/2 for ha&» of fi(co) is measured
from the 3T echo and T'&i2 corresponding to 5» of
f2(co) is measured from the $r echo. Figure 13 shows

d 2@v

the full absorption derivative which f
f( z.v)/dv under the assumption of a Gaussian central
ine and Lorentzian satellites. The satellite structure is

barely visible in the tails of the central line. To illus-
trate this in more detail we have magniied the vertical
scale in Fig. 15 and shown only half of the total line.
The curves marked a b and c arec are, respective&y,
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(]0/35) fg(~), (16/35) f'(a&), and (9/35) f, (co) (outer
satellites, inner satellites, and central line). Figure 14
repeats Fig. j.5 except that satellite distributions are
Gaussian. In both Figs. 14 and 15 the vertical scale
has bien broken at the top in order to show the central-
line derivative peak for comparison. The long tails are
the first obvious differentiation of the satellite contri-
butions from the central-line shape. This is not sur-
prising since Rowland' had observed similar structure
by cw NMR on "Cu in CuGe alloys. However, another
feature is the structure which appears in Fig. 15
between —10 and —17 kHz and in Fig. 14 between
—10 and —30 kHz. The amplitude of this structure,
due primarily to the inner satellites, is very weak
compared to the central-line peak, i.e., of the order of
0.1—03%. The outer satellite distribution is so broad
and so weak that no structure attributable to it can
be observed even on our magnified scale.

On the other hand, there were systems in which we
expected quadrupolar echoes to be absent such as the
Al at the cubic site in AuAl2 and in pure annealed Al
metal. The former appears to have a very high degree
of crystallographic order, where as the latter has
obvious cubic symmetry. A signal was observed from
Al nuclei in both systems and, as expected, did not
appear to be quadrupolar in nature. Unlike the cases
of I in K.I and Al in NiAl, no extra echoes could be seen
at 27 or 3r, and the signal did not change shape ap-
preciably with variation of P.

IV. OTHER REMARKS

A. Satellite Relaxation Times

In studying both the "~I and '~Al resonances in KI
and NiAl, respectively, it was noticed that the quad-
rupolar echoes decayed more slowly (with no obvious
change in shape) than the central-line component as a
function of r, i.e., T2 for satellites) T2 of central tran-
sition. This effect has been observed before. ' It rejects
the fact that two neighboring spins will, in general,
experience different Q.eld gradients especially if the
quadrupolar interactions are much larger than any
spin-spin energy. The mutual spin-Rip terms of the
spin-spin Hamiltonian are inhibited because energy
cannot be conserved. This suggests that, even when r
becomes of the order of the spin-spin decay time of the
central line, the echo shape still measures the satellite
distributions directly (provided that the echo width is
much narrower than the central-line spin-spin decay
time). However, a more specific statement in this
regard must await a comprehensive analytical treat-
ment of the combined quadrupolar and dipolar echoes
where all transitions are saturated by the rf field.

B. Recovery Time

In certain cases where instrument recovery time
limits the minimum r for observation of a 2r echo it

may be possible to utilize the echo at 3r to relax this
restriction. To see this, consider the criterion for
observation of an echo occurring at time er in the
presence of instrument recovery time r„er)r+r„orr) r,/(e —1). Observability of a 3r echo requires only
that r& ~r„where as it must be larger than r„for a
2r echo. To capitalize on this apparent reduction in
recovery time, the echoes must be fairly narrow com-
pared to r (so as to avoid interfering with one another).

C. Other Syin Values

Although we deal explicitly with I= ~ in this paper,
many of the results are immediately applicable to other
spin values. We noted earlier that, for half-integral
spin I, there were (I—~~)(I—2) extra echoes, in addi-
tion to the one at 2r. The analogous expression for
integral spin is I(I—1). For example, for I=), there
will be six such echoes, at 347, 5r/3, ~~a, 'r, 3r and 4r,'
the outer, middle, and inner satellites individually
determine the shapes of, respectively, the erst, second,
and third pair of echoes denoted above. When I=2
there will be 12 echoes, with each of four sets of satel-
lite transitions governing the shape of three echoes.
No difficulty would be anticipated in observing the
echoes beyond t=2r. One might expect considerable
overlap of signals which occur for t&2r, unless r is
sufficiently large compared with the echo width. How-
ever, unique information can be obtained on these
systems even with the above limitations.

V. CONCLUSION

In this paper we have shown that phase shifting the
second pulse of spin echo sequence by 90' in the I= ~
case enhances the extra allowed echoes by a factor of
almost 5. The —', +-+ —', and —', +-+

~ satellite transitions are
separately measurable. It is apparent that while cw
NMR experiments can measure significant inhomo-
geneous quadrupolar interactions in solids with some
difficulty, the transient quadrupolar echo technique
can accomplish this task more directly and far more
quantitatively. In fact, cw spectra of NiAl had re-
vealed no satellite structure. The reconstruction of cw
line shape using the quadrupolar echoes demonstrates
clearly the difficulties in attempting direct observation
of quadrupolar structure. Extension to higher spin
systems is obvious but possibly more complex experi-
mentally because of the large number of echoes for
t(2r.
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