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width in fact becomtes temperature-independent at
ALII=0. 1 G. A simple linewidth measurement of the
proton resonance in a water sample of the same dimen-
sions as the sodium sample showed -the field inhomoge-
niety over the sample to be about 0.1 G. The 6eld was
so inhomogeneous over the small sample because the
ratio of the magnet gap to the pole cap diameter was
5:12; the large gap was required in order to fit in the
rather bulky microwave cavity and the glass Dewars.
Thus our data may not be compared to Vafet's calcu-
lations below about 35'K, where the measured line-
widths is 0.4 G. We can say in defense of our poor
homogeneity that even if Yafet's calculations are
correct only down to 20'K the linewidth would be on

the order of —,'0 our present limit. Thus a substantial
improvement in homogeneity would not extend our
range of valid data very significantly. The calculated
relaxation times in the hydrogen temperature region are
long enough to aHow a direct measurement of Tj by
transient techniques.
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The nuclear magnetic resonance of In"' has been observed throughout the cubic phase of Pb-In alloys,
at 77 and 300 K. The Knight shift is 0.86% and is essentially unchanged with composition. The linewidths
increase rapidly with In concentration, probably mostly due to pseudodipolar interaction. The average
electric field gradient at a In"' nucleus for any configuration of Pb neighbors is about q~3)&10" cm 3,

about 20 times smaller than for Cu having a Zn second neighbor in the fcc Cu lattice. The small value of the
field gradient is discussed in terms of the behavior of the charge oscillations, and is related to the small
change in Knight, shift for Pb"' in these same alloys.

I. INTRODUCTION

'HE nuclear electric-quadrupole moment interacts
with the electric 6eld gradient at the site of the

nucleus. In a position of cubic symmetry, the electric
field gradient vanishes and there is no quadrupole inter-
action. In the liquid phase of a metal, atomic motion is
usually sufficiently rapid to average out the field gradi-
ents. Knight' pointed out that, in some cases, strong
quadrupole interactions may obliterate the nuclear
magnetic resonance (NMR) signal of a quadrupolar
nucleus in the noncubic lattice of the pure metal, but
that the nucleus may still exhibit a strong NMR signal
when substituted in the cubic environment of another
metal. For example, in pure orthorhombic Ga, the nu-

*Some of this work forms a part of a Ph. D. thesis submitted
to the University of Maryland by R. J. S. The experiments were
performed at the National Bureau of Standards.
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D. Turnbull (Academic Press Inc. , New York, 1956), Vol. 2. For
further information on nuclear quadrupole eGects in solids, see
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clear magnetic resonance has been observed in the liquid
phase only. However, when Ga is substituted in the face-
centered cubic lattice of Cu, the cubic environment
substantially reduces the quadrupole coupling for many
of the Ga atoms and the nuclear magnetic resonance is
observable. Knight suggested that it might be possible
to make suitable alloys of other metals for which the
resonances are unobservable in the pure state.

Following this suggestion, one of the present authors'
observed a strong NMR signal of In"' substituted in
the cubic lattice of a 95% Pb —5% In alloy. If the in-
dium is randomly distributed throughout the lattice,
about one-half of the indium atoms have only lead for
erst, second, and third nearest neighbors. The intensity
of the In"' resonance compared to the Pb"' in this
alloy led to the conclusion that these atoms were ob-
served, together with some of the satellite intensity.
An alternative possibility is that all In"' nuclei partici-
pate in the resonance but that some of the satellite in-
tensity is smeared out.

In order to distinguish between these possibilities the

s L. H. Bennett, Bull. Am. Phys. Soc. 4, 251 (1959).
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In"' resonance was looked for in other alloying propor-
tions. Very surprisingly, the In"' resonance remained
observable with almost no change in intensity per atom
throughout the cubic lead phase. ' Figure 1, for example,
shows the observed room-temperature Pb"' apd In""
NMR absorption derivatives in alloys containing 0.5
at.%%uo Inan d35at.% In . There isn oessential difference
in the In"' resonance at 77'K in any of the alloys
studied.

Since the start of this research, the pure quadrupole
resonance of In"' in tetragonal indium metal has been
discovered4 ' with a room-temperature quadrupole
coupling constant of approximately 30 Mc/sec. The
high-field nuclear resonance of In"' in indium metal
has also been observed, ~ but with extremely large
quadrupole effects in agreement with the known
quadrupole coupling constant in the tetragonal lattice.
The In"' resonance has also been observed in liquid
indium, ' but here the rapid motion washes out quadru-
pole interactions. Nuclear magnetic resonance studies'
of In"' in an unstrained single crystal of InSb revealed
negligible quadrupole interactions, due to the high
symmetry of the zinc blende lattice of InSb. Thus, none
of these other results is directly comparable with our
surprising observation of the absence of pronounced
quadrupole effects in the noncubic environment of the
nondilute Pb-In alloy.

In Sec. II we present the experimental data on the
In"' NMR absorption derivatives linewidths, centers
and relative intensities as a function of concentration of
In in Pb, magnetic field, and temperature. In Sec. III,
we discuss the significance of the observation of the
In"' resonance in the "noncubic" environment of the
high indium concentration alloys in lead. We relate
this absence of pronounced quadrupole effects to the
small changes in Knight shift in the Pb"' resonance in
these same samples discussed in a preceding paper. "

II. EXPERIMENTAL METHODS AND RESULTS

Indium, a column III element, is dissolved in lead, a
column IV element. Lead is a face-centered-cubic metal
with melting point of 327'C. All measurements were
made in the cubic phase which persists up to about 68
at.%%uo In . In"' is96%abundant, ha s anuclearspin
I=9/2, a large nuclear magnetic dipole moment

' L. H. Bennett and R. J. Snodgrass, Bull. Am. Phys. Soc. 7, 228
(1962).
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Fio. 1. First derivative of the room-temperature nuclear mag-
netic resonance absorptions of Pbs and In' s in (a) 99.5%
Pb —0.5% In at 7.0 kOe, (b) 65% Pb —35% In at 7.0 kOe and
(c) 65% Pb —35% In at 5.8 kOe.

(5.5 n.m.), and a large electric quadrupole moment
(1.16 b).

All of the resonances were observed at both 77' and
300'K with a Varian wide-line spectrometer. The experi-
mental techniques and the preparation of the alloys
have been discussed previously. ""Typical resonances
are shown in Fig. 1. Since the Pb"' and In"' resonance
differ in shape and width, it is somewhat misleading to
compare the recorded absorption derivatives in order
to determine relative intensity. Instead, a point by
point integration was made of each resonance, and the
relative areas of the resulting absorption curves were
compared. The assumption was made that the absorp-
tion is zero in the wings when the derivative is zero.
This assumption has the effect of ignoring Bat wings,
and thus underestimating the contribution of In"'
satellites.

If we make the reasonable assumption that we are
observing all of the Pb' nuclei, then a comparison of
the relative intensities of the Pb"' and In"' resonances
ie fhe same samp/e gives an indication of the portion of

» R. J. Snodgrass and L. H. Bennett, Appl. Spectry. 17, 53
(1963).
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Fza. 2. In"' absorption linewidth versus In
concentration at 300'K and 7.0 kOe.

the possible In"' resonance we are observing. This is
independent of frequency, Ailing factor, and other ex-
perimental parameters, provided only that there is no
modulation broadening. This comparison showed that,
with the exception of the 68% In sample, there was al-
most no change in intensity per atom of the In"'
throughout the cubic lead phase. The absolute intensity
of the In"' in any of these samples corresponded to
about 10 to 20% of that possible, in good agreement
with the intensity expected from the central transition
alone. We conclude that we are observing only the cen-
tral line of essentially all In"' nuclei in the alloys, at
both 77 and 300'K.

There is virtually no second-order quadrupole shift
at 7.0 kOe or above. For the 35% In sample, Fig. 1L(b)
and (c)$ shows the room-temperature resonance ab-
sorption derivatives of In"' and Pb"' at 7.5 and at 5.8
kOe. The In"' resonance at the lower field shows some
sign of second-order broadening. Any shift in center be-
tween these two In"' resonances (normalized to 5.8
kOe) is less than 1 kc/sec.

The presence of substantial ordering or clustering
would of course change the main result of this paper,
that we are observing only small quadrupole effects in
a Nottcubic environment. An x-ray study" of the 20%
In and the 35% In sample used in this research revealed
no short-range order. The short-range order param-
eter in the ith shell around an A atom is defined as
n, =1 I'gp, /Xg, where I'per, —is the . probability . of a
8 atom in the ith shell around an A atom, and X~ is the
mole fraction of B. If O.q was =—0.05 or greater in
magnitude, it would have been detected. Clustering
(nt) 0) was not checked. A short-range order parameter
equal to 0.14 was suggested recently. " Even if the

» L. Schwartz and J. B. Cohen (private communication)."J.G. Rider and P. L. Roney, J. Inst. Metals 91, 328 (1963).

short-range order were this high, fewer than 1% of the
In would be in cubic environments in the 50-50 alloy.

The In"' linewidth as a function of In concentration
is shown in Fig. 2. The increase in the In"' linewidth
with In concentration can be understood if the pseudo-
dipolar interaction is assumed to be about 10 times the
ordinary dipolar. The pseudodipolar interaction was
found to be about 10 times the dipolar for the Pb'"
linewidth" in these same samples. No careful studies
of the 6eld dependence of the linewidth was made-
it is believed that a combination of second-order quad-
rupolar broadening at the lower 6elds, and anisotropic
and inhomogeneous isotropic Knight shift broadening"
at the higher fields could be important. The 68% In
point does not fall on the smooth curve in Fig. 2.
From the Pb"' Knight shifts, we had previously" con-
cluded that this alloy was in a two-phase region.

The resonance center is largely independent of con-
centration, occurring at 6.586&0.001 Mc/sec at 7000
Oe. This corresponds to a Knight shift of 0.86+0.01%,
which is close to the value found in the tetragonal phase
of pure In' (0.82&0.04% for the isotropic shift), or in
the liquid phase of In metals (0.79+0.03%, the & tak-
ing into account the variation with temperature, and
chemical shifts). There is no e priori reason for expecting
this close agreement.

III. DISCUSSION

The most important result of this work is the observa-
tion of the In"' resonance in the "noncubic" environ-
ment of nondilute Pb—In alloys. This result was un-
expected in view of the large quadrupole moment of
In"' and the observations of Rowland and Bloembergen"
on the Cu—Zn system. In that case Cu was the solvent,
Zn the solute. In pure Cu, the Cu" resonance is reduced
by cold working to 0.4 times the intensity in the well-
annealed metal. An average electric field gradient of
q=1.6&10" cm ' produced by cold working accounts
for this observation. As Zn is added to Cu, the Cu" in-
tensity is further reduced until the resonance is unob-
servable for Zn concentrations of more than about 20%.
Rowland concluded that no Cu6' nuclei were observed
when Zn destroyed the cubic symmetry in the first or
second coordination shell. Rowland estimated that a
gradient q&1.6)&10"cm ' is needed to account for the
loss of Cu" nuclear contributions to the NMR line for
Zn nearest and second-nearest neighbors. In a recent
direct measurement, Redfield" showed that the quad-
rupole frequency for second neighbors was 1980 kc/sec
(corresponding to q

= 7 X10" cm '), and for first
was probably greater than 5 Mc/sec, consistent with
Rowland's estimate.

In order to contrast the Pb-In results with the Cu-Zn
work, it may be meaningful to think of In as the solvent,

'4 T. J. Rowland, Ph.D. thesis, Harvard University, j.954
(unpublished); N. Bloembergen and T. J. Rowland, Acta. Met.
1, 731 (1953);T. J. Rowland, Phys. Rev. 119, 900 (1960)."A. G. Red6eld, Phys. Rev. 130, 589 (1963).
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TABLE I. Average electric Geld gradients at nuclei in metals.

Cu Having
Cold worked Zn 2d

Cu neighbors
In in Al in Al-Mg or
In-Pb Al-Zn alloys

g(cm ') 1.6X10" 70' 10" 3X10" 17&(10"

Pb as the solute. We do not observe the In in the dilute
region (high In concentration) due to the tetragonal
structure. But, consider a hypothetical cold-worked
cubic In metal in analogy to the cold-worked cubic Cu
metal. As the solute (Pb) is added, the In"' intensity
per atom would be expected to decrease. Thus, for ex-
ample, we would expect the In"' resonance in the 50%
In—50% Pb alloy to be unobservable (unless there is
substantial clustering or ordering, which does not seem
to be the case). In. fact, the resonance intensity in the
50% In—50% Pb alloy is very large, corresponding to
the observation of the central transition of all the In"'
nuclei. Using a method described by Rowland, " and
assuming we have no more second-order effects than dis-
cussed in Sec. II of this paper, we obtain q&4.6)(10"
cm ' for the average electric field gradient at a In"'
nucleus for any configuration of Pb neighbors. From the
fact that the satellites do not contribute to the observed
lines, we find q&1.4X1022 cm '. Thus we can take
q=3&(1022 cm ' as the average gradient at the In
nuclei, which is comparable to the field gradient in
pure cold-worked Cu, and is 20 times smaller than that
found for Cu having Zn second-nearest neighbors, as
is shown in Table I.

Kohn and Vosko" have explained the magnitude of
the field gradients at the Cu site due to various solute
atoms'4 on the basis of a redistribution of the conduction
electron charge density near the solute. "The reduction
in Cu NMR absorption intensity with increasing solute
concentration was taken as confirmation of a long-range
oscillatory behavior of the electron density. This same
type of oscillatory behavior was shown to be responsible
for the change in Knight shifts in silver, ""cadmium, "
and the alkali metals. "

In the case of Pb-In, it has already been pointed out"
that the changes in Knight shift of the Pb'0~ upon the

'eT. J. Rowland, Progress in Muleriel Sciences (Pergamon
Press, New York, 1961),Vol. 9.

's W. Kohn and S. H. Voto, Phys. Rev. 119, 912 (1960).
'e See also J. Friedel, Phil. Mag. 45, 155 (1952); A. Blandin,

E. Daniel, and J. Friedel, ibid. 4, 180 (1959); A. Blandin and E.
Daniel, Phys. Chem. Solids 10, 126 (1959);and A. Blandin and J.
Friedel, J. Phys. Radium 21, 689 (1960)."T.J. Rowland, Phys. Rev. 125, 459 (1962).

se L. E. Drain, Phil. Mag. 4, 484 (1959).
~'L. Rimai and N. Bloembergen, Phys. Chem. Solids 13, 257

(1960).

addition of In are small. No definite conclusion could
be reached as to the importance of the charge oscilla-
tions in the lead-indium system. In any case size effects
are probably too big to be neglected. We have not yet
made a quantitative estimate of the 6eld gradients. A
possible explanation for both the small change in Pb'0'
Knight shift and the absence of In"' pronounced quad-
rupole effects is that the charge oscillations are greatly
damped or that they oscillate rapidly and are effectively
averaged out. It might then be appropriate to say that
the In atoms in the cubic Pb phase screen themselves to
"look almost like" Pb atoms, as far as Knight shifts and
quadrupole effects are concerned. Of course, the aniso-
tropic Knight shift broadening" depends on the In
disrupting the cubic symmetry of the lattice so this
description is not completely adequate.

It is also interesting to compare the Pb-In work with
Webb's measurements" on Al-Zn and Al-Mg. For both
Pb" and Al' only small changes in the Knight shift
are observed. The average electric field gradient q at the
site of an aluminum nucleus which is nearest neighbor
of a solute (Zn or Mg) atom is found by Webb to be
17&10"cm '. This is an intermediate value between
In-Pb and Cu-Zn. It appears as if the effective valence
difference between adjacent metals having higher group
(or atomic) valences is less than for those with lower
valences.

The angular correlation of the y-y cascade of In'" in
thin layers has been measured" as a function of In
concentration. This experiment shows a relatively large
increase in anisotropy in going from almost pure lead to
Pb-1.5% In. Kaiser attributes this increase to the elec-
tric field gradients at an indium atom due to its nearness
to other indium atoms. He then compares his result to
BIoembergen and Rowland's observation of the rapid
loss in Cu NMR intensity upon addition of Zn. Our
results show that the In-Pb result should not be com-
pared to the Cu-Zn work. However, it is possible that
an increased quadrupole interaction, rejected in the
anisotropy, is associated with a first-order splitting of
the satellites.
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