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The variation of nuclear magnetic absorption intensity with solute concentration is studied
in dilute alloys of aluminum. Wipe-out numbers obtained for Cu, Ag, Mg, Zn, Ga, and Si .

in Al are, in order, 236, 205, 122, 94, 160, and 199. An interpretation of these results in
terms of the pseudopotential theory is attempted with moderate success. A systematic dis-
crepancy is found between theory and experiments; theoretical estimates of wipe-out num-
bers are about 0.7 of observed values. The same theory applied to the electric field gradient
on near neighbors of impurity atoms is found to give poor agreement with reported results
of double-resonance experiments. It is suggested that one of the primary sources of these
discrepancies is the neglect of the Bloch character of conduction electrons in calculating
the screening charge distribution.

I. INTRODUCTION

The effect of alloying on the nuclear magnetic
resonance of aluminum has been studied by a
number of workers, ~~ and has been interpreted
in terms of the electric quadrupole perturbation
produced by impurity atoms. There are two differ-
ent types of experiment; (i) a measurement of the
rate of change of resonance intensity with impurity
concentration, ' ' and (ii) a measurement of the
electric field gradient (EFG) on each particular
shell of atoms surrounding an impurity. Al-
though the latter type of data should be of more
importance eventually in establishing a microscop-
ic picture of impurity states, the former is no less
important, as it is accessible to some extent by
the present state of theory, and serves therefore
as a more useful guide for a better understanding
of the problem.

The experiment was performed here to provide
a more reliable set of' intensity data to be compared
with theory. There has been some doubt about the
reliability of existing data because of the possible
formation of small clusters of impurity atoms in
the course of sample preparation. In fact, a drastic
intensity change was found in Al-Ag alloys as a
result of annealing at room temperature for only
a few minutes.

There are also some problems on the theoretical
side. I et it be accepted that the primary source
of the quadrupole interaction is a long-range
oscillation of the screening charge density around
impurity atoms (Friedel oscillation), which varies

as A cos(2krx+ P)/r'. Since the work of Kohn and
Vosko and of Blandin and Friedel, ' it has become
a common practice to estimate 2 and Q in this
expression by a partial-wave analysis, determining
a set of phase shifts from the Friedel sum rule
and observed values of residual resistivity. One
might expect that this approach, based on the free-
electron model, should work fairly well in alumi-
num because aluminum behaves like a free-elec-
tron metal in many respects. This expectation was,
however, questioned in our treatment of the elec-
trical resistivity in aluminum alloys' (hereafter
referred to as I), in which the free-electron theory
was found to yield resistivity values about 0. 6
times the observed ones, and this discrepancy was
removed almost completely by taking the Bloch
character of conduction electrons into account. In
the theory presented here, we attempt to interpret
experimental data in terms of the pseudopotential
theory, using the same potentials that have been
used in the resistivity calculation in I. Those
potentials have been constructed from band-struc-
ture or Fermi-surface data and are known to give
resistivity values in good agreement with obser-
vation.

Experiments performed on six impurity species
Cu, Ag, Mg, Zn, Ga, and Si are described in Sec.
II, followed by the description of the theory in Sec.
III. A comparison between theory and experiment
is discussed in some detail in Sec. IV.

II. EXPERIMENTAL

A major point of the present experiment was to
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avoid a precipitation or pre-precipitation of solute
atoms, which is fairly common in aluminum alloys.

Specimens were prepared from 99.999% pure
aluminum and 99. 99% pure alloying elements.
Ingots were made by melting the constituents under
high-purity argon, casting into graphite molds,
and then swaging heavily. They were subsequently
cold rolled into foils, about 15 p, m thick and 2cm
wide. The actual composition of alloys was deter-
mined by spectroscopic analysis. ' Strips 15cm
long were then mounted on light aluminum frames,
suspended in a vertical furnace filled with high-
purity nitrogen, held at 550 'C for 3h, and then
quenched. In the quenching process, the foil was
dropped into ethyl alcohol held at —50 'C, rinsed
in ether also held at —50 C, shaken vigorously
to remove excessive ether, and transferred into
a liquid-nitrogen reservoir. A remaining ether
film was found to break off instantly. The whole
quenching process was completed in 5 sec. The
foils were cut into 1&& 2-cm pieces and assembled
into a sample container, leaf over leaf, with an
insulating 25- p, m-thick Mylar film, all in liquid-
nitrogen bath. Each sample consisted of 91 pieces
of foil. A sample of pure aluminum was prepared
in the same way, except that it was slowly cooled
after annealing, and was assembled at room tem-
perature. A sample container was inserted snugly
into an rf coil in a cryostat which had been cooled
to liquid-nitrogen temperature.

The NMR spectrometer used is a twin-T Ander-
son-type bridge, equipped with an automatic bal-
ance control and an electronic-calibrator circuit.
Derivatives of absorption lines were recorded at
a fixed frequency (4MHz) using a sinusoidal field
modulation at 22Hz. A peak-to-peak deflection of
a derivative signal was calibrated against an elec-
tronic-calibrator signal, and was used as a mea-
sure of the intensity. The signal-to-noise ratio
was about 15 for most concentrated alloys, and
was generally better. The average was taken of
nine successive runs with a sample rotated by
22. 5' each time with respect to the external mag-
netic field. This procedure was necessary because
an orientation dependence of intensity was observed
in most cases, apparently owing to rolling textures
in the foils. The thickness was measured and the
skin depth was calculated for each specimen in
order to make a correction for the finite thickness
of foils by using the result of Chapman et al. '
The intensity, corrected next for the number of
nuclei in the sample, was normalized to that of the
pure specimen. Since the effect of alloying in alu-
minum is known to be well described by the first-
order quadrupole perturbation, which leaves 35 of
the total intensity (central line component) unaf-
fected, we focus our attention on the rest (satel-
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FIG. 1. Variation of satellite intensity of Al
function of solute concentration: Cu and Ag in Al. The
peak-to-peak deflection of an absorption derivative minus
the central line component is taken as a measure of
satellite intensity, I,. Wipe-out numbers obtained are
236 and 205 for Cu and Ag, respectively.

TABLE I. Wipe-Out number for aluminum alloys.

Impurity Experimental Theoretical
Present data Previous data A Bb

Cu

Ag
Mg
Zn
Ga
Si
Ge

236
205
122

94
160
199

242 153
46 , 90 165

130 81
98 , 100 c 66

138
142

40', 130 176

164
177
85
69

149
157
195

Based on the dielectric
correction.
Based on the dielectric

tion.
'Reference 5.
Reference 2.

~Reference 4.
Reference 1.

gReference 3.
"Reference 11.

function without exchange

function with exchange correc-

lite component) and renormalize the satellite in-
tensity to that of the pure specimen. The variation
of the satellite intensity I, with solute concentration
c was fitted to an empirical formula, ' I,= (1 —c)",
i. e. , lnI, = —nc, where the exponent n is a wipe-
out number, which we determine from experiment.

The observed satellite intensity is plotted in Figs.
1-4 as a function of solute concentration. Note
that the ordinate is a logarithmic scale. The fact
that best-fit lines in these graphs do not extrapo-
late to unity can be largely ascribed to the effect
of quenching strain; the satellite intensity of about
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FIG. 2. Variation of satellite intensity of Al as a
function of solute concentration: Mg and Zn in Al. The
peak-to-peak deflection of an absorption derivative
minus the central line component is taken as a measure
of satellite intensity, I~. Wipe-out numbers obtained
are 122 and 94 for Mg and Zn, respectively.

FIG. 4. Variation of satellite intensity of Al ' as a
function of solute concentration: Si in Al. The peak-to-
peak deflection of an absorption derivative minus the
central line component is taken as a measure of satel-
lite intensity, I~. The wipe-out number obtained is 199.

0. 9, observed for a pure specimen quenched in
the same way as alloy specimens, comes near
extrapolated values. Thus, we prefer to determine
wipe-out numbers from slopes of straight lines
omitting the point for the pure specimen which had
been annealed before measurements. The wipe-out
numbers obtained are listed in Table I, together
with previously reported values.

III. THEORETICAL

It is now well established that a primary effect
of alloying on the nuclear magnetic resonance of
aluminum comes through the quadrupole inter-
action, which in turn arises mainly from the in-
homogeneous (or oscillatory) distribution of screen. —

1.0

ing charges around impurity atoms.
We start with the expression derived by Kohn

and Vosko, and Blandin and Friedel, which gives
the EFG eq(x) in terms of the change in charge
density &p(x) introduced by an impurity atom;

eq(r) = (8'/3)nn p(r)

where x is a distance from the impurity atom, and
n is a constant determined by the electronic struc-
ture of the host metal and is called a core enhance-
ment factor. The charge density np(r) in this
equation denotes only the smooth part of the screen-
ing charge density, which carries with it a rapidly
varying part arising from the interaction with ion
cores of host atoms. The effect of the latter is to
enhance the EFG seen by the nucleus sitting at the
center of the ion, and is written here in terms of
the core enhancement factor. This factorization is
based on the approximation that the variation of
&p(x) is small over the atomic size, and is only
approximately valid in actual situations.

In the following, we calculate, in order, the
screening charge distribution around various im-
purity ions in aluminum, the core enhancement
factor for aluminum, both by the pseudopotential
theory, and finally the EFG and wipe-out numbers
to be compared with experiment.

0.1 I

0.5
= a t. % SOLUTE

1.0 A. Distribution of Screening Charge around Impurity Atoms

FIG. 3. Variation of satellite intensity of Al as a
function of solute concentration: Ga in Al. The peak-
to-peak deflection of an absorption derivative minus
the central line component is taken as a measure of
satellite intensity, I~. The wipe-out number obtained
is 160.

The pseudopotential theory is used in calculating
the distribution of screening charges around im-
purity atoms. ' It should be noted first that in pure
aluminum the EFG on any aluminum nucleus van-
ishes because the electric charge distribution has
cubic symmetry around any lattice site.

What gives rise to the nonvanishing EFG is not,
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TABLE Il. Core radius ft (unit A). All values except those footnoted have been obtained in Ref. 14 from the best
it to experimental points furnished by de Haas-van Alphen or optical data on pure metals.

Atom Mg

0.732

Al

0.610

Si

0.522

Cu

0.93

Zn

0.683 0.535

Ge

0.506

Ag

0.99

Empirical values given by N. W. Ashcroft and D. C. Langreth [Phys. Rev. 159, 500 (1967)j.
"Determined by interpolation.

therefore, the screening charge density around
each impurity atom as a whole, but its deviation
from that of an aluminum atom replaced by the
impurity.

The charge density Ap(r) to be used in (3. 1) is
then given by the pseudopotential theory as follows: s,(x) = 1+ (4~'/x') [f(x)/g(x)], (3. 5)

Table II. Details of the method of determining the
core radius are given in I. The dielectric function
in the random-phase approximation (RPA) is given
as follows:

2

rp(r)=Q e"', [1—so(q)], (3. 2)4'
where

f(x) = 3+ ln
4 —x 2+x

(3. 6)

where ao(q) is the dielectric function of the host
metal, and hztI(q) is a difference of the pseudopo-
tential of the impurity atom ttI;(q) and that of the
host atom too(q), i. e. ,

bttI(q) =ttI (q) —too(q) (3. 3)

The prime on the summation indicates that the

q = 0 term is to be omitted.
The potentials used in the present calculation

are the same ones as have been used in the resis-
tivity calculation in I. They are approximated by
Ashcroft's form,

tt(q) = —4me Z cos( qR) /qAoso(q) (3. 4)

where Z and B are the valence and the core radius,
respectively, of the atom in question. Values of
the core radius, the only parameter in the poten-
tial, have been fitted to the results of band-struc-
ture or Fermi-surface studies and are listed in

and x=q/kr, X = I/sage, with ao the Bohr radius.
Two different forms are used for g(x): In one case,
neglecting the exchange correction, we put

g(x) =1 (3. 7a)

A.sf (x)
—'exs + 1/(1+ 0. 158& )

(3. 7b)

Examples of the screening charge distribution
calculated are shown in Figs. 5 and 6 for Mg and
Si in Al. In these graphs, the quantity np(r)r is
plotted against r/a, where a is a lattice constant
of aluminum. Also shown in the graphs is ~(r),
a number of screening charges contained within a
sphere of radius x. Both quantities are shown for
two different choices of the dielectric function. It
may be seen in these graphs that the requirement
for the charge neutrality is fulfilled as it should be

and in the other, including the exchange correction,

0-

h, Z

Mg inAI

op(r) r~

I

—r/a

b, Z

Si inAI

B

A
AZ (r)

z Z(r)
i+ I

~ ~

~ I

FIG. 5. Screening charge distribution around an
impurity atom; Mg in Al. The screening charge density
&p(x) multiplied by x, and &Z(x), a number of screen-
ing charges contained in a sphere of radius x are shown
for two different forms of the dielectric function, &(q).
A, solid line, E(q) without exchange correction; B, dashed
line, e(q) with exchange correction.

FIG. 6. Screening charge distribution around an im-
purity atom; Si in Al. The screening charge density
&p(x) multiplied by r, and &Z(~), a number of screen-
ing charges contained in a sphere of radius x are shown
for two different forms of the dielectric function, e(q).
A, solid line, e(q) without exchange correction; B,
dashed line, &(q) with exchange correction.



NUC LEAR MAGNETIC RE SONANC E IN ALUMINUM AL LOT S 2357

The definition of the core enhancement factor
has been given by Kohn and Vosko' as follows:

o'= J dR[gf] z P2(cose-„Il)/, I+y(ff)

f dR[g&&] 3 P&(cose„ii) (3.3)

where $0 is a plane wave, gg is a true wave func-
tion of conduction electrons for [k ~

= kz, y(R) is
the antishielding function which takes care of small
distortion of the ion core owing to quadrupole in-
teractions, and the distance R is measured from
the aluminum nucleus in question.

In previous calculations, ' g.„has been approx-
imated by a simple orthogonalized plane wave
(opw),

(3. 0)

where Q, 's are core wave functions specified by
t, and N„- is a normalization constant. The core
enhancement factor obtained for aluminum was

10 19

In the present calculation, the wave function is
constructed by the pseudopotential theory, treating
the array of the pseudopotential of constituent alu-
minum atoms as a first-order perturbation on the
OPW. The expression is given as follows:

/

(3. 10)

by virtue of the self-consistent way of constructing
potentials to first order, and that the general out-
look of the charge distribution fits fairly well with
the asymptotic form, except that the decay of os-
cillation amplitude with distance is a little more
rapid.

B. Core Enhancement Factor

The EFG on aluminum nuclei around impurity
atoms can be obtained from Eq. (3. 1) by simply
substituting 4p(r) evaluated at each lattice site.
Results of the calculation are given in Table III
for six different impurity species, together with
experimental results reported. Values of the EFG
on the first and second nearest neighbors to the
lmpurlty are given ln units of 1013 cgs esu. The
agreement is by no means satisfactory. The dis-
cussion of these results will be deferred to Sec. IV

In the calculation of wipe-out numbers, we adopt
a method of Sagalyn et al. ,

' ln which the wipe-out
number is written in a form

n=Z; n,f(eq,), (3. 11)

where n& is a number of atoms in shell i, and

f(eq;) is a wipe-out fraction determined by the EFG

TABLE III. EFG on first and second shells from
impurity atoms in aluminum (10~3 cgs esu).

Impurity Shell
Theoretical

A B " Experimental c

—6.6
2. 1

—5. 8
2. 5

—5.6
1.0

0. 9
3.0
2. 0
3.4

—2.4
1.4

10.3
2. 5

8.9
3.0

correction, n = 22. 8. The result thus proved to be
quite insensitive to the choice of the dielectric
function. A fact to be noticed here is that the con-
tribution of the second term in Eq. (3. 10) (screen-
ing) is equally as important as that of the first
term: The first term alone gives 10.6, in agree-
ment with the previous estimate of about 10 based
on a single OPW.

C. EFG and Wipe-Out Numbers

where wo(q) is a pseudopotential of the host atom,
the summation over q excludes q=0, and the sum
over l runs over all the lattice sites R„ the total
number of which in the crystal is N.

The OPW's were constructed here from core
wave functions calculated by Froese. Two dif-
ferent forms were used for the pseudopotential of
aluminum; one with an RPA dielectric function
without including the exchange correction, and the
other including it. The wave function (3. 10) was
then expanded in series of Legendre polynomials
to facilitate computation of the core enhancement
factor.

The core enhancement factor obtained is as fol-
lows: For the dielectric function without exchange
correction, n = 22. 6, and for that with exchange

Zn

Ga

In

si 1
2

Ge

Based on the
correction.

Based on the
tion.

'Reference 9.
periments.

—4. 5
0.7

3.8
—0.1

4.6
—0. 1

8.6
1.7
1.7

10.6

3.1
16.3

8.3
—0.6

9.4
—0.6

5.7 3.6
—1.0 13.2

7.1 2. 6
—1.0 15.4

dielectric function without exchange

dielectric function with exchange correc-

The sign of EFG undetermined from ex-
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on that shell, eq;. As the experiment here deals
with the peak-to-peak deflection of absorption
derivatives in randomly oriented crystallites, the
appropriate expression for the wipe-out fraction
is

f(eq)= 1 ——dg

max

(3.12)

IV. DISCUSSION

We attempt in this section to examine some
possible defects of the theory from the over-all
comparison between theoretical and experimental
results.

The fact to be noted first is that the present
theory yielded results reasonably good for wipe-
out numbers but rather poor for the EFG on near

i.o
O
(D

O
I—
O
cr 0.5
U

I—

O
I

LLI
CL

0.5 l.O

eq(iO cgs esu )
13

1.5

FIG. 7. Wipe-out fraction f(eq) for Al in metallic
aluminum. The wipe-out number for any particular
kind of impurity is given in terms of f(eq) by n= g; n;f
& (eq; ), where n& and eq& are the number of atoms and
EFG on the shell i surrounding an impurity atom.

where (dgJdv) ~ is a maximum deflection of the
absorption derivative in pure aluminum, and (dg/
dp) ~ is a corresponding quantity for a hypothetical
sample with all the aluminum nuclei exposed to
the same value of EFG, eq. The former is eval-
uated from the observed line shape in pure alumi-
num, while the latter is calculated by convolution
of the frequency distribution function in a powder
sample for a given value of eq, and the line-shape
function in pure aluminum. The electric quadrupole
moment of az.Al is taken to be @=0. 149x10 cm .
The wipe-out fraction obtained is shown in Fig. 7
as a function of eq. The wipe-out numbers calcula-
ted are listed in Table I, together with experimental
ones. Calculated values are in reasonable agree. -
ment with experiment, although they are consis-
tently smaller than experiment by about 30%.
These results will be discussed in some detail in
Sec. IV.

neighbors of impurity atoms. This implies that
the theory works better in the distant region than
in the near-neighbor region; the wipe-out number
is a kind of average quantity determined by the
EFG distribution at large distances from impuri-
ties. A little closer look reveals the following:
(i) As regards wipe-out numbers, the discrepancy
between theory and experiment found for six dif-
ferent impurity species is more systematic than
random. The ratios of the observed to calculated
wipe-out numbers are about 1.4 on the average.
(ii) As regards the EFG on near neighbors, two

distinct features are noticed. Firstly, the theory
predicts the EFG on the nearest-neighbor alumi-
num nuclei larger than on the next-nearest-neigh-
bor nuclei for all impurity species, whereas the
experiment shows that the reverse is the case for
impurity atoms with valence Z~ 3. Secondly, the
EFG calculated by the theory has axial symmetry
on any aluminum atom as a consequence of spher-
ically symmetric screening charge distribution
assumed, whereas a definite deviation from axial
symmetry was found from experiment, the asym-
metry factor for Zn impurity, for example, amount-

ing to as large as g=0. 39.
We now proceed to examine some possible

sources of these discrepancies. One might be
tempted to ascribe them to the effect of lattice
distortion which has been neglected in the present
calculation. The effect, if any, should be more
important in the near-neighbor region than in the
distant region. This conjecture, however, seems
disproved by the observation: There exists a clear
correspondence between the values of EFG ob-
served with different impurities of the same val-
ence, although the local lattice distortion as
deduced from the lattice parameter change is
widely, different. Certainly, the effect must be
responsible, at least in part, to the observed de-
viation from axial symmetry, but this seems to
be outweighed by something connected with the
valence of impurities in determining the over-all
feature of the EFG distribution.

The systematic discrepancy noted with wipe-
out numbers deserves consideration. It is in-
structive to recall in this connection that the same
kind of discrepancy was found in I for the elec-
trical resistivity calculated by the ordinary pseudo-
potential theory using the same potentials that are
used in the present theory. The systematic dis-
crepancy in that case was explained nearly com-
pletely by taking the Bloch character of conduction
electrons into account. The effective enhancement
of the scattering matrix element caused by the Bloch
character resulted in the over-all increase of the
resistivity by about 60% practically irrespective
of impurity species, and brought the theoretical
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estimates in good agreement with observed values.
We suggest here, on this basis, that the inclusion
of the Bloch character should lead to substantial im-
provement of the theory of EFG. The effective en-
hancement of the scattering matrix element noted
in the resistivity calculation may be enough to en-
hance the EFG by the required amount of about 40%.
It should also be pointed out that this effect is po-
tentially capable of explaining the observed devia-
tion from axial symmetry, because the crystal
structure should be reflected on the screening
charge distribution through the Bloch character of con-
duction electrons. In principle, what we have to do
is to consider the dielectric response of Bloch
waves instead of plane waves. This has been left
out in the present paper mainly because of the
amount of computational labor anticipated, and
also because we preferred to present the analysis
in the simplest possible form.

It may be appropriate next to examine the re-
liability of potentials used in this calculation. Among
the problems associated with the method of con-
structing potentials are the choice of dielectric
function and the neglect of nonlocal character of
potentials. The calculation has shown that the es-
timates of EFG on near neighbors are greatly
changed by the different choice of dielectric func-
tion, while the wipe-out numbers are only slightly
affected. In any ease, there is no sign of improve-
ment as far as the EFG is concerned through the
inclusion of the exchange correction in the dielec-
tric function, although it should be more legiti-
mate and is favored by the analysis of dispersion
curves of lattice vibration. The nonlocal character
of potential on the other hand was discussed in I.
Suffice it to say here that this effect can be rather
important for Cu, Zn, and Ag, that is, impurity
atoms of lower valence with outermost d electrons.

Another possible question is the reliability of
the estimated value of the core enhancement factor.
The observed wipe-out numbers may be explained
very well if we assume the core enhancement fac-
tor to be about 1.4 times larger than what we used
here. Considering that this factor is not easy to
estimate with high accuracy, this certainly re-
mains a possibility as far as wipe-out numbers
are concerned. In the case of near neighbors, how-
ever, the discrepancy is more or less random and
cannot be ascribed to this origin. We should ques-
tion rather the validity of Eq. (3. 1) itself because
the variation of charge density is much more rapid
and larger in magnitude in this region than in the
distant region. What we have to do in this case is

obvious; we have to return to the original expres-
sion for the EFG due to screening charges, namely,

1+ (ft)eq(R„) = —2e~l dR hp(R„+R) ~ P2(coseg g)

where R„ is a position of the nth lattice site mea-
sured from the impurity atom, and ~p is now the
actual change in charge density induced by the im-
purity atom. Note here that the core enhancement
effect is implicitly contained in the calculation of
~p. The total EFG is then obtained by adding to it
a contribution from the electric charge on the im-
purity ion, nZe(1+y„)/R'. Unfortunately, how-

ever, a literal application of the ordinary pseudo-
potential theory in calculating ~p in this expression
is not expected to yield satisfactory results. The
fact that the core enhancement factor is doubled by
including the screening charge distribution around
an aluminum atom implies that we have to proceed
at least to the second-order perturbation with re-
spect to pseudopotentials in calculating the EFG,
whereas the ordinary pseudopotential theory is
based on the first-order perturbation treatment.
Although this difficulty was circumvented here by
taking over the result of previous workers, Eq.
(3. 1), it does not seem to be possible by any means
to obviate this problem if a reliable calculation of
the EFG on near neighbors is intended.

V. CONCLUSION

It is concluded from the comparison of pseudo-
potential calculations of quadrupole interactions
in aluminum alloys with experiments that going beyond
the free-electron theory is a necessity in the cal-
culation of the EFG just as it is in the case of elec-
trical resistivity (as found in I). It is also con-
cluded that a "screening" part of the wave function
of conduction electrons around a host atom plays
a significant role in the core enhancement effect:
The core enhancement factor of aluminum obtained
here is about 23 as compared to 10, a previous
estimate based on a single OPW approximation.
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The experimental sensitivity attainable in employing such high-sensitivity NMR techniques
as double nuclear resonance and rotating-frame relaxation can be limited by spin-diffusion
rates within the bulk detected spin system. We develop a diffusion kernel solution to the
driven spin-diffusion equation and calculate the detected-system magnetization decay rate
induced by a dilute concentration of pumping centers. Our results show that spin-diffusion
suppression of the induced decay rate depends only upon local parameters, is independent of
concentration of pumping centers, and, in all systems whose experimental study has thus far
been reported, would produce at most a 10% effect. These particular conclusions apply only
to the case of completely dispersed pumping centers, but the general approach can be ex-
tended to treat aggregated systems. Our description of the spin-diffusion behavior yields
results in agreement with existing experimental data, but in disagreement with previous the-
oretical treatments.

I. INTRODUCTION

Extraordinary sensitivity for detection and study
of very dilute concentrations of defect states in
solids is provided by the techniques of nuclear
magnetic double resonance (DNR) and of rotating-
frame relaxation, (I/T„), induced by slow atomic
motions. Both methods involve the same principle;
an easily detected bulk nuclear resonance in the
sample, which we refer to as the detected system,
is adiabatica, lly demagnetized to very low spin tem-
peratures, and this cold detected system is brought
into thermal contact with hot defect states which
we refer to as pumping centers. In both ca.ses, the

bulk detected spin system serves as an integrating
detector of the energy transferredfrom thepumping-
center defect being studied.

In the case of rotating-frame (or zero-field) re-
laxation experiments, spatial coordinates describing
the defect are driven by the lattice dynamics and the
defect couples to the bulk spins by magnetic dipole
or quadrupolar interactions with a more or less
broad spectrum characterized by the average jump
time of the defect. Slichter and Ailion' used this
method to study the motion of free vacancies in Li
metal at low temperatures; the technique was em-
ployed more recently by Kumano and Hanabusa' and
by Wagner and Moran" to study the motions and


