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Angular Correlation Studies of Electric Field Gradients in Dilute Silver Alloys*
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Measurements of the angular correlation of cascade gamma rays have been used to investigate electric
field gradients at lattice sites in dilute silver alloys. The field gradients arise from the redistribution of
conduction electrons around solute atoms (valence effect) and from the distortion of the host lattice by
these atoms (size effect). The results indicate that the valence effect is predominant but that the size effect

can be comparable in magnitude in some cases.

I. INTRODUCTION

NTIL recently the Thomas-Fermi model! was used
to describe the electron screening around solute
atoms in a metal. However, experiments done in the
past several years have shown that the Thomas-Fermi
model is inadequate to explain certain observed long-
range effects.?”% A number of calculations®=7 have been
made that predict such effects and these results have
been used to explain the experiments. A characteristic
feature of both experiment and calculation is that the
electric field gradient in the vicinity of a solute atom is
closely related to the valence difference between host
and solute.
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It has always been recognized that there may also be
a contribution to the electric field gradient resulting
from distortion of the host lattice by the solute atoms,
but direct correlation of experimental data with the
change in lattice parameter caused by solute addition
has been very poor. Sagalyn, Paskin, and Harrison® have
nevertheless recently considered the size effect in analyz-
ing Rowland’s? data. Their results indicate that lattice
distortions in dilute copper alloys may make a signifi-
cant contribution to the total electric field gradient.

In the present paper a series of measurements made
on dilute silver alloys is described and an investigation
is carried out of the relative importance of size and
valence contributions to the field gradient.

II. DESCRIPTION OF EXPERIMENTS

In the present experiments, the effects of electric field
gradients near solute sites in the lattice are measured
by introducing nuclear “probes” into dilute alloys of
silver. The probes are radioactive In''! nuclei produced
in the lattice by a-particle bombardment of the alloys,
the reaction being Ag'®+a— In'''4-2z. The experi-
mental method consists in measuring the angular cor-
relation of the two cascade gamma rays from the decay
of the probe nuclei. The decay scheme of In'!! is shown
in Fig. 1. In the absence of any perturbation, the rela-
tive probability that the emission direction of the second
gamma ray in the cascade makes the angle ¢ with that
of the first is

VV(I?)"—‘ Z AkPk(COS‘iy), (1)

even k

with the conventional normalization of W taken as
Aoy=1. For the gamma cascade in this experiment,
Steffen? has measured the values A4,= — (0.1804-0.002)
and 4,4=0.0024-0.003. In the following, 4, is taken to
be zero, so that W ()= 1+442P»(cos?). This is consis-
tent with Steffen’s result. When the intermediate state
is perturbed, the expression for W(#) is modified.1
Under certain very general conditions, the presence
of a perturbation introduces into each term of Eq.

8 P. L. Sagalyn, A. Paskin, and R. J. Harrison, Phys. Rev. 124,
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TABLE I. Summary of experimental results.

Concentration Concentration
from chemical from residual Oxygen
Concentration N analysis in resistivity in Concentration

Z' Solute in atomic%, G atomic%, atomic%, in atomic?%,
0 Cu 0.46 0.78-+0.03 0.46

0 Cu 0.62 0.74+0.02 0.62

0 Cu 1.28 0.55+0.01 1.28

0 Au 0.27 0.90£0.02 0.26 0.28

0 Au 0.46 0.844-0.01 0.42 0.50 0.017
0 Au 0.80 0.694-0.02 0.78 0.81

0 Au 1.17 0.70-:0.04 1.17

1 Zn 0.53 0.86-0.01 0.53

1 Zn 0.79 0.89-+-0.01 0.83 0.75 0.003
1 Zn 0.82 0.874-0.02 0.81 0.83

1 Cdb 0.50 0.83240.03 0.50

2 Al 0.25 0.904-0.04 0.20 0.29 0.038
2 Inb 0.44 0.710.02 0.45 0.42

2 Tl 0.48 0.66-0.02 0.51 0.44 0.006
2 Tl 0.30 0.78+0.03 0.31 0.30 0.014
3 GeP 0.25 0.844-0.02 0.25

3 GeP 0.49 0.69-0.02 0.49

3 GeP 0.62 0.62+0.01 0.62

3 Snb 0.45 0.63+0.02 0.52 0.38

3 Ph 0.31 0.754-0.02 0.30 0.32 0.015
3 Pb 0.33+0.13 0.7140.02 0.45 0.20 0.15

3 Pb 0.75 0.52-£0.02 0.67 0.844-0.06

4 As 0.29 0.714-0.01 0.29 0.29 0.0007
4 As 0.57 0.51+0.02 0.62 0.52 0.01

4 Sh 0.25 0.70-£0.01

4 Shb 0.51 0.534-0.03 0.51

4 Sh 1.0 0.284-0.03

s The values listed here are actually ratios of Gz for the alloys to the average G for our pure silver samples.

b Taken from Ref. 3.

(1) an attenuation factor Gi(f) which depends on
the strength of the interaction and on the time ¢
for which the perturbation acts before the inter-
mediate state decays. This factor is treated in more
detail in Sec. IV. The experiment measures a double
average of Gy(?) designated as G,. The first average is
taken over the sensitive period of the coincidence
circuit which records the coincidence counting rate,
with weighting proportional to the decay rate et/ of
the intermediate state. Here 7, is the mean life of the
intermediate state. The second average is made over
all possible interaction strengths (determined by the
relative positions of solute and probe ions), each
weighted by its probability of occurrence. In the cal-
culation of the latter weight factors it is assumed that
the solute and probe ions are situated at random in the
lattice. This assumption is considered in detail in
Appendix I.

In addition to the averaging described above, the
measured correlation also includes the effect of the finite
angular resolution of the detectors. For cylindrically
symmetric detectors it can be shown!? that this intro-
duces a geometrical factor b into each term of Eq. (1).
The final expression for the measured correlation func-
tion in this experiment is

W 5(8) = 1A 30,G2Pa(cosd) , (2)

1t A, Abragam and R. V. Pound, Phys. Rev. 92, 943 (1953).
12 M. E. Rose, Phys. Rev. 91, 610 (1953).

where ¢ is now the angle subtended at the source by the
axes of the detectors. In this experiment, the value of
the factor 43b,Gs is extracted from the ratio of the co-
incidence counting rates measured at 90° and 180°. For
each alloy Gy is then obtained by dividing the measured
value of the factor 426:G> by the experimental value of
Asby, which is obtained from identical measurements
on pure silver for which it is assumed that G;=1 (no
attenuation). This assumption is shown in the following
paper™ to be satisfactory.

The samples in these experiments are all silver alloys.
They contain three components, namely Ag, solute, and
In!!! in the approximate atomic ratios of 1 Ag, 0.005
solute, and 10~ In''l, The samples are disks 7/32-in.
in diameter and 0.014 in. thick. They have been annealed
in an evacuated tube for 24 h at 890°C just before being
measured. X-ray analysis shows them to be polycrystal-
line with randomly oriented grains. The grain size
varies from 10 to 30 u.

E: Aley
Crystal o
W(e)=1+A, 8, P, (cos ©)

&,:8,qy)

F16. 2. Counter arrangement for angular
correlation measurements.
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F16. 3. Correlation of angular correlation data with solute valence.

The experimental equipment and procedures used in
this work have been previously described.? Summarizing
briefly the apparatus consists of two counters arranged
as shown in Fig. 2. The electronics is designed to count
delayed coincidences between two gamma rays coming
from the source. A coincidence is recorded if 7. is de-
tected between 155 nsec and 335 nsec after vy, The
data are automatically recorded and converted to values
for Gs. Recently the automatic camera used to record
scaler counts in earlier work was replaced by a system
which records the accumulated scaler counts on punched
paper tape.

Preparation of the alloys has also been described in
detail in Ref. 3. The present procedure is the same ex-
cept that the alloy billets are now given an additional
anneal for 24 h to improve homogeneity. The annealing
temperature has usually been 890°C, although 790°C
was used for Pb and As. The composition of each alloy
was determined by chemical analysis, using several por-
tions of the billet or rolled specimens, and also by re-
sidual resistivity measurements. The silver used was in
most cases 99.9999 pure, although a few measurements
have been made with 99.999, pure material. The solute
materials were at least 99.99%, except for Tl which was
99.98%, and Au which was 99.9%, pure. A number of the
alloys were analyzed for oxygen by the vacuum fusion
technique. The possible effects of any impurities present
in the alloys are discussed in the Appendix.

The results of these analyses are given in Table I, to-
gether with the experimental attenuation factors for
all of the alloys studied. Each G, quoted represents the
average of a number of individual disks, usually four or
five. The concentration listed in column two is the best
value based on all sample analyses carried out. For the
0.25% Sb and the 1.09; Sb no analyses were done and
the values are determined by the weights of the con-
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stituent materials used in making the billets. The con-
centration in column six is found from the resistivity
measured for the alloy and the published value of re-
sidual resistivity per atomic percent of solute.!®

In order to display the experimental results more
clearly, curves have been drawn of G versus solute con-
centration and the value of G, at 0.50%, impurity con-
centration determined. In the case of a solute for which
only one concentration was measured, the curve was
based on the measured point and the point Gy=1 for
pure silver. In Fig. 3 these values of G, at 0.5% are
plotted as a function of Z’, the valence difference be-
tween the solute and silver. The correlation is quite good
except for the deviations at Z’=0. To show that the
value of G, is not very well correlated with a size param-
eter alone the G, values at 0.59, were plotted in Fig. 4
against (1/a)(da/dc), the rate of change of lattice param-
eter with solute concentration. Here the correlation is
poor. It is interesting to compare these curves with the
series done on Cu alloys by Rowland. In Figs. 5 and 6
the “wipe out” numbers of Rowland,? essentially the
number of Cu sites around a solute at which the field
gradient exceeds a critical size, are plotted as a function
of Z' and (1/a)(da/dc), respectively. The features are
very similar with the same deviations at Z’=0 in Fig.
4 and the general lack of correlation with the size
parameter.

III. THEORETICAL MODEL

The field-gradient components at a probe nucleus,
qij=02V/92;0%;—%0:V2V, can be obtained by differ-
entiating the electrostatic potential ¥ produced at the
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Fi1c. 4. Correlation of angular correlation data
with change in lattice parameters.

13 A, N. Gerritsen, in Handbuch der Physik edited by S. Fliigge
(Springer-Verlag, Berhn, 1956), Vol. 19, p. 206.
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nucleus by the charge distribution around it. This
charge distribution can be written as the sum of two
terms. One is the conduction electron charge. The other
is the charge produced by the rest of the electrons and
by the nuclei of the atoms in the lattice. Calling these,
respectively, pi(r) and po(7),

L "Nddy'! . 7N 73,
V(r)=/p(r) rL/p(r)dr @

e—r| ) je—r|

In the absence of a perturbation of the lattice near
the probe, the field-gradient components should vanish
because of the cubic symmetry with respect to the probe
site. The presence of a solute atom near the probe re-
moves this symmetry, and field gradients are produced
at the probe. The contributions to the field gradient
have been discussed by a number of investigators.®—®
The principal component comes from scattering of the
conduction electrons by the solute atom. The perturbed
electron density is not well known within the solute ion
itself, but for the region outside the solute approximate
treatments have been given. Actually, two centers of
perturbation are present in the experiments reported
here. The probe itself is one, but because cubic sym-
metry is maintained with respect to the probe nucleus,
the field gradient components are zero unless a solute
ion is nearby. The perturbing electron density can be
expressed as

2 3
An(r)= 2y / An(r)dk, 4)
where
Any (1) = | Wy(r) | 2— | Toi(r) | 2. (5)

In these expressions Wy(r) is the Bloch wave function

100 — -

WIPEOUT NUMBERS

(o] 1 2 3 4 5

F1c. 5. Correlation of Rowland’s data with solute valence. Data
taken from T. J. Rowland, Phys. Rev. 119, 900 (1960).
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F16. 6. Correlation of Rowland’s data with change in lattice
;()arameter. Data taken from T. J. Rowland, Phys. Rev. 119, 900
1960).

with wave vector k for an electron in the vicinity of
both a solute ion and a probe ion and ¥e(r) is the cor-
responding wave function when only the probe ion is
present. If the wave function Wy(r) is written

Wi(r) = To(r)+2(1) , (6)
then to first order in v(r)
Ay (r) = Toc*(1)o(r) + To(1)r*(x) . (7)

The wave function W (r) is approximated by ¢x(r),the
wave function for a pure silver lattice, in the further de-
velopments in this paper. Partial experimental justifica-
tion of this replacement can be found in the experiments
of Drain! on the Knight shift in Cd-Ag alloys. He
showed that the conduction-electron wave function is
not very different at the cadmium sites and the silver
sites. With this approximation the Anx(r)=¢i*(r)v(x)
+¢u(r)v*(r). This reduces to the case treated by Kohn
and Vosko? if the probe atom is ignored in evaluating
o(r). Flynn® has discussed this assumption and has
shown that it is a good approximation. It will be used
in the rest of this paper.

Kohn and Vosko have derived the leading term in an
asymptotic series for ¢;;.” They assume that the Fermi
surface is spherical, a good but not perfect assumption
for silver. This means that the electric-field-gradient
tensor at the probe nucleus will have axial symmetry
with respect to an axis running from the solute nucleus
out through the probe. Calling this the 2" axis and choos-

41, E. Drain, Phil. Mag. 4, 484 (1959).
1 C, P. Flynn, Phys. Rev. 126, 533 (1962).
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ing the &’ and y" axes to complete a triad,

go»*=eq', (eis the magnitude of the electronic
charge)
Qo' =quy’=—%eq , (8)
qz‘f’:O 1¢.7 )

where ¢'= (87/3)ad cos(2kyr+¢)/3. The origin of r is at
the solute ion. The wave number %, is the value at the
Fermi surface. The constants 4 and ¢ can be expressed
in terms’ of the phase shifts for electron scattering.

1
A =-2—;{EZZ (214-1){ —sinn, cos(m—Im)}
+[X (241 { —sinn; sin(g— )} P32, (9)

—>"(2[41) sing; sin(g,—I7)
I

¢=tan™
—>"(21+1) siny; cos(n;—Ir)
p

The factor « is an enhancement factor estimated? to
be about 57 for silver.

The second term in (3) represents the effects other
than those produced by the conduction-electron scat-
tering at the solute and the consequent core polariza-
tion at the probe. This field gradient is very difficult to
calculate and includes a number of more or less separable
components. One of these is the gradient coming from
the silver ions as a result of their displacement by the
solute. When these ions move from their equilibrium
positions, cubic symmetry with respect to the probe is
destroyed and a field gradient will exist at this point.
On the other hand, this perturbing effect of the dis-
torted lattice on the probe will be partially shielded out
by the conduction electrons. If one neglects the induced
polarization of the probe cores, the residual effect for
each silver ion will be somewhat like that for a shielded
dipole. The field gradient resulting the polarization of
the probe core, however, is probably the dominant one
because of the proximity of the core to the probe
nucleus. Its magnitude will depend on the extent of the
overlap of the silver cores with the probe core and hence
on the displacement of the probe ion with respect to its
nearest neighbors. A final contribution to the field
gradient comes from the conduction-electron rearrange-
ment around the probe as a result of its displacement by
the solute.

In this paper it will be assumed that the principal
contribution to the field-gradient tensor at the probe
nucleus comes from the effects of overlap of the core
electrons of the probe with those of the nearest-
neighbor silver atoms, twelve in number. This field
gradient is proportional, through an enhancement fac-
tor, to the field gradient which would be produced at
the probe directly by the core electrons of the nearest
silver ions. These core electrons are almost spherically

HOY, LEES,

AND SERIO

symmetric about their respective ion centers, so that the
symmetry of the field-gradient tensor should be cor-
rectly given by calculating it as though it came from
point charges located at the centers of the twelve near-
est neighbors to the probe as displaced by the solute.
This value is then multiplied by a constant A adjusted
to give a best fit to experiment. This constant includes
the effects of the enhancement factor and the differ-
ence between the effective charge of the core electrons
and a unit positive charge. The displacements produced
by the probe are not included because they have cubic
symmetry with respect to the probe nucleus and hence
do not produce a field gradient there.

According to the model described above, the field
gradient produced by the second term in Eq. (3) can
be written

qir* =NV s/ dx;0xs,

Vs:ezi<|rli_1all)

and e s a positive number. In this equation the r;, is the
vector from the probe ion to the ith neighboring silver
ion with both displaced by the solute ion and a;, is
the corresponding vector with no displacement. The
summation is carried out over the twelve nearest neigh-
bors to the probe ion. The ¢;;* has been evaluated to
terms linear in the displacements.

(10)
where

(11)

aipe0ip 5 @ip® aip®
gix*=3Ne 2_ 1 8 E— (aip* i)
g @Gip’ Gy’ Qip  Qip
1 . .
+— (P2, ® i Ppiy®) 1, (12)
Aip

where g;,=u;—u,. u; is the displacement of the ith
silver ion by the solute and u, is the displacement of the
probe ion by the solute. A superscript in parentheses de-
notes a component of a vector quantity.

This field gradient is more complicated than the one
used by Sagalyn, Paskin, and Harrison?® in their analy-
sis of the experiments of Rowland. It does not have
axial symmetry and this fact makes the evaluation of
the attenuation factor for the angular correlation more
difficult. Analysis of most of the present data in terms
of the method of Sagalyn et al. is given in Hinman,
Hoy, and Lees.?

In order to calculate ¢;z® it is necessary to know the
displacements of silver ions around a solute. There does
not appear to be very much information available on
this subject. There are a number of calculations of the
relaxation of lattices near vacancies from which it
appears that the displacement depends strongly on di-
rection. Presumably this will also be true for the dis-
placement near a solute. However, in the absence of
better information the usual displacement field for an
isotropic elastic medium® has been used in this paper,
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TaBLE II. Input data for G calculations.
Residual®
resistivity
Solute Zy  per atomic%, VAL A ¢ 70 7 (1/a) (da/dc)°

Au 0 0.36 0.018 0.02030 3.2283 0.218 —0.063 —0.00819
Cu 0 0.077 0.185 0.0095 3.7119 0.165 0.043 —0.0871
Cd 1 0.382 0.889 0.02463 0.1770 0.460 0.312 0.043
Zn 1 0.64 1.093 0.03078 0.2280 0.563 0.385 —0.0417
Al 2 1.95 1.931 0.0459 —0.2327 2.591 0.148 —0.031
Ini 2 1.78 1.826 0.0409 —0.3380 2.563 0.102 0.067
Tl 2 2.27 1.713 0.04355 —0.4921 2.427 0.088 0.1295
Ge 3 5.5 2.978 0.0973 0.4900 2.840 0.613 0.0071
Pb 3 4.65 2.584 0.08507 0.2356 2.645 0.472 0.187
Sn 3 4.36 2.760 0.0856 0.3653 2.814 0.507 0.093
As 4 8.5 3.918 0.1237 1.0032 3.218 0.979 0.0347
Sb 4 7.25 3.666 0.1143 0.8721 3.173 0.862 0.146

a Values taken from Ref. 13.
b Calculated by prescription of Blatt, Ref. 17.

¢ Values taken fropn E. A. Owen and V. W. Rowlands, J. Inst. Metals 66, 361 (1940), except for Ge, distortion parameter for Ge taken from W. Hume-
Rothery, G. F. Lewin, and P. W. Reynolds, Proc. Roy. Soc. (London) A157, 167 (1963).

ie., u=(3a®/16myr)[ (1/a)(da/dc)](x/7®), where a is
the lattice parameter, da/dc is its change with solute
connection, yr=3(1—0¢)/(14+0), ¢ is Poisson’s ratio,
and r is the distance from the center of the solute ion to
the center of the ion whose displacement is u. This will
at least give a good estimate of the “average’ displace-
ment because the lattice parameter changes which de-
termine (1/a)(da/dc) depend on contributions from
many ions around each solute.

IV. APPLICATION TO EXPERIMENT

The attenuation of the angular correlation to be ex-
pected in the case where the nuclei are in an electric field
gradient without axial symmetry is tedious to calculate.

For the case of the interaction in the intermediate
state of the quadrupole moment of the Cd"! nucleus
with the electric field gradient, the expression for the
attenuation factor is'?

1
Gi()=—— X2
2141 pmm’ b

X (T u| TRIm' 4-p) X (m~+11| 6) (b m'+u)
X (m'| ") (b’ |m) coswppl.

(Tkmu| TRIm~+u)

(13)

In this expression is the time interval between the emis-
sions of the first and second gamma rays; 7 is the inter-
mediate state spin, % in this case; the appropriate value
of k& here is 2; m and u are the magnetic quantum num-
bers associated with spins I and k, respectively, re-
ferred to a quantization axis which coincides with the
z direction in the principal axis system of the field-
gradient tensor; |b) and E, are the corresponding eigen-
states and eigenvalues of the quadrupole interaction
Hamiltonian;!¢ and wyy = (Ey— Ep)/#%. The nonvanish-
ing elements of the quadrupole interaction Hamiltonian

16 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.

using the principal axes are
(m|5e|m)y=A[3m*—1(I+1)]V,,
(m==2|3C|my=A[ (IFm)IFm—1)
X ([m~+1)Im~+2)]72V,, (14)
Ve=%(gas"+qae"— qus"— Q") ;
eQ
Car@r-)’

The expression (13) is difficult to evaluate because the
field gradient calculated in Sec. III does not have axial
symmetry. Thus, the Hamiltonian is not diagonal in
the representation consisting of the set of states |m).
The evaluation of G(¢) has been carried out using the
Bendix G20 computer at Carnegie Institute of Tech-
nology. For each solute-probe configuration the pro-
gram computes the total field-gradient tensor

V0: sz”"*‘ szs N

(14)

given by the sum of Eqgs. (8) and (12), and locates its
principal axes. Then it calculates the matrix elements
of the interaction Hamiltonain in the principal axis
frame of reference, diagonalizes the matrix to find its
eigenstates and eigenvalues, and performs the sums in-
dicated in Eq. (13) to obtain the value of Gy(f) for the
given probe-solute configuration. This result is then
averaged over the sensitive period of the coincidence
circuit, which, as mentioned previously, accepts co-
incidences if ¢ lies between {=155 nsec and f,=335
nsec (nsec=10"° sec). Therefore, the time-averaged
value G, must be computed, involving

t2 123
(coswbb;t>av=f et coswbb»tdt// etm™dt. (15)
t i1

1

gir'= g’ +qir®

The final result G, for comparison with experiment is ob-
tained by averaging G over all possible solute-probe
configurations, as noted in Sec. II. In the evaluation of
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Eq. (13) it is assumed that the field gradient (14) at
the probe nucleus is due to the nearest solute ion only.
With the dilute concentrations used in these experiments
it is very improbable that there will be another solute at
approximately the same distance. Designating by P;
the probability that the solute ion nearest to the probe
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is in the ith neighbor position, and by (Gs); the time-
averaged attenuation factor for that configuration, we

have finally N _
G2=Z P,L(Gz)z (]6)

The information about each solute required to cal-
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TasLE III. Comparison of calculation with esperiment.
" (Theoretical values of G; at § at.%)
G, . K.V. ) . TF
5% Gy G, Gy G G
Exp. a A a A a A a A a A
Impurity Val. 40,0 40, —70 0, —70 50,0 30000, —70
Au 0.83-£0.04 0.913 0.911 0.991 0.995 0.905
Cu 0.78+0.03 0.995 0.779 0.780 0.989 0.777
Cde 0.83-£0.03 0.897 0.878 0.907 0.938 0.727
Zn 0.90-0.04 0.869 0.832 0.911 0.934 0.706
Als 0.80+0.14 0.821 0.821 0.942 0.934 0.697
Ine 0.694-0.02 0.844 0.765 0.835 0.934 0.684
Tl 0.66-0.02 0.847 0.673 0.692 0.934 0.668
Ge 0.68-0.02 0.674 0.672 0.992 0.935 0.665
Pb 0.64:+0.03 0.700 0.589 0.630 0.931 0.612
Sne 0.6440.02 0.693 0.638 0.765 0.932 0.655
As 0.55£0.03 0.649 0.616 0.932 0.938 0.655
Sb 0.5440.04 0.643 0.576 0.669 0.939 0.614

a There is only one experimental value for each of these impurities.

culate G includes the phase shifts n; and the value of
(1/a)(da/dc). To find the phase shifts the semiempirical
method of Kohn and Vosko’” has been used. In this
method the shifts for />1 are taken to be zero. The
values of n9 and #; are found from the Friedel sum rule®
Z'=(2/m)2_1 (2l4+1)n; and the residual resistivity, Ap
= (4mch/e%ko)Y 1 Isin?(n;_1— ). The uniqueness of these
phase shifts is further discussed in Appendix II. The
values of Z’ used are not integers but have been altered
according to the prescription of Blatt!” to take account
of the variation of the positive charge in the region of the
solute. In Table II is a summary of the data used, the
phase shifts, and the 4 and ¢ values for the solutes stud-
ied. 4 and ¢ give the perturbed electron density in the
free electron approximation, Angee=A [ cos(2kgr+¢)/7%].
The quantities aQ and AQ, which appear as factors
multiplying the valence and size terms, respectively, in
the quadrupole Hamiltonian, are used as adjustable
parameters to fit the data. The quadrupole moment Q of
the excited state of Cd!!! is taken to be 10724 cm?. The
value for this moment has been discussed previously?
and 10724 cm? is perhaps somewhat high. It is subject to
considerable uncertainty because of the limited accuracy
with which the field gradient is known in the experi-
ments where the quadrupole interaction has been meas-
ured. Another value of Q can be substituted if « and
M\ are also modified to maintain the same optimum
values of aQ and AQ. It would be difficult, however, to
explain the large values of « and A that would be required
to explain the present experiments if Q is as small as the
0.15X 10724 cm? proposed by Das and Pomerantz.!8

V. DISCUSSION OF RESULTS

The experimental results for eight of the solutes are
shown in Figs. 7-14 together with a number of calcu-
lated curves. The curves labeled K.V. are calculated by
using the Kohn Vosko screening of the solutes by the

17 F, J. Blatt, Phys. Rev. 108, 285 (1957).
18 M. Pomerantz and T. P. Das, Phys. Rev. 119, 70_(1960).

conduction electrons and the model for the strain cal-
culation described in the preceding section of this paper.
The curves labeled T.F. (Thomas-Fermi) are calculated
by using the exponential shielding potential (Z’¢/7)e~"/®
with ¢=0.586X10~% cm. Using the Kohn Vosko model
the value =40 was selected to match the data for Ge.
This solute was chosen for the determination of a be-
cause it distorts the silver lattice very little and the size
effect should be small. Thus, the calculated value of G is
very insensitive to the value of A for Ge. On the other
hand, the valence effect alone gives very poor agreement
with the experimental attenuation for Cu. The field
gradient produced by a Cu ion would have to be large
enough to cause ‘“hard core” attenuation of 0.2 out to
and including third neighbors in order to explain the ob-
served Gy, if only the valence effect were present. This
should be beyond the range of large deviations from the
asymptotic form of Kohn and Vosko. The Cu attenua-
tion was therefore used to evaluate the size parameter
A\, which was found to have the value A=—70. The
negative sign for X is to be expected according to the
model in this paper because the field gradient is con-
sidered to be produced by electrons, and the potential
with A=1 has the proper sign for positive charges. The
large magnitude of X\ is disturbing. According to the
present model the perturbers are the 4d electrons of
which there are ten. Thus, the perturbation could be
considered to come from these ten electrons each with
an enhancement factor of 7. This possibility has not
been investigated quantitatively, and A=—70 is ac-
cepted as an empirical parameter.

The rest of the curves, taking =40 and A= —70,
give reasonably good agreement with the experimental
points except those for Zn and Au. On the other hand,
there are a number of solutes (Cu, Tl, Pb, Sb) for which
the curves without the size effect (a=40, A=0) differ
markedly from the experimental points. The size term
somewhat improves agreement with experiment.

The data are presented in Table III for all twelve
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solutes in the series at 0.59, solute concentration. The
experimental values at 0.5%, are taken from the best
curves drawn through the actual data. In the case of a
solute for which only one concentration was measured,
this one point and the point Go=1 at zero impurity con-
centration were used to draw the curve. The calculated
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values are based either on the long-range shielding
(K.V.) or the Thomas-Fermi shielding (T.F.). There is
improved agreement between experiment and calcula-
tion in a number of cases (Cu, In, T1, Sn, Sb) when the
size term is included.

The figures and tables also show the shortcomings of
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Thomas-Fermi screening. With a reasonable value of
a(@=50) the valence term contributes a negligible
amount to the attenuation. In order to account for the
Ge result using Thomas-Fermi screening it is necessary
to give a the enormous value of 30 000. Even with this
latter « the agreement is poor with a number of solutes
(Cd, Zn, As, Sb). These results can easily be understood
qualitatively for the Thomas-Fermi shape potential in
view of the rapid variation of ¢;; with distance from the
solute.

One advantage of the present calculation of the size
effect in comparison to the model used in the second
paper of Ref. 3 is that it eliminates the necessity for
adding absolute values.

VI. CONCLUSIONS

In summary these experiments and calculations indi-
cate the following:

(1) G,is well correlated with Z’ and poorly correlated
with (1/a)(da/dc).

(2) Nevertheless, agreement between calculation and
experiment is somewhat improved by including a
size or strain term. It does not seem possible to explain
the results for Cu or T1 on the basis of the valence term
alone.

(3) There remains an unresolved discrepancy for Zn
and Au that may be an effect of probe-solute association.

(4) The Thomas-Fermi shielding is inconsistent with
experiment.
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APPENDIX I: DISCUSSION OF
EXPERIMENTAL PROBLEMS

Possible experimental difficulties with this technique
have been discussed in Ref. 3 and somewhat more gener-
ally in Ref. 19. They include recoil effects from the K
capture preceding the gamma cascade and from the
first gamma emission itself. They also include perturb-
ing effects of dislocations and impurities in the silver.
Impurities are to be distinguished from the solutes de-
liberately introduced.

Measurements in the case of pure silver as reported in
Ref. 3 and the succeeding paper in this journal show that
the angular correlation is very little attenuated. There-
fore, recoil effects are presumably not important in
these experiments (however, see the discussion by

19 E. Heer and T. Novey, Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic Press Inc., New York, 1959), Vol. 9.
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Steffen® on this point), and impurities in the pure silver
do not cause trouble.

Turning to the measurements on the alloys there are a
number of effects of concern. One is association of the
probes with minority impurities. The other is associa-
tion of the probes with the solutes. Association with
minority impurities will produce spurious attenuation
of the correlation. However, there are several reasons
for discounting this possibility. The impurity concentra-
tion contributed by the addition of a small amount of
solute to the silver is negligible compared to the im-
purity concentration present in the silver itself. There-
fore the fact that the correlation in pure silver is very
little attenuated indicates that minority impurities
should be unimportant. Furthermore, there is a large
entropy of mixing associated with these impurities. At
the annealing temperature of 890°C, presumably the
temperature that determines the equilibrium conditions
in the samples, an association energy of about 1 eV is
required to produce appreciable association of the probes
with an impurity present to 1 part in 108. This is con-
siderably larger than estimates of association energies
expected in metals. A third reason for discounting
impurity-probe association is that in most cases an im-
purity that will associate with an In ion will also associ-
ate with the solute ions present. The result will be that
most impurities will in such cases be on solute ions
rather than probe ions. A final reason for discounting
effects of minor impurities is the observed variation of
G, with the concentration of solute. Such a variation
would not be expected if most of the attenuation was
caused by impurity ions.

On the other hand, association of the probes with
solutes may be present. Here the concentration is of the
order of 0.5 at.%, solute. An association energy of 0.25
eV, provided that it is attractive, should be enough to
appreciably alter probe-solute distribution and affect the
attenuation of the correlation. Blandin and DePlante’
have estimated solute interactions in metals. From their
work it appears that two solute ions with the same sign
of Z’ should repel each other in the first neighbor posi-
tion. Furthermore, the magnitude of the interaction
energy in the second and more distant neighbor positions
seems to be below the value required for appreciable
association at 890°C. However, additional experiments
are in progress to check the possibility of association
effects; they involve variations of the heat treatment
given to specimens before measurements are made.

There is a possibility that the probe ions and the
solute ions may collect around dislocations so that the
attenuation factor G, would be lowered. Presumably
solute ions are attracted to dislocation lines whether
they are larger or smaller than the ions of the matrix.?
There are a number of reasons for believing that this
effect is not important. In the first place, a probe
nucleus should be in an appreciable field gradient at a

2 A. Granato and K. Lucke, J. Appl. Phys. 27, 789 (1956).
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dislocation if there is enough interaction to cause it to
migrate there, but the angular correlation is almost un-
attenuated in the pure silver specimens which have dis-
location densities comparable to those in the alloys.
Furthermore, the number of dislocation sites is a very
small fraction of the total number of lattice positions.
At a dislocation density of 10° per cm? the ratio of total
lattice sites to dislocation centers is about 107. Thus,
at 890°C, the binding energy for a probe at a disloca-
tion would have to be over 1 €V in order that an im-
portant fraction of the probes be located there. This
energy is large compared to binding energies estimated
in metals at dislocations.?® A third reason for discount-
ing the possibility of segregation of probe ions is that
such segregation should be much more extensive for the
solute ions, which are present in the alloys in much
larger concentrations than the probe ions and which in
many cases do not fit into the silver lattice so well as
In does. For example, if 509, of the In!!! is located on
dislocations, the rest of the dislocation sites in an Sb-Ag
alloy should be occupied by Sb. The close proximity of
the segregated Sb to the segregated In!!! will give com-
plete attenuation for the In!!! nuclei involved. The rest
of the In'!! nuclei will behave in the normal way. Ex-
perimentally this effect should appear in the curve of

2 versus concentration for Sbh-Ag as a displacement of
the whole curve downward so that it would not extrap-
olate back to Gy=1 at zero concentration. No such
displacement appears in the curve for Sb-Ag nor in the
curves for the other alloys studied. Another possibility
is that a solute might segregate along dislocation lines
although the probes do not. These segregated ions thus
would have a distribution different from the random one
assumed in interpreting the experiments. However, only
a small fraction of the solute could segregate in this way
because there are, relatively speaking, very few dis-
location sites in the crystal. Arguments involving grain
boundary segregation can be made which are very
similar to the ones given here for dislocations.

In spite of the arguments there were four alloy
samples which gave “hard core” attenuation for reasons
that are not completely clear. Two of the samples were
3% Au in Ag, one was 39, Cu in Ag, and the last 39,
As in Ag. It is believed that the As and Cu results were
caused by inhomogeneities in the cast billets. The two
Au samples showed unusually high oxygen content and
the problem with them may have been probe-oxygen
association. The results quoted in this paper do not
include data obtained using samples from any of thes
four billets. '

A final experimental problem to be considered is the
possibility that the bombardment of the silver alloys by
40-MeV a particles will produce activities other than
In!! that will distort the angular correlation. A careful
survey of radio isotopes produced indicates that no
significant contaminant is ever present. Almost all pos-
sible candidates are eliminated by the delayed coinci-
dence arrangement used. For example, there is no other
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species produced by alpha-particle bombardment of
silver that involves an isomeric state with a lifetime in
the range of 100 nsec. Other factors which reduce the
number of contributors are the fairly long half-life
necessary, the energy selection of the counters, and the
small concentration of target atoms other than silver.
The only prospect that has an appropriate isomeric state
is Bi20® produced by Ti2%(a,n)Bi2® TI1205(q,3n)Bi28,
and Pb204(q,pn)Bi20, Tt has an isomeric state of life-
time 130 nsec and a six-day half-life, but it cannot be
produced in sufficient concentration to appreciably dis-
tort the correlation.

APPENDIX II: DETERMINATION OF PHASE SHIFTS

The phase shifts 5o and #; listed in Table II are not
the only ones that satisfy the Friedel sum rule and the
resistivity relation. Other solutions will give different
values of 4 and ¢ and hence different values for Gs.
This appendix discusses the different sets of phase
shifts determined for the solutes by the Friedel sum rule
and the resistivity and then describes the particular
choices made in Table II.

Using the variables y;=ny—n1 and y.=17;, the sum
rule and resistivity expressions become

61=y1+4y2,
ca=sin%y;4-2 sin%y,,

where ¢1=(w/2)Z’" and ca=(e%ko/2k)(Ap/c). Tt is clear
that if there is one set of solutions to this pair of equa-
tions, there will be an infinite number. For example,
if y1=a, y.=0 is a satisfactory pair of values, so is
yi=a+4mm, yo=b—mm for all integral m. However,
the solutions with 70 give the same values of 4 and
¢ as y1=a, y2=">b. Therefore, it is necessary to look for
solutions only in an interval of y, of length . Usually
there are two solutions in this interval.

In order to pick out the set of phase shifts which
actually describes the electron scattering from a solute
atom, a comparison is made with the phase shifts evalu-
ated analytically for a particular perturbing potential.
The potential is chosen to approximate the one which an
electron would experience in the vicinity of a solute
atom. The form chosen by us is V(r)=(Z'e?/r)e*.
This may seem to be a strange choice considering the
fact that the present paper stresses the difference be-
tween the actual potential and this form. However, the
angular correlation experiments measure the potential
distribution relatively far from the solute whereas the

TaBLE IV. Phase shifts for potential V (r) = (Z’¢€?/r)e 180 kor,

Friedel
Z' Mo m 72 sum
1 1.159 0.098 0.014 0.981
2 2.407 0.240 0.029 2.107
3 3.176 0.489 0.045 3.137
4 4.042 1.107 0.063 4.937
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TaABLE V. Phase shifts o and n; from Friedel
sum rule and resistivity values.

Impurity 2’ 70 m 4 ¢
Au  0.018 —0.198 0.0755  0.021 —0.052
0.218 —0.063 0.020 +3.228
Cu  0.194 0.031 0.865 0.011 +-0.094
0.165 0.047 0.0095  +3.712
Cd 0.889 2.570 —0.392 0.031 —0.235
0.460 0.312 0.025 +0.177
Zn 1.093 2.672 —0.319 0.025 —0.181
0.563 0.385 0.031 -+0.228
Al 1.931 3.615 —0.194 0.050  --0.099
2.591 0.148 0.046 —0.233
In 1.826 3.525 —0.219 0.050 —0.001
2.563 0.102 0.041 —0.338
Tl 1.713 3.528 —0.279 0.058 —0.075
2.427 0.088 0.044 —0.492
Ge 2.978 6.551 —0.625 0.098 —0.518
2.840 0.613 0.097 +0.490
Pb 2.584 6.140 —0.694 0.091 —0.735
2.645 0.472 0.085 0.236
Sn 2.760 6.244 —0.637 0.089 —0.649
2.814 0.507 0.086 0.365
As 3.918 9.263 —1.008 0.123 —1.058
3.218 0.979 0.124 1.003
Sh 3.666 8.871 —1.038 0.108 —1.152
3.173 0.862 0.114 0.872

phase shifts depend on the potential in the region
nearer the origin. The form above has a shape near the
origin somewhat similar to the one calculated by Langer
and Vosko. The value of y was chosen so that the Friedel
sum rule would be satisfied approximately. It differs
somewhat from the Mott value. In Table IV are the re-
sults of phase-shift calculations for u=1.80%,. The
Friedel sum is (2/7)Z¢* (214 1), i.e., phase shifts up to
n4 are included. The values of 7, are included in the table
in order to give an idea of their expected sizes.

The independent solutions permitted by the sum rule
and the resistivity values are listed in Table V. It should
be noted that for Zn and Cd there are no 59 and
values that give resistivities as small as the actual ones.
The tabulated values give local resistivity minima.

To make a comparison of the values in Table V with
those in Table IV a plot has been constructed showing
a curve of y; versus vy, for the solutions in Table IV.
On the same curve are the points in Table V. The solu-
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TasLE VL. G; for Au and Cu using alternate phases.

Solute Concentration G 0 m
Au 0.259%, 0.948 —0.198 0.0755
0.50% 0.903
1.009, 0.824
Cu 0.259%, 0.878 0.031 0.086
0.50% 0.778
1.009%, 0.625

tions chosen for Table IT are plotted as solid points and
the others as open circles.

The choice is clear for many of the solutes. However,
for Au and Cu either set of phases is equally satisfactory.
Furthermore, neither Zn nor Cd fits well for either solu-
tion. The G, for Au and for Cu have been calculated,
using =40 and A= —70, for the alternate phase shifts.
The results are given in Table VI.
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Fic. 15. The quantities y1=no—n and y,=n; are plotted for
each solute. The solid points are found with the phase shifts used
in calculating the attenuation of the angular correlation. The open
circles are alternate sets which satisfy the Friedel sum rule and the
resistivity restriction. The curve connects points found by calcula-
tion using a potential of the form (Z7oe?/r)e¢™1-80kor,

Notice that for both Cu and Au it makes very little
difference which solution is used. The original choice for
Au was made on the basis that it gives a positive 7.
This is expected for an attractive potential (positive Z’)
such as the one for Au. The original choice for Cu was
arbitrary although it is a little closer to the curve in
Fig. 15.



