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the use of Heiniger’s'! method for estimating the elec-
tronic contribution to the specific heat of chromium.
Nevertheless, close to the Néel temperature, there exists
a discrepancy (between theory and experiment) as to
the shape of the C, curve which does not appear to be
accounted for by reasonable changes in the parameters
used in determining C,. However, in view of the
numerous physical assumptions implied by the models
used, this discrepancy is not surprising. For example,
the electronic model corresponds to a second-order
phase transition at 7y, whereas it is known that the
transition is first order.®! Also, effects of a possible
temperature dependence of the frequency spectrum due
to changes in the electronic structure have been ignored

31 S. A. Werner, A. Arrott, and H. Kendrick, Phys. Rev. 155,
528 (1967).
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in our lattice model. Such effects in the long-wave-
length part of the spectrum seem apparent from the
elastic constant data.
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115Tp NMR in the Indium-Rich Alloys In-Cd, In-Hg, and In-Tl at 4.2°K*
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Nuclear magnetic resonance has been observed in the indium-rich alloys In-Cd, In-Hg, and In-TI at
4.2°K. Measurements have been made of the isotropic Knight shift, anisotropic Knight shift, quadrupole-
coupling frequency, and linewidths as a function of solute concentration to 4.7 at.9%, Cd, 4.3 at.9, Hg,
and 7.9 at.9, TI. The isotropic Knight shift exhibits a dip similar to that previously observed in In-Sn and
In-Pb. The sign of the electric field gradient has been deduced from the quadrupole-coupling frequencies
in the alloys, and is negative. The screening theory of Kohn and Vosko is found to describe line broadening

in these indium alloys, and the enhancement factor of that theory is determined to be 85+15.

I. INTRODUCTION

T is possible, in indium metal and its alloys, to obtain
the Knight shifts and the electric quadrupolar
coupling between indium nuclei and their environment
by nuclear-magnetic-resonance measurements. The
angular dependence of the anisotropic Knight shift
allows its separation from the isotropic Knight shift,
while the m dependence of the quadrupolar perturba-
tion allows its separation from the m-independent
Knight shifts. In practice, our measurements are made
on metal powders and at a fixed field. Certain difficulties
arise in the interpretation of broadened powder-
pattern resonance lines. These have been discussed for
pure indium by Adams et al.!
The introduction of substitutional impurities results
in long-range screening of the impurities by the con-
duction electrons.>~ This screening produces shifts in

* Work supported by the National Science Foundation.

1 Present address: California State College, San Bernardino,
Calif.

tJ. E. Adams, B. F. Williams, and R. R. Hewitt, Phys. Rev.
151, 238 (1966).

2 J. Friedel, Nuovo Cimento Suppl. 7, 299 (1958).

the mean or peak absorption frequencies and, in gen-
eral, asymmetric broadening of the resonance lines.
Such broadening and shifts raise questions concerning
the measurement and interpretation of resonance lines
exhibiting these effects. We shall attempt to clarify the
problem by examining the linewidths and line shapes
in indium alloys.

In the presence of quadrupole interactions, the addi-
tion of a few atomic percent of impurities can easily
result in the doubling of the linewidth, providing a good
quantitative test of the theories. In this work, we em-
ploy the screening theory of Kohn and Vosko,* which
takes into account the fact that screening electrons are
Bloch electrons rather than free electrons, and show
how the enhancement factor of the theory can be ob-
tained from the width data. The enhancement factor
provides an interesting test of electronic wave func-
tions in a metal, and is necessary for the calculation of
line shapes and the contribution of screening to the

( 3A.) Blandin and E. Daniel, J. Phys. Chem. Solids 10, 126
1959).
4W. Kohn and S. H. Vosko, Phys. Rev. 119, 912 (1960).
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anisotropic Knight shift and quadrupolar interactions
in alloys.

This work was initiated with a number of goals in
mind. Providing more information about the sharp drop
in the isotropic Knight shift, observed in the indium-
lead and indium-tin alloys at low concentrations,® was
high among these. The need to eliminate the possibility
that the drop in the Knight shift was due to an inter-
pretational error motivated our line-shape investiga-
tion. Additional information concerning the nuclear
quadrupole interaction was also desirable, as conclu-
sions based on only two alloy systems (In-Sn and In-Pb)
were tentative.

Measurements are reported here of the '5In isotropic
Knight shift K, the anisotropic Knight shift ¢, and the
quadrupole-coupling frequency v, as a function of
solute concentration in the indium-rich solid solutions
In-Cd, In-Hg, and In-T1, at 4.2°K. Linewidth data for
these systems and for In-Sn and In-Pb are also pre-
sented. Experimental details are discussed in Sec. II.
Theoretical expressions for screening contributions to
the resonance shifts and broadening are presented in
Sec. ITI along with linewidth results and line-shape cal-
culations. Knight shift and quadrupole-coupling results
are given in Sec. IV and are discussed in terms of the
screening theory of Kohn and Vosko? and in the light
of recent work on the effects of electron-electron inter-
actions on Knight shifts.®” Our conclusions are sum-
marized in Sec. V.

II. EXPERIMENTAL

All alloys were obtained from the Indium Corp. of
America, the In-Cd and In-T1 alloys in the form of 325
mesh powder and the In-Hg alloys in the form of ingots.
Spectroscopic trace analyses were run on all powdered
samples and only negligible traces of other impurities
were measured. In-Hg powders were prepared by
sonorating the ingots in decane using an induction
heater to melt the ingots.

All measurements were made at 4.2°K with a margi-
nal oscillator, similar to the Pound-Knight oscillator,?
with frequency-sweep and phase-sensitive detection.
The measurements were made in an applied magnetic
field of 27.3 kG. Field measurements were obtained by
measuring the ®Cu resonance in a copper powder
sample placed in the center of the indium alloy sample.

The resonance frequencies in a single crystal are
functions of the angle 8 between the applied magnetic
field and the crystal symmetry axis. In a powder, singu-
larities in power absorption occur whenever the con-
dition dv/d cos§=0 is fulfilled. Measurements were
made of the three most intense singularities. These are
the 90° (vx) and non-90° (vz) singularities correspond-

5 W. T. Anderson, F. C. Thatcher, and R. R. Hewitt, Phys.
Rev. 171, 541 (1968).

6 T. Moriya, J. Phys. Soc. Japan 18, 516 (1963).

7 A. Narath and H. T. Weaver, Phys. Rev. 175, 373 (1968).

8 R. V. Pound and W. D. Knight, Rev. Sci. Instr. 21, 219 (1950).
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ing to the $ ——% transition and the 90° (v32) singu-
larity of the 2 — 1 transition. For pure indium, per-
turbation expressions for these singularities are®

va=vo—avr+3(v¥/vo),

VL= Vo+%avR'— (8Vq2/31/0) - (dZVRQVo/6Vq2) s

2y 1293
v3a=vo—@Rp—3vgt —— + ——,
16 Vo 64 V()2
where
Vo= (1+K)VRv
and
vr=v.H/27.

It is necessary to include third-order terms in the quad-
rupolar-coupling frequency in order to take full ad-
vantage of the experimental precision of 2 kHz for low
concentrations. We shall show in Sec. ITI that these ex-
pressions are valid, to a very good approximation, in
indium alloys also, as long as the measured quantities
are mean frequencies and the Knight shifts and quad-
rupole coupling are interpreted as mean values averaged
over all nuclear sites. The positions of these singularities
were obtained from the dipolar-broadened derivative
NMR lines according to the prescription of Adams
el al.,) which assumes Gaussian dipolar broadening.
I inewidths were obtained in the same way. Asymmetric
broadening produced by impurity screening was ig-
nored in the experimental determination of linewidths.
The resonance lines in the alloys continued to exhibit
the shape characteristic of Gaussian broadening. The
validity of this procedure is examined in more detail in
Sec. III. The perturbation expressions for the powder-
pattern singularities (vm, vz, and v3/2) may be solved by
iteration for the Knight shifts and quadrupolar cou-
pling. Each singularity was measured three times and
errors are given as the standard deviation of the 27 solu-
tions obtained for K, a, and »q.

III. IMPURITY SCREENING EFFECTS

We assume that the substitutional impurities in the
alloy are distributed at random on lattice sites and that
the impurities are independently screened by the con-
duction electrons. We neglect surface effects. Thus, if
P(R;) is any quantity, to be evaluated at a nuclear site
R;, which depends in a linear way on the screening
charge density then P(R;) may be written

P(R)=Py+3 AP(Ry),

=1

where the sum is over all impurity sites, AP (R;;) is the
change in P due to screening, and Py is the value of P
in the absence of screening. With these assumptions,

9R. G. Barnes, D. J. Ganin, R. G. Lecander, and D. R. Torge-
son, Phys. Rev. 145, 302 (1966).

© J. E. Adams, L. Berry, and R. R. Hewitt, Phys. Rev. 143,
164 (1966).
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exact expressions may be written for the mean value
and second moment of the distribution of P in the
alloy. These are!!

1

P= %P(Rj)=Po+cZR’AP(R), (1)

LS PR

2P =—73. P2(R))—

(82P) N:’Z=:1 (R)) @)
=c(1—c) 2= [AP(R) P,

where ¢ is the atomic fraction of solute and the sum is
over all lattice sites except an origin. Since the Knight
shifts and the electric-field-gradient (EFG) tensor com-
ponents depend linearly on the charge density, these
formulas apply to them.

We wish to show that the perturbation expressions
given in Sec. IT for pure indium apply in a substitu-
tional alloy when all quantities are interpreted as mean
values. We can write the perturbation expression for
the transition frequencies of a nucleus to first order in
the Knight shifts and third order in the quadrupolar
interaction. We do not repeat the third-order calcula-
tion which has been published elsewhere.!? For the sake
of brevity we examine only the § ——3 transition. The
third-order term in the quadrupolar interaction vanishes
for this transition, and we have

v(Rj) =rotayr(Bu—1)

+ /I | Vi 2=2] V3|2, (3)
where

u=cosf,
and

N;=3eQ/21(2I —1)hvs.

The EFG tensor components are defined in the usual
way®® and are evaluated in the magnetic field frame of
reference. Transforming to a coordinate system whose
z axis is taken in the direction of the crystal symmetry
axis, the EFG tensor components are*

(Vo)) =eq+afo(R;)
n (3Zif—Rif)

=eqtae D Aq(Ry)),
i=1 i
(V) =afu(R))
n 3Zi](ij:!:iYij)
=ae ), — Aq(Ryy),
i=1

iy
(Vi)' =afs2(R))
n 3 (Xij2_ YijZIf: 27/X”y”)
=1 R,’Jz

1T, J. Rowland, Phys. Rev. 125, 459 (1962).

2 G. M. Volkoff, Can. J. Phys. 31, 820 (1953).

18 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.

=ae

Aq(Ry).
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Here, eg is the EFG in the absence of screening, and Ag
is given by

Ag (R”) = (4A/37T.R”3) COS(Zk FR¢j+¢) .

A4 and ¢ depend on partial-wave phase shifts and will
be evaluated later. a is the enhancement factor of Kohn
and Vosko and % is the Fermi wave number. Rotating
into the magnetic field frame we have

| Vil 223 sin?20(f o+ [s)aeq
+337 sind0(f1— f-1)aeg
+(9/16) sin220(eq+afo)?, (4)
and
| Viof| 2= — 3 (1+cos) sin®d(f o+ f-2)aeq
~+%37 sin%6 sin260(f1— f—1)aeq
+(9/16) sin"f(eg+afo)?.  (5)
We have neglected terms involving (a¢Ag)?. This ap-
proximation will be justified by the agreement obtained
with the broadening data. Putting these expressions
into (3) and averaging over all nuclear sites by using
(1) we get
7=1+K)vp+ave(3ui—1)
+305¢/vr(1+R)](1—10u249u%).  (6)

Here we get

= s AR o
Srar— g =Y
_ 4K, sin(2%rR+¢)
K=K,— ¢ —m, ()
kF2 R2
882V o (Ex)A
i=gy+ ——a'c
3kp?
G2-R)
ZR'751H(27€FR+¢)) )

where (8 is the Bohr magneton, Vy is the atomic volume,
N (Ep) is the density of states at the Fermi surface, and
o’ is an enhancement factor similar to @ and approxi-
mately equal to it. ¢ is given by

a’Ef[ukF2(r’)emF'"Pg(cos0’)r'_3]d3r’/
/ [e®*¥ 7' Py(cos@’)r'—*]d .

Equation (6) is identical with the corresponding ex-
pression obtained for pure indium,*1° with all quantities
given as mean values. Hence the powder-pattern singu-
larity expressions are those given in Sec. II, and the
Knight shifts and quadrupole coupling obtained from
experiment are mean values as defined above.

We can now write the contribution of screening to
linewidth broadening. For the 3 ——3% transition, we
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get, from (2) and (3),

)av=c(1—c)ve’ Z»" {AK (R)+Aa(R)(3p*—1)
+a(ve/vo)L— (1+8u>—9u®) (f1o+ f-2)/eq
+2iu(1—p?)"2(S =) (fr1— f-1)/eq
+3(1—10u2+9u%) (fo/eg) 1}2. (10)

Here, AK(R) and Aa(R) are defined consistently with
Egs. (1), (6), and (7). For the 90° singularity (vz) one
inserts =0, and for the non-90° singularity (v;) one
inserts u2=(5/9) — (avgve/9v2). For the 90° singularity
(v3/2) corresponding to the § — % transition we get

(Bv32)av=c(1—0)vr* 2 R’[AK(R) —Aa(R)

a—|
Vo

] w

The experimentally determined Gaussian linewidths
for the three singularities om, oz, and o3,2 exhibit the
effects of dipolar broadening as well as the broadening
due to screening. Experimental values are given in
Table I. In order to obtain quantities which depend on
screening only, we assume with Rowland! that the
second moments due to the two mechanisms are addi-
tive. The difference between second moments will then
be due to screening only. Thus one obtains

L Vq<fo+J;;2g+f—2)

(7‘1,2"0'1‘12 = (62VL) av <52VH>av )

(12)
(13)

where the right-hand sides of (12) and (13) are calcu-
lated from (10) and (11).

The enhancement factor « is regarded as a parameter
to be obtained by fit to the data. The partial-wave phase
shifts and screening parameters 4 and ¢ were obtained,
as in Ref. 11, from the Blatt corrected Friedel sum rule
and the residual resistivity of the alloys, and are to be
found in Table II. Lattice parameter measurements
were corrected to helium temperature using the mea-
surements made on pure indium at that temperature by
Barrett and quoted by Hewitt and Taylor." It is found
that the sums in (10) and (11) must be truncated to
exclude nearest-neighbor sites. « must be of the order of
100 to explain the broadening. Putting this value into
(4), (5), and (3) yields a nearest-neighbor perturbation
due to screening of about 200 kHz or more which carries
the nuclei outside of the observed resonance. Moreover,
no consistent, smaller, value of « can be obtained for
all alloy systems if the nearest neighbors are retained.
With this truncation, a value of «, 85415, was found

4 R. R. Hewitt and T. T. Taylor, Phys. Rev. 125, 524 (1962).

(73/22_0'112 = <52V3/2>av_ <52VH>av )
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TasrE I In''s Gaussian linewidth parameters in kHz
for In-Cd, In-Hg, In-Tl, In-Sn, and In-Pb.

Solute at.% on oL a3/2
Cd 0.20 28.7 24.8 26.6
0.40 31.4 36.3 349
0.61 36.3 32.2 37.0
0.81 43.0 40.5 44.5
1.02 34.0 39.0 37.4
1.54 42.4 47.6 57.7
2.06 43.3 60.0 74.1
2.59 51.0 74.0 89.4
3.13 54.6 67.5 108.6
3.67 58.2 75.7 1141
4.21 53.0 78.2 143.7
4.76 50.3 90.4 158.8
Hg 0.17 30.0 28.9 30.6
0.28 29.2 30.2 33.6
0.40 30.4 32.9 349
0.57 31.7 31.0 35.5
0.80 30.3 36.1 41.8
1.64 32.8 40.8 47.2
2.49 34.9 58.0 55.2
3.37 43.0 60.8 75.2
4.28 43.9 58.0 106.7
Tl 0.22 28.6 28.1 28.8
0.39 313 33.1 34.2
0.62 30.8 313 31.8
0.79 32.7 30.4 37.2
1.02 31.5 31.8 38.3
1.55 30.7 37.8 49.5
2.08 38.9 42.2 47.7
2.57 35.7 53.4 50.0
3.12 43.2 48.8 69.5
4.27 44.6 57.8 88.3
5.45 40.9 62.2 91.2
6.62 43.4 63.5 112.0
Sn 0.19 35.3 34.9 40.3
0.39 37.2 323 36.6
0.58 41.4 40.8 42.2
0.77 37.6 35.8 37.9
0.97 42.4 42.0 42.2
1.93 36.8 49.2 54.7
2.90 43.7 59.3 58.5
3.87 46.6 68.9 67.7
4.84 47.2 68.2 73.2
5.81 50.9 714 81.9
6.78 58.7 67.1 88.1
7.56 50.9 74.9 84.1
7.76 48.2 69.7 98.2
7.94 59.8 89.7 103.2
8.73 56.5 80.6 94.2
9.70 56.0 90.9 101.1
Pb 0.11 42.5 37.6 42.1
0.22 36.8 36.6 36.9
0.33 4.1 38.5 39.3
0.44 42.2 38.3 41.9
0.56 36.0 39.3 45.9
1.11 40.8 45.6 60.3
1.68 45.9 58.8 61.4
2.26 4.7 51.0 57.0
2.83 55.9 50.7 68.6
3.41 51.1 55.3 79.4
4.00 47.9 68.2 83.1
4.83 57.7 75.4 106.8
5.80 66.3 94.0 123.2
In 100.00 429 36.5 323

to fit the broadening data of all five alloy systems. The
experimental results for In-Sn and calculations for two
values of a are shown in Figs. 1 and 2. The good fit to
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Fic. 1. Relative In'® single-crystal second moments for 90° and
non-90° crystallites. + ——% transition in In-Sn,

10 at.9% Sn supports the conclusion that the assump-
tions and approximations made were good ones. The
predicted and observed dip seen in Fig. 1 is a lattice
parameter effect associated with the oscillation of the
lattice parameters in the neighborhood of 7 at.9, Sn.
The line broadening is dominated by the quadrupolar
interactions. Using Eqs. (4) and (5) we were able to
compute line shapes taking into account 538 nearest
neighbors. An example of this calculation is shown in
Fig. 3 for In-0.6 at.%, Cd for various values of dipolar
broadening. As expected from the observed powder-
pattern line shapes, we obtain a strong Gaussian central
peak. The weak asymmetric wings could not be ob-
served, but they make the mean frequency different
from the observed peak frequency. As explained pre-
viously, the mean frequencies are needed for the per-
turbation expressions. However, the difference is small
for values of the dipolar broadening corresponding to
indium (=30 kHz). The worst case, the § —  singu-

TasLe II. Blatt corrected valence difference Z’, residual re-
sistivity p in uQ cm/at.%, phase shifts, and screening parameters,
with 7, =0.119;.

Solute z' P N0 m A )
Sn 0.892 0.376 0.738 0.187 0.355 —1.721
Pb 0.481 0.600 0.756 0.000 0.686 —2.386
Cd —0.773 0325 —0.674 —0.152 0344 —1.209
Hg —0.681 0.114 —0.356 —0.238 0.364 3.016
T1 —0.261 0.197 —0.410 0.000 0.399 —0.410
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F1c. 2. Relative In'5 single-crystal second moments for § — %
and 3 ——#% transitions in 90° crystallites of In-Sn.

larity of In-Sn, is shown in Fig. 4. Even here the dif-
ference between peak and mean frequencies is an order
of magnitude too small to explain the dip in the Knight
shift observed in that alloy. Moreover, the difference
has only a monotonic behavior with concentration of
solute and would not be able to exhibit the dip even if
the effect were large enough.

IV. KNIGHT SHIFT AND QUADRUPOLAR-
COUPLING RESULTS

The measured isotropic and anisotropic Knight shifts
in In-Cd, In-Hg, and In-Tl are shown in Figs. 5-10. As

MEAN = LI KHz

PEAK =09 kHz

PEAK = 0.2 kHz

o
[
T

PEAK =-0.5 kHz—/—/—

INTENSITY

[
i
T

3= 30KHz
;= 40kHz

n . B I B e h
-60 -40 -20 0 20 40 60
FREQUENCY (kHz)

F1c. 3. Calculated full-power curve for In —0.6 at.9, Cd, with
and without spin-spin broadening. Strength of imposed Gaussian
broadening is indicated by ¢q.
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Fic. 4. Difference between mean and peak frequencies for
§ — 3 transition in In-Sn, for several values of the Gaussian
broadening width parameter ¢. Crosses indicate value of o de-
duced from experiment.

was the case in the In-Sn and In-Pb alloys,’ the iso-
tropic Knight shift shows a rapid drop in the dilute
region. This drop is two orders of magnitude larger than
predicted by the screening term in Eq. (8). The increase
in the isotropic Knight shift after 2 at.9, Cd is similar
in nature to that observed after 7 at.9, Sn in In-Sn.?
Both alloys demonstrate an oscillation in lattice pa-
rameters which has been ascribed to the approach,
intersection, and overlap of the Fermi surface with a
Brillouin-zone face.!®1® Such a process would be ex-
pected to lead to an increase in the density of states at
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Fic. 5. In' isotropic Knight shift in In-Cd.
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ATOMIC. PERCENT CADMIUM
F16. 6. In'5 anisotropic Knight shift in In-Cd.

the Fermi surface, and hence to an increase in the
Knight shifts.

The anisotropic Knight shifts in the alloys behave as
previously observed in In-Sn and In-Pb, a roughly
linear increase with impurity concentration. The screen-
ing term in Eq. (9), calculated with an ' =85, is an
order of magnitude too small to describe the observed
changes.

The measured quadrupole-coupling frequencies in
In-Cd, In-Hg, and In-TI are shown in Figs. 11 and 12.
The quadrupole-coupling frequency in the alloys is
given by Eq. (7). The contribution of the lattice and
the unperturbed Bloch electrons, denoted by ¢, should
depend only on the lattice parameters of the alloy at

0.820]
®

0.780

0.740 T T T
¢} 2 4 6
ATOMIC PERCENT MERCURY

In"S ISOTROPIC KNIGHT SHIFT (%)
]

Frc. 7. InY8 isotropic Knight shift in In-Hg.

15 M. F. Merriam, Phys. Rev. Letters 11, 321 (1963).
16 M. F. Merriam, Phys. Rev. 144, 300 (1966).
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constant temperature. Examination of Figs. 11 and 12
and the corresponding measurements of Anderson ef al.®
on In-Sn and In-Pb, reveals a one-to-one correspond-
ence between the ¢/a ratio of the bct lattice and the
quadrupole-coupling frequency. This is consistent with
the pressure work of O’Sullivan and Schirber,’” who
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F16. 10. In' anisotropic Knight shift in In-TI.

7 W. J. O’Sullivan and J. E. Schirber, Phys. Rev. 135, A1261
(1964).
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F1e. 11. In" quadrupole-coupling frequency in In-Cd and In-TL

found a strong dependence of the coupling on ¢/a ratio
and a weak dependence on volume. The quadrupole-
coupling frequency is plotted versus ¢/a ratio in five
indium-rich alloys in Fig. 13. The strong dependence on
¢/a ratio is clear. Since the sign of the nuclear quad-
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k6. 12. In5 quadrupole-coupling frequency in In-Hg.
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rupole moment is known we can write ¢ as
ac

¢==£0.59357,—— >_'& fo(R),
e

where ¢ is in units of 10* cm~3 and v, is in MHz. We
emphasize that ¢ is not explicitly dependent on the par-
ticular impurity in the alloy, but depends only on the
¢/a ratio and the atomic volume. We anticipate a 1/V
dependence on atomic volume. The quantity V¢ should
depend only on the ¢/a ratio and is plotted in Fig. 14
for the assumption of a positive EFG and in Fig. 15
for a negative EFG. Examination of these figures shows
quite clearly that EFG in indium is negative. Accepting
Sternheimer’s value for the antishielding factor in
indium!® and using the ionic model of Hewitt and
Taylor,” we obtain for the electronic contribution to
the EFG, —390.7 X102 (cgs-esu).

The rate of change of the EFG with respect to the
¢/a ratio is 709, of that obtained by O’Sullivan and
Schirber!” at room temperature.

V. CONCLUSION

The dip in the isotropic Knight shift observed for low
concentrations of impurities in indium-rich alloys is the
most surprising, and perhaps the most interesting,
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F16. 13. In's quadrupole-coupling frequency versus c/a ratio
in five indium-rich alloys. (a) From Ref. 3.

18 R. M. Sternheimer, Phys. Rev. 159, 266 (1967).

IN THE INDIUM-RICH ALLOYS
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Fi1c. 14. Dimensionless quantity Vg in five indium-rich
alloys for positive EFG.

result of the NMR measurements on these alloys. In
view of the fact that the dip is observed for alloys with
different trends in ¢/a ratio, atomic volume, and elec-
trons/atom, an explanation based on a change in the
nearly free-electron band structure is implausible.
Recent density of states calculations for solid indium?
indicate very smooth behavior in the neighborhood of
the Fermi energy, so that the addition of a fraction of
an atomic percent impurity would not be expected to
yield a significant drop in the density of states. More-
over, electronic specific-heat measurements below 1
at.% Sn in In-Sn ¥ do not show a dip similar to that ob-
served in the isotropic Knight shift.

Differences between the alloy systems studied lie
principally in the rate at which the Knight shift drops
with impurity concentration, decreasing most rapidly
for In-Pb. If one plots the measured Knight shifts
versus residual resistivity, one finds that the rate at
which the Knight shift drops is the same for all five
alloy systems. This indicates that the drop is related to
the scattering of Fermi electrons by the impurities.

The screening theory explains the linewidth and
quadrupole-coupling results quite well, but does not
explain the Knight shift results at all. This leads us to

1 R. W. Shaw, Jr., and N. V. Smith, Phys. Rev. 178, 985 (1969).

2 H. W. White and D. C. McCollum, Bull. Am, Phys. Soc. 13,
1671 (1968).
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F16. 15. Dimensionless quantity Vg in five indium-rich
alloys for negative EFG.

believe that the spin susceptibility of the conduction-
electron system is decreasing, initially, as a result of the
scattering of Fermi electrons by the impurities. The
corresponding increase in the negative anisotropic
Knight shift would be too small for us to detect. The
anisotropic Knight shift behavior can be understood in
terms of the changing orbital character of the Bloch
electrons.

The question remains as to what is producing a de-
crease in spin susceptibility. We note that reduction of
electron-electron interactions has been cited as the
reason for the initial drop in the superconducting tran-
sition temperature in indium alloys.?® In this case,
reduction of the anisotropy of the electron-phonon in-
teraction, produced by impurity scattering of Fermi
electrons, is responsible for a drop in the superconduct-

2D, Markowitz and L. P. Kadanoff, Phys. Rev. 131, 563
(1963).
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ing transition temperature. Repulsive electron-electron
interactions are known to enhance the spin suscepti-
bility relative to its independent particle value. Work
on the exchange enhancement of the susceptibility in
alkali and noble metals indicates that the enhancement
is substantial.®7 A quantitative theory has not yet
been done for polyvalent metals, but the qualitative
conclusions should be the same. We suggest, therefore,
that the drop in the Knight shift may be due to a re-
duction of repulsive electron-electron interactions, pos-
sibly through a loss of anisotropy as a result of impurity
scattering of Fermi electrons.

There is further evidence that electron-electron
interactions are responsible for the isotropic Knight
shift behavior. Short-range exchange interactions lead
to an enhancement in the nuclear spin-lattice relaxation
rate.®7 MacLaughlin® has observed a dip in the re-
laxation rate of In-Pb alloys in the dilute region at
4.2°K. MacLaughlin’s preliminary results indicate that
the Korringa product K277 is not constant. This is
consistent with a changing electron-electron interaction.

It is not clear why the isotropic Knight shift rises
again to near its pure indium value in a number of the
alloys. A number of effects, including band structure,
may be involved. A full explanation of the Knight shift
behavior, including the higher concentrations, may have
to invoke the suggestion of Bennett ef al.2® that the
product of the hyperfine field with the spin suscepti-
bility must be calculated for each segment of the Fermi
surface, with a summation over segments.

The screening theory of Kohn and Vosko explains the
broadening of the indium lines well. The value of 85415
for the enhancement factor obtained from the width
analysis is consistent with enhancement factors ob-
tained in other metals, 40 in both copper?* and silver.?®
The stronger lattice potential of a polyvalent metal
should yield a larger « than is obtained in the previously
measured monovalent metals.
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