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A theory, based on the density-functional formalism, is developed to calculate the fractional
change in the Knight shift of a liquid metal due to dilute impurities. The spin densities around the
impurities are calculated self-consistently using the local-density approximation. The disorder in the
liquid state is taken into account by incorporating into the theory the pair-correlation function of the
host metal. In the numerical computation, both the experimental and model pair-correlation func-
tions are used. The present formulation takes into account the magnetic-field-induced distortion of
the conduction-electron states both at and below the Fermi energy and is valid at any distance from
the impurity. The theory is applied to liquid Al alloys containing Mg, Si, Ga, and Ge impurities.
The results are compared with the predictions of an asymptotic model based on the conventional ex-
pression for the Knight shift. The results are in reasonable agreement with experiment; however,
additional theoretical and experimental work is called for. The theory is applicable to other disor-

dered systems such as amorphous alloys.

I. INTRODUCTION

Thirty-five years ago Knight! observed a shift in the
resonance frequency of ®*Cu in metallic copper from that
in diamagnetic CuCl. This shift, now termed the Knight
shift, was later shown to be a characteristic property of
the metal and arises from the interaction of the nuclear
magnetic moment with conduction-electron spins polar-
ized by the external magnetic field. Assuming that this
interaction is dominated by the Fermi contact term,
Townes et al.? derived a simple expression for the Knight
shift, namely, -

8
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 where ( | ¥1,.(0) | 2),v is the density of conduction elec-

trons at the probe nucleus averaged over the Fermi sur-
face and X, is the Pauli spin susceptibility. The calcula-
tion of the conduction-electron density in a perfect metal
requires a detailed knowledge of the band structure. An
accurate determination of the spin susceptibility, on the
other hand, depends on how well one understands the
many-body effects associated with the interacting elec-
trons. It is due to these reasons that a quantitative theory
for the Knight shift in perfect metals has been difficult to
develop.

In imperfect metals, there are other problems that
hinder both experimental and theoretical investigations.
For example, the presence of impurities and imperfections
causes perturbations on the spatial distribution of
conduction-electron densities in the material. As a result,
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the host-resonating nuclei experience different local fields
and resonate at different frequencies. This gives rise to ei-
ther a broadening or a further shift in the nuclear reso-
nance frequency. This additional shift in the resonance
frequency, which is characteristic of the impurity in a
given host, is difficult to obtain experimentally. This is
particularly the case when the additional fractional shift
is small in magnitude.

From a theoretical point of view, the perturbations on
the conduction-electron states are difficult to calculate
quantitatively due to the loss in the periodicity of the
crystal. Recent methods,’ based on a Green’s-function ap-
proach, have permitted one to obtain a semiquantitative
understanding of the conduction-electron states by confin-
ing the perturbation within a muffin-tin cell around the
impurity and matching the solution to the host Green’s
function outside the cell. For a disordered material such
as amorphous and liquid metals the common methods
usually employed are based upon the coherent-potential
approximation. It would, thus, appear that a quantita-
tive theoretical treatment of the electronic structure of im-
purities in a disordered metal is a very difficult task since
imperfections are introduced not only by the structural
disorder, but also by the impurities.

As was pointed out by Ashcroft and Lekner,® the loss
of long range order in the liquid state may have an added
advantage for electronic structure calculations in liquid
metals. This is because the electrons can be treated as
free-electron-like and this approximation is expected to be
more valid for metals in the liquid phase than in the solid
state. In this paper we extend the free-electron treatment
to liquid binary alloys. We treat the host liquid metal as a
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free-electron system. The perturbation on the host elec-
tron density for both spin orientations due to the impurity
atom is calculated self-consistently using spin-density-
functional formalism.® The induced spin density around
the impurity atom exhibits the well-known Friedel oscilla-
tions at the asymptotic region. Thus the net spin density
at a near-neighbor host atom may either be enhanced or
diminished depending on its distance from the impurity
atom and the phase of the spin-density oscillations. This
would induce a corresponding change in the local field
and resonance frequency of the host atoms. A configura-
tion average of these changes leads to the determination of
the fractional Knight shift. The theory developed here is
applicable to free-electron-like liquid metals in general.
We have applied it to study the fractional change in the
Knight shift in liquid Al due to Mg, Si, Ga, and Ge im-
purities in the dilute limit.

In the next section we outline our theoretical approach
and compare it to earlier theoretical attempts”? for calcu-
lating Knight shifts in liquid binary alloys. In Sec. III the
electronic structure of binary liquid alloys and Knight-
shift results are compared with experimental values. We
also discuss the importance of mechanisms other than the
Fermi contact term in the calculations of Knight shifts
and reasons for the remaining disagreement between
theory and experiment.’

II. THEORETICAL FORMULATION

The hyperfine (hf) field at a nuclear site due to the con-
tact interaction between the nuclear magnetic moment
and spin-polarized electrons is given by
87

3

where n'(0) and n'(0) are, respectively, the density of
spin-up and spin-down electrons at the nuclear site. The
Knight shift is then given by
n'(0)—n'(0)
nd—n¢

Bye=—pug[n'(0)—n*0)], (1)
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By 377
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where n{—n{ is the ambient spin density of the conduc-
tion electrons caused by the external magnetic field, By;.
It has been shown by Munjal and Petzinger’ that Eq. (2)
leads to the conventional form

87
K =X (910 [Py 3)

when the scattering is limited to the Fermi-surface elec-
trons with wave number ky only. Equation (3), therefore,
ignores the effect of the magnetic field on the electrons
below the Fermi surface and is an approximate form of
Eq. (2).

In a perfect metal, the Knight shift at any nuclear site
is identical to that at any other nuclear site. Thus the
average Knight shift, K, per atom in a perfect host,

Ko= % S Ko(R,), )

is identical with Ko(ﬁ,,). In Eq. (4), N denotes the num-
ber of atoms in the sample and the subscript 0 denotes
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that quantities are for a perfect host. When an impurity
is introduced, the conduction electrons around the impuri-
ty are perturbed. This perturbation, in the asymptotic re-
gion, leads to the Friedel oscillations in the charge and
spin density. Since the induced spin density n'(r)—n*(r)
is spatially varying, the contact spin density at any host
nuclear site would depend upon the distance between the
host and impurity atom. Thus the average Knight shift,

K, per atom in the imperfect system, is given by
_ 1 -
K=—Y'K(R,), (5
N % (R,) )

where K (R,) is the Knight shift at the host atom site at a
distance R, from the impurity. In Eq. (5), the summation
excludes the atom at the origin which is occupied by the
impurity. The change in the average Knight shift due to
the impurity is then

AE:K_Eozjlv— S KR)-SKoR,)|, ©
writing
K(R,)=K,(R,)+AK(R,), )

Eq. (6) becomes (in the limit N is large)
AR= % SAK(R,) . ®)

For the fractional change in the Knight shift for concen-
tration ¢ of the impurity, we have

_L1AK _ Siap@
I'= - —§ AK(R,)/K, . 9)
Using Eq. (2) in Eq. (9), we have
C=3'An(R,)/[n'(0)—n*0)], (10)
where

n9(R,)=ng([R,)+6n°R,)
and
An(R,)=6n"(R,)—8n*(R,) . (11)

In Eq. (11) n%(n§) is the density of the electrons with
spin o (1 or {) at site R, in the imperfect (perfect) system,
and 8n7 is the perturbation produced by the impurity at a
distance R,,. An(l_iv) is then the perturbed spin density.
In an all-electron calculation, Eq. (10) would include the
orthogonalization of perturbed conduction electrons to the
host core orbital. In a pseudopotential calculation, on the
other hand, the core electrons are frozen and the effect of
orthogonality of conduction electrons with core orbitals
on the Knight shift manifests itself in an enhancement
factor, a. Rigney and Flynn’ have shown that in an alloy
system such a procedure can also be followed. Thus we
can write

An(R,)~aAR(R,) (12a)
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and where V7, is the exchange-correlation potential’? in the
local-density approximation and is defined with respect to
1 YO eyl b ! I 1V et t
n'(0)—n*(0)=a(no—no) . (12b) the ambient environment. The electrostatic potential is
Substituting Eq. (12) in Eq. (10), we have obtained by solving Poisson’s equation
\ V2Vs(r)=—8m[ ey —n (1] , 20
An._(R ) es [ ext ] ( )
= 2 no—ns | (13) where the electron density #n () is given by

Anl (ﬁv) in Eq. (12) is the spin-density distribution around
an impurity embedded in a free-electron gas and can be
calculated self-consistently in the density-functional for-
mulation using the jellium model."

In a liquid metal, the atoms are in a disordered state.
The summation in Eq. (13) over nuclear positions can be
carried out by performing the following integration:

An(r)
L= [ d%p , 14)
J il (
where
plr )-—g(r) (15)

Q

g(r) is the conventional pair-correlation function and Qg
is the atomic volume. g(r) can be determined from exper-
imental structure-factor data!! or from model calcula-
tions.> In Eq. (14), the 1nduced spin density in the large
parentheses decreases as 1/7° modulated by a sinusoidal
function at large . Thus the integrand in Eq. (14) de-
creases as 1/r modulated by the sinusoidal function. At
small r, while the induced spin density is large, the num-
ber of host atoms contributing to the fractional Knight
shift in Eq. (14) is small. On the other hand, at large 7,
the number of atoms is large while the induced spin densi-
ty is small. Consequently, the contribution to the frac-
tional Knight shift from atoms close to the impurity may
be as large as those further away. Thus it is important to
calculate an induced spin density that is valid at all dis-
tances from the impurity.

In the following we describe briefly the density-
functional approach that we have used to calculate the in-
duced spin density. The prob]em reduces to solving the
Hohenberg-Kohn-Sham equatxons,

[—V2+V&(D) WD) =€iyr(T) , (16)

We have used atomic units (A=1, m =+, e?=2). The
effective potential, Vs, is assumed to be spherically sym-
metric. Thus Eq. (16) reduces to a one-dimensional equa-
tion

2
A HUED Ly RG(=(KOPRE(P),  (17)
-

T ar?
where the one-particle wave function
YIT)=3, RGP Y} (F) . (18)
Im
k¢ is the wave vector for an electron with spin o (1 or {).
- The effective potential is given by
‘ngf = Ves + V:c s (19)

oce
n(r)=3[19k(r |2+ | ¥k(r) |2 . @1
k
The external perturbation is assumed to have the form
Nexe(T)=A 8(F) +1O(F—Ryy) (22)

[WS represents a Wigner-Seitz cell]. Here A is the atomic
number of the host and/or impurity atom, n is the aver-
age density of electrons and/or positive ions in the unper-
turbed host, and © is the usual Heaviside unit-step func-
tion. Equations (16)—(22) are solved self-consistently.

To compute the fractional Knight shift in Eq. (14), we
solve Egs. (16)—(22) self-consistently for both the host
and impurity atoms. This is done by using A4 equal to an
atomic number of the host and calculating the induced
spin density around the host atoms. The calculation is
then repeated for the impurity. The difference between
the spin densities around impurity and host atoms then
enters into the calculation of the fractional Knight shift.

It is now possible to derive a simple analytic expression
for the Knight shift valid at the asymptotic region. In
this limit the radial wave function Ry (r) for the Fermi-

surface electrons can be expressed as
RkF,(r)=c0581(6p)j,(kpr)——sinS,(eF)n,(kpr)
asr—o , (23)

where 8;(er) is the scattering phase shift for the /th par-
tial wave at energy €r, and j; and n; are spherical Bessel
and Neuman functions. It is straightforward to show that
in the asymptotic limit

| i, ()| 2= 3, (21 + 1)[ cosdy(eF)jy(kpP)
1
—sind;(ep)n(kpr)]? . (24)

Using the conventional expression (3), the fractional
Knight shift is

| e, (r) | 2= w“”(r) |2
| fion(r) |2

r= [ drp(r) , (25)

iXpT, .
where ¢v(°)(r )=e' " ©" is the unperturbed wave function of

the Ferm1—surface electron of the perfect host. It is easy
to show that

S 21+ 1D)jHker) . 26)
1=0

Using Egs. (26) and (24) in Eq. (25), we obtain

92 [2=1=
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F=fd3rp(r) 2(21+1)[n,2(,uFr)—-j,2(kFr)]sin251(ep)—z(21+l)nl(kpr)jl(kpr)sin281(ep) . (27)
] 1

Rigney and Flynn’ have recast Eq. (27) in the form
I'=Y {4;sin?8;(ex)+B;sin[28,(ex)]} , (28)
1

where

A=@1+1) [ drp(nnfker)—jftken)]
(29)
Bi=—QI+1) [ dPrp(rinkpr)jiliegr) .

Thus A4; and B, are quantities that depend upon the prop-
erties of the perfect host metal and can be determined fi-
nally. The fractional Knight-shift calculation in Eq. (28)
needs only the scattering phase shift and can be used to
study various impurity systems with ease. However, as
shown in the Appendix, this procedure leads to inaccurate
results since numerical evaluation of the A;’s and B,’s in
Eq. (29) is difficult. Thus it is necessary to evaluate Eq.
(27) directly.

Recently Iwamatsu et al.® have calculated the Knight
shifts for liquid binary alloys of simple metals using a
pseudopotential procedure and the conventional expres-
sion for the Knight shift. This method, although simpler
than our density-functional scheme, suffers not only from
the ambiguity associated with pseudopotentials, but also
that it makes use of a low-order perturbation theory.

III. RESULTS AND DISCUSSION

We now present the results of the spin-density distribu-
tion around both host and impurity atoms calculated in
the density-functional theory. In order to calculate n%(7),
we initially polarized the electron gas by choosing

(nd—n)/ny=0.1. (30)

The induced polarization n'(r)—n*(r) is proportional to
the ambient polarization (n§—n¢) in this limit. Thus the
Knight shift in Eq. (14) is independent of the choice of
this ambient polarization.

In Fig. 1 we plot the spin density n'(r)—n*(r) around
an Al nucleus embedded inside a vacancy in a homogene-
ous electron gas'® of density given by r,=2.17, appropri-
ate to liquid Al at the melting temperature. Figure 1
shows the spin density for distances that are relevant to
the calculation of the Knight shift. The pair-distribution
function, as described later, has the first peak around 5a,
which is also very close to the hard-sphere diameter of
4.8a,. Thus the contribution to the integrand in Eq. (14)
is nonvanishing for » >4.8a,. Figure 1 also exhibits the
well-known Friedel oscillations which asymptotically ap-
proach the ambient spin-polarized density.

The calculations of the spin density around the substi-
tutional impurities 1,Mg, 3,Ga, 14Si, and 3;,Ge were repeat-
ed by using the appropriate atomic numbers in Eq. (22)
and carrying out the density-functional calculations to full
self-consistency. For ;;Mg, ;3Al, and 1,Si, the solutions
led to bound electrons in 1s2, 252, 2p6 orbits. The num-

I
ber of electrons in the scattering state, and thus the
valence Z of ;,Mg, 13Al, and 4Si were found to be 2, 3,
and 4, respectively. For 3;Ga and 3;,Ge we found bound
states in 1s2, 252, 2pS, 3s% 3p® and 3d'° states. The
valence Z of ;;Ga and j;,Ge are, respectively, 3 and 4.
The valence difference between impurity and host,
AZ =Z;—Zy is —1 for ,Mg, O for 3;Ga, and + 1 for
32G’C and 14Si. .

In Fig. 2 we have plotted the difference in the spin den-
sity between the impurity (Mg, Ga) and host atom, i.e.,

Aﬁ(r)=[n t(7‘)--71 l(r)]impurity-[n T(r)-n 1(")]host ’ (31)

since it is this quantity that enters into the calculation of
the fractional Knight shift in Eq. (14). It is clear from
Fig. 2 that the induced perturbation around ;Mg is larger
than that around ;,Ga. Two main conclusions can be
made from Fig. 2. First, 13Al and 3;Ga, although having
the same valence structure, have different core-electronic
structure. That A7 (r) for AIGa is finite indicates that for
isovalent atoms, the core structure plays a role in perturb-
ing the ambient environment of the host. For ;Mg and
13Al, on the other hand, the core-electronic structure is
the same while the valence structure is not. Since ;Mg is
found to provide a larger perturbation than 3;;Ga on the
ambient spin distribution in 4Al, one can conclude that
valence difference between impurity and host atom plays
a larger role in perturbing the ambient environment than
the difference in the core-electronic structure.

In Fig. 3 we plot the induced spin density around ;,Ge
and 4,Si. For both impurities in 3Al, Z=+1. Yet 3,Ge
provides a larger perturbation on the host than 14Si. This
supports our discussion above that the core-electronic
structure plays a role in the perturbation. The perturba-
tions exhibited in Figs. 2 and 3 have a direct effect on the
fractional Knight shift.

0.00240—
0.00235
0.00230

0.00225

INDUCED SPIN DENSITY (a.u.)

0.00220~{

0.00215

FIG. 1. Induced spin-density distribution n'(r)—n'(r)
around an Al nucleus embedded in a vacancy site in liquid Al.
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INDUCED SPIN DENSITY (a.u.)

-0.00005~

-0.00010 4

r(a.u.)

FIG. 2. Induced spin density AA(r)=[n"(r)—n*(r)]imp
—[n'(r)—n*(r)]nes around Mg (solid line) and Ga (dashed line)
in liquid Al.

Before presenting the calculations of the Knight shift,
we would like to discuss the pair-correlation function g(r)
in the liquid host, since it is needed for the evaluation of
the Knight shift. The pair-correlation function is ob-
tained by Fourier transforming the interference function
of the liquid metal. This transform often introduces er-
rors in the pair-correlation function associated with the
truncation in the diffracted intensity at a certain wave
number. The possible errors in the data analysis and data
reduction have been discussed by Fessler et al.!! in detail.
In Fig. 4 we show the experimental g () obtained from x-
ray diffraction studies by Fessler et al.!! We have com-
pared this g () with the hard-sphere model® based on the
Percus-Yevick equation. We have used a packing density
of 7=0.46 for our calculation. The agreement with ex-

periment is excellent beyond the first peak. The differ- '

ence between the model and experimental g (r) around the
first peak is insignificant so far as the calculation of the
fractional Knight shift is concerned.

In Table I we compare the fractional Knight shift cal-
culated using the density-functional result [Eq. (14)] and

0.0003—

0.0001~|

0.0000 —

INDUCED SPIN DENSITY (a.u:)

-0.0001

-0.0002

r(a.u)

FIG. 3. Induced spin density AA(r)=[n'(r)—n*(#)limp
—[n"(r)—n*(r)]hos: around Si (solid line) and Ge (dashed line)
in liquid Al
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4.0

3.04

g(r)

20

4 13 s 10 12 16 T8
r(au)

FIG. 4. Pair-distribution function g(r) in liquid Al. The
solid line is calculated using the hard-sphere model (Ref. 12).
The dotted curve represents the experimental g (r) (Ref. 11).

the asymptotic formula [Eq. (27)] with experiment. We
should point out that the partial-wave phase shifts used in
the asymptotic formula in Eq. (27) were obtained from
our density-functional calculations. The summation over
I was carried up to / =10. The reader is referred to the
Appendix where we discuss the numerical procedure and
the necessity for using Eq. (27) over Eq. (28) and for re-
taining higher values of [ in the partial-wave sum.

The agreement between the asymptotic and nonasymp-
totic values of the Knight shift in 4/Si and A4/Ga is satis-
factory while for 4AIMg and AIGe the values differ by a
factor of 2. This shows that the asymptotic formula for
the Knight shift is not valid in general and that the con-
tribution of near-neighbor atoms to the fractional Knight
shift may be quite important. For near-neighbor sites, the
asymptotic expression is not valid.

We now compare the density-functional result with ex-
periment. Except in the case of A/Ga the agreement with
experiment is fairly poor. Of particular interest to note is
AIMg where the sign of the calculated fractional Knight
shift is opposite to that in experiment. This disagreement
is unsettling, since liquid metals, such as Al, are ordinari-
ly characterized as free-electron-like where Ziman’s'*
theory applies.

TABLE 1. Comparison between fractional Knight shifts
I'=K ~'3K /dc due to ;Mg, 14Si, 3;Ga, and ;,Ge obtained from
experiment, self-consistent spin-density-functional, and phase-
shift (asymptotic) calculations.

Knight shift in liquid Al alloys

Density
Impurity Experiment . functional Phase shift
12Mg 0.01 —0.23 —0.11
1451 0.07 0.29 0.23
31Ga 0.14 0.16 0.13
1Ge 0.21 0.44 0.70
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I = 0.01

‘expt

Ttheor = - 0.23

AK

FIG. 5. Experimental data points from which the experimental fractional Knight shift ' =K —13K /dc was obtained by Rigney and
Flynn (Ref. 7). The straight line corresponds to the I' values quoted by Rigney and Flynn. Note that the scatter in the data points
for all the alloy systems is appreciable. T'yeory is based upon our self-consistent calculations.

We further note from Table I that the influence of core
electrons is consistent between the experimental values
and the density-functional calculation, but is inconsistent
with the asymptotic (phase shift) limit. Since Ge and Si
both have a valence of 4, the difference in their fractional
Knight shifts, i.e., 0.21—0.07=0.14, is a measure of the
core-electron contribution to the Knight shift. This value
is the same as the measured fractional Knight shift due to
Ga which is isovalent with Al. The density-functional
calculation shows this same behavior, i.e.,, I'(3,Ge)
—TI'(14S1)=0.44—0.29=0.15~T"(3;Ga), while the phase-
shift calculation does not. This further points out the in-
consistencies introduced by using even self-consistent
phase shifts in trying to model phenomena where this
asymptotic calculation is inappropriate.

We now comment on possible sources contributing to
the apparent disagreement between theoretical and experi-
mental results in Table I. We first discuss the shortcom-
ings of our theoretical approach. In spite of the fact that
the present calculations are the best to date, these
shortcomings may include (1) other contributions such as
core-polarization and orbital effects that can contribute to
the fractional Knight shifts. In most simple metals, the
core-polarization contribution is about 30% of the direct
term.!®> No calculations of this contribution in alloys are
available to our knowledge. (2) We have assumed that
Pauli spin susceptibility is the same in the imperfect metal
as that in the perfect host. (3) We have neglected the ef-
fect of structural disorder on the electron-spin-density dis-
tribution. Corrections beyond the jellium model may be
necessary. (4) The pair-correlation function g(r) used in

our calculation is that for the perfect liquid metal. The
presence of impurities in nondilute proportions may affect
this assumption.

From the experimental view, as pointed out earlier, the
shifts in the precession frequency due to impurities may
be small and thus difficult to measure in very dilute al-
loys. The addition of large amounts of impurities may in-
troduce complicating interactions between impurities and
thus affect the measured fractional shift. To illustrate
this point further, we show in Fig. 5 the experimental
AK /K for various impurity concentrations in A/Mg,
AlGa, AISi, and AIGe alloys. These data were taken
from the work of Rigney and Flynn.” The straight lines
are the fits to the data points used in Ref. 7. The slope I
of these straight lines is the experimental values given in
Table I. It is clear that the data points have considerable
scatter in them and the slope of AK /K versus ¢ can be
easily altered. Thus it would be useful to have additional
experimental studies of these systems, particularly at low
concentrations. Until more accurate experimental values
of T are available, it will be hard to judge the importance
of various factors discussed in analyzing our theoretical
results.
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APPENDIX: PROCEDURE FOR NUMERICAL
EVALUATION OF FRACTIONAL KNIGHT SHIFT

It was pointed out in the text that the contribution to
fractional Knight shift, I =K ~!9K /dc, arises from host
atoms at close proximity to the impurity (where perturba-
tion is large, but number of host atoms small) as well as
those at large distances (where perturbation is small but
" number of host atoms is large). Thus it is not only impor-
tant to have a theory that is valid at all distances from the
impurity, but also the contribution from all atoms should
be calculated properly in numerical computations. In the
following we provide details of our numerical approach
and point out some of the difficulties inherent in the ear-
lier approach of Rigney and Flynn.

For the density-functional calculations, the integral in
Eq. (14) was divided into three regions, namely,

AEI Ry 3 An
Fr=—-—= d’rp(r) | ———
K ¢ fO P ny—ng
Ry Aﬁasym
d3
+fRI rp(r) ny—ng
® 1 Ai:[asym
dir— |———— | . (A1)
+le1 "0 | nf—ns ]

In the self-consistent calculation of A7, the density func-
tional Eq. (16) was integrated from the impurity site to a
-maximum distance R;=14.0a, using a Herman-Skillman
mesh. Thus the first term in Eq. (A1) was computed us-
ing self-consistent A7 and p(r)=Qq lg(r) from Fig. 4.
For the second term in Eq. (A1) we chose Ry;=60.0a,
and fitted the spin density A7 to an asymptotic formula
for r >Ry,

A goym = A cos(2kpr +6)/r* . (A2)

The amplitude 4 and phase factor 6 were determined by
fitting (A2) to the last two points of our calculated self-
consistent A7i(r). In the third region Ry <7 < 0, We set
plr)=Qqg !since g(r)—1 in this limit and the integration
of the third term in Eq. (A1) is evaluated analytically.
The fractional Knight shift using the asymptotic formula
Eq. (27) was evaluated in a manner described above. The
phase shifts 8, in Eq. (27) were obtained from our
density-functional calculation, namely 8; =8] + 8} for elec-
trons at the Fermi surface. We retained partial waves
0 <! <10 in the summation in Eq. (27).

It is now appropriate to comment on the difficulties as-
sociated with the numerical procedure used by Rigney and
Flynn to evaluate Eq. (28). First, these authors restricted
the sum over partial waves to 0</ <2. Since the deriva-
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L
20 +1)j2
P (2L+)izx

0.0 1 L L 1 A 1 1

L

FIG. 6. Plot of 3,_,(2/ +1)jf(x) vs L for various argu-
ments of the Bessel functions. Note that the sum is independent
of x only if it is carried to large values of L.

tion of Eq. (28) relies on the condition that the identity in
Eq. (26) be satisfied, we show in Fig. 6 a plot of
S0 (21 +1)jf(x) versus L for several values of x. For
this sum to be independent of x, one has to sum over a
large number of [ values—the larger the x value, the
greater the number of / values required in the sum to
satisfy the identity in Eq. (26). Thus for impurities for
which the scattering phase shifts for / >2 are important,
one has to include higher / terms in evaluating Egs. (27)
or (28). The second problem is associated with the evalua-
tion of A;’s and B;’s in Eq. (29).

To derive the asymptotic behavior of the integrands in
Eq. (29), we note that

,jl(x)-—>lCOS x—l—+—17r , as X— oo ,
X 2
(A3)
n,(x)—»isin x——1+—1ﬂ' as Xx—>o0 .
x 2

Thus

[nlz(x)—jlz(x)]z— Lz( —1)i+! cos2x, as Xx— oo ,
X
(A4)

[ (i) ) (= 1)+ sinx, as x—co .
X

Since p(r)—Qg ' as 7— w0, Eq. (29) in the asymptotic re-
gion would go as a sinusoidal function. Thus the A4,’s and
By’s cannot be numerically evaluated. ‘We therefore
recommend the use of Eq. (27) for the asymptotic formula
for the Knight shift.

*On leave of absence from Institute of Physics, Sachivalaya
Marg, Bhubaneswar, Orissa, India.
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