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pling case, for it is generally agreed that for U=T
no particular subset of diagrams is dominant.
Furthermore, having obtained a Kondo-like log-
arithmic divergence, it is not clear how to re-
normalize such that a well-behaved local moment
susceptibility, consistent with experiment, results.

Hamann’s scheme, less formalistic and perhaps
on firmer ground than Keiter’s in terms of physical
insight, suffers from the two difficulties discussed
in Sec. III; the extremal approximation to the y
field does not appear to be as innocuous as previ-
ously thought, and the ND approximation may be
only marginally adequate for the calculation of the
d-state Green’s function for the “time”-dependent
problem.

The 2-field formalism without extremal approx-

imation thus appears to us to be the best frame-
work for more powerful schemes. Furthermore,
the limitations of the ND approximation can per-
haps be overcome or shown to be unimportant. Al-
though one can hope for a new breakthrough, for
the present we must conclude that the FI method

as applied to the Anderson model has proven more
exotic than effective.
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The spatial dependence of the electron density polarization per spin §x°(»), produced by a
magnetic ion in anonmagnetic host, has been calculated interms of the Friedel—Anderson model.
The numerical results are found to be rather insensitive to variations of the model parameters
describing the virtual bound state provided self-consistency is maintained. Our numerical re-
sults differ considerably, even in sign, from the well-known asymptotic form at first-nearest-
neighbor distances and the asymptotic form is not adequate until 2 10%. An interpolation
formula, incorporating lowest~order preasymptotic corrections, has also been given.

L. INTRODUCTION

It is well known that MOssbauer and nuclear-
magnetic-resonance experiments probe local elec-
tronic spin and charge polarization at selected nu-
clear sites in alloys. The results of such experi-

ments yield very sensitive tests of current theories
of the electronic structure of alloys. For a brief
review, we refer to the articles of Daniel and
Friedel® and Blandin.? In almost all theoretical
work to date, two assumptions have been made.
First, the magnetic impurity ions are considered
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to be sufficiently dilute so that their effects are ad-
ditive. Thus, there is no correlation or interfer-
ence between magnetic ions. Second, the change
in electron density of spin g induced by a single
magnetic ion located at ¥ =0 is assumed to be ade-
quately represented by the asymptotic form, valid
for sufficiently large 7,

5 .
o () =~ — o sind§(ep) cos[2kpv +83(ex)] , (1)

where only the [=2 or d-wave resonance is taken
into account as we shall consider magnetic impuri-
ties of the 3d transition series. In Eq. (1), kg is
the Fermi wave number of the host metal and
53(ep) is the =2 phase shift for the scattering of
electrons of spin ¢ at the Fermi energy.!

In this work, we consider the idealized limiting
case of a single magnetic ion in a noble-metal host
in order to avoid the question of correlations be-
tween magnetic ions. To be specific, we shall re-
fer to a Mn ion in a Cu host.

Although the asymptotic form of §#° () is valid
for “sufficiently” large 7, it is not obvious that the
use of Eq. (1) is justified for the first few nearest-
neighbor shells. This point can be quite significant
for some problems because it is precisely the near-
neighbor shells at which the induced polarization is
largest and must therefore be treated accurately.
In order to calculate 6#°(») for these smaller values
of 7, it is necessary to specify the full wave-num-
ber and energy dependence of the conduction-elec-
tron scattering amplitude. Although the energy-
shell scattering amplitude is essentially fixed by
the Friedel sum rule

Zg=562(€p)/71' 3 (2)

the off-energy-shell scattering amplitude is sensi-
tive to details of the electron wave functions and the
bare impurity potential and can therefore be ex-
pécted to be somewhat model dependent. Our ob-
jective has been the numerical calculation of 5#°(r)
for three somewhat different, but reasonable, mod-
els for the electron-ion interaction. The encourag-
ing conclusion which we have drawn is that the
model dependence of the results is quite minimal
provided physical self-consistency restrictions are
maintained. On the other hand, the calculated re-
sults are found to differ not only in magnitude but
also in sign from those predicted by use of the
simple asymptotic form at the first-nearest-neigh-
bor shells.

In Sec. II the required details of the calculation
of 67°(r) are formulated in terms of the Anderson
model.> The models used for the d-wave-reso-
nance scattering are specified in Sec. III and nu-
merical results for the computed spin and charge
polarizations are given in Sec. IV. Based on an
analysis of the lowest-order preasymptotic correc-
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tions to Eq. (1), we propose a simple interpolation
formula for §#°(») in Sec. V which is reasonably
accurate even at the first-nearest-neighbor dis-
tance. Finally, Sec. VI consists of a summary of
our conclusions.

1. FORM OF &1°(r) IN ANDERSON MODEL

Our calculation of the charge and spin polariza-
tion due to a 34 impurity is based on Anderson’s
degenerate-added-orbital model and is carried out
in the Hartree—Fock approximation.® The corre-
sponding Hamiltonian is

_ o 1 t
¥ "Z 3 Cﬁuciu +E€goc dmucdma
ko m

+.Z) (Vidmcéacdmo + VdeC;mccﬁo) . @)
kmo
The notation is standard. The host conduction-band
(4S) energies will be taken to be %%£%/2m, the lo-
calized-state energies €}, will be specified later in
this section, and the mixing matrix element is

Vigm= | @rBf @oE)e,,F) . )

The average effective potential is taken to be of
screened Coulomb form and spherically symmetri-
cal:

v(T)= Z*ele ¥ [y (5)

where Z* is an “effective” charge of the impurity
ion and ¢y is taken as the Thomas—Fermi screen-
ing constant. The wave function describing the
resonance is basically a /=2 atomic function,

¢dm(F) o /Vze- » YZm(I?) 5 (Ga)

where X is chosen to fit approximately the form
factor of a Mn ion. However, to avoid an over-
complete set of functions in the range of conduc-
tion-electron energies, the atomic function should
be orthogonalized to the host Bloch functions so
that*®

%Gh( an®) =20 By(F) ( Bg| ¢y >)vd ., (6p)
k
where the normalization constant
-1/
va=(1-2 (Bt a7

With the set of functions {&,,, B;} taken as a
basis, the electron density of spin ¢ at the point ¥
(measured from the Mn ion at the origin) is given
by

1 (F) =15, (F) + 155 (F) + 1, (F) + 135 (F) (7)

where the various terms are given by

n;d (F) = E q):ikm (F)‘I)dm (F) < C;mu Cdmo > ’ (83)
ign (F)= 20 & () B (F) ( Chno Cio ) (8b)
mk
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FIG. 1. Contour in the ¢ plane for the integral in Eq.
(9). Dots indicate the poles of the Fermi function £(¢).

”‘I’Sd(F):Z)Bf(F)‘I’dm(F) <C;‘(acdma> s (8c)

wp (T EBk, )B;@) (Ch,Cp, ) - (8d)
The procedure for expressing these densities in
terms of the propagator for electrons in the lo-
calized state is known} so only some results will
be quoted. For example,

@) =D 80 32, F) | £ e,@)r)  ©a)
m 27

and
=2 B}, (F)B;(F)f fg—. F&)GE &), (9b)
ki’ e
where
Gou&) =2 - =25 (10a)
and
G%i' (g) Gkk' kk' (§) (10b)

t-¢ C-&)e-<)

The contour of the ¢ integration is shown in Fig. 1
and f(¢) denotes the usual Fermi function. Although
our numerical results are given for the 7'— 0 limit,
the finite-temperature formalism is convenient for
motivating the transformations of integrals de-
scribed in Sec. IV. In Eq. (10), Z§(¢) is the usual
mixing self-energy

Vigm!®
Y(E) =20 K 11
30)=2 7 2 (11)
and the 7 matrix for band-electron scattering is
T (£) =23 VegmGoa € Vimie - (12)

The major self-consistency requirement to be
imposed on this calculation is the Friedel sum rule.
To see how this constrains parameters, write Eq.
(7) as ny(r)+ 6+ (r), where the “unperturbed” Bloch-
electron density is given by the first term on the

right-hand side of Eq. (10b). Since the basis func-
tions are orthonormal, the net change in the elec-
tron density when integrated over the volume of the
crystal

Z=[ & 68 F) (13a)

is contributed only by Eqs. (8a) and (8d) and is
seen to satisfy

83(ex) .
(13b)
The phase shift, in analogy with the usual scat-

tering theory, is defined in the limit ¢ = ¢ +40* by

= Gyyle +40") = ‘6"(6)/{[5 €o— 83 (€)P+ T ()P 2

(14)
and real and imaginary parts of the self-energy
have been separated by

Z3(e +40*) = ag(e) — iT3(e) . (15)

Now a fully self-consistent treatment of the
magnetic ion would require the solution of a set of
complex coupled equations to determine even the
existence of spin splitting in terms of the basic pa
rameters of the Anderson model (Coulomb and ex-
change integrals, mixing matrix elements, and so
on). In view of the many uncertainties in the pre-
cise details of the problem, we adopted a simpli-
fied procedure. We wish to describe situations
which are known to be spin split, so Z,# Z,was
assumed at the outset. The two spin levels were
then treated completely independently in much the
same spirit as in early work of Friedel and
others.? That is, reasonable values of Z; and Z
are specified by the screening condition (Z; + Z,)
and the experimentally known magnetic moment
[x(z;-2Z,)]. From Eqgs. (13b) and (14), this de-
termines 63(e;). Since Aj(er) and I'Y(eg) are fixed
already by the band structure of the host and the
strength of the mixing interaction, self-consistency
for each spin is imposed by finally choosing the pa-
rameters 3, to satisfy

z- f 0 7) 2 10l - o~ 256)] -

2 o

sindy(ep) = Ty(ex)/{ [er — €50~ A3 (e )P+ Tg(ex P} 2,
(15a)

c0s63(ex)= - [€r — €50~ A3(€x)] /{[€r — o - A3 (ep)]?
+Fg(€p‘)z}”2 s (15b)

so as to reproduce the Z§ required by Eq. (13b).
By simplifying the self-consistency problem in this
way, we maintain the simplicity and intuitive ap-
peal of Friedel’s approach while still quantitative-
ly treating the wave-number and energy dependence
of the scattering within the spirit of Anderson’s
model.

At this point the basic features of the formalism
are established so some simplifications of wave
functions will be made. We require the electron
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density only at lattice sites occupied by host ions.
At such points,

B;(P)=¢'"F B;(0), (162)

and B;(0) will be approximated by a plane wave
orthogonalized to the occupied wave functions of a
single ion core. Thus, at lattice points,

P

oce o e{k r
=3 b ®n =G @
nim
(16b)
where v, is the normalization constant and Q is the
crystal volume. Thus, the Bloch-wave enhance-
ment is roughly incorporated by

. eu?-{-
Bi(r)ﬂ—n—n‘g <1

a2 (1 = boaler )\I',,oo(o))vF . (16¢)
n

Thus no attempt is made to include detailed struc-
ture of the Bloch functions and this approximation
will be used for the Bloch functions which enter ex-
plicitly in Eqs. (8). For example, subtracting the
unperturbed Bloch-wave contribution, Eq. (8d) be-
comes

i(k-%) 7 o
P Y o o2 e g_ T”:(g) i
orn () a” 1 = JZnif(C)@—e;)(Z—é%,)

17
Note, however, that Bloch functions are still rfa~ )
quired in the calculation of the matrix elements
which enter the scattering amplitude. With this
exception, the calculation is reduced to an elec-
tron-gas problem. In the same way, a single fac-
tor of o appears in each of Egs. (8b) and (8¢).

As a further simplification, &, ()= ¢,, ) will
be used in subsequent calculations. This is justi-
fied by their large overlap. Thus, from Eq. (6),

1/2

<¢dm'q>dm>=<1—§l<Bﬁ|¢dm>|2) . (18)
If the Cu 3d core functions are also approximated
by the analytic form of Eq. (6a) with an appropriate
Xo, slightly larger (by about 20%) than that required
for the more extended Mn core functions,® the sum
in (18) can easily be estimated. In Appendix A it is
shown that the overlap integral is about 96%.

Finally, it can be shown that only 64} () con-
tributes significantly to 6»°(») for values of 7> a,,,
the nearest-neighbor distance. The fact that »J,(r),
n3s(r), and xg,(») are all negligible for » > a,, fol-
lows from the very small overlap of the Mn core
functions even at nearest-neighbor distances. This
is shown in detail in Appendix B.

The net result of these approximations and esti-
mates is that the charge density at host lattice sites
is given by Eq. (17) only. Our main objective in
the present work has been the study of how the
wave-number and energy dependence of T (¢),
which is still quite complicated, influences the
amplitude and phase of 5%°(»). In Sec. III, we
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discuss three different models for the mixing ma-
trix elements and localized-state self-energy.

III. MODELS FOR RESONANCE SCATTERING

In this section we shall discuss various models
to study the resonant scattering amplitude of con-
duction electrons from a single magnetic impurity
ion.  The purpose of this is to assess the sensitiv-
ity of the resulting resonance line shape to the
choice of the model parameters. Care is taken to
satisfy self-consistency criteria, discussed in Sec.
II, within the framework of the model. The various
models differ from each other by virture of the ap-
proximations made to evaluate the matrix element
of the mixing potential V;,, the conduction-band
state density N(¢), and the frequency dependence
of the self-energy terms Z%(e +40%) = A3(€) - [ 3(e).
We consider three models: (A) orthogonalized-
plane-wave (OPW) model, (B) finite-bandwidth
(FBW) model, and (C) constant-self-energy (CSE)
model.

A. Orthogonalized-Plane-Wave Model

In this model, the conduction-band states are
taken as Bloch waves which are obtained by or-
thogonalizing the plane-wave states to the outer-
most 3d states of the host Cu ion. In principle, an
OPW should be constructed by orthogonalizing the
plane-wave states to all the occupied core states
of the host ion. However, since the inner core
states are much more localized than the 34 states,

the overlap of the 3d states with the plane waves is
much greater, and to a fair degree of accuracy, we

can consider the Bloch state simply to be a single
OPW. Since it is the 3d components which are im-
portant for the mixing matrix elements, we shall
take

Bg(ﬂum“(eff L bdm(l?)‘lldm(F)>vk . (19)

The m sum runs over the five azimuthal quantum
numbers corresponding to the d(I=2) states. The
overlap integral b, (K) is defined by

b, )= [d% e F Py, (F)=-41Y,,(R)ay, , (20)

where

aa= [ dr Pjller Wy ) (21a)
and

Yy (F) = 9, 0) Y, (7) (21b)
As discussed in Sec. II, we take

V)= Agrleror, (22a)

where the parameter 2 is obtained by fitting to the
Cu ion 3d form factors. The normalization con-
stant A, is found easily to be

Ag= (&)Y (22b)
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Substituting Eq. (22a) in Eq. (21), we get

A8
@y = Ag o2 +‘Q“k2)’[ . (23)
With the choice of the above OPW basis function,
the matrix elements of the potential v(F) can now be
calculated.
Using these results in Eq. (4), we have

4 .

Viam == 7% Yom(B) Uy = Ju)vi (242)
with

8z AR

I"‘—[kz+(q.”+>\)2]3 (24b)

and
2 258
5 1024 Z* AN (240)

RO (2N + grp )

In Egs. (24), the A parameters for both Mn and Cu
ions have been taken to be the same since, as

noted in Sec. II, they differ by only 20%. As will
be seen in Sec. IV, the results for 5°() are insen-
sitive to variations in A. It is interesting to com-
pare the relative magnitudes of J,;, and I;,:

J, 222+ (e + M )PP
Zdr TF
Idk 128 (k2+)t2)4 (2)\+qTF)6 (253)

In the present calculation, kz, grrp, and X were
taken to be 0.741q4;", 0.971q;!, and 2.50q;!, re-
spectively. Thus,

g/ Lp(k~0)=~4.9 (25b)
and

Jyn/ Ie(b~ Bp) ~4.0 . (25¢)

This clearly demonstrates the importance of the

importance will be discussed later while consider-
ing the width of the resonance.

In the subsequent analysis, we shall neglect the
normalization factor v,. From Eq. (19), it can
easily be verified that v, is almost unity and much
more slowly varying for %2~ kz than other factors
in Eqs. (24). To be specific, vy~ 1.03, while v,
~0.9/kr. The omission of the corrections due to
v, greatly simplifies the calculation of the d-state
self-energy and, according to the discussion in
Sec. IV, is not expected to influence 5+° () signif-
icantly.

In the limit of a vanishingly small concentration
of impurities, any induced spin splitting of the con-
duction band is negligible. Then A,,(¢) and T, (¢)
are independent of spin direction. From Eq. (14),

Cyn(€) =120 | Vign|?6(e - €) . (26a)
k
Using Eq. (24a), we have
Tymle)= 4772No(€) (% - Jdk]? . (26b)

The electron density of states is taken to be that of
a free-electron system, Ny(e), and the square
bracket in Eq. (26b) has to be evaluated at energy
€

Nol€)=mk/2n%% . @7
The evaluation of the real part of the self-energy,
| Vigm!®
Agn(€)=C 23 , (28)
E €€

where ® denotes that the principal value is to be

taken, is rather lengthy but straightforward. We
have therefore chosen to give only the final steps.
Using Eq. (24a), Eq. (28) can be written as a sum
of three terms which represents the contributions
of the plane-wave-plane-wave, plane-wave-core,

core contribution to the strength of scattering. Its and core-core terms. Thus
]
Agm(€) = AL, (€)+ A (€) + AF(€) (29a)
with
N,
i (=t | deyrs, N
0 €— €,
4 2\5/2 2
e (rZ (z*A) 5 4 3 2 23 4 a5 (29b)
_.4 (Zm) m( 3(1 25€]€ 150516 +150€1€ +25€I€ + 3¢ ),
° N,
A;,I,,(G)E - 8ne I d€k1dh Jdk __OEQ
o € - €k
4 2\5/2 9/2
e (rZ 2 €
" (2m> (64z*AY 25~
(e%+ Sele +15€ge’ -5 —5e} —4e) %}/ ?+9ef¢  + 86} %)/ 2 -3¢, B -4}/ P - &

€o(€1 +€)3 (€0 + 5)4

€ole —€0) (e + € (e} 2+ €2}
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(/2= dhel/? = 26 P2 e+ ¢/ k- o ?
- 3 1/2. 1/2 , (29c)
coler — €0 (e 2+ €0/ 2P (g + €)
and, finally,
? N
A:'I"l(€)54ﬂ(pf dEkak —Q(Skl
0 €= €,
()" Erar
"4 \2m 2€%eq+€)
X (- 9ep— 105¢5¢ — 1040¢5¢® + 1575€he’ + 525 €3¢ +189¢2e” +45¢0e®+5¢") . (29d)
The parameters ¢;, €y, and € in the above equations are defined as
€= 7%/2m) (g+ AP, €=/ 2m)\F, &=m%/2m)(g+2))?. (29e)

The spectral function can now be given by

q _ l Fd(f)
A (e e A P T(eF -
The determination of €}y via Eq. (15) has been out-
lined in Sec. II and it is through this parameter
that the self-consistency criterion, Eq. (13b), is
satisfied. The only unspecified parameter in the
theory is Z* and its value is chosen so that (i) the
charge-neutrality condition, Eq. (13b), is satis-
fied and (ii) the resonance in Eq. (30) is “reason-
ably” broad. We also imposed the weaker condi-
tion that (iii) the resonance spectral function should
reflect the true enhancement in state density by re-
quiring that

Z¥ =5 [ de fle)A%(e)

be approximately the same as Zj. For this model,
Z* ~ 2 was found to satisfy these three require-

(30)

FIG. 2. Variation of the unperturbed d-state energy
€dy with self-consistent final occupation Z§ as required by
the Friedel sum rule in the OPW model.

I

ments. It must be pointed out that these conditions
could not be simultaneously satisfied by using only
plane waves (rather than OPW) to evaluate matrix
elements of the potential.

Having specified the remaining parameter 2*,
the properties of the resonance are uniquely deter-
mined for each value of Z5. In Fig. 2, we have
plotted the parameter €3, as a function of Zj to il-
lustrate its dependence on the screening charge per
spin. In Fig. 3, the spectral functions correspond-
ing to Z3=0.5 and 4.5, respectively, are given.
Note that the positions and the widths of the reso-
nance are as expected from general physical con-
siderations.

In order to verify the relative insensitivity of
these results to details of the OPW model, we shall
also consider two alternative and simpler models.

B. Finite-Bandwidth Model

As was previously pointed out, the use of plane
waves and a free-electron state density does not
yield a consistent spectral function of the desired

|

0.5 07 09 11 13 1.5
cfe, —=
FIG. 3. Spectral functions Aj(e) for Z§=0.5 and 4.5 in

the OPW model.



width. The reason is that there are large contri-
butions to aA,(e), Egs. (29), from the high-energy
region where Ny(e) is large. On the other hand, for
the range of energies of interest (¢~ ¢;), the free-
electron band may be adequate for T';(¢), Eq. (26b).
This suggests, if plane waves are to be used as
basis functions in a simplified model, that a more
“realistic” state density must be used. To simu-
late a state density of finite bandwidth, we have
chosen
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where the constant C is given by

208
0. 182*AF2

T oalepte)® (82)

so that N(ez)= Nyler). With this choice of state
density, N(e)~ ¢!/ 2 for small ¢ and N(e)~ ¢ 3’2 for
large ¢. Furthermore, this particular form of
N(e) leads to a simple analytic form for a,(e).
From Eq. (28) we easily obtain

5/2 8 T,(e)=4n°N(e)[1Z,]. . (33)
O e (31) e
47(L,)° (e+er) Also,
J
) N
%(5)24770)’[ quI:h(ek) —ﬁ
0 € _Ek
(e sar
4 \2m (er+ €)% (e+epf
X(-9¢r ~ 105€5€ — 94563 € + 1575¢k € +525€%¢* + 189€2 €’ +45¢,€%+5¢7) . (34)

For this FBW model, we find that the three con-
sistency requirements mentioned previously are
well satisfied for Z*~5. The resulting spectral
functions for Z3=0.5 and 4.5, respectively, are
plotted in Fig. 4 and are seen to be similar to
those of the OPW model.

C. Constant-Self-Energy Model

In the simplest model of all, the energy depen-
dence of T,(¢) and A,(e) is completely neglected.”
To obtain a reasonable width, we take'

Pa(€)=rd“%’€1r . (35)
Specifying Z§ then determines
E3=€jo+ A (36a)

in terms of I';,. Using Eq. (15),

E§ - ez =T, /tand(ey) . (36b)

This choice yields the usual Lorentzian form for
the resonance, which is again similar to the pre-
vious forms. InSec. IVwedescribe the calculation
of 5n°(r) and shall see how sensitively it depends
on the choice of the resonance spectrum.

IV. NUMERICAL RESULTS FOR 6r° (r)

From Eq. (12), we see that the T matrix re-
quired for 6#°(r) is a sum of separable terms, so
the K and K’ sums in Eq. (17) can be evaluated in-
dependently. Since the angular dependence of
Viam i8 given by Y,, (%), we easily find

e‘ll? .7 Vs

—kdm 2
z 91/2 g - ¢ —Fr(g)ng(’}’)

(37a)

T
on integrating over the angles of K. Similarly,

-4k T .,
D Yk (v () . (37b)
4 Q - €y

Of course, the form of F,(¢) depends on the model
chosen. Details of the calculations will now be giv-
en for the OPW model and modifications required
to apply to the FBW and CSE models will be indi-
cated later.

In the OPW model, it follows from Eqgs. (24a) and
(37) that

F,(g)if dk By er) =1 (38)
g 0 £ —¢,

Inserting (37) into Eq. (17) and carrying out the

T T T | T T T T :
or 705 .
! \\/
A |
L N
1
[
[
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FIG. 4. Spectral functions AYe) for Z3=0.5 and 4.5 in
the FBW model.
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sum over the azimuthal quantum number results in

2
o) [ £ roroee . @)

In our numerical work, we found it convenient to
transform Eq. (39) by distorting the contour of in-
tegration to pickup only the discrete poles of the
Fermi function at ¢ = €z + iw,, Where w,=(2xn
+1)rkgT. Inthe limit of low 7, the sum over w,
is replaced by an integral. Then

(40a)

az
5n"(r)=4—a— Re@ (r) ,

4

F,(ep+iw)= SZ*ezA o ( PV (jw) -

where

| =3

where

Q"(r)=f;wdwFf(<F+iw)G§,,(eF+iw) . (40b)
The explicit form of F,(ep +4w) required in Eq.

(40b) can be obtained by converting Eq. (38) to a

contour integral in the complex % plane. Using

Eqs. (24b) and (24c) in Eq. (38), there are seen

to be contributions from poles in the upper half

of the complex £ plane at K, = k(1 +iw/ez)" %, at

ig* =i(grp + 1) and at 4x. The calculation is straight-

forward although lengthy, so only the final result

is given:

2

N1
ey AL (41a)

. 2
d)f”iw):ﬁ;z—)s {e”‘w'(Kﬁ +3l—f“’- —%)-%e'“*"[( *2 4 —q— +72> L lrgr +2*V (K2 + g*?) +% (Ki+q*2)2:]} (41b)

and

)\2
core(lw) (Ka +>\2) {einr (Ki

48X

; 2
+§%,I—{“L —%>+e‘”[()‘z+r— +%> +1+M, (K2 + 2)+V§ (Ki+7\2)2+—————“———-——(K A )]} .

(41c)

In order to appreciate Egs. (40) and to motivate the procedure for numerical work, consider the limit of

‘large ». From Egs. (41) it is seen that

. - . KZ 2 AZKZ einr
FY(EF +1w)r_~; F‘r(iF +Z(—U) 8Z*eaA ((Kz +q* (1 +qTF/2>\)6 (Kg )\2?> - (42)
[
Since K, = kz(1 +iw/ ez )" ? gives exponential damping Pl s — siné"g(eE) L2k + 63 6p0) (&7
row ’

of the integrand in Eq. (40b) for w >0, the leading
term in @ () for large 7 is given correctly by us-
ing the approximation

K, =~ kp(l+iw/2¢x) (43)

in the phase of ¢!¥w” and setting w=0 (i.e., K,
= kp) elsewhere in the integrand. Thus (42) can be
replaced by

eikFr

-thrw/ZEF ,

F,(ep +iw) e

2m
EF (&k,,- - JdkF) "
(44)

while Eqs. (14) and (15a) can be used to write
GYylep+i0")= — &% F sins](e;)/T,(ep) . (45)
Using these results in Eq. (40b) yields

2m ei[ZkFr+B‘;(eF)]

Q"(r),—::—( 22 o - JW)) :

v

. o ©
><Sl—1r:6é(—€1)"—)f dw e FFTe/eF | (46)
a\€r

The remaining integral is €z /kp». From Eq. (26b)

there finally results

v

which when inserted in Eq. (40a) leads at once to
Eq. (1).

For numerical work as well as for further de-
velopments in Sec. V, we found it useful to define
a function x° () by

M (]

Flo)=- Slnfsdkg) ot (2T #0G(ep) 10 () (48)
From the above discussion of how various factors
were simplified in the integrand of Eq. (40b) so as
to yield Eq. (47), it is easy to see that

_L

X )= f F (€p+t0 )] Gyylep +140%)

(49)

On measuring w in units of ¢z and 7 in units of 1/
ke, Eq. (49) provides a convenient dimensionless
form for numerical work. The w integral was
evaluated by Simpson’s rule with a variable mesh
and also by Gaussian quadrature with an error con-
trol yielding accuracy of better than 0.1%.

This procedure was also followed for the finite-
bandwidth (FBW) and the constant-self-energy’

€ +iw) ) Glep +iw)
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FIG. 5. Comparison of polarization per spin 6x°(») for
Z3=0.5 in the OPW, FBW, and CSE models.

(CSE) models. In both of these cases, plane waves
are used as a basis, so the appropriate F,(ep + iw)
is given by only the first term on the right-hand
side of Eq. (41a). That is, the core orthogonaliza-
tion term, Eq. (41c), is absent. In each case,
G5,4(ep +iw) is given by the analytic continuation in-
to the upper half of the complex energy plane of the
appropriate propagator defined in Sec. III. Fur-
thermore, it is clear from the above analysis that
the large-» limit, Eq. (47), and the general func-
tional form of ¥°(»), Eq. (49), also occur for the
FBW and CSE models.

The computed 6#° () for these three models is
shown in Fig. 5 for Z3=0.5. It is important to
note that the results for all three models are rather
similar. In particular, there is agreement as to
the sign of 6»° () at the first-nearest-neighbor dis-
tance, although the predicted magnitudes differ
somewhat. Also, the relative phase and positions
of nodes in 6#°(») were found to be insensitive to
variations in the parameter X provided Z* was
chosen to maintain self-consistency in the sense of
Sec. III. Corresponding changes in the magnitude
of 6#° () near the nearest-neighbor distance were
within 30%. The general consistency of these facts
suggests that the phase or relative sign of 6+ (r) is
given accurately by any of the present models, al-
though uncertainty in the magnitude is of order 50%
for small . On the other hand, the asymptotic
form, Eq. (1), differs in sign from our computed

5#° () in the neighborhood of the first nearest neigh-

bor. This is illustrated in Fig. 6 for Z3=0.5. We
have carried out these calculations for Zj ranging
from 0.5 to 4.5. In every case, the computed re-
sults for different models were in good agreement
with each other but differed from the asymptotic
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form, just as shown in Fig. 6, until kg2 10.

From these results, it is possible to appreciate
the important source of w dependence in the inte-
grand of x°(»), Eq. (49). The ¢ dependence of Z(¢)
is not crucial, since the CSE model is in good
agreement with the OPW and FBW models. In fact,
it can be seen from calculations of =(¢) in Sec. III
that |82 (£)/8¢1 ~0.1 for ¢ ~¢z+40*. To check this,
we calculated y°(») and 6#°(») in an “s-wave” model
in which the Kk dependence of V;,,, was neglected
everywhere (thus only explicit ¢ dependence of
propagators was retained). The resulting 6" (v)
was very similar to the asymptotic form, Eq. (1),
so it is not discussed at length. The result does
show, however, that the explicit K and K’ depen-
dence of T (¢), which is reflected in the ¢ depen-
dence of the normalization constant v, .

It is evident that, owing to the extent of numeri-
cal work involved, these results are somewhat in-
convenient, in their present form, for applications.
In Sec. V, it is shown how an adequate interpolation
formula can be developed.

V. INTERPOLATIONS FORMULA FOR 81° (r)

The fact that three different models give essen-
tially the same numerical results for 6+°(r), even
at nearest-neighbor distances, suggests that it may
be feasible to develop an interpolation formula for
5#°(r). To do so in a simple and physical way, re-
turn to the complex quantity x°(») of Eq. (49) and
write it in terms of its amplitude A°(») and phase
6°(r) by

X )= (r)e'?’ T, (50)
Use of the form in Egs. (40) and (48) yields

FIG. 6. Comparison of the asymptotic form (denoted
by ASYM) for 6#°(@) with results of OPW and CSE models
for Z§3=0.5. The first-nearest-neighbor distance is given

by kpdgy =3.
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z3=0.5.

5 A .
e 1,(87) sind§ (ep)

xcos[2kpr +63(ex)+ € ()] . (51)

o (v)=

The chief advantage of this approach is that A ()
and 0°(r) are expected to show regular convergence
to their asymptotic values of A%(x)=1 and §%(»)
=0. They can then be approximated more easily
than 6#°(») itself, which is necessarily oscillatory.
To obtain an approximation for A°(») and 6°(r),
we return to Eq. (49) to generate the leading cor-
rection terms to x° (»)=1 in the expansion in powers
of 1/kgv. Since all three models give very similar
results, it will be adequate to consider only the
simple CSE model. Thus the core orthogonaliza-
tion term, Eq. (41c), will be dropped and the en-
ergy dependence of T (¢) neglected. Furthermore,
all exponentially decaying terms in Eq. (41b) can
be dropped. The lowest-order corrections are thus
obtained by using

F,(ep +iw) _ (k} +q*2)3 (ﬁ LSIELY iy
Flep+i0*) \KZ+q*%®) \K2 " iir

(52a)
and

Gulep+iv) ,  ep—Ej+ily
Golep+i0*)  €p—ES+i(w+Ty) "’

{52b)

where E§=¢€jy+4, in Eq. (49). It is again a con-
sequence of the exponential in Eq. (52a) that only
small w contributes to x°(r) for large ». However,
to obtain x°(») correctly to first order in 1/kpv,
we must replace Eq. (43) by the more accurate
higher-order expansion

. 2
1w w
K, ~F (1+2€F +8€§) (53)
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for use in the exponential e¥w” | Also all first-or-

der terms of the Taylor expansion in powers of w
of all other factors in the integrand must be in-
cluded. On carrying out the expansions, Egs.
(52a) and (52b) become

3iw/e iw 3 2, g2
——C SF oY - kprw/2ep ikFrw / 8¢
( 1 +q*2/k§> (1 Ter *kﬂ) ¢ ¢ il
and

1- W
er—EG+ily ’
respectively. Inserting these results in Eq. (49),
we obtain

©

U(V)gI_QL’V dw e kFrw/eF eikF‘rwz/“;
& J,
X(l— qui/zsgz L2iw 61 iw__ )
1+g*%/K2 " €p ke €p—E+ily
(54)

The integrals pose no problem, and the result, to
first order, is

)21+ 220 L -2 (55a)

o
X' kp7

where

T,e
- —d~F
Y (e —Eg)z+l"f (55b)
and

o 17 _ 6 _ €rlep —Eg)
T72 "1’ " (ep - ESF 4TS

(55¢)

The amplitude and phase of x(r) are thus given by
AN)~1+9Y/kpr , (56a)
0°(r)=n"/kpr . (56b)

We have used these lowest-order approximations
in Eq. (51) to define an interpolation formula. In
Fig. 7, we compare the results of Eq. (51) for
Z5=0.5 with the complete numerical calculations
given in Sec. IV for the CSE model. The agree-
ment is seen to be good even near the first-near-
est-neighbor distance. To some extent, this agree-
ment is fortuitous, since at the nearest-neighbor
distance, ¥"/a,, ~-0.21 and 7°/a,, ~3.4, so that
x°(a,,) is very different from its asymptotic value
of unity. However, the basic point is that the
structure of the preasymptotic corrections can be
used as a guide when obtaining trial estimates of
6°(r) and A°(»). Of course, the resulting interpo-
lation formula, Eq. (51), is no longer simply an
expansion in powers of 1/kz7 and its ultimate justi-
fication is that it provides a good fit to the com-
puted results. The simple approximations of Eqs.
(56) were found to be adequate for Z§<1 and for
Z52 4, which is the expected range in physical ap-
plications. Alternative but more complicated in-
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terpolation formulas can, of course, be obtained
by straightforward procedures for the intermediate
range of Zg, if desired.

VI. SUMMARY AND CONCLUSIONS

The spatial dependence of the polarization per
spin produced in a free-electron metal by a mag-
netic ion has been calculated in the Friedel-Ander-
son picture. Three different models were used to
describe the scattering of electrons by the impuri-
ty. Provided the resonance was described consis-
tently, all three models led to essentially the same
results for 6#°(r) even at the first-nearest-neigh-
bor distance. On the other hand, the asymptotic
form, Eq. (1), was found to be even of opposite
sign in this range.

To simplify applications of the present results,
an interpolation formula of convenient analytical
form has been given. The application of these re-

J
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sults to the calculation of hyperfine fields in alloys
will be discussed elsewhere.

APPENDIX A: LOCALIZED-RESONANCE-STATE WAVE
FUNCTION

As mentioned in Sec. II, the impurity resonance
state is described by

Bun )= (04n @)~ T B (B:)| 0@
k

A1)
where v, is the usual normaliz1tion constant, (

ve= (-2 ¢ Bel 60|

The overlap of the resonance state ®,, with the
atomic state ¢,,, is then

<¢dm’ ‘I’dm>:(1 “? |<BE| ¢dm>l2)1/2

In order to evaluate the overlap integral in Eq.
(A3), we shall study the term

(A2)

(A3)

( Z‘ biP* @)wk (r))qbd,,.(r)

. 8(Ng+N)"
= * () -
Q3 bd"'(k) dm 45%128 (A4)
[

The definitions of various quantities in Eq. (A4) are functions, Eq. (A8) yields
given in Sec. II. We may point out that the suffix ¢ Bs 200.08 A9
0 is used for the host metal and thus distinguishes P [(Bil dam)| B (49)
host parameters from those of the impurity. Re- . .
placing the summation by integration in Eq. (A4), Thus the overlap in Eq. (A3)1s
we get (Dam| Bam)>0.96 . (A10)

OIVENPRILECY WP
i T
0
- a(ﬂ) 2,
— g~ e ) (A5
X( (Mo +21)7/128(xp0) (45)
Since X and X, are close, we can write
Ao=A(1+5), (A8)

Using Eq. (A6) in Eq. (A5) and recalling the defini-
tion of g,, from Eq. (23), it is easy to show that,

to first order in 3,
9 82
SpatMya\y 32,2 6

Substituting Eq. (A7) in Eq. (A5) and retaining
terms to the lowest order in §, we have

2
T (Bl ]2 20

Xf dss°(4. 5— 1

882)2/(1 +s?P . (A8)
0

With 6 =0.2, estimated from Cu and Mn 3d wave

6<<1.

(0)

Ay (A7)

This large overlap suggests the resonance state of
the impurity ion can be approximated (within 4%) by
the atomic-3d wave function. This approximation
considerably simplifies the algebra in the OPW
model for resonant scattering.

APPENDIX B: ASYMPTOTIC FORMS OF én3g4, ngp, AND
5n§d

In this appendix, we show that the contributions
to the electron density as outlined in Eqs. (8a)-
(8c) are negligible as compared to that in Eq. (8d).
The analysis is based on the methods of Sec. IV.

Tt w2 T B WV Een [ £ SE) 11015, )

~a) f - AE)F, @)Y £, FIC% () gn )

(B1)
according to Eqs. (16b) and (37b). The m sum
yields a factor 5/4y and the ¢ integral can be trans-
formed as in Sec. IV. Using the large » form for
F,(¢) as given by Eqs. (44) and (45) for G3,(¢), the
asymptotic form of Eq. (Bl) becomes
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T or ) 7oz - 2% Aev 288 2 g
- Bdm 7o 4112 kp’l’z 72 VdRp dkp

X sindg(ep) cos[kpr +063(ex)] -
rd (GF)
(B2)
The contribution of 615, 5 () is exactly the same as
Eq. (B2). Using Eq. (22b) for A and Eq. (26b) for
Ty(ez), the sum of Eqs. (8b) and (8¢) is

010 (r) =20 [67 4 (F) + 675 5 (F)]

5a 3 32 /2 7 € 1/2
7% o 2 kF
2 45 \kp) Tylep)
X 5indg () e cos[kzr +63(ep)] .

(B3)
The contribution of Eq. (8a) is given for any » by

5
S ) =7 A¥te B (B4)
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| =3

Of course, the well-known asymptotic form of

Eq. (8d)is
5012 PR a
.57 sind§(ep ) cos[2kp +6%(ep)] -

(B5)
Typical parameters for systems of the CuMn type

are kp~1 A1, ., ~3 A, and A\~5 A"!. Using these
values in Eqs. (B3)-(B5) yields the estimates

k3015 (agy )~ 8.4%107°

k;3| 613 4(any)| S 0. 50 5ind%(€x)x 1074,

5”%3(1’) r_‘—; -

and
k33| 615 5(a,,)| $0.502sin03(ep)x 1072 . (B6)

It is seen that 6u3, and 6n%, are orders of magni-
tude smaller than 6n};. These estimates are
based on using asymptotic forms even as close as
the first-nearest-neighbor distance, but these are
quite adequate for obtaining relative orders of
magnitude.
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The susceptibility of the spin-3 linear chain a~CuNSal has been measured by the Faraday-
balance technique from 2—-300 K. The measurements over the entire range can be understood
in terms of several approximations applicable to the high- or low-temperature regimes of the
Heisenberg linear chain, From these models the nearest-neighbor-exchange strength has been
obtained by two different techniques and its value determined to be J/k=—3.2+0.2 K. The
excellent fit of the magnitude and temperature dependence of the data to these approximations
over this wide temperature range confirms the one dimensionality of the system and yields an

accurate measurement of the exchange constant.

INTRODUCTION

X-ray crystallography studies!'? have shown that
a-bis-(N-methylsalicylaldiminato)-copper (-
CuNSal) is highly one dimensional in structure with
a Cu-Cu separation of 3.33 A along the chain or
c axis and a minimum distance between chains of
9.19 A. Electron-spin-resonance- (ESR) line-

shape experiments®'® indicate that the exchange in-
teraction between non-nearest-neighbor Cu atoms
is small compared to nearest-neighbor exchange
coupling. Previously, the classic spin- 3 linear-
chain system Cu(NH,),S0,- H,O has been shown, *
on the basis of magnetic-susceptibility and specif-
ic-heat data, to agree with the calculations of
Bonner and Fisher® (BF) for a spin- 3 one-dimen-



