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The effects of arbitrary external magnetic fields on the electronic properties of dilute mag-
netic alloys are calculated. Two-time thermodynamic Green’s-function equations of motion
are applied to the s-d exchange model. We generalize Nagaoka’s truncation procedure to fi-
nite field, conserving total angular momentum, and solve the resulting integral equations using
the analytic properties of the Green’s functions and a numerical procedure. We calculate the
magnetoresistance, magnetization, and the spatial dependence of the conduction-electron spin
polarization. The calculations have been performed using values of the model parameters
corresponding to a Kondo temperature 16 °K and a CuFe alloy system with an impurity spin
of % and with equal conduction- and impurity-electron g factors. Our results show a negative
magnetoresistance qualitatively in agreement with experiment, but with the field effects some-

what overemphasized.

trons to the susceptibility, which is in agreement with the latest experimental results.

It is found that there is no sizable contribution of the conduction elec-

Also,

the apparent disappearance of the local moment with decreasing temperature is due to an in-
crease in the spin correlation between conduction and impurity electrons, and not due to a

spin-compensating electronic cloud forming about the impurity spin.

For high temperatures

and fields, significant effects of the exchange scattering still persist. There is a nonoscil-
lating component in the conduction-electron spin polarization which damps out in what amounts
to 10 lattice spacings for Cu. This is also in agreement with experiment in that no long-range
nonoscillatory component has been detected by host NMR studies.

1. INTRODUCTION

Kondo' explained the anomalous rise of the low-
temperature resistivity of dilute magnetic alloys
by calculating in the second Born approximation
the correlations which account for the internal
degree of freedom of a magnetic impurity scat-
tering center. He used what is called the s-d
model which consists of an impurity spin embedded
in a Fermi sea of conduction electrons and inter-
acting via the contact-exchange interaction. The
second Born approximation yields a logarithmic
divergence of the resistivity as the temperature
goes to zero which is related to the sharpness of
the Fermi surface of the host metal. This non-
physical divergence has been removed by a variety
of techniques,  one of which, that of Nagaoka, ® is
of particular interest. Nagaoka solved a truncated
set of two-time thermodynamic Green’ s-function
equations* whose solution did not contain the di-
vergence but indicated the onset of spin compensa-
tion of the impurity spin due to conduction-electron
spins condensing around it. Experimentally, ®
there is an apparent decrease of the local moment
as the temperature decreases and this has been
interpreted as due to spin compensation. Accom-
panying the spin compensation, Nagaoka found that
a correlation function related to the spatial extent

2

of the conduction-electron disturbance around the
impurity spin contained a negative term of the form
[sin2kp7/7]%, where kj is the Fermi momentum
and 7 is the distance from the impurity site. The
indication of a spin-compensated state and the ac-
companying spin disturbance has stimulated various
theories of the ground state and calculations of the
spin correlations about the impurity. Fullenbaum
and Falk® have calculated and compared various
spin-correlation functions using the variational
calculation of Appelbaum and Kondo, ” Nagaoka’s
original formulation, ® and the exact solution of
Hamann’s® formulation of Nagaoka’s® theory by
Bloomfield and Hamann.® All of these calculations
show a long-range negative definite component in
the spatial dependence of these correlation func-
tions of the form first found by Nagaoka.® Such a
disturbance should be seen in the Knight shift of
the host metal, and various attempts have been
made to interpret experimental data in this fash-
ion.'® The conduction-electron-local-moment
correlation functions calculated, (3(r)- §), have
not included an external magnetic field. They

are nonzero even in the absence of a field, whereas
the true spin polarization, i.e., the number of
electrons with spin up minus the number with spin
down as a function of 7, is nonzero only in an ex-
ternal magnetic field.
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2 MAGNETIC FIELD EFFECTS IN THE s-d EXCHANGE: - -

A calculation of the spin polarization and magnetic
susceptibility in a finite external magnetic field
has been done by Heeger et al., '° based on the
Appelbaum-Kondo’ variational calculation. NMR
and susceptibility measurements in CuFe were
also interpreted in these terms by Heeger et al.'°
and Golibersuch and Heeger. ' At high tempera-
tures (i.e., greater than 7,, the Kondo tempera-
ture) and low field, a calculation of the polariza-
tion was done by Fullenbaum and Falk'? in which
they find a modification of the RKKY polarization'®
at large 7. Another perturbation-type calculation
was done by Everts and Ganguly'* who found a re-
sult in conflict with Fullenbaum and Falk.!? There
has been a perturbation calculation of the magneto-
resistance by Beal-Monod and Weiner!® which
gives a negative magnetoresistance in good agree-
ment with experiment. 16 Also, an S-matrix theory
of the magnetoresistance for arbitrary magnetic
tields was formulated by More and Suhl!? with
qualitative agreement with experiment. A non-
perturbative approach to calculating the suscepti-
bility and true spin polarization in finite magnetic
fields was used by Klein, '8 His calculation used
two-time thermodynamic Green’s function and
the truncation scheme of Takano and Ogawa'®
which the impurity spin operator is broken up into
Fermion operators for purposes of truncation.
This is in contrast with Nagaoka’s® truncation
scheme where they are left intact and total angular
momentum is conserved in all thermal averages.

It is our purpose in this paper to calculate the
properties of the s-d model in arbitrary external
magnetic fields by using two-time thermodynamic
Green’s functions and to generalize the Nagaoka
truncation procedure which conserves total angular
momentum. We shall calculate the magnetoresis-
tance, magnetization, and spin polarization, all
in a consistent fashion. We shall compare our re-
sults with experiment and with the other calcula-
tions mentioned above.

Section II contains the theory — the equation of
motion, the truncation scheme, the relevant inte-
gral equations, and the method of solution. A nu-
merical scheme?® was necessary in this case and
the details are given in the Appendix. Also, many
of the relevant properties and definitions are in
Tables I and II.

Section III contains our results, their compari-
son with experiment, and their comparison with
other calculations., We consider first the magneto-
resistivity, then calculate the thermal average of
the impurity spin and susceptibility, and finally
calculate the spatial dependence of the spin polari-
zation,

In Sec. IV we summarize our results and the
conclusions we draw from these calculations,
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II. THEORY
Our Hamiltonian is
ge= - vg;S‘+ Z?qqc{qcza
2 ¥ 2 Z}(occhk.qs + ckockrS )s (1)

where 0= -0=+1 or 4, ¥ corresponding to spin up
or down, respectively; €3,=€g —0g.y/2, where €
is the single-particle energy with the zero of en-
ergy being the Fermi energy; v=ugH, where ug
is the Bohr magneton and H is the magnitude of
the external magnetic field which is taken to be
pointing opposite the z axis. We take g, and g;,
the electron- and impurity-spin g factors, to be
positive so that the lower energy is associated
w1th the spins up. For electrons, 30,,= lglus
S.H and Eq. (1) shows that spin up [positive (5%)
or S, from Eq. (65) below] corresponds to spins
a?tlparallel to H having the lower energy. The
cg, and ci, are conductlon-electron creation and
annihilation operators on states k and 0, respec-
tively, and the impurity spin operator is §, such
that S*=S*+4S% J is the s-d coupling constant
and N is the number of unit cells in the lattice.

By using the method of double-time thermody-
namic Green’s functions* we have for the equation
of motion of the single-particle function G ,

.0 S
i Stz = 052 0(0) + €30S
2NZ)((P l+é’,‘,) . (2)

The Green’s function and various thermal averages
that are used are defined in Table I. The double-~
angular-bracket notation in Table I corresponds

to the usual definition* of retarded Green’s func-
tions, i.e., in terms of operators A and B,

((A|Byy==i6(t)([A(2), BO)],), (3)

where the single angular bracket denotes statisti-
cal average, the + denotes an anticommutator,

and 6(#) is a step function. The equation of motion
for the ®;, and 8§, are

kk' 0’(8 >6 k:5(t)+ Ei‘o(pii'
J t J i
- 'z’ﬁ Zi': « (Sz)chal CE0>> —Eﬁo ?«S‘sackl C;v»
J . t 1
+ﬁ0 %3,0' ’«Svcf‘,:C;ocCQ-qlC;a)) (4)
and
9

. o
i5; 8tk = (€3 — 078:) 8k

J t
+ox 2K 0878 %1y = 87 %1, cpo))
1
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J 5t t
+ Eﬁ §«(So(0fac§8 - c}ucia )+20 S'C}acia )Cf'ﬁ ’ C;,» .
(5)

We truncate the chain of equations by factoring
the higher-order Green’s functions which appear
on the right-hand side of Egs. (4) and (5). In order
to do this we use the cumulant expansion tech-
nique. " We set the cumulant Green’s function
corresponding to our retarded Green’s function
equal to zero. Thus, we neglect statistically
linked higher-order correlations and thereby ob-
tain an expansion for our higher-order Green’s
functions in terms of those of lower-order and
certain time-independent thermal averages. Those
thermal averages obtained that do not conserve
particle number or angular momentum are set
equal to zero. Since the Hamiltonian .conserves
particle number and angular momentum, we know
that in an exact treatment these averages must be
zero. Furthermore, in addition to the sign at-
tached to each term by the conventions of the cu-
mulant expansion, 22 we attach an additional sign
(=1)", where #n is the number of interchanges of
creation or annihilation operators necessary to
bring the factored function into the same ordered
form as the unfactored function. Carrying out
this procedure the four higher-order Green’s
functions needed are approximated as

(5%t i Chod) =S¥l s00) St

= 800+ Cly Cirg) 885 = Bg 9 (ST T c10)SE 5 (62)
«s cwcwcw|cko>> (ch 6>gkk' —<chk'u>5x5 , (6b)
ke (e300 81t = (S°Chocion) Gt 5 (6C)

<< S C‘fa(«‘;uci’v

and

U t T t
(S*CpCseCio| CEo)) = = {CioCen)®is —(S"Cincin) Sis
T u T
+ 2<sl> <CIaCE'u>9§5+ <SZ> (<Cfac$aci'a| cic» . (Gd)
Finally, the last term on the right-hand side of

TABLE I. Green’s functions and thermal averages
defined for finite external magnetic field.

g _ o
QE=Z; Geyr

k

g%' '='<<Ck’r.vl C:g>>

& = {SPepeg! c{-a)) gd= Z el

®%er =(S%cprgl ek N
27 &0l Cio @%—Z@xk'

E Z c-.' CEV
¥ A= Z (g —ngy)
b

Lgo E% ck'Bckusa>

Mg,=27, (e iy 5%
B
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Eq. (6d) is approximated as
1 t 1
((ciucsoCinl cio) = —(ciacirn) S5 - (6e)

Note that when the external magnetic field is zero,
{S*) =0 and up-down symmetry can be invoked to

reduce the above approximation scheme to that of
Nagaoka.® For simplicity, we now specialize our
treatment to the case of impurity spin 3 for which

(S%?%=4%, $%%=-5%5*=55%/2 ,
and (7)
S7S°=4+55% .

Inserting Eqs. (6) and (7) into (4) and (5) and using
the thermal averages and Green’s functions de-
fined in Table I we obtain

@z = o(S*)b520 () + €pro®iie

J o
+ﬁ (Lo -%)63 -5 (e =283

J oo
-0-=9%.270'Ls..
2N Tw T e (8)
and

.0
za_tggi'=(€f’o"o7’gi ZN >

J
—ﬁ (-5 ) (83+20%)

0

~3%+ Liig = 0 Mg+ 20(8,)@5)95

(9

+z_ﬁ

Note that the energy shift JoA/2N in Eq. (9) is
expressible in terms of the net conduction-electron
spin density on the impurity site [see Eq. (70) and
Sec. IIIC]. The last term on the right-hand side
of Eq. (8) is equal to zero, viz.,

A=23(Lg-L3)=0 . (10)
B
To show this, we consider

1
E(c;.ckas - CtiCinS”)
(11)

_-E_ z ——
ats i[se, S¢]. ion

and take the statistical average to obtain
(—s*’)—z—"—A ) (12)
Since (85%/0fy = 8(S*)/8¢ and (S*) is independent

of time, we have A=0.
Now we introduce the Fourier transforms

S(w)=(2m™ [Zate’'S®) , (13)
/21 = (J/2N) [P{(w) + 83(w)]} ,
(14a)

kk'(w) (w = €3g) 1{5

(w =€) [0(S*) b5 /2m
711')9%((.0) - (J/ZN) (n'i'o —Qgs(w)] s
(14b)

6"'" (w
+ (J/ZN) (Lo =
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TABLE II. Fundamental functions and their symmetry
properties for finite external magnetic fields; z is the
complex energy.

F(2) =203 (2 - €)™
&) =Y glfleg) =31 (z— €)™

f(eg,) is the Fermi distribution function.
Gi(z) =D ¢ ngy— 3) (2 — €)™

G =2 g iz — B [z — €5 +0g; Y +(J/2N)o AT

=Gz +og,v+(J/2N)0d)
ER)=2 ;G- Li,) (z— )"
P’(z)
=y ;G-

Reality condition

[FO(z*)]* = F(2)
[g°(=*)1*=£"(2)
[G{(z%)]* = G§(2)
[G3(2*) ]* = G§I(2)
[E®(7%)]* =5°(2)
[Po(z*) J* = P7(2)
[t(; @9 = tG £(2)
[%(z*)]* = wo(z)
(88,5 (z*) ]* = 8F, £(2)

Liz+0 M2y — 20 (S%)meol 2 — €55+ 0g;YW/2 N)o AT

Particle-hole symmetry
—F(—2)=F°)
g%-2)=g°)
Gi(-2)=6G{(z)
G3(—2) = G3(2)
— E%(-2) =E°(2)
—P°(—2)=P°(z)
- tG E(_ z)= tG E(Z)
¢G(~ z)= wc(z)
- q’G.,,E(—Z) ‘I’G E(z)

and
8i(w) = (w - epy+ 078y + 0AT/2N)
X{=(J/2N) (& = Ly + Mg — 20{S*) 0izeg S 3()

—(J/2N) (ngg - 3) [83(w) + 203(w)]} . (14c)

Note that since we are using retarded Green’s
functions, unless explicitly stated w is taken just
above the real axis, i.e., w+¢6 on the complex-
energy plane. Summing Egs. (14) over k’ and re-
ferring to the definitions in Table I, we can solve
for §3, 83, and @ in terms of two “¢ matrices, ”
viz.,

218¢(w) = (w - €50 ) [1+ F(w)t%(w)]
- 27(J/2N)83(w) = (w - €3,) t3(w)

(15a)
(15b)
and

- 21(J/2N)PE(w) = (w = €5) " [£5(w) = 13(w)]
(15¢)

where in terms of the definitions of F°(w), G{(w),
Yw), E%w), and P%w) given in Table II we have

t5(w)= —zi’ﬁ[A°<w>]"[(1 —%GZ'W) (°<S‘> - )>
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robge)] o

tg(w)= <ziv) [A%(w)] "[zc 3w) (o(S‘) —%E"(w))

and

+P%(w) (1 —-zi—v o{S ‘)F"(w))] , (16b)

where

A%(w)= (1 —%G Z(w)> [1 - (%) zF“(w)E "(w)]

J

*3N <1 _Eﬁcg(w> (zcg(w) —-%F (w)P °(w)).
(16¢)

In order to proceed we need to obtain expressions
for the correlation functions used in these defini-
tions. All correlation functions which arise in the
truncation process can be written in terms of #%(w)
and ¢%(w) by using Egs. (15) and the relation?

(BAY=i [, dwf(w) ((A|B)) yis =(A| BY wus)
)

where f(w) is the Fermi distribution function.
Hence, using the definitions given in Table I and
the identity*

(A, BLy =i [ do ((A|B))yuis =(A| B yuso),
(18)

we obtain [using the Plemlj relation of Eq. (35)
below]

nia = Zi;(CEUCi'G>
-31[S%(w+i8) = S3(w—-i8)]+3,
(19a)

=i de[flw)

T
Lyo= %}(S"C‘;uc;’a)

=i [~ do[flw) -3 1[83(w+ ) - 8%(w -i0)],
(19b)
and
=20 (S Clocie)
7
=i f.: do [ flw) =1 [P3(w + i6) = ®§(w —i6)]
+30(S*) . (19¢)

We have used the fact that (S°) =0. Also we have
used the form [ f(w) — 3 ] because it is of definite
symmetry, i.e., odd in w. Note that from the
spectral representation of §§ we find

(S8 (w =148)]* = S (w +45) (20)

which implies that
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£8(w +8) = £% (@ — i) @1)
and, hence, that #g, is real. By assuming the same
relation holds for ¢} we are lead to the reality of
Lg, and Mg,, as well as nj, (see the definitions of
the thermal averages in terms of the spectral rep-
resentation above). From the definitions in Table
II and by Eq. (17) we see that this assumption is
self-consistent with Eq. (16). We call the sym-
metry condition of Egs. (20) and (21) the reality
condition. We must next find an expression for
(S*) in terms of ¢%(w) and ¢ §(w).

In order to calculate (S?) we define

R T
s*= Z/cg'ci‘ (22)
k
and calculate the equation of motion for the Green’s
function
D()=(S"+s'|S) . (23)

We obtain
=(1+2(s*S™))o(?)
+vgi(S*| ST +vegLsT| ST . (24)

At this point, we specialize our calculation to the
case of equal g factors, i.e., g,=g=g in order to
obtain a closed expression for (S*). After Fourier

transforming Eq. (24) we obtain
D(w)=(1+2(s*S[2m(w -] . (25)
Using Eqgs. (7), (17), and (25) we find

(8°8*+87s*) =3 —=(S%) +(s'S~)

= if.:dwf(w)[ﬁ(w +i6) = D(w = 76)]
=(1+2(s*S™)) flvg) (26)
and hence the exact expression
(S%)=(3+(s*S")) tanh(yg/2kT) . @)

Now from the definition of the Green’s function
8% in Table I and Eqs. (16) and (17) we have

Eilw —145)] .

(28)

fi(w+i8) —

(s*S7) =>;i£§dw [(w) -41[8

Using Eqs. (14c) and (15) we obtain

g =1J
D8G5 oy
» E [3 = Lgg+ oMz = 20(S Yz ] [1 + F “(w)t %(w)]
(0 = €5,) (w = €35+ 0Yg; + 0AJ/2N)

1 £ (rgg =3 ) [2t (w) = t3(w)]
ok T (=€) (w — €35 + OVg; + OAJ/2N)

(29)

For the case of equal g factors, i.e., g,=g;=g, we
can use the partial fraction expansion

BLOOMFIELD, HECHT, AND SIEVERT

[

J Y]+
[(w ~€3,) <w —€gp +OYg+O0A S ZN)]

= ((rég]—\’— >-1Ew —-€g,) — E (w €24 + UZi\I )_ljl (30)

and the definitions given in Table II to express

(ngs—3)
é\? (w Ekw)
(3 = Lyz+ 0Mzz = 20(S*) 125 ) c J >
g - —_——A
2 e P*(o-05%

G"Gu UZN )=G’{(w+ogy), (31a)

(31p)
By definition, to go from G{(w) to G¥w+ ogy) we
first reverse the sign of the spin and then shift the

frequency w- w+ogy. In these terms we finally
obtain

noé—jﬁA?gﬁ [Gz(w 02‘;\’ ) —Gg(w):]
*x[2¢%(w) = t%(w)]
s (7o -o3e) o]
X [1+ Fw)t%(w)] . (32)

In addition, we have from the definition of A in
Table I and Eqso (15a) and (19a)

o [ aotsw -4

= [F(w - i5)]?

A= Z)Uf (€z,) -

x{[F“(w+za)]2tG(w+i5) 1% w—=16)} ,

(33)

where the sum over ¢ is taken in the order indi-
cated in the definition,

Next, we must obtain explicit expression for
Gi(w), Gy(w), E(w), and P(w) by using Egs. (19)
and the definitions in Table II. For example, con-
sider Gy(z), where now z denotes that we are any-
where on the complex energy plane. Using (19a),
(15a), the definition of G,(z) and F(z) in Table 1I,
the partial fraction expansion

Tl - €g,) (0 = €+ 46)]
=(z = w) " [F(w£4d) - F(z)] , (34)

and noting that

(=€, +30)™ = (W = €3, = 18) ™ = 2736 (w — €3, ) ,
we obtain (35)
Gi(2)=g°(2) - 93 (2) , (36)
where
o(,) — Slegs) =3
g&) =S (37)
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a(z)__l_/ dw[f(w)‘%]

“2miJ (z-w)
X{[F°(w+ i) = F°(2) JF*(w +6)¢ $(w + i)
~[F(w =6) = F°(2)]F*(w - i6)¢%(w —46)}.
(38)

The subscript G on ¢% (z) means we use #%(z) in
Eq. (38). We note that ¢%(z) is a sectionally holo-
morphic function, i.e., discontinuous across the
real axis but analytic in the upper or lower half-
plane. This is because of the basic analytic prop-
erties of Cauchy integrals of this form. We can
obtain G §(z) by reversing the sign of the spin and
shifting the frequency as described in Table I,
viz. ,

GY(2)= G5 (z+0g;y+JoA/2N) . (39)

In a basically similar fashion, using the definitions
of the sectionally holomorphic functions

o (e L [ dwlfw) - 3]
6, 5(2) = 2112'./; (z - w)
x{[F°(w +i8) = F°(2)] %, glw+16)
=[F(w = id) =F(2)]t g, glw+i6)} , (40)

where the subscript G, E means that either #;(z) or
tz(z) has been used, we obtain

(J/2N)E%(2) = (J/8N)F°(2) - ®5(2) (41)

and

._J_ 0 __J_ G i FAVal
ZNP (z)~4NF (z+ ogiy+2N0A)—20(S YG3(z)

J J
+ 3% (z + 08y +§FUA> -28% (z+ ogy+ —27V-0A> .
(42)

We point out here that all of the functions defined
have the self-consistent symmetry of Eqs. (20)
and (21), i.e., [®5(z¥)]*=®5(2), i.e., what we
have called the reality condition holds.

At this point, in order to evaluate the basic
functions F°(z) and g%z), we must introduce a den-
sity of states p(e;) so the sums on K can be done,
viz.,

z- [ dezples)
We use a Lorentzian density of states

plez)=poD%/ (; + D?) , (43)

where p, is the density of states at the Fermi sur-
face, €g=0, and D is the bandwidth. By definition
of the number of electrons in the conduction band
we have

N=2.f.:d€ip(€’i)f(€g)=1rp0D . (44)

We note that this density of states is even in €;
(particle-hole symmetry) and in this case we ob-
tain the symmetry relations

F%z)= =F%-2) (45)
and
g°(2)=g%-2) . (46)

Our Hamiltonian has this particle-hole symmetry
and our truncation scheme preserves it so we also
have the relations

s, 5(2)==1t3 5(=2) , (47a)
9%(2)=d(=2) , (470)
8Z 5(2) = - 8% 5(=2) , (47¢)

which are self-consistent. This can be seen by
assuming the relations (47) and inserting them
back into Egs. (36) and (38)-(42) to obtain the other
symmetries and then showing that this is consistent
with the definitions of ¢§ z(z) in Egs. (16). These
symmetry relations are tabulated in Table II
Using Eq. (43) and the definition of F°(z) in Table
II we obtain

F3(2)=mpoD/(2+ 308,y +iD) , (48a)

F(2)=mpoD/(z+ 308,y —iD) , (48b)

where the + subscript notation denotes that z lies
in the upper half-plane (uhp) or lower half-plane
(lhp), respectively. Using this representation of
the sectionally holomorphic function F¥z), Eq.
(45) now becomes

F(z)= =F%-2) (49a)
and

Fiz)=-Fi(-2), (49b)
we also have
F$(2) = Fi(2) = (2/mipo) FY(2)F ()
= - 2mip(z + 308,Y) . (50)
Using this notation we have
Fw+is)=Fi(w) , (51)

where w is the real frequency (we shall use this

+ subscripting notation again below). The other
basic function g°z) can also be evaluated now using
the Lorentzian density of states, viz.,

z=t

g”’(z)=‘/md€p(£+%org¢,7/)ﬂ£)_E . (52)

Using the partial fraction expansion



31720

plE+308,Y) _poD 1
z—-t 2i |z+30g,v—iD

x( 1 1
tE-z E+308y—iD

1 1 1
" z+ 30gy +iD (g -z E+oga+ iD>] ’
(53)
we obtain

¢(a)= 5 Fu( )( f “Lre) - 5]dt

wg + 208eY -1iD - -

Lf(£ - d&)

”Lf(g)—%]de)

tE-2z

1 Fs(z)< [£(¢) - 3] d

_éﬁ w £+ zogey+zD o

(54)

Integrals of the form of those in Eq. (54) are done
in the Appendix of the paper by Bloomfield and
Hamann®; taking over those results, we obtain

1
glz)=-p(z+ %ogay)zp(z FoiiT S8 Im z)

1 [, 1 D+ zwge'y>
"o [F (e)y (2 2k T
1 D-tiog y)]
_ O = 2 e 55)
Fiz)y (2 My ‘ (

which is also a sectionally holomorphic function

where the +(~) subscript goes with sgnIm z=+(-)

and where ¥(z) is the digamma function. # (Im de-

notes the imaginary part and sgn denotes sign of. )
The use of the Lorentzian density of states en-

J

F(2)®S,c(iD - 30g,7) + FA(2)®_ (= iD - 30g,7)
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[flw) = 3]¢3 c(w)

ables us to express ¢g(z) in terms of ®¥z) as

follows: First, note the partial-fraction expansions
Fi(w)/(z = w)= FY(2){(z = w)™" + [F%w)/mp, D]}
(56a)
and

1+ [FY(w)/mpo D]} .
(56b)

FYw)/(z = w)=F%2){(z - w)

By inserting these expressions into Eq. (40) and
using Eqs. (48) and (50) we have

@)= P [ aw B2=E prons ot

+F:(z>§1ﬁ J otr)-2

X(w tielw) tf,o(w).) (57)

+30g,y+iD ~ w+ 308,y —iD

and, by specializing,

. D (“a -1
¥L,0(2iD - boggy) =+ [ E"w[{ (;o)g Yz;]tiz)%(w)
- y
%"—f dolflw) - 4

[ tlg(w) _ 2w (58)
\w+30g,y+iD ~ w+3z0g;y-iD) ’

where the + (-) subscript denotes that z lies in the

uhp (lhp) and goes with + (=) iD. Using Eq. (58)

we have the expression

Pz )ﬂpoD f " do [flw) = 312 5(w)

=-Fz

)ﬂpo.Df dw
218 Jow

70 - Fe@)g [ awlrta) -3 (

Now using the same partial-fraction expansions,
Eqgs. (56), we can expand ¢g%(z) of Eq. (38) as

¢2,6(2) = [F(z) - F(2)]
X E.l. dw [fw z]F"(UJ)t G(w
me s Z2=-Ww

o \wp “dw [flw) = 3]t o(w)
+F&)y [w (w+ %og:"y + zGD)
oD [ "dw [f(w) = 3]t 6(w)

"'FZ(Z) : T =y
27t J.. (w+ 308,y -iD

(w+ 30g,y+iD)®

tg.c(w)

(w + 308,y = iD)*
tf_G(w) ) . (59)

w+30g,y+iD w+ 308y —iD

r

So using Egs.(60), (59), and (57) we finally obtain

¢2,6(2) = FY(2)®{ ;(2)

- [F(2)®%,6(~ iD - 30g,7) + FA(2)®%,6(+ iD ~ 30g,7)] .
(61)

This means that by using the Lorentzian density of
states we can eliminate ¢g(z) and rewrite Eq. (36)
as

G{1(2) = g(z) - F{2)®{ ¢(2)

+FY(2)8? (- iD - 30g,7)



Do

+FY2)® 6(iD - 30g,y) . (62)

Note that the singular terms cancel so G{;(z) is
analytic in the uhp (lhp) and represents a sectional-
ly holomorphic function.

At this point we can also evaluate A from Eq.
(33). Note that

Tofles,)=2 f " do [7(w) - 3p(w+ bg7)

=2 lim [2¢g,(2)]

g~ @
2N 1 D-3igy
= ——— - 2
T Im[zp(2+ 2nkT )] ’ 63)

where we have used Eqs. (55) and (44) and the
properties of the digamma function. Now from
Egs. (58) and (44) and the symmetries (47) and
reality conditions (tabulated in Table II) we obtain

1 1 D-zigyy
= - = — LT 2%el
A ZN{”Im[d)<2+ ST )]

-2Red, ¢(iD - %gey)}, (64)

where Re means the real part. There is a close
connection between A and the total integrated con-
duction-electron spin density S,, viz. (see also
Section IIIC),

1
28,= "i\j 0 {CkoCito)
(.

= Emf dw f(w)[S%(w +i6) =G flw - 8)] ,
ko -0
(85)
where we use the same ¢ sum convention as for Eq.
(33). We now notice that because we have used a
Lorentzian density of states

5 1

k (z_€io)

[F°(z) ]2

o2 poy
_—azF(Z)_ N ’

(66)

and inserting the definition of Gz(w+i6) from the
solution of Egs. (14), i.e.,

S5le)= 5 ( ; ‘5(2))2) , (67)

21 \z —€3, (2—€g,

we obtain

1 © 1
25,- T oflezs) ~ gy T oj:wdw [Aw) = 3]

){[FYw) P15, 6(w) = [FAw)*1%,6(w)} . (88)
Defining the Pauli paramagnetic part
28,,= Z ofl€g,) (69)
ko

and the rest of S, as the interaction part S,; and
using Eqgs. (33) and (68), we obtain

A=2S,,+2NS,; , (70)
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where
N 1 D-3igy
- — LT 2v5el
Seo ”ImEp(z+ SAT ) (71)
and
Seq=2Red. c(iD-3g,7) . (72)

In order to exhibit more clearly the properties
of our basic Cauchy integrals &g (z) defined by
Eq. (40), we examine the asymptotic behavior of
t2(2) and ¢%(z) defined by Eqgs. (16) by analytically
continuing w=-2z. We note that the basic properties
of two-time Green’s function® insures that these
t matrices are sectionally holomorphic and we see
that

limt3(2)= = (J/2N)o(S*)+0(1/2) as z==, (713)

limt%(z)=0(1/2)
If we define

to(z)=t%(2)+ (J/2N) 0(S*) , (75)

we can define a new function ®%(z), which is the
same as that defined by Eq. (40) but with ¢%(z) re-
placed by ¢(z). Then by using Egs. (50) and (52)
we obtain

' (2) = 9g(2) + (J/2N) 0(S*)g"(2) . (76)

We now have a closed set of integral equations.
We have the Cauchy integrals &7 z(z) of Egs. (40)
and (76), the basic functions F°(z) and g°(z) of Egs.
(48) and (55). The integrals must be evaluated
using Egs. (16) and (75) for the ¢ matrices. Also
the integral of Eq. (28) must be evaluated using
Egs. (32) and (70) to obtain (S*) and A (note the
self-consistent conditions coming in at this stage
in evaluating A). Finally, the ¢ matrices are then
calculated by using Eqgs. (76), (62), (39), (41), and
(42) in terms of the basic Cauchy integrals. Be-
cause of the nonlinear nature of Egqs. (16) and be-
cause there are products of integral operators in
the numerators and denominators, we were unable
to solve the resulting coupled nonlinear Hilbert
boundary value problem. In zero magnetic field,
E=P and G,=G,, therefore, terms cancel in the
numerator and denominator and 3f;=2f;. This
case has been solved by the Hilbert method, %%*

To solve our integral equations in nonzero field

we have essentially converted the problem into a
set of simultaneous nonlinear equations for the #’s
evaluated at a finite number of points along the
imaginary axis. This technique has been previously
discussed by two of us.?® The details of its appli-
cation herein are contained in the Appendix. We
have carried out the calculations using parameters
appropriate to systems like CuFe, i.e., an anti-
ferromagnetic coupling constant J <0 corresponding
to a Kondo temperature Tx=16°, €,=4.7 eV, and
the bandwidth D=1 eV. As indicated above we

as z— . (74)
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have considered only the spin-3 case and we as-
sumed equal g factors for impurity spin and con-
duction-electron spin, g;=g,=2. From the solu-
tions of this set of equations we are able to calcu-
late all of the quantities of physical interest. Our
method and results are presented in Sec. III %

III. RESULTS
A. Resistivity
The longitudinal conductivity is given by®
© o F0
oL =— %ezf de p(e)v?(€) 2 'rc,(e)—af? , (77)
o P
where p(¢) is the density of states given by Eq. (43),
v(€) is the electronic velocity, 7,(€) is the relaxa-
tion time for an electron of spin ¢, and f°
= f(e + 30g,y) is the Fermi distribution function.
Note that each spin distribution obeys its own trans-
port equation and, therefore, has its own relaxa-
tion time and equilibrium distribution. At low tem-
peratures 8f'/8¢ has its peak at € = — 3g,y because
of our convention that spin-up electrons have lower
energy. The relaxation time for low impurity con-
centration is given by

74(€) = Hpg{2CNIm [— pot & +i6) ]}
=1.057x1078{CD Im [~ pot &(€ +48)]}*, (78)

where we have made use of Eq. (44) for N. Here,
C is the fractional concentration and D is the band-
width which we take as 1 eV in these calculations.
The density of states at the Fermi surface is taken
from free-electron considerations and is given by

3/2 . 172

p0=—27rz;l:3——‘——=2. 92X104 (eV)'l (79)
and
€p=31D/2=4.712 eV (80)

with m as the free-electron mass. These values
of the parameters are used throughout this calcu-
lation. The square of the electronic velocity is
given by
v¥(e) =2(e g+ €)/m= (3D +2¢)/m . (81)

At the temperatures of interest, the sharpness of
the Fermi function relative to the slow variation

of the rest of the integral in Eq. (77) means that
to a good approximation we can write the resis-
tivity as

pr=0;"~(m/Ne?) [t (- 3g) +7(3gn]™ . (82)

If an impurity potential scattering term had been
included in our original Hamiltonian, for example,
a point potential scattering term of the form

VZ: C;ocE’o ’ (83)
kk‘c

it would have the effect of breaking the particle-hole
symmetry. There would also be a transverse re-
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sistivity and Hall coefficient given by

pr=0or(or +ooy)™ , (84)
and
R=H"0py(o%+ 0%, (85)
where
Op= o,(l+w§1§)"1+ o(l+wir?)!, (86a)
Orn=weo: To(1+ w3 73) 4 woo, 7, (L + wir?) . (86b)

wo=eH/mc is the cyclotron frequency, 04, is given
by the appropriate part of Eq. (77), and Ty, 18

given by Eq. (78) with €=7¥3g,y, respectively. In
order to shorten the calculation done here and yet
retain the physical effects of the field on exchange
scattering, we set V=0, no potential scattering,

so that pp=p;=p and R is a constant. Then, making
use of the particle-hole symmetry given in Table

II we have

p ~m[2Ne*r (- sg )] . (87)

In the calculation of More'” potential scattering
was included and a T- and H-dependent Hall co-

efficient was obtained.
Figure 1 shows the results for the resistivity
in the form

pN/DC =0.1866x10%Im[~ pot ¢ (- 32,7 +i6)] (88)

as a function of temperature T for a number of
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FIG. 1. Resistivity p as a function of temperature for

a number of external magnetic fields, N is the number
of unit cells in the lattice and C is the impurity concen-
tration.
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FIG. 2. Resistivity p as a function of external mag-
netic field for a number of temperatures.

values of the external magnetic field. Figure 2
shows the same results as a function of the exter-
nal field H. Note that the Kondo temperature T
=16 °K. Both Figs. 1 and 2 show that the applied
magnetic field tends to suppress the anomalous
resistivity which results from exchange scattering
below Ty The “freezing out” of the spin-flip scat-
tering process can be understood by considering
two competing mechanisms. The initial rise of
the resistivity as the temperature decreases
through Ty results from an enhancement of the
spin-flip scattering process due to a decrease in
the thermal fluctuations of both spin systems. For
H=0, only this mechanism obtains. However, in
the presence of an external H field, a further de-
crease in temperature enables the Zeeman split-
tings to significantly influence the population dis-
tribution in each spin system. At sufficiently high
values of H/T, this population difference between
the spin-up and the spin-down state will become
sufficiently large and inhibit the spin-flip scatter-
ing process. The scattering of conduction elec-
trons from spin up to spin down is inhibited by a
depopulation of the spin-down impurity-spin en-
ergy level by the field, and the scattering of spin
down to spin up is inhibited by a depopulation of
spin-down conduction-electron levels. Comparing
Fig. 1 to the experimental results of Monod'® for
CuFe, for which T,=16 °K, we note that the cal-
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culated field dependence of the resistivity is too
strong, i.e., the negative magnetoresistance is
too large, especially at lower temperatures. This
is apparently the result of the truncation process.
A perturbation treatment of this problem leads to
logarithmic divergence of all orders and the Na-
gaoka truncation in effect only sums up the leading
logarithmic terms.?" The higher-order terms
that must come in at lower temperaturesarene-
glected. As the truncation scheme used in this
calculation is a simple generalization of Nagaoka,
it is expected to suffer from the same defects.
However, the expression for (S%) in Eq. (27) is
exact. Thus, we expect the field effects to be
somewhat overemphasized to the extent that our
truncation approximation does not allow the cor-
relation function (s*S”) , which is used in the ex-
pression for (S?), to become as negative and as
large as it should. On the other hand, for low
fields and very low temperatures (s'S™) becomes
too large as is discussed in Sec. IIIB. The many-
body effects may be seen in Fig. 3 which shows
Im[pyt'(w)] as a function of wD/kT for T=5°K
and a number of fields. The H=0G curve is ob-
tained for the Nagaoka truncation scheme; third-
order perturbation theory would give a negative
divergence instead of a negative trough. As the
field is increased the trough moves to the left and
the many-body effects can be seen to influence the
line shape near the Fermi level, w=0. The effect
is to retard the higher-field curves from departing
rapidly from the H= OG curve. This tends to make

Im{,q7 tY(w)} for
T=5°K

FIG. 3. Imaginary part of the ¢ matrix #; for spin-up
electrons at 5°K as a function of the real frequency w
for a number of external magnetic fields; w=0 corre-
sponds to the Fermi energy.
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10 <sZ>

FIG. 4. Thermal average of the impurity spin ($%)
as a function of the external magnetic field for a number
of temperatures.

the negative magnetoresistance smaller and pre-
sumably it is this effect that is underestimated by
the truncation scheme. However, the calculated
magnetoresistance qualitatively follows experi-
ment and it is expected to be quantitatively more
valid for low fields except for very low tempera-
tures as discussed below. The recent singlet-
ground-state calculation of Ishii®® yields a magneto-
resistivity similar to our results in Fig. 2. The
complex behavior in More and Suhl’s curves'’ re-
ferred to by Ishii is a result of their numerical
approximations. %

B. Magnetization

The excess magnetization over that of the pure
sample is given by

M= Ma(gi (S')+geSe,) ’ (89)

where (S*®) is given by Eq. (27) and S,; by Eq. (72).
The results for (S*) are shown in Fig. 4. Since
Eq. (27) is exact, the effect of the exchange scat-
tering is only felt through the correlation function
(s*S”). The results of our calculation for (s*S™)
are shown in Figs. 5 and 6. We note that (s*S”) is
negative and becomes, in general, more negative
the lowers the temperature and field. There is a
reversal of this trend at higher fields when the
temperature is lowered as is evident in Fig. 6.
This may be attributed to the absence of thermal
fluctuations at low temperatures. The strong di-
rect coupling of the localized spin to the field is
then dominant and the spin-spin scattering is sup-
pressed. At low fields, our theory breaks down
as the temperature goes below 0.5 °K. For ex-
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ample, at 1°K and 100 G, our calculation easily con-
verged to (S¥)=3.2x10™ At 0.1°Kand 100 G, an
initial zero- (S*) yielded (s*S")=-0. 699 andupon
iteration we find a relatively large negative (S*)
(- 0.013). Oscillations in (S*) above and below
zero occur and no convergence obtains. (See the
Appendix for a discussion of our iterative proce-
dure.) This nonphysical result follows from Eq.
(27) if (s*S") <—-0.5, and can already be forecast
from Zittartz’s*® zero-field low-T calculation which
yields (s*S”) ~~%. Dividing by JA/N and taking
the zero-field limit of Eq. (32) gives Zittartz’s for-
mula. 3? Also note the high-field high-temperature
saturation levels (s'S") -~ —0.138, which indicate
that high fields and temperatures do not completely
eliminate the exchange scattering effects which
tend to reduce (S*).

The results for S,; are shown in Fig. 7 as a func-
tion of field for various temperatures. Note that
it is negative; this tends to reduce the conduction-
electron spin alignment with (S*) (which points
up). Its magnitude increases as the temperature
is lowered and the field is raised. Also for the
same temperature and field ranges, it is about an
order of magnitude less in absolute value than
(S#). This can be better appreciated by a calcu-
lation to first order in the coupling constant, the
relevant parameter being Jpo/N=—~0.14429. Con-
sider Eq. (72) and take the dominant part of ¢#&(w)
from Eq. (16a),

0.0

<s*s >

0 50 100 150
H, kG

FIG. 5. Correlation functions {(s*S”) as a function of
the external magnetic field for a number of temperatures.
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t&(w)~=(J/2N)o(S*), (90)
which is the same as the high-energy limit given
in Eq. (73), and insert this into Eq. (40) for &,
(iD - 3g,y) to obtain

" dw [f(w) = 3]

o e
Sei~2Re(2N (S*) iD-lgy-w

plw+ %gev))

J t .
=N (S*)Reg.(iD - 3g,7)

~IpoD e (a_ZP(_‘*‘_Z/ZLk__T)
2N % 92 z=D+l/2ige7>
~(Jpy/2N) (S*) , (91)

where we have used Eqs. (48) and (52) and, in the
last step, the asymptotic expansion of the digamma
function. #® This result and the results shown in
Fig. 7 indicate that the conduction-electron contri-
bution to the bulk impurity susceptibility is smaller
by about an order of magnitude thanthe impurity
spin contribution. Also the form of (S®) and the
size of S,; indicates that the reduction of effective
moment is mainly due to a failure of the local spin
to align in the field because of the strong spin cor-
relations between impurity and conduction electrons
and not due to a spin-compensating conduction-elec-
tron polarization cloud surrounding the impurity.
This is in agreement with the calculation of Klein. '®
We may compare these results to previous cal-
culations and to experimental data. In the CuFe
alloy system, Heeger et al. 1% have compared the
temperature dependence of the excess suscepti-
bility obtained from bulk susceptibility measure-
ments with that inferred from the Fe®’ Mossbauer
data. At temperatures well above Ty the impurity
hyperfine field H,,, scales with the excess sus-
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FIG. 7. Interaction part of the total integrated con-
duction-electron spin density S,; as a function of exter-
nal magnetic field for a number of temperatures.

ceptibility x;,,, but below T it deviates markedly.
These authors argued that at high temperatures
only the bare impurity susceptibility is present
and the above-mentioned data in this temperature
region gives a reliable measure of the slope of
H,, versus x;,,. This slope is then used below

Tk to predict X;pmp, moss from the Méssbauer data.
They find that at very low temperature y; ., moss 1S

<s*s™ >

FIG. 6. Correlation function
(¢S") as a function of the tem-
perature for a number of exter-
nal magnetic fields.

) 10 20 30 40 50 60 70
T,°K
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H
<s?>
H
Tt /
S >+Sei
==== Curie-Weiss law extrapolated /'

MEGAGAUSS

FIG. 8. Two quantities proportional to the external
field H divided by the excess magnetization, H/({S*)
+8,;), and H divided by the impurity magnetization,

H/ (S%), as a function of temperature for a low field
H=100 G and a high field H=30kG; a Curie-Weiss law
extrapolated from the high temperature yields a Neél
temperature of ~13.5 °K to compare to a Kondo tem-
perature of 16 °K; the low-temperature detail is shown
in the insert.

approximately half the excess susceptibility X;ny,
obtained directly by susceptibility measurements
and thus infer that the conduction-electron con-
tribution to the total excess susceptibility is equal
to the local impurity susceptibility. They also did
a calculation based on the variational model of
Appelbaum and Kondo’ from which they obtain an
S,; of the same magnitude and sign as (S*) in dis-
agreement with the results of the calculation done
here. On the other hand, low-temperature devia-
tions between the impurity hyperfine field and the
excess susceptibility have also been found by
Narath, Brog, and Jones®! in MoCo alloys. How-
ever, in this case the deviations are a monotonic
function of the impurity concentration and may be
expected to result in some way from impurity-im-

purity interactions. Also Stassis and Shull®2 mea-

sure the impurity magnetic moment by polarized
neutron scattering in CuFe and conclude that the
magnetic scattering amplitude data has, within
experimental error, the same temperature depen-
dence as the bulk susceptibility measured on the
same samples. This would indicate only a small

conduction-electron contribution in agreement with
the calculation done here. The predicted positive
resonance shifts by Heeger et al.'® are contradicted
by the Narath and Gossard®® NMR observations on
Au(Ag)V alloys. They conclude that there is a very
small reductiorn in the impurity spin susceptibility.
These results are also consistent with our theory.
Also, as evidenced by the calculated high-field

and high-temperature saturation value attained by
(s*S") (see Fig. 6), an assumption of complete
suppression of exchange scattering effects at high
temperatures, i.e., T> Ty, is questionable.
Ishii®® in his recent zero-temperature variational
calculation in which he treats the magnetic field

as only interacting directly with the localized spin
finds the result in Eq. (91) for the total localized
spin [see Eq. (101)]; he also points out that the
calculations in Ref. 10 are in disagreement with
this.

Figure 8 presents our results for equal g factors
for 2H/ M (which is related to the bulk x,,,,) and
H/(S*) (which is related t0 X;m, moss) @S @ function
of temperature for H=100G and H=30kG. We
see that for high temperatures, M follows a Curie-
Weiss law of the form H(T+ T,)™ with T,~13.5°K
to compare with a Kondo temperature 7 ,=16 °K.
Below Ty we note deviation even for H=100°C.
These deviations might be described by H/(S?)~ T*
with x<1., There is experimental evidence for
this trend, 3* at least for fields H<1 kG, namely,
that below 1°K, x=3. In our calculation, this
trend increases with the field strength. It has been
suggested that such behavior is due to the formation
of impurity clumps, " put our results indicate that
it may be inherent in the single impurity problem.
We also find that below Ty, (S?) increases faster
than linear, approaching saturation more rapidly.
It is interesting to note that when Osaka®® calcu-
lated x at zero-field from Suhl’s theory, Z his re-
sult was identical to Hamann’s® as is to be expected
from the equivalence® between the Nagaoka and
Suhl theories. These calculations differ from ours
and those of Shastry and Ganguly®” who used the
solution® to calculate the zero-field susceptibility.
They found x=0. 6 and curves similar to our low-
field curves.

C. Electron Spin and Number Density

The conduction-electron density for spin g as a
function or 7, the radial distance from the impurity
site, is given by

_ g
po(7)=N ‘EZPexp[z(k -k') F]{cgoCrs) - (92)
Using the definition in Table I and Eq. (17), we
have
T « o
(ChoCio) = zf o f(0)[8 3w+ 8) = 8%(w = i8)] |
(93)
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where from Eqgs. (14a), (15), and (16a) we obtain
g - -
Gri=[2m(w = €3)] [653 + (0 = €)% (w)], (94)
thus we can define

exp(zk T)
Mg (W +48, T)= Z————w+16 <.

(95)

and using this definition and Eq. (18) we can express
the electron density as

Npo(r) =2 flego) -1t [ dw [f(w) -}]
k

X Im[m?(w +38, k)t % (w +i6)] . (96)

We can perform the angle integration in Eq. (95) to
obtain for tne free-electron case

__1___/“‘° » ;. Sinky 1
21 K dk Br (w+ib —€g +30vg)

(97)

mglw +6, 7) =

We then change variables assuming that the main con-
tribution to the integral comes from the energy
region around the Fermi energy €;= 0. We use

k=[2m(€p+€,) 1Y%= kp[1 + (€,/2€5)], (98)

where k= (2me;)V? and €,, D<€p. After substi-
tuting our Lorentzian density of states p(e;) de; for
k2 dk we have

mg(w +i0,7)

_poD? 1
T 27% kpr
X/st sin[kpr(1 + €/2¢€5)]
(€ +D?*(1 +€/2€p ) (w+36 — €+zcryg)

(99)

We evaluate this integral by contour integration ex-
pressing the sine function in terms of exponentials
and closing the contour in the upper-or lower-half
complex € planes where appropriate. Using the
fact that in the free-electron case D/2€ =1/31, we
have

Mg (W +46,7)= I;;sz exp( ihpr — %)
F %(w)

ey
sz exp(szr)[exp< 3")

—2iDF%(w) exp <—F———Z k 7;:;—507g)>] s

(100)

where Fi(w) is given by Eq. (48). This expression
is then used in Eq. (96) where the integral is eval-
uated in a manner similar to that described in the
Appendix.
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From Table I and Eqs. (68), (92), and (93) we
find relations between the spin density at the origin,
the integrated electron spin density, and A:

p,(0) = (1/N) %‘mgq, A=N[p,(0) -p,(0)] ,
254 =N[pyo(0) —p,(0)], 2S,;=p+44(0) 0)=6p(0).
(101)

Asymptotic expansion of the digamma function? for
low temperatures and nonenormous fields yields from
Eq. (71)

Se™ N{nt arctan(gy/2D) + 2gvkT[4D? + (g7)]] }

'—plei(

% 0.5 pegy.

Then the field-dependent energy shift [see Egs. (14c)
and (39)] from Egs. (70) and (91),

J Jpy
gy+%A=:g-y<1 +0.57$3> ( Z) 7D (S*) .

The last term resulting from S,; (or the interaction
part of the spin density) dominates this expression.
Thus, the energy shift depends most strongly on
6p(0) which is proportional to the density of electron
states at the Fermi surface times the dominant part
of the # matrix in finite field [see Egqs. (90) and
(o1)].

Our results for the spin density 6p(#) and charge
density (neglecting the uniform background) are
given in Figs. 9 and 10. Figure 9(a) shows an
example of the spin density times (¢p7)? as a func-
tion of 2p¥ for T=10°K, H=150kG and Fig. 9(b)
shows the corresponding charge density. Figure
10 is a graph of the envelope of the positive and
negative maxima of the spin-density curves times
(2z7)? normalized by(S*) for various temperatures
and fields. The curves A and D are for T=1°K,
H=100G or 1kG as the curve for the two different
fields are indistinguishable. Likewise, the curves
B and E are for T=10°K, H=100G and C and F
are for T=10°K, H=150kG or T=100 °K, H=
100G or 150kG. Qualitatively, the temperature
and field dependences of the spin density are the
same as those of (S*) —increasing in strength as
H increases and T decreases. The extent to which
these curves do not coincide indicates extra tempera-
ture and field dependence apart from that of (S*).

A number of the features of these results can be
seen to arise from certain terms of Eqs. (100) and
(96). The square of m, is the immediate source of
the long-range oscillatory terms such as (kz7)
cos(2kp7), as well as exponentially damped terms
such as (kp7)2exp(—kpv/37) sin(kz7). The w inte-
gration of Eq. (96) modifies these simple dependencies
in two ways. First, we obtain a temperature-depen-
dent damping, exp(—2), where X is proportional to
kr¥7kT/€z, as canbe seen by considering the poles

of [f(w) —3] on the imaginary axis close to w=0.
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thought, % Calculation with the virtual state model*
gives no nonoscillatory spin-polarization contri-
bution and our calculation with the s-d model

gives the nonoscillatory component too short range
to detect, Also both models give charge-density
oscillations.

IV. CONCLUSIONS

We summarize the main results and conclusions
of this paper as follows:

(a) A comparison of our magnetoresistance re-
sults with experiment'®'* is favorable but indicates
that the low -temperature high-field effects are over-
emphasizedin our calculations. This is probably
due to the truncation approximation applied to the
equations of motion.

(b) Our results for {(s*S-) indicate that signifi-
cant effects of exchange scattering persist even at
high temperatures and fields, For low fields as
T -0 we find unphysical values for (s*S-), This
is a defect in the decoupling procedure which al-
ready showed up in the zero-field calculation of
the specific heat® and susceptibility. 3°

(c) The fact that we find S,; to be an order of
magnitude less than and opposite in sign to (S*) in-
dicates that there is no large contribution of the
conduction electrons to the impurity susceptibility,
This is in agreement with the latest experimental
results® -3, We also conclude that the apparent
disappearance of the effective moment as tempera-
ture is decreased is due to the strong spin corre-
lations between the impurity and conduction elec~
trons and not due to a spin-compensating conduc-
tion-electron polarization cloud. This is in agree~
ment with the calculation of Klein, !’

(d) Our plots of magnetization in the form H/M
given in Fig. 8 show an extrapolated Curie-Weiss
behavior with a Neél temperature 7, ~13. 5 °K to
compare with a Kondo temperature Ty =16 °K.
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There is a low-temperature, T < Ty, deviation from
the Curie-Weiss behavior in the direction of in-
creasing susceptibility which increases with field.
This behavior appears to be inherent in the single
impurity model and cannot be due to impurity
clumping,

(e) Our results for the spin polarization show
that there is no long-range nonoscillatory compo-
nent that could be detectable by host NMR experi-
ments, The nonoscillatory component is expo-
nentially damped by a factor that depends on the
ratio of the conduction-electron bandwidth to the
Fermi energy. The charge density is purely os-
cillatory, is essentially independent of 7' and H,
and vanishes at the impurity site.
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APPENDIX

The Cauchy integrals that have to be evaluated
are all of the form

I=[ 7 dw[flw) = Hlly(w+id) - ylw =is)], (A1)

where y(z) is a sectionally holomorphic function
represented by v,(z) as in the theory section, In
order to do this we use the procedure of Bloomfield
and Sievert®® and express the Fermi function in
terms of digamma functions and then expand these
digamma functions by using their recursion rela-
tions and asymptotic expansions, We obtain

© N
Iz—%j—‘f_wdxv(x+i6)[z 1 1

S x—in(kT/D) (20— 1) " 2(x— iP)

_iwkT< 1 >2+ 1 ln(zzm ix
6 D \x-iP) " 2mi(rT/D) 2 " 21(rT/D)

N
+%3T~f°°dxy(x-—i6)[z 1 1

i x+in(kT/D)(2n - 1) * 2(x+iP)

where x=w/D and P=n(kT/D)(2N+1). Note that the
terms of the asymptotic expansions retained have

a single and double pole at +7P and we have dropped
the next term [120 (x +iP)*]"! and those having high-
er-order poles. The error made by representing
the Fermi function on the real axis in this manner
can be estimated for any value of N, the number of

+ivrkT< 1 )2__ 1 (2N+1_ ix )]
6 D \x+iP 2mi(RT/D) 2 2n(kT/D)/] ]|’

(A2)

isolated single poles, and temperature T by evalu-
ating the fourth-order pole term at x=0. It can be
seen that as the temperature decreases the loga-
rithmic term becomes dominant. The contour of
the first integral on the right-hand side of Eq. (A2)
can be distorted into the uhp where we know the
position of all the poles and branch cut and where
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v, (2) is analytic. We treat the second integral in
the lhp likewise. The integral around the branch
cut may be reduced to eliminate the logarithm as
shown in Ref. 20. There are then two cases of
interest; the case where

v, (2)=[y_(2)]* (A3)
SO
. (2) _( w.(2) *
02 | z=ip —( 02 | .= ..iP) (a4)

and y, (z)+9_(z)=2Rey, (z) giving the final result

N
I=- 27115%‘[2 2 Rey+<inﬂ(2n - 1)>+ Rey+ (iP)]
n=1 D

4r2 (kT2 (av*(z)
—1_6—-< D> Im 0z z=iP)
—Ziﬁ dxRey, (ix) (A5)
and the case where
v, (2)==[v.(2)]* (AB)
S0
.| (. *
0z z:iP_ ( 0z z:..iP) @7
and
v, (2)+v_(2)=2iImy, (2) (A8)

giving the final result

. .
I= ZﬂiEDZ [Z 2; Im y+<in—%T(2n - 1)) +iIm yJiP)}

n=1

_gﬁ(@_‘)zRe< 3y.(2) ) N sz dxIm y (ix).
z=iP P

(A9)

6 \D 0z

The integrals in Eqs. (A5) and (A9) were sepa-
rated into three integration regions. The first,
being from the point P to a point corresponding to
an energy several bandwidths farther along the axis,
is mapped to an interval —1 to 1 by a logarithmic
mapping and then the integral represented by
Gaussian quadrature. This logarithmically mapped
region is to provide a distribution of points that
join smoothly onto the isolated points even at low
temperatures. The second region, from the end

BLOOMFIELD, HECHT, AND SIEVERT 2

of the first region to a point corresponding to sev-
eral factors of 10 times the bandwidth, is mapped
linearly to —1 to 1 and again Gaussian quadrature
is used. The third region, from the end of the
second to «, is done by Laguerre quadrature.

The integrals to be evaluated using the above
considerations are ¢ ;(z), ® z(z~- o (g +JA/2N)),
®2 o(z - 0g,y), their first derivatives at z=4P, the
special points ®°(:D - %ogey) and a derivative term
x° used to avoid the indeterminacy in the expres-
sions for G;, G,, etc. For example, see Eq. (62),
when z - 3 0g,y - iD, we obtain a term

F(2)(®7 c(iD - 30g,7)— 27 (2))=X",

which is treated as another function to be evaluated
self-consistently. The process of evaluating the
above functions is started by inserting their zero-
field values determined from the exact solution to
the resultant Riemann-Hilbert boundary value
problem.? Then the process is iterated until con-
vergency for a finite but small external field. These
results are used as a starting point for a higher-
field calculation, etc. In this way we can obtain
results for arbitrary fields and temperatures. The
quantities of physical interest are calculated at the
same time after convergence is obtained at each
field value. The error after each iteration was
calculated as the sum of the squares of all relative
errors in the functions enumerated above. When
this error was less than 10-°, then (S°) was com-
pared with its value at the last iteration. When

the error in (S%) was less than 0. 0005, the process
was considered to have converged and the quantities
of physical interest then calculated.

The above procedure was carried out for 7'= 1,
5, 10, 30, 70, and 100 °K and for magnetic fields
up to 150 kG; the results are presented in the
figures contained in the text. The number of iso-
lated pole points chosen was such as to represent
the Fermi function to eight place accuracy. The
number of integral quadrature points used varied
with the temperature and field and was as high as
80 for T=5°K. At temperatures below 5 °K and
fields above 2 kG the convergence time becomes
very long and puts a practical limit to the extent
of our calculations as indicated in our results.
Also we were constrained to simple iteration by
machine memory limitations. See also the remarks
in Sec. IIIB.
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The nonperturbative expression for the static correlation function, (Sely) 5‘,"‘"), formulated
in an earlier publication, is computed numerically. Our calculation shows that for large dis-
tances (kz!<»<D/Ty) the static correlation function damps down much faster than 1/#°. This
is in disagreement with the large-distance - | a| [(sinkz»)/kp]? behavior predicted by some

recent calculations.
1. INTRODUCTION

The static correlation function (henceforth refer-
red to as SCF) in dilute magnetic alloys has been
subjected to extensive theoretical investigation in
the last few years. 1-6 The SCF is of considerable
physical importance, as a spatial average of this

function describes the impurity contribution to the
magnetic susceptibility in dilute alloys. In a re-
cent publication, Fullenbaum and Falk® have ex-
amined the SCF on the basis of Nagaoka’s theory’
as well as the singlet-state theories due to Heeger
and Jensen® and Applebaum and Kondo.® They found
that for low temperatures the dominant behavior of



