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mated by 2. One obtains then for &
8= —0.7670/7, (low fields). (A3b)

This shows that the correction § depends only weakly
on field and temperature. We have therefore used

d=—0.87/7. (A3c)
for all values of field and temperature.
The magnetoresistance calculated by Eq. (3a),

(Apn/p) Eq. (3a), and the experimentally determined
magnetoresistance (Apm/prot)expt, Of Figs. 1 and 2 are
then related by

(APm/P) Eq. Ba) = (APM/Ptot) expt(1+ 1‘8"'0/7'11)

as long as ro/m.<<1.
A second, similar correction factor is due to Ap,
and Ap, not being additive. That Mathiessen’s rule

(A4)
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does not hold in this case either can immediately be
seen if Ap, is described by an additional scattering
rate 1/r,, which is field-dependent but equal forTthe
conduction electrons of either spin direction. The de-
viation 68, from Mathiessen’s rule is obtained by re-
placing 7, by 7,. With the same values for f, g, and 7,
one then obtains

8:~—0.7Ap,/p (AS)
provided Ap,/p<K1. Ap, and Ap are then related by
Apn2 (Ap— Apn) (14-0.7Ap,/p) . (A4)

It is interesting to consider the case 1/7,5>1/7, which
might occur in ternary alloys or in the case of very
large positive magnetoresistance. One finds from Eq.
(A1) that the interference terms no longer contrib-
ute to the negative magnetoresistance and one has

Apn= —f/2
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Electronic Spin Polarization around a Magnetic Impurity Using
Perturbation Theory*
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The electronic spin polarization p(r) arising from the s-d exchange interaction is computed using iterated
solutions of Nagaoka’s truncated equations and direct perturbation theory. Most of our detailed calcula-
tions are only to order J2 (where J is the exchange constant). However, arguments are given to suggest
that certain qualitative features [such as the oscillatory behavior of (r)] will remain even if we work to
all orders in J. We critically discuss the work of Falk and Fullenbaum as well as Suhl, whose results agree
with ours apart from the important difference that our Ruderman-Kittel-Kasuya-Yosida term is pro-
portional to the average of an effective spin rather than the bare impurity spin. This effective spin also
enters the static susceptibility x. In one of the Appendices, we briefly consider the effect of potential scattering

on the spin polarization.

I. INTRODUCTION

T seems natural to expect that one of the most impor-
tant manifestations of the Kondo effect! will be in
the conduction-electron spin polarization (r) around
a magnetic impurity. Historically, the first such study
was made by Nagaoka? using a self-consistent solution
of the decoupled equations of motion for retarded
double-time Green’s functions. He found that in con-
trast to the Born approximation for the polarization
(associated with the names Ruderman-Kittel-Kasuya-

*'This research was sponsored by research grants from the
National Research Council of Canada.
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grant from the Deutsche Forschungsgemeinschaft.

i Present address: Department of Phymm and Astronomy,
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1 7. Kondo, Progr. Theoret. Phys. (Kyoto) 32 37 (1964).

2Y. Nagaoka, Phys. Rev. 147, 223 (1966); Progr Theoret.
Phys. (Kyoto) 36 875 (1966).

Yosida® and thus referred to as RKKY) his result had
a much longer range and moreover the electron spins
were favored to align antiparallel to the impurity atom
spin. This result led Nagaoka to the conclusion that
below a critical temperature Tk there exists some sort
of quasibound state between the electron spins and the
impurity spin. The coherence length of this quasibound
state was estimated to be 10~* cm. It has since been
realized that Nagaoka’s original solution of his equa-
tions was incorrect and that his equations do not give
rise to any bound state. As a consequence the result for
the electron spin polarization given in Ref. 2 should be
disregarded. In contrast, Suhl*® made use of his alterna-

3M. A. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1954);
K. Yosida, ibid. 106, 893 (1957).

4 H. Suhl, in Proceedings of the International School of Physics,
“Enrico Fermi” 1966, edited by W. Marshall (Academic Press
Ltd., London, 1967), pp. 116-205.

SH. Suhl, Solid State Commun, 4, 487 (1966).
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tive S-matrix theory and deduced that the Kondo
effect would have little influence on the conduction-
electron spin polarization at distances #>7, from the
impurity atom, where 7, is of the order 1/kr. We shall
discuss Suhl’s work later on in this paper. For now, we
simply call attention to the fact that both Suhl and
Nagaoka discussed the spin polarization using results
which, in a certain sense, were correct to all orders in
the exchange interaction J. More recently Falk and
Fullenbaum® have calculated p(r) by extending the
Nagaoka equation-of-motion method to the case where
rotational symmetry is destroyed by a magnetic field.
A perturbational solution of the truncated set of equa-
tions of motion led them to an expression for p(7)
which involves a term «J Inkpr. This was interpreted
as a manifestation of the Kondo effect in p(r).

In this paper we reinvestigate p(r) and related func-
tions such as the susceptibility on the basis of Nagaoka’s
decoupling procedure. In Sec. IT we compute p(7), but
instead of including the magnetic field in the equations
of motion we shall start from a linear response formula
for p(r). Our result consists of three parts, po(7), p1(7),
and p.(7), where po(7) has the same r dependence as the
RKKY polarization. However, instead of being pro-
portional to (Sz) (the thermal average of the impurity
spin), it contains a more complicated function of the
temperature. However, this function may be inter-
preted as the average of an effective spin, the magnitude
of which varies with temperature. In this aspect our
result differs from that of Falk and Fullenbaum,’
who obtained the RKKY polarization instead of
po(r). The two other contributions to p(r), pi(r)
and p.(r), agree exactly with the corresponding expres-
sions of Ref. 6. p1(r) contains the term «J Inkgr that
we mentioned before. In Appendix C, we compare our
work with that of Suhl, as well as Falk and Fullenbaum,
showing where the differences come from.

In Sec. IIT we discuss the relation between po(r) and
the static susceptibility x. The most important new
result is that both functions have the same temperature
dependence. Furthermore we show how the logarithmic
singularity, which occurs in the second-order expression
for the susceptibility, comes from a certain part of
(Sel(r) -Simr) the electron spin-impurity spin correla-
tion function. The latter function was erroneously
identified with the conduction-electron spin polarization
in Ref. 2. A direct second-order perturbation calculation
for (Sel(r)-Simp) is presented in Appendix D. Finally,
in Sec. IV we briefly compare our result with some
recent experimental work. In particular, the fact that x
and po(r) have the same temperature dependence
seems to be well established experimentally. In Appen-
dix E we discuss the charge oscillations induced by the
impurity ion.

6 M. S. Fullenbaum and D. S. Falk, Phys. Rev. 157, 452 (1967).
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II. EVALUATION OF (S°Y(r)-(S°'+Simr)) USING
NAGAOKA’S TRUNCATION

The interaction of conduction electrons with the
localized magnetic moment is assumed to be described
by the s-d exchange interaction Hamiltonian:

I:ISd = (]/2N> cha*daﬂ' Simpck’ﬂ-

k,k/

(2.1)

We introduce the convention that repeated spin indices
are summed. The operator Cy,' creates a conduction
electron in the state | ka), where k denotes the wave
vector and « the spin quantum number; o are the Pauli
matrices, and the operator S represents the localized
magnetic moment. The exchange coupling constant J
is positive for ferromagnetic interaction and negative
for antiferromagnetic interaction. N is the number of
atoms in the lattice.

In order to obtain a finite spin polarization of the
conduction electrons, we have to apply a magnetic
field which polarizes the impurity spin. The conduction-
electron spin polarization [henceforth referred to as
$(r) ] is then given by

pr)=(SHr)
= (29)—11?; exp[i(k—Kk') -1]

% Tr{exp[ —B(Hyint Hoa+Hp) JCxa'020sCip)
Tr exp[ —B(Hxin+Ha+Hy) |

Here @ is the volume of the system, B=(kzT)7,
Boltzmann’s constant being generally set to unity.
Hy;, is the kinetic energy of the conduction electrons;
H, is the magnetic energy of the system in an external
magnetic field % which is assumed to be in 2 direction.
That is,

(2.2)

Hh=—-u3g/z(Sz‘*l+S,imp), (2.3)

where pp is the Bohr magneton; the Landé g factor is
assumed to be the same for both conduction electron
and impurity spin. We assume that the magnetic field is
sufficiently weak so that the magnetic energy is small
compared to the thermal energy. This allows us to
expand p(r) in terms of the magnetic field # and to
retain only the term linear in /4, with the result

p(r) =—3T)"gugh
X (81 (r) - 8 )mgt-(S°!(7) - 8™ Yo}

We have made use of the rotational invariance of
thermal averages in the absence of a magnetic field.
From now on, (- -+ )=o={+++). Thermal averages over
two equal-time operators may be conveniently rewritten
as

(2.4)

(ABy=r[do f(@) Tn(B | d)o  (25)

where (B | A), denotes the Fourier transform of a
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double-time Green’s function.” We can express the
correlation functions in Eq. (2.4) by means of ap-
propriate Green’s functions:

(8°1(r)-Si0) = — (x0) 3 explli(k—K) 1]

X f deo f(w) ImTie (),  (2.6)

(8(r) - 8=~ (WQ)—I;?"W exp[i(k—k')-r]

X f des f(w) Tmbue (), (2.7)

4 (w—ex) Oaer (0) =3{ 2610 — (Crra'Cra)} —3(J/N) erm(@
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where
T () =3(S™P+ 645Cra | Cig'), (2.8)

O () E‘}IE; (828" 8apCusCrar"Cripr | Cva?). (2.9)

It so happens that ' (w) is one of the natural func-
tions occurring in Nagaoka’s truncated equations of
motion, and thus his theory implies a specific approxi-
mation for Tge(w). In order to evaluate the Green’s
function i (w) in terms of the Green’s functions

G () =5{Cxa | Cra™) (2.10)

and Tww (w), we follow Nagaoka’s procedure.?
The exact equation of motion for fu (w) is given by

+3(J/N) 2 ([6+ (6-SP) Jup6urp Crar 'CrsCusr | Crrat Y= (J/2N) 2_(0ap® (16X S™) 415/ Cro 'CipCurg | Crre’).  (2.11)
1,V 1,17

Subjected to Nagaoka’s type of decoupling approximation, Eq. (2.11) takes the form
b () =[4(0—e) T[3(2650 — (CivaCa)) — (J/N) 2omTin(w) +3 (J/N) D_miGrn(w)
1 1

—(J/N) ;((d‘s)aﬁC]aTCM)‘ Zl:Gk'l(w) —2(J/N)S(S+1) ZI:Gk'x(w)]—Fkk'(w), (2.12)

where

= _W—l; /m dw f(w) ImGi(w),

m=—(2/m) % L : do f(w) ImT(w).

(2.13)

(2.14)

Making use of the Egs. (2.6), (2.7) and (2.12) in Eq. (2.4), we obtain

p(r) =—(gush/3T) (47r$l)“g;l exp[i(k—k’)-r] {éfk(akk; —3{CrraCra))

20 /MLS(SH+D+ T8 )asCulCa)] | T [5(6) Tm

J
——ﬁ;/dwf(w) Im

We wish to emphasize that the last term of Eq. (2.12)
and (Se!(r)-S=pr) have cancelled each other in Eq.
(2.15). This clearly shows that the spin polarization of
the conduction electrons is not given by

B(r) = (—nsgh/3T) (§(r) -8™»),  (2.16)

as implied in Refs. 2 and 5. The difference between
P(r) as defined by (2.16) will become apparent when
we discuss the connection between the spin polarization
and the susceptibility in Sec. III.

7 See, for example, D. N. Zubarev, Usp. Fiz. Nauk 71, 71
(1960) [English transl.: Soviet Phys.—Usp. 3, 320 (1960) ].

71«1“‘}‘1

w—€x

T (w) + g— ; fdwf(w) Im

Gy (w) ]

w—€x

J

my

N qu(w)} . (2.15)

W€k

The second term in (2.15) is very similar to the
Ruderman-Kittel type of oscillatory polarization. Let
us introduce the function C’(T) by

C'(T)=%(gus) [S(S+1) +;(%(6' 8mP) 46C1a"Cig) ]

=3(gus) [S(S+1)+(S!-S=w) . (2.17)

Furthermore, we express the Green’s function G (w)
in terms of the non-spin-flip scattering amplitude #(w) :

G (0) =/ (0—ex) + (w—e) 7 (w) (w—ew)
(2.18)
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We note that the free-particle energies ex are measured
with respect to the Fermi energy.
Then, the second term in (2.15) takes the form

g#Bh

(4n )~ 7 exp[i(k—k')-r]C"(T)

[ [0 (@) 1 G(‘;’)]

T hC’(T)
ToN'T T

po(r)=

Q! Zexp[:t(k —K').r]

1—imt(w)

(w—ex) (w—exr)

X fdwf(w) Im[ ] . (2.19)

If we neglect all scattering effects in the integral in
(2.19) [i.e., t(w)=0; the justification for this is given
in Appendix A7, we obtain

C/(T) ]1(2kpl’)
(ker)?

Here No=Fkp?/67 is the average density of electrons
(per spin) and ;(2) denotes the spherical Bessel func-
tion of order 1. If we consider A[C'(T)/T] to be the
“effective” value of the z component of the impurity
spin we may interpret the expression (2.20) as the
Ruderman-Kittel polarization induced by an impurity
spin, the magnitude of which is modified due to its
interaction with the conduction electrons. The tem-
perature dependence of C'(T) is closely related to the
temperature dependence of the susceptibility. The rela-
tion will be worked out in Sec. III.

The physical meaning of the remaining terms in
(2.15) isnot so obvious. In order to get some insight into
their structure, we shall resort to perturbation theory.
We obtain an expansion in powers of J simply by iter-
ating Nagaoka’s approximate equations of motion,
which are

G (0) = (w—ex) [ biar— (J/2N) EIZFW (@)1,
(2.21a)
(0—e)H{ (J/2N) [m— S(S+ I)JZI:GW (w)

[)o(f)~31rNo Ly Sl

2.2
2N T (2.20)

T (@) =

—(J/2N) 2m~1) 3 Tue(w)}.  (2.21Db)

The results of this iteration may be expressed as follows:

G (@) =G @ (w) + G ® (w) + Graer @ (w) 4+ + +,
(2.22)

Piaer (@) = Tiae® (@) + Tiae ® (@) + Tiw @ (@) ++ -+,
(2.23)
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where

G @ (w) =y (0 —e) 7,

Tue©®=0, Gu®(w)=0, (2.24)

T ® (w) = — (J/2N) S(S+1) [(0—e) (w—ewr) T,
(2.25)

G ® (w) = —1r (Jp/2N)2S(S+1) [(0—ex) (0—ewr) T
(2.26)

In view of (2.15), it is clear that to find p(r) — po(r)
to order J2, we do not need Tw® (w). Furthermore, we
need only calculate 7y and mx to first order in J. Itis a
trivial matter to verify that

m® =fy,

On the other hand, using Eqs. (2.24) and (2.25), we
find

mk(") = 0,

WD =0.

m® = (Jp/N)S(S+1) Reg(ex), (2.27)

where

g(e) Ep‘lglffk'/(ék—f:k"i*iﬁ)]

/Dek fk ,

p ex—ew+id

The latter equality holds for a constant density of
states in a conduction band of width 2D. For values of
ex such that | ex | <D, the function g(ec) has the same
analytic structure as the digamma function (see, for
example, Ref. 8). For | & | >D, however, it behaves
like 1/ex. Frequently we shall make use of an approxi-
mation for g(ex) due to Hamann,? namely,

g(ex)~—1In[ (&+:T) /iD].

This expression exhibits the correct behavior in the
limit 7—0 as well as in the limit e—0.

Subtracting po(r) from Eq. (2.15) making use of
Eqgs. (2.24)-(2.28), we obtain to second order in J

p(r) = po(r) = — (gush/3T) (49)"1% exp[i(k—Kk')-r]

(2.28)

X {65kk' Sfe(1—fi) +2(J2/N2) pS(S+1) [ewr —ex |

2 2. T2 1/2
[ (22 Sl

1/2
p ) “hh (
i fw)+1] }
(w—ex) (w—ex)
(2.29)

+ Eﬁpswﬂ) [ 7(@) tm

= ppautitp1(r) +p2(7).

8 P. J. Davis, in Handbook of Mathematical Functions, edited by
M. Abra,mow1tz and I. A. Stegun (Dover Publications, New York,
1965) p. 258.

D, LR Hamann, Phys. Rev. 158, 570 (1967).
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In deriving (2.29) we have carried out the w integra-
tion in the first three terms utilizing the approximation
(2.28). In the last term it is advisable to do the k, k’
summations first, carrying out the w integration after-
wards. The first term denoted by ppauii is the uniform
Pauli polarization

pPauli = (g“Bh/ZT) P,

which¥is of no interest in the present context.” To
proceed with the evaluation of the other terms in Eq.
(2.29) we replace the Fermi functions by their zero-
temperature limits. This is possible since it turns out
that no divergence occurs in the low-temperature limit
of (2.29). The neglected temperature dependence in-
volves terms of order T/er and can therefore be dis-
regarded completely in the temperature region we are
interested in. Straightforward integration then leads
to the following results:

p1(r) = (—gush/T) }xNo(Jo/N)2S(S+1)
X {20 ju(2kpr) / (ker)¥] In(T/ D) -2 jo(2ker) / (ker) ]
+L (ke 3 [Si2r (ke x0) ]

+Si{27 (kr—x2) ] I (2rxa) +L(ker) 1 2 %2

X [Cil2r (kr+x,) ]—Cil2r(kr —x») 1 171(27x) }, (2.30)

where
xo=Cheth (— 1) 72imT I,
and

p2(r) = (gush/T)m*Nok (Jo/N)?

X S(SH1)[(ker) 2Ty (2rks).  (2.31)

Here Si and Ci are the sine and cosine integral func-
tions (for their definitions see Ref. 10), while j, and
nm are the spherical Bessel and Neumann functions of
of order m.

The temperature dependence of $1(r) contained in
the arguments of the Si and Ci functions is very weak.
Provided that

Arr=kpr(T/er) <1,

which is a very weak condition since T/ep~10"%—1073,
we may expand p;(r) in terms of Arr. Retaining only
the zeroth-order term, we obtain

p1(r)~(—gush/T) §wNoS(S+1) (Jp/N)?
X AL 71(2kpr) / (ker) ¥1[Ci(4krr) —In((vD/2¢r) kpr)]
- (2kpr) Si(4kpr)+7o(2ksr) /(krr)®}, (2.32)

where Iny=0.577 (Euler-Mascheroni constant). The
In(T/D) term appearing in (2.30) has cancelled with
the leading term of the asymptotic expansion of the

10 W, Gautschi and W. F. Cahill, Ref. 8, pp. 227-252.
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function Ci[2r(kr—x,) ], which is given by
Ci[27(kr—x,) J=In[(—1)*i(vT/2er) krr]
+OL(kr-7)*(T/er)"],
for krr<(er/T). Collecting our results, we have
pi(r) +pa(r) =p(r) — po(7) — prauri
= —(gush/T)37NoS(S+1) (Jp/N)*

X {M [Ci(/}kw) —In (;;12 kpr)]
€F

(kpr)?
%1(2]31:'7) e 1 jo(Zka)
-+ W LSX(4kFT) —771']-’[- —*——(kw’)"’ } . (233)

With the further restriction km>>1, this may be
approximated by

p(r) = prauti— po(r)=(gush/T) S(S+1) 37 No(Jp/N)*
X [cos2kpr/ (kpr)®] In[(yD/2er) krr]. (2.34)

Although the right-hand side of Eq. (2.34) differs
from the RKKY polarization through the presence of
the logarithmic factor, it does not show a totally
dissimilar behavior. In particular, we do not find any
indication of a nonoscillatory contribution to the polar-
ization as Nagaoka? did in the quantity that he iden-
tified with the electron spin polarization. Since the
result in (2.34) was obtained by second-order perturba-
tion theory, one might object that higher-order terms
could still lead to a qualitatively different result.
Although we have not been able to rule out this possi-
bility entirely, we give an argument in Appendix B
based on nonperturbative methods which makes it
seem very improbable.

We should also mention that our result (2.34) agrees
with that given in the paper by Falk and Fullenbaum?®
if we replace po(r) by the usual first-order RKKY
polarization. As we shall see, however, the temperature
dependence entering po(r) through C’(7") is important
in explaining the available experimental data.

Recently Heeger ef al.! have calculated the polariza-
tion on the basis of the Applebaum-Kondo!? approach.
They also found the modified RKKY polarization
po(r). However, in addition to that, they also obtained
a negative term which varies as (sin2kpr/r)%. At the
present time, the existence of such a term has not been
confirmed experimentally.

III. RELATION OF THE STATIC
SUSCEPTIBILITY TO p(r)

Taking the second derivative of the free energy
(Z is the partition function)

F=—(1/8Z) Tr exp[—B(Hxin-+Hoa+Hp) ]

1A J. Heeger, L. B. Welsh, M. A. Jensen, and G. Gladstone

(to be published).
127, Applebaum and J. Kondo, Phys. Rev. Letters 19, 906
(1967).



174

with respect to the magnetic field %, we find the follow-
ing expression for the static susceptibility of a system
described by the Kondo Hamiltonian:

x=[(usg)?/3T]{(S!- 81)+-2(Sm-Se)+ 5(S+1) }.
(3.1)

Introducing the polarization as defined in Sec. II, we
may rewrite (3.1) as

x =xpautitung{(usg/3T) S(S+1)

- (upg/3T) (Simo- Se1 )4 J-1 / pol(r)P2dr

+h~1/‘[?(7’> — po(7) — prauri J?dr}, (3.2)

where xpauii i1s the Pauli susceptibility of a free-electron
gas. Going back to Eq. (2.15) one can see that

[ =) = poaniliar  (33)
vanishes. The arguments for this have been given in

Ref. 2 so that we need not repeat them here.
From Eq. (2.20) we have

it [ (o= ‘3‘——’5?% [S(S-+1)+(SHmp.Se1)],  (3.4)
and hence®®
x=xpautit[(158)*/3T][1+ (Jp/N)]
X[S(S+1)+(Sime. Sel)]
~xpautitusglC(T)/T]. (3.5)

In obtaining the last line of Eq. (3.5), we have neglected
Jp/N in comparison with unity, and we have intro-
duced C'(T) as defined by Eq. (2.15). Evidently,
po(r) and x have the same temperature dependence, the
source of this being the term (Simp.Sel),

From Eq. (2.6), one notes that

<Simp,Sel)zfdsr<simp.sel(r)>

-—riZ / do f(w) TmTia(w).  (3.6)

Inserting the first- and second-order expressions for
T (w) [as given in Egs. (2.25) and (D3) ] in Eq. (3.6)
we find to second order
(Sime-8§e1) = S(S+1)[(Jo/N)+(Jo/N)* In(T/D) ],
(3.7
13 The susceptibility formula given in the second paper of Ref. 2

is incorrect. There should be a factor 2 in front of the first term of
the right-hand side of Eq. (B12),
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and hence, to the same order,
x=xpauti+[ (15g)¥/3T]1S(S+1)
X[1+4(Jp/N)+({p/N)*In(T/D)]. (3.8)

This result has been found earlier by several authors.?:?
The logarithmic term in Eq. (3.8) shows that for
T<T, [Tw=Dexp(—|N/Jp|)] the perturbation
series no longer converges.

Recently Zittartz! has pointed out that it is possible
to evaluate the right-hand side of Eq. (3.6) exactly
in the limit 7—0 if one uses the Fowler-Hamann-
Bloomfield solution (see Refs. 15, 16) for the forward
scattering matrix of the Kondo problem. The result is

lim (St=r.8el) = — (S+4)+0(Jp/N),  (3.9)

where S is the magnitude of the impurity spin. For
S=1, it follows that

C/(T) =—1.

This would lead to a negative value of the susceptibility
of zero temperature and must therefore be wrong. Since
it has been proved by Mattis” that for antiferromag-
netic coupling the gound state of the Kondo Hamilton-
ian is a singlet state, one would expect

(Sel-SimP), und state=—2  for S=3%. (3.10)
Furthermore, we do not see any reason why the equality

lim (Sel . Simp> = (Sel . Simp >ground state
T-0

should not hold.

The calculations that lead to the result (3.9) do not
contain approximations other than Nagaoka’s decou-
pling procedure and the simplifications made in deriving
the integral equation by Falk and Fowler.”® Therefore
the contradiction between the Egs. (3.9) and (3.10)
forces us to conclude that these approximations do not
provide the correct ground state of the Kondo Hamil-
tonian. The question of what the low-temperature
behavior of (Simr.Sel) and x is must be left to the
future.

The correlation function (Se!(r)-Simr) which occurs
in Eq. (3.6) is of some intrinsic interest. It describes
the static correlation between the impurity spin
and the electron spin density at a distance r from
the impurity. Nagaoka? calculated this function for
T=0 using his self-consistent solution of the equa-
tions of motion. He found that for »<<wp/A [where
A=Dexp(—N/|J |p)]

(Sel(r) - Sime) = — g (sinkpr/7)?,

14 7, Zittartz (Erivate communication).

18 M. Fowler, Phys. Rev. 160, 463 (1967).
( 16 s) E. Bloomfield and D. R. Hamann, Phys. Rev. 164,856
1967).

17 D, C. Mattis, Phys. Rev. Letters 19, 1474 (1967).

8D, S, Falk and M, Fowler, Phys. Rev. 158, 567 (1967).
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where ¢ is a positive constant. This result shows that
the conduction electrons are aligned antiparallel to the
impurity spin over a distance of order vr/A~10"* cm.
We have computed (S¢!(7) - Simp) to second order in J,
the details being given in Appendix D. Besides oscilla-
tory terms, we also find a negative definite term.
However, in contrast to Nagaoka’s result, ours varies
as 1/7%. Asdiscussed in Appendix D it is this part which,
when integrated over 7, yields the logarithmic singu-
larity in the second-order expression for the suscepti-
bility.
IV. DISCUSSION

Several authors! =% have investigated the magnetic
properties of dilute magnetic alloys experimentally.
Apart from conventional measurements of the suscepti-
bility, NMR and Méssbauer techniques were used to
get information about the local magnetic fields in alloy
systems. Since our theoretical calculations in Sec. II
were based on the linear response approach, we cannot
say anything about the possible nonlinear magnetic
field dependence of the electron spin polarization (see
Appendix D). The NMR experiments, however, yield
information about the temperature dependence of p(r)
as well as the magnetic field dependence. According to
Sugawara®® the linewidth of the NMR signal should be
proportional to (S,™»), If the polarization is given, for
example, by the RKKY formula

p(r) =—=3rNo(Jp/2N) (S ™) jr(2krr) / (kpr)?], (4.1)

NMR enables us to effectively study some spatial
average of p(r). If we neglect the terms p1(r) and p.(r)
for the moment (and remembering pp.uii does not
contribute to the linewidth since it is position-independ-
ent), we would expect from (2.20) that the measured
temperature dependence would be given by

(SDett=hC'(T)/T.

Comparing this with the susceptibility formula (3.5)
we see that the linewidth and the susceptibility should
exhibit the same temperature dependence. This is
exactly what the experiments show.1:%

So far we have neglected the terms $;1(r) and (7).
For high temperatures where perturbation theory is
applicable, this is certainly justified since po(r) is of
first order in the expansion parameter (Jp/N), whereas
#1 and p, are of second order. Reintroducing the bare
impurity spin into (2.31) and (2.32) by

(‘gzimp>bam= - (,Uth/sT) S(S+ 1) ,

BT, Sugawara, J. Phys. Soc. (Japan) 14, 643 (1959).
( 20 1\7/1) Daybell and W. Steyert, Phys. Rev. Letters 18, 398

1967).

2 C, M. Hurd, Phys. Rev. Letters 18, 1127 (1967).

22R. B. Frankel, N. A. Blum, B. B. Schwartz, and D. J. Kim,
Phys. Rev. Letters 18, 1050 (1967).

2 M. A. Jensen, A. J. Heeger, L. B. Welsh, and G. Gladstone,
Phys. Rev. Letters 18, 997 (1967).
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we see that in general the ratio
[or(r)+2(r) 1/ po(r)
is of the order of
(Jp/N) (S, P00
—_— 4.2
(Szlmp>efi ( )

As we have discussed in Sec. III the value of (S,™P ).
cannot be predicted theoretically with the help of
Nagaoka’s theory and thus no prediction can be made
as to the magnitude of the ratio given in (4.2). Recent
experimental data'*® shows that for temperatures be-
low 0.5°K, the electron spin polarization becomes tem-
perature-independent. The experimental conditions at
these temperatures were such that the Brillouin func-
tion representing (S,™P)yq. is temperature- and field-
independent. Therefore the strong field dependence of
the polarization which was observed in the same tem-
perature range (see Refs. 11 and 22) must be taken as
an indication that even at very low temperatures po(r)
is still predominant. It also shows that if at these low
temperatures (.S, imP).¢; can be described by the Brillouin
function, then the effective magnetic moment of the
spin must be very small.

ACKNOWLEDGMENTS

We would like to express our sincere gratitude to
Dr. A. Griffin for suggesting this problem, for discus-
sions, and for helpful comments on the manuscript.
A report from Dr. A. J. Heeger and his co-workers sent
to us prior to publication is gratefully acknowledged.

APPENDIX A
We want to show that part of the integral in (2.19),

8(0) = g & expli(k—K) 1]

— i (w)

(0—ec) (0—ew)

X f do f(w) Tm (A1)

is of second order in J so that it may always be neglected
compared to terms of order zero in J. The argument we
give here has been developed by Suhl in a similar con-
text. Suhl shows—for the details we refer to Refs. 4
and 5—that under the condition

ker>1,

¢(r) can be expressed as follows:

o(r) zfm (2iKr 9
0

2 LES(K) (= impt (K) )+-c.c. K

—— (1)) / * 4K (sin2Kr(3/K)
0

X[Kf(K)mp Re t(K) ]

+c0s2K7(3/0K) [Kf (K)mp Im £(K)]}.  (A2)
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Now, according to Suhl’s work*® Im#(w) has a peak of
width k5T at a distance of the order of k3T above the
Fermi level. Since Ref(w) is connected to Imi(w)
through the Kramers-Kronig relations, its main varia-
tion takes place in the same interval in which Imi(w)
is peaked. As a consequence of this, we may restrict the
integral in (A2) to the interval [—A, +A], where
A=akpT (ais a constant of the order of unity). Outside
this interval the derivative in the integrand is essen-
tially zero. For kpr<<er/ksT, the sine and cosine func-
tions may then be taken outside the integral and we
obtain

& (r)==(1/7%) krmp
X[Ret(—A) sin2kpr+Imi(—A) cos2krr]. (A3)

From the qualitative features of #(w) as described in
the Varenna lecture notes! we conclude that {(—A)
can be replaced by its lowest-order perturbation theo-
retic value.

Thus,

o(7) < J? for 1<<kprLer/kpT.

guah

[p(r) = po(r) — prauti]=— (4r 9)”‘2 exp[i(k—k’)-
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J flw) (m~+1) (m—3%)
- ﬁ ; [dw Im [

(w—ex) (w—ex) w—e

We next note that

t(w)+
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This is a very weak condition and allows for all values
of 7 that are of interest in this paper (apart from the
susceptibility calculation, as discussed in Appendix D).

APPENDIX B: NONPERTURBATIONAL TREAT-
MENT OF p(r)—po(r)— Prauti

In Sec. II we evaluated [p(7) —po(7) —ppauii] in
second-order perturbation theory. In order to get some
insight into the behavior of this quantity for low tem-
peratures where the perturbation expansion may be
invalid, we rewrite (2.15) by introducing the ¢ matrix,
using

G (@) =bw/ (w—ek) +(w—e) (w) (w—ex)™, (B1)

T (@) = { p— t( )
4 L memSHD [1_,-,,p,(w)]} (0—e), (B2)

the latter being completely equivalent to (2.21b).
This leads to

t(w)
(0—ex) (w—ex’)
i("l-l—l)(ml—S(S‘f'l))
2N

r]{———fk/dwf(w) Im

(A=irpi(@))

w—e€j

My’

&) (0—ew)

+———/dwf(w)1m } (B3)

(w—

2-Tu(w) =— 2N/ [tw)/(@—a)],
L (B4)

as can be easily seen from the equations of motion (2.21a) and (2.21b). It follows that

p— 1—2r / dw f(w) Im;rkl(w)

(”) (B3)

Using Eq. (B4) in the first term on the nght—hand side of Eq. (B3) we obtain

p(’) —Po(r) —PPauli=— gﬁ?ﬁ

x [("H—al))-—(:h—%)

We assume that the functions

Z (n1+1)_(n1 ) Z (m+1) (m— S(S+1))

€1 w—¢€]

vary slowly with » except in the interval

—AZw<+A,

(479713 expli(ke k) J{— S DI

o)+ 5%

3T fum—fiome  fle)

fde

2N  a—eo (0—e) (@—ew)
J ("‘+1)(’ZL:(5+1))(1—i1rpz(w))]}. (B6)

where A is of order 2gT. That this is in fact so can be
seen using (BS) and

nk-—fk—i—r“/dwf( ) Im

17rpt(w)
o (B7)

Then we can apply Suhl’s type of argument (see
Appendix A) to the second term in Eq. (B6), which
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means that we may neglect all but the lowest-order
perturbative term in (B6), we get the result given in
Eq. (2.33). However, one is not so easily justified in
treating the first term like this. From Eq. (BS5), one
can see that the lowest-order approximation to my
[see Eq. (2.27)] is not very good. The result in Eq.
(2.27) is obtained from Eq. (BS), if one replaces #(w)
by its lowest-order Born approximation:

Hw) =—4mp(J/2N)25(S+1).

In doing so one has completely neglected the resonance
in #(w), although the most important values of w in the
integrand in (BS) are those for which —kpT<w<
~+k&pT. It is to be expected that a better approximation
for mu would change the result given in Eq. (2.33)
quantitatively. However, the oscillatory character of
p(r) should survive, since this is ultimately related to
the sharpness of the Fermi surface.

APPENDIX C: RELATION TO WORK OF FALK
AND FULLENBAUM AND OF SUHL

Our calculation of p(7) was based on a linear response
approach which provided us with the basic formula
(2.4). An alternative definition of the conduction-
electron spin polarization would be

p(r) =3[ (m(r) )= (u(r) ). (C1)

Since

(no(r) )= —7 le; exp[i(k—k’)-r]

X / do> () TmGiae®@ (@), (C2)

all one needs is the one-electron Green’s function
G (w) under the influence of an external magnetic
field. Falk and Fullenbaum® computed this function
using the equation-of-motion method up to second
order in the exchange interaction J, with the result

—J/2N

W—€ky - (w—exs) (w—exrr)

X {o(S:™p )+ (inTp/2N) [—0(S."™?)+20 (S, mP)
Xf(wtow) +0(S.™)(J/N) g(wtowo) ]}.  (C3)

8 ’
G @ () = —

Here
exo = (k2/2m) —upgah (C4)

(b==+ and % is the external magnetic field), while
g(w) is defined by (2.28).

In the course of evaluating the integral in (C2),
Falk and Fullenbaum drop the Zeeman term in the one-
electron energy e.. Examining the implications of this
step, we find that in doing so one only neglects terms
of relative order kpT/er. We recall that terms of this
order have been neglected throughout this paper. After
performing the required integrations in Eq. (C2),
the result still depends on the magnetic field in a non-
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linear way. For brevity, we write it in the form
p(r) =(S.=»)F(r), (Cs)

where F;(r) depends on the magnetic field as well as
(S.). If it is a good approximation to take

(S.m) o upgh/T,
the linear response approximation to (C1) is given by
Ptin resp(7) = (uBgh/3T) S(S+1) Fio(r). (C6)

This agrees precisely with our second-order results
given in Sec. IT if the explicit form of Fj_o(7) is worked
out.

Suhl’s approach to the polarization*s is also based
on the formulas (C1) and (C2). Introducing the non-
spin-flip and the spin-flip scattering amplitudes #(w)
and 7(w), the Green’s function G can be written
as

Giae'® () =G () oo+ G () [H(w) + 477 (w)

X (Sri™»-$r) +4r.(w) (S.m0- 5.1 JGw®@ (w),  (CT)

where the subscripts 7" and z indicate the transverse
and z components of the spins and

GO (w) = (w—ex,) "L (C8)

In the expression (C7) the average has only been taken
over the orbital variables of the electrons, while the
impurity spin still occurs as an operator. The first term
on the right-hand side of Eq. (C7) yields the Pauli
polarization. In the second term, the Zeeman energy
may be neglected for the same reason as discussed in
the preceding paragraph. Symmetry considerations
show that #(w) cannnot depend on the magnetic field
linearly. Thus we get in linear response

p(r) =3[ {m(r) —n(r) )]
= prwi—m 3 expli(k—K) 1] / dos f()

XIm[Gi® (w) - 47, (w) G @ () J{S,1mP), (C9)

Suhl calculated (S.™?) using the free-spin density
matrix

Pspin = CXP( —BunghsS.) /Tl’[exp( —BusghsS.) ] (C10)

This is the reason why his result for p(7) is propor-
tional to the bare impurity spin. Since in deriving
(C9) nonlinear terms in the magnetic field [those
contained in ¢(w)] have already been neglected, it is
consistent to set

(Seme)~(guph/3T) S(S+1),

and to neglect the % dependence of r,(w). Without
going into any further details, we note that Suhl’s
final result*® is simply the RKKY polarization which
is of first order in J. By iterating Suhl’s integral equa-
tions for #(w) and 7(w) one can easily obtain 7(w) to
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second order in J,

7(w) =5 (J/2N) —imp(J/2N)*[ f(w) —3]
—1(J/2N)% In[ (*+17) /D* ]2

Inserting this expression into (C9), we find exactly the
same result as Falk and Fullenbaum for p(r).

Recently More and Suhl* have pointed out that
(C7) does not use the most general form for the ¢
matrix in the presence of the magnetic field. This is
irrelevant in the present linear approximation, as we
eventually only use the magnetic-field-independent ¢
matrix.

APPENDIX D: CALCULATION OF THE IMPURITY-
SPIN ELECTRON-SPIN CORRELATION
FUNCTION TO SECOND ORDER IN J

It so happens that the correlation function
(Sel(r)-Simp) is directly connected to Nagaoka’s
T (w) by the relation

<Sel (r) - Simp)
= =73, exp[i(k—K') x] _/ de f(w) I T ()
= 1013 expli(l— ) ] [ do (@)
kX
XIm[Tue® (@) + T @ (w) +- -] (D2)

24 R, More and H. Suhl, Phys. Rev. Letters 20, 500 (1968).

Here IMge®(w) and Tue® (w) are the first- and second-
order iterative solutions to the Nagaoka equations.
Tae®(w) has already been given as (2.25), and
T (w) is found to be

T ® (0) =3(J/N)%S(S+1) (0—e)

X (o—ew)[g(e) +3(im) ], (D3)

where

(e = [[ )/ (cx—art-i8) Js,

as defined in Sec. II. The first-order term in (D2)
yields the RKKY oscillations. The second-order term
can be written as follows:

<Sel(r) .Simp>(2)
= (2nQ)1(J/N)*S(S+1)
X ka expli(k—k') - r](exr—ex)

(D4)

X { foln[ e+ T%) /D]~ fi In[ (e T2) / DF i

—1ir [ dw f(w) Re[(w—ex) (w_ﬁk’)]_l} (Ds)

=3(J/N)*S(S+1) [1I1(r) +1x() . (D6)

Here we have made use of the approximation (2.28)
for g(e) wherever this does not cause divergences in
the remaining sums over % and %'. The integral I,(r)
can be evaluated in a straightforward manner. Neglect-
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ing temperature-dependent corrections, which are of
order kT /er, we obtain

Iy(r) =+ (3/8) w®Nop[m (2ker) / (ker)*].
After integration over the angular variables I;(7) takes

__ 8 e KA (ﬂﬂ)m
Ii(r) = r’m_m (21‘_)26 e*'" In 0
X[P/(k'+k)+P/ (K —k)].

The integration over &’ can be done by the contour
integration method. The integration path is sketched
in Fig. 1.

We obtain

(D7)
(D8)

Qm P A dk i ekz 12
L(r)= -72—1, 1 » (zﬂ_)ske"" coskr fi ln( D2Tl>

+ (Qm/20%)i / " dk b B (K, AR) ]

e Ei[2(K,—kr)]}, (D9)

where
K,=(=1)"[kr*+(—1)"2imT 2

In (D9) we replace fi by its zero-temperature limit as
we did before. After the remaining integration is per-
formed, we have

I1(r) =3 Nop[ (ker)* T {[Ci(4ksr) + Ci(2kpr)
—In((vD/er) kpr)] j1(2kpr) +[ jo(2ker) [kpr ]
+[Si(4kpr) +Si(2kpr) —3m Jni(2kpr)

—Lany (2kpr) — (2kpr) ).

v=0, 1.

(D10)

Here we have neglected terms of order (Ter)ksr,
which means that the expression is correct only if
krr&er/T. Collecting our results we find

(8°!(r) - Simr) = 4w No(Jo/N) S(S+1) [ j1(2ker) / (ker)?]
SxNo(Jp/ N)[ (er) T [Ci(&krr) 4 Ci(2ke7)
—In((yD/er) kpr)] j1(2ker) +L jo(2ker) [kpr]
- [Si(&kpr) +Si(2kr) — b (2ker) — (2her) ).
(D11)

The most remarkable term in the expression (D11) is
the last one. It shows that there is a nonoscillatory con-
tribution to the electron-spin impurity-spin correlation
function. It is this term which is responsible for the
“Kondo” log(er/T) term in the susceptibility. To see
this more explicitly, we consider

(S Simp) = / " pdr(Si(r)-S=p).  (D12)

0
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The integrand has a nonintegrable singularity at r=0,
which arises from the singular nature of the contact
interaction in » space. At the upper integration limit
only the last term of the expression (D11) leads to
difficulties. We must, however, keep in mind that this
expression is only valid if kprler/T. For kpr>er/T,
it turns out that last term in (D11) has to be multiplied
by exp[ — (T/er) krr]. Thus we may write

(Sel . S imp>

GF/Tkp ©
=<f —{—/ ) 72dr (Se}(r) - Simp)
0 er|Tky

~ AT+ BI*—3xNo(Jp/N) S(S+1)

er[Tkp 2y 1
X / 7
{o 2 (fr)?

v /“’ 2y SPL= (T/er) krr ]
¢F|TkF

Z(kFT )3

where 4 and B are temperature-independent constants.
As mentioned above, the (unphysical) singularity of
the first integral at the lower integration limit need
not bother us. However, from the upper integration
limit, we get a log(er/T)-type divergence. This is the
singularity we encounter in the second-order expression
for the susceptibility. The last integral in Eq. (D13)
is independent of the temperature.

The results which we have presented in this Appendix
were obtained by iterating Nagaoka’s equations of
motion. This is the most convenient way of computing
the correlation function (Se¢!(r)-Simr), However, we
would like to remark that we get precisely the same
results by means of a straightforward (but lengthy)
second-order perturbation calculation of this correlation
function.

| o

APPENDIX E: CHARGE OSCILLATIONS AROUND
A MAGNETIC IMPURITY

It is well known that a spin-dependent impurity
potential in an electron gas leads to an oscillatory charge
distribution around the impurity (Friedel oscillations),
which already appears in first-order perturbation theory
with respect to the impurity potential V(r). As we
shall demonstrate below, the spin-dependent exchange
potential

Hya=(J/2N) DS+ 64sCxa'Cirg (E1)
k,k/

leads to charge oscillations only in second-order per-
turbation theory. However, one should not forget that
the exchange potential H,q is due to the presence of a
paramagnetic ion in the electron gas and is therefore
generally accompanied by a spin-independent potential.
We shall therefore include this normal potential in our
subsequent calculation of the charge oscillations p(7).
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To compute p(r) we make use of the relation
p(r) =2¢>_puw exp[i(k—Kk’) 1]
k,k/

=— (2/1r)k§ exp[i(k—k') -]

X / do> f(w) TmGue (@) (E2)

‘G (w) may be obtained from the equations of motion
(2.21a) and (2.21b) generalized to take into account
the spin-independent potential V(r).22 We also assume
that V(r) is a contact potential

V(r)=Vé(r).
Then the term
(V/N) ;le,(w)
has to be added to the right-hand side of Eq. (2.21a)
and the term
(V/N) Xllrnu (w)

has to be added to the right-hand side of Eq. (2.21b).
A straightforward iteration yields to second order in J
and V

6 ’
G ® () = —— + (w0 —e) ™t
w—€x
v oo J2S(S+1)] .
2 imp e —imp T () (E3
X[N o3 i e | e (B9

Inserting this into (E2) we obtain
p(r) "—‘P0+66Nmr

{Y_}?]l(kai') 1 I:Z2_pz. J2S(S+1)]n1(2kpf)}
N ke N 4N? (kpr)?
(E4)

Evidently there is no anomaly in p(r) whatsoever in
this order.

% K. Fischer, Phys. Rev, 158, 613 (1967).
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The potential V() would of course also affect the
results which have been presented in the main part of
this paper. However, since in all the magnetic quantities
only products of the type J™-V* (m=1, 2:-+; n=0,
1.++) can occur, no drastic change in the nature of the
results is expected. As an example, we quote the addi-
tional contribution to the correlation function
(Sel(r) -Simr) which is found if we include the spin-
independent potential ¥V (r) to lowest order. The result
is

(Sel(r) - Simp).. (Sel(r) . S‘mp>,,.=o

=3mNo(JV/N)p2S(S+1) [m(2rkr) [ (kpr)?]. (ES)

What we have said so far about the effect of a spin-
independent potential on the magnetic properties is only
true insofar as the potential of the single paramagnetic
ion itself is concerned. If besides this paramagnetic ion
other randomly distributed (and possibly magnetic)
impurities are present in sufficient concentration that
their effect on the conduction electrons can no longer
be neglected, the situation may change considerably. As
one example, the finite mean free path of the electrons
is expected to somehow limit the range of the spin and
charge density oscillations (see, for example, Ref. 26).
In addition, the conduction-electron bulk density of
states may be modified as a result of the Kondo effect,
as it must in view of the anomalies in the electronic
specific heat.

As the concentration of paramagnetic impurities is
raised there must also be a certain critical concentration
beyond which the interaction between the impurities
can no longer be neglected. It is hard to estimate what
this critical concentration might be since there is no
characteristic relaxation time involved in our expres-
sions for the spin-density oscillations. However, these
expressions certainly cease to be valid beyond this
critical concentration. Presumably the theory has to be
modified so as to include an internal magnetic field
which is produced by the impurity spins.

% P, G. de Gennes, J. Phys. Radium 23, 630 (1962).



