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Spin Fluctuation Effects with Strongly Magnetic Impurities

by B. Giovanninil), A. J. Heeger?) and M. Peter

Institut de Physique de la Matiere Condensée, University of Geneva,
Geneva, Switzerland '

(7. X. 69)

Abstract. A phenomenological theory of the effect of spin fluctuations on the magnetic
susceptibility of strongly magnetic impurities in metals is developed. The finite zero temperature
susceptibility is calculated and qualitative aspects of the temperature dependence are pointed out.
The results are expressed in terms of the density of states due to the localized state virtual levels.

I. Introduction

In this paper we investigate some aspects of the influence of the metallic environ-
ment on magnetic atoms from the transition or rare earth series when placed in solid
solution in a dilute alloy. In simplest terms the contact of the impurity atom with the
conduction electron sea has two effects:

(I)  The mixing of the atomic wave functions with the degenerate conduction electron
states broadens the atomic impurity state into a virtual state and allows the
possibility that the ‘pseudo-atom’ will change its configuration by adding or
subtracting a fraction of an electron. This configuration change is inhibited by the
electron-nuclear Coulomb attraction and by the electron-electron Coulomb
repulsion, U, both of which favor the atomic configuration. If the level width, 4,
is sufficiently large compared with U, U/4 < 1, the atomic magnetism will
disappear [1].

(IT) Since the conduction electrons are constantly exchanging with those of the
localized magnetic state, spin correlations are induced in the conduction sea in
the vicinity of the impurity. This is the Kondo effect [2] and has associated with
it the well-known anomalies in the electrical resistivity, thermoelectric power,
magnetoresistance, etc.

In this paper we concern ourselves with (I) above in the limit U/4 > 1, and we
investigate by means of a simple model the effect on the magnetic susceptibility of the
contact of the virtual level density of states at the Fermi surface?). The results imply a

1) Present address: Dept. of Physics, UCLA, Los Angeles.

) John Simmon Guggenheim Fellow 1968-1969. Permanent address: Dept. of Physics,
University of Pennsylvania, Philadelphia.

%) We shall not consider the Kondo effect in this paper as our interest is explicitly in the spin
fluctuation effects. The treatment is valid if £ Ty = D exp(— 1/] g) is very small compared
to the temperatures of interest.
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finite zero temperature susceptibility in all cases with the expected Curie law be-
coming dominant only at higher temperatures.

TI. Definition of the Problem

We assume the impurity — conduction electron system H can be described by the
one-orbital Anderson Hamiltonian

H=H+ H,.
where

X, :’;'sk Mo+ E (ng, + nyg) + Ungyng, (1a)
and ’

Wi =V 2 (6o Cao + €l O00) (1b)

and all quantities are as defined by Anderson [1]. In the limit of interest here, V small,
Schrieffer and Wolff [3] have shown that the above Hamiltonian can be transformed
into the well-known s-d Hamiltonian of the form

?‘[ = i{) e isd (2)
where
H, :ng Mo+ E (ngy + -n“di) + U ny Edl ) (3)
k, o
I 1 _

:Hm = 2 N kz‘]kq {(E;1 Edt - EI; Ea!l) (EIT Cqt — EI& Eqi)
.q
In equations (2), (3) and (4)
Clo =16 "Cpp e’ (5)
cto=e ¢, ¢ (6)

and the generating function S is given [3] by Schrieffer and Wolff

|4

S = s—— ﬁ;;_,_,zj;g Ed(, — H.c. (7)
koo € — €4
with
[ E a =+ _ [ %, o= +
&y = Ng_g= _ (8)
E4 Ul g=— 1—mn;_, a=—.

The conditions for the validity of the Schrieffer-Wolff transformation are (we use the
convention £, = 0)
E| E+U

al Rl e _ 9
N >1 and 1 > 1 (9)



Vol. 43, 1970 Spin Fluctuation Effects 103

In the limit where equations (2), (3) and (4) provide an adequate description of the
problem, the impurity susceptibility is immediately seen to be a Curie law, with
higher order effects added on due to the Kondo effect as indicated in II above [4].
If one neglects H,,, the examination of equation (3) shows the ¢, , states to represent
a complete set of non-interacting Fermions (the anticommutation relations are
preserved in the transformation) with a dispersion relation identical to that of the
plane wave states of the pure host. These states thus form a free-particle Fermi sea
and contribute to the magnetic susceptibility (and specific heat) by an amount
numerically equal to the pure host material. Since the magnetization operator has the
same form in the transformed as well as the untransformed representation, the change
in the susceptibility upon addition of a single impurity is given by

A% = Xalloy — Xhost = Fg% [<nd?> - <%’dl>} (10)
where the double brackets denote a thermal average.

The transformed states thus represent the best starting point for a discussion of
the impurity susceptibility in the limit where the mixing interaction is small, for they
are well-defined states with an essentially infinite lifetime so long as the condition (9)
is well satisfied. Moreover, there is experimental evidence that the transformed
operators are the physically relevant description. Spin resonance experiments have
demonstrated clearly that because of the long tails of the admixed wave-function the
impurity can probe the spin-orbit interaction at distant impurities [5]. Thus in the
ESR experiments, the 7 field couples with the transformed state. We emphasize this
point at length only because in the literature, the difference between the transformed
and untransformed operators is often not explicitly taken into account in the use of
the s-d model. Furthermore, the question of the physically relevant operators is not
a priori clear.

Because of the Kondo effect, we still do not have a complete solution of the
problem defined by the s-d Hamiltonian given in equation (2). However, in a qualita-
tive sense the problem is understood. For example, as argued above, when the condi-
tions expressed by equation (9) hold, the Schrieffer-Wolff transformation is valid and
any deviation from Curie law behavior is to be attributed to the Kondo effect. This
observation has in the past led experimentalists to claim a given system is an example
of the Kondo effect whenever departures from a Curie law (e.g. Curie-Weiss behavior)
are observed. However, the condition for the validity of the s-d model, i.e. equation
(9), raises an additional and separate question. In any real physical system the ratios
| E|/A and (E + U)/A are finite. The effect of finite values (perhaps large) for these
ratios on measurable parameters, e.g. the susceptibility, is not clearly understood.

The question of the effect of a breakdown in the conditions given in equation (9)
is related to the spin fluctuation approach to the impurity problem. When | E |/4
and/or (E + U)/4 are finite, the d states must have a finite lifetime; i.e. the Schrieffer-
Wolff transformation is no longer rigorously valid. Note that the lifetime in question
1s not the one-electron lifetime, A, but the lifetime of the d-state arising from the
finite values of the quantities in equation (9). At present, no satisfactory microscopic
theory exists which expresses this lifetime in terms of the fundamental parameters of
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the model ¥, E and U. Therefore we treat the d-state lifetime as a phenomenological
parameter. This finite lifetime can have important consequences for it allows the
impurity spin to ‘leak’ off. The physical point is that for a finite mixing interaction
there is a finite probability at any given time of simultaneous occupancy of both the
up-spin and down-spin orbitals (or alternatively a finite probability of neither being
occupied) with a zero net magnetic moment. This kind of spin fluctuation eftect leads
to a finite zero temperature susceptibility. In the magnetic limit, £ <€ 0 and
E + U > 0 (thus making the zero occupancy probability negligible) the probability
of such a spin fluctuation is

o (£ + U) /QdE-{-C (11)

where o3 4 15 the density of states arising from the broadened virtual d-state
centered at (£ + U). The competitive thermal process, i.e. the probability of a thermal
fluctuation, has a magnitude of approximately the Fermi function evaluated at
E + U the energy of the peak in g3 g p(w)

P, ~ e BETD) - (12)

1

It 1s only when
Pr, > By (E + U) (13)

that the temperature plays an explicit role so that a Curie-like temperature dependence
can be operative. The qualitative argument leading to the relation (13) will be verified
by explicit calculation below.

III. Phenomenological Theory of the Susceptibility

Since we are interested in the limit of small level width we begin by considering

the case V = 0. The equation of motion for the localized state Green’s function is
written

d — -

o Got) = —i 0(f) + D) <{[Ho, ca0lt)], c16(0)}> (14)
where

Go‘(t) = —1 <{Eafa Ca!cr }>79 (15)

and the double brackets denote a thermal average. Equation (14) can be solved
exactly [6-8] leading to the result

: 1 — <ny > KMy o>
dt e G (t) = G (w) = "
/ NG = Col0) = e T o T E Ut ie

(16)
The spectral weight function 4 _(w) is given by
| o
A (w) = — = Im G) = (1 — <n,_>) 8 (0 — E)

T

+ €y 0(—E—U) (17)
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and consists of a double-peaked structure for each sign of spin; one peak at w = E
with amplitude 1 — <#n;_,> and the other at (E + U) with amplitude <n;_,>,
as shown schematically in Figure 1. The result is physically reasonable; the two peaks
correspond to the two possible configurations of one or two electrons in the localized
state. This structure is well-known and was pointed out by Kjoéllerstrém, Scalapino
and Schrieffer [6] as well as Hewson [7] and Dworin [8].

E
E+U
Ef.-.o
T j B Figure 1
Schematic diagram of the localized state spec-
tral weight function. For the case drawn here
E <0, E + U > 0 the peaks each have an
e — amplitude of 1/2.
N*(E) NJ(E)

One cannot use (16) in a diagrammatic expansion in terms of V because the poles

of G do not correspond to one-particle energies. Moreover, since the 4 operators are
complicated functions of the mixing interaction involving a complex superposition of

states, a calculation of the 4 spectral weight function appropriate to an impurity in a
real metal is a difficult problem indeed. As a result, we adopt a phenomenological
point of view and generalize equation (17) as

Agw) = (1 — <%d—a>) QE,E(CU) -+ <’;id-a>> QE,E+U(‘U) (18)

where o7 g(w) and g ., y(w) are the normalized density of states functions centered
at £ and (E + U) respectively. Equation (18) can perhaps be viewed somewhat more
generally. In the limit of interest here, U/4 > 1, one does not expect the basic atomic
level structure of the impurity to be altered. Thus the form of equation (18) should be
generally valid since as mentioned above, the double peaked structure has its origin
in the different possible atomic configurations. One can then view gz z(w) and

07 e+yul(w) either as the experimentally determined d virtual state densities in the
alloy or as the fundamental quantities to be calculated in a microscopic theory. Since
information on virtual states is becoming available through optical absorption and
photoemission studies [9], the experimental point of view may be of real practical
value (of course the relation of such measurements to the d state density must be
carefully considered). We emphasize, however, that when U/4 <1, the atomic
physics of the impurity is strongly perturbed by the metallic environment so that a
spectral weight function of the form of equation (18) loses its validity.
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We explicitly neglect in equation (18) the effects arising from H,, which are the
source of the Kondo divergence. This is done not because they are unimportant, but
because we are interested in the explicit spin fluctuation effects which arise indirectly
from the finite level width. In fact, since the characteristic Kondo temperature varies

exponentially with [ and hence with 12, the Kondo phenomena are restricted to very

low temperature in the limit of small V asis appropriate for example for most rare
earth impurities in simple metals,
Theaverage number of localized electrons is obtained with the help of equation (18)

<y, > = (1 —<n,_») F(E) + <ny_,> F (E + U) (19)
where
o0 +00
FE) = [ @) 0z 50) do  F(E+U) = () g psvle) do (20)

and f(w) is the fermi function

1

flw) = o L1 (21)

The effect of a small external field is to change the energies by an amount o w,/2 =
ogug H|2 where ¢ = +1 for spin-up and —1 for spin down and up is the Bohr
magneton. The resulting changes in population are of the form

b <> = (F (E + U) — F(E)) d <y >
0=t (FI(E) + <y (F' (E + U) — FI(E)). (22)

From equation (17), the magnetic susceptibility is seen to be

g (1-R) (F(E) + R F (E+ )
dd=="2 " AZFB+FE+U) v

where n = 1/2 (€ng> + <ny;>). In the case of the d-function peaks in A4 (w)
(equation 12), the evaluation of the susceptibility is straightforward.
For E <0,E+4+ U >0and |E|, E+4+ U » kT, one obtains

g u (1 —7n) e PlEl 4 g g BEFD)

Ay = kT o BIE| | BE+U) (24)
_ e (25)
4RT"

The result is always a Curie law as expected on physical grounds. Note however that
the Curie law originates from a cancellation (in numerator and denominator of
equation (19)) of the small probability factors, e #IEl ¢=#E+V) which in turn arise
from the value of the Fermi function at the peaks in A (w). Since usually # T << | E |
and & T <€ E -+ U, these probability factors are very small, and the cancellation is
crucial.



Vol. 43, 1970 Spin Fluctuation Effects _ 107

In the case of a more realistic g g(w), i.e. perhaps experimentally determined,
the integral (20) is more difficult to evaluate. However the zero temperature result
may be derived quite generally. One finds immediately

0
F(E) = [ do g3 5lw) = ByE) (26)

as defined in equation (11) and

F/(E) = — 053 £(0) (27)
so that _
Ay (T = 0) = g u* (1) 030 +n05e:0(0) (28)

2  1-PB(E)+ B (E+U)

From equation (28), one sees that whenever the virtual state densities at the Fermi
energy are non-zero, the T = 0 susceptibility is finite. Only when E < 0, E + U > 0
and the respective state densities do not cross the Fermi surface is the zero temperature
result divergent as for a Curie law. The limit is consistent with that required for the
validity of the Schrieffer-Wolff transformation (see equation 9); however the restric-
tion is quite severe. Generally, one does expect overlap (perhaps small) of the localized
state density, and as a result, a finite zero temperature susceptibility.

One can obtain a qualitative determination of Ay(7) by writing, for E <€ 0

F(E) = [ 1) g3 gle) do (29
E
= B(E) + [{1(®) = 1) lr o} 03,10) do> (30)

Since g7 p(w) is assumed to be a sharply peaked function, the major contributions to
F(E) can be seen to be

F(E) ~ P(E) — ¢ #IEI (31)

A similar expression is valid for E > 0.
The susceptibility is then given approximately by

g* u?
A s et
x(7) 5

o (=) 6(0) + 7 g3 p40(0) + (1R T) {(1 —m) e P1%1 40 e PEHE
1— B(E)+ B, (E+ U) + e PIEl | p=BEFD) .

(32)

A Curie-like dependence is expected only when the condition expressed in (13) above
1s fulfilled.

Of course this crude evaluation of F(E) is only approximately correct. Inclusion
of the finite width and proper functional dependence of gz z(w) and g; g (w) intro-
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duces temperature dependent multiplicative factors. We have investigated in some
detail the cases of g; p(w) and g p,y(w) being Gaussian, square, and exponential
functions. Although there are differences in detailed low temperature behavior, the
general features are the following. For the case E + U/4 > 1, | E|/4 > 1, (see Fig. 2)
the susceptibility obeys a Curie law at high temperature, and saturates to a finite
value at low temperature. The cross-over from Curie law behavioris found at A 7 ~ 1"/ E
for a Gaussian and £ T ~ I for an exponential density of states where /" is the level

0 i 1
1 2 3 4

(kT/)

[

Figure 2
Temperature dependence of the inverse susceptibility for the symmetric case assuming a Gaussian
density of states g7 p = ¥ |/ exp[— y2 (w — E)?] with |E| = E + U and E = —5I". The curve
is a spin — 1/2 Curie law for temperatures larger than I'?/E.

w &~ o (=] ~
=) (=] =} o o
T

X' [(gpfr 2r]

g
o

.
o
T

0 ] L 1 1
1 2 3 A
(kTIT)

Figure 3
Temperature dependence of the inverse susceptibility for the case when E + U = 0. The solid
curve assumes a Gaussian density of states, the dashed curve an exponential function gz g =
y/2exp(— ¥ |w — E|). Note that the details of the low temperature behavior are sensitive to
the form of p7.
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width of the d-state. For a Lorentzian function, because of the very long tails, the
Curie law is not obtained until very high temperatures (¢ T~ E + U). For the
case E + U/4d ~0, the zero temperature susceptibility as well as the effective
moment (as measured by the slope in y~1) decrease relative to the symmetric case.
The detailed behavior again is sensitive to the structure in g g, (w), but can re-
semble a Curie-Weiss law over a wide range in temperatures (see Fig. 3).

IV. Conclusion

We conclude that these spin fluctuation phenomena can play an important role
even in the strongly magnetic limit since a Curie law is obtained at low temperature
only when the localized state density does not cross the Fermi surface. These results
are in qualitative agreement with the susceptibility measurements of Allali and
Donzé [10] on the system of diluts Yb in the alloy Au,Ag, _,. The experimental data
demonstrate that as the 4 f virtual level approaches the Fermi surface [11] (i.e. as
x — 0) the zero temperature susceptibility increases as expected from equation (28)
[12]. Detailed comparison with theory of the magnitude and temperature dependence
of Ay must await knowledge of the energy dependence of the virtual state density.
It is interesting to note further that the optical and photoemission data of Myers and
co-workers [9, 13] suggest that for CuMn and AgMn (where the Curie law persists to
extremely low temperatures) the localized state density at w = 0 is very small.

Other effects are immediately suggested. For example the detailed balance
relationship inherent in the Hasegawa equations [14, 15] lead to the implication that
one should expect deviations from the Korringa relaxation of the impurity spin
resonance at low temperatures when y becomes independent of T

The effect of the spin fluctuations on the Kondo divergence is being studied.
We expect that if the spin fluctuation probability is sufficiently large, the spin
‘memory’ in the intermediate state will be lost, and the indirect electron-electron
interaction [16] responsible for the Kondo effect will disappear.

Finally, comparison with other approaches to the spin fluctuation problem is in
order. Zuckermann, Rivier and Sunjic [17], Lederer and Mills [18], Levine and Suhl
[19] and Hamann [20] have all approached the spin fluctuation problem starting from
the opposite, i.e. non-magnetic limit; and have attempted to selfconsistently form the
impurity moment. The latter authors do find a Curie-like temperature dependence
19, 20]. However, the Curie constant is much too small, and the impurity spectral
weight function does not show the double-peaked structure characteristic of the
magnetic limit (and experimentally observed [9]). In the present case, the particle-
particle splitting is built in from the beginning and as a result a Curie constant of the
correct magnitude is obtained.
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