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%e have calculated the pair interaction in CuMn by using the Friedel-Anderson model of local moments
in metals. Over distances a & R & 15a the decay of the interaction is considerably slower than 1/R3. %ith
this coupling we are able to account for the magnitude of the spin interaction constant Vo found for CuMn

alloys in the ppm range, as well as the dependence on concentration of the glass temperature of more con-
centrated alloys after this temperature has been corrected for mean-free-path effects.

The sublinear dependence on concentration of magnetic
impurities of the spin-glass temperature of metallic alloys
has been heretofore explained by conduction electron
mean-free-path effects. ' This implies that the range of in-
teraction between impurities decays faster than 1/R'. Here
we show that, on the contrary, this dependence is an indica-
tion that the decay of the interaction is much slower than
1/R'. The long-range interaction we develop gives the
correct spin interaction constant Vo found in dilute CuMn
alloys. In addition, it reproduces the dependence on con-
centration and gives reasonable estimates of the spin-glass
temperatures (T~) of more concentrated CuMn alloys.

The spin-glass temperature is a measure of the collective
behavior of a set of randomly distributed spins. In the
mean-field approximation, and for 5 && ~, it is defined as
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where the sum is over occupied sites. In metallic alloys
where the magnetic interactions are fairly long range we ap-
proximate the sum in Eq. (1) by an integral'

Jii = cp& „(c)J(R )d'R, (2)
OCCUPIED SITES 0

(j&i)
where c is the concentration of magnetic impurities,
p N/V is the density of sites in the lattice, and the lower
limit of integration is taken as the radius of the sphere cor-
responding to the volume of the excluded impurity i. For
the fcc lattice (4n/3)RO = (a'/4) (1/c ), i.e. , Ro(c )
='43a3/16vrc 'i'=0.39ac 'i' where a is the lattice con-
stant. For the Ruderman-Kittel-Kasuya- Yosida (RKKY) in-
teraction, J(R) —cos(2kFR)/R', and after averaging over
the oscillations, one finds that Tg is directly proportional to
the concentration c. Intermediate scattering of the conduc-
tion electrons, i.e. , finite mean free path (MFP), leads to an
exponential damping of the RKKY interaction;3 the damp-
ing constant is proportional to the concentration of impuri-
ties (nonmagnetic as well as magnetic). For a fixed concen-
tration e this reduces T~; as a function of c this yields a sub-
linear dependence of Tg on e, i.e., Tg —c where e ( 1.

Recently Vier and Schultz have shown that mean-free-
path effects are responsible in part for the sublinear depen-
dence of Tg on the concentration. However, their results
also show that these effects do not fully account for their
data for CuMn. Indeed, it was previously noted that the
scattering cross section needed to explain concentration
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is the Green's function for the local d state at one site (i),
and
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dependence of Tg for CuMn was about six times larger than
that necessary to explain resistivity data. ' We have calculat-
ed the interaction J(R) by using the Friedel-Anderson
model of local moments in metals and the results of a self-
consistent cluster calculation for the d-state resonance posi-
tions and widths of manganese in copper. ' We find J(R)
has large preasymptotic corrections which make it more
slowly varying than 1/R' at intermediate distances R 15a.
We will show that at least in CuMn it is these corrections
rather than finite MFP effects that are the primary cause for
the deviations of Tg (c) from linearity.

The coupling between local moments in metals takes
place through the conduction electrons except for neighbor-
ing spins where one has direct and superexchange. At large
distances the phase of the wave function oscillates so rapidly
that only the spin scattering at the Fermi level contributes
to the coupling, and the pair interaction is proportional to
1/R' modulo a slow exponential decay when one takes into
account MFP effects. At moderate distances, spin scattering
from states in the energy range SE —EF/kFR contribute to
the coupling. In order to calculate the coupling it is neces-
sary to know the energy dependence of the spin scattering.
For the conventional RKKY interaction the assumption is
made that conduction electrons are scattered by a delta
function potential. The matrix elements of this scattering in
k space (energy) are all equal, i.e., independent of energy.

For transition-metal ions in copper, for example, the ar-
chetypical spin-glass alloy CuMn, the spin scattering of the
conduction electrons by the local moments comes from s-d
mixing. 6 This d-wave scattering depends on the energies of
the states involved, and the coupling between two moments
deviates from the RKKY form for all but the largest dis-
tances, i.e., there are preasymptotic corrections to RKKY
due to the angular and energy dependence of the spin
scattering. ' In the Hartree-Fock approximation, the interac-
tion between two local moments in a metal is written as'

ra oo IE-(R)= ——rmg ', 6,'( )a~F( .aR) G2 (a)da. (3)
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where
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represents the coupling between d electrons through the
electron gas. The s -d mixing is represented by
V(k) [k = J2me/ir2], and Q is a polynomial given by Price'
for d-wave scattering (i=2). For s-wave scattering l =0
and Q = 1. To account for the finite lifetime of the conduc-
tion electron states, we add an imaginary part to the energy
in the Green's function for the conduction electrons enter-
ing Eq. (3), i.e., Gk= (a+i X ek—), where X/k is the in-
verse of the lifetime of the state k. ' This has the effect of
displacing the line of integration by A, above the real axis in
the complex energy plane, and replacing 5 by 5 —X in Eq.
(4). To relate the Hartree-Fock energy to an effective cou-
pling we use
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To illustrate our point, we were guided by the results of
Ref. 5 for the d resonances of manganese in copper. To
simplify our calculation we took Z~+ + Zq = 6 and
Zq+ —Zq =25=4. By using the Friedel sum rule we find
q+(kF) = rt and q (kF) = rt/5, and we can confine our at-
tention to the one resonant level (a.= o.'), i.e., the open d
resonance above the Fermi level. If we had used
Zq+-Zd =5, we would have to consider the contribution
to Eq. (3) from both levels, i.e., o = +, and our interaction
would not have changed very much, e.g. , the asymptotic
value of Eq. (3) changes by less than 10%. We have nu-
merically evaluated the coupling Eq. (3) by using
F~ —EF=0.7 eV, 4=0.51 eV, and EF=7 eV for manganese
in copper. ' As we have set q =m/5 we fixed 5 by using
the relation tang =5/(Eq —EF) and the result of Ref. 5
for Fq —EF. The expression for the interaction Eq. (3) valid
for all values of kFR is unwieldy; see Price, Ref. 7. While
we used it to evaluate the spin-glass temperature it is not
reproduced here.

Mean-free-path effects depend on concentration; for the
range of concentration we consider they can be included in
the range function by writing

(7)

A (R) = Ae s + —[1—e ""]
x (8)

where x =R/a, A = —2.2X 10 3(eV A ), B =0.27(eV A ),

In any case these effects have been removed from the data
so that we can set A. =O and compare our results to the
T~(p=0) given by Vier and Schultz. To arrive at the spin-
glass temperature we average over the oscillatory part of the
coupling J(R); therefore we plot in Fig. 1 the amplitude of
the coupling A (R), and we show the RKKY interaction for
comparison. As we have multiplied our coupling by R2, a
pure 1/R' interaction would show up as a horizontal line.
In Fig. 1 we focus on the region R & 2a because there are
relatively few spins in the region R ( 2a for concentrations
less than 10%; in fact, for c & 0.05 (5'/o) the average
between neighboring spins, is greater than 2a. In the region
R & 2a J(R) [A (R) ] goes to zero as R 0 because we
have considered d-wave scattering. The conventional
RKKY interaction is based on s-wave scattering and has
J(R) ~ as R —0.

1n the range R/a ) 2, we are able to fit the envelope of
our coupling Eq. (3) to the form

R/a
FIG. l. Envelope function of pair interaction between t~o man-

ganese impurities in copper, as calculated by Eq, (3), with ~ = 0, and
the standard RKKY interaction A (R) —R . The differences are
preasymptotic corrections to the RKKY interaction.

p=2.6X10 ', and y=0.23.
For large R our coupling agrees with the asymptotic form

J(R) = Vocos(2kFR +2q )/R',
where

25 ~F
Vo=

3
sin q2Sm kF

For the parameters quoted above and by using S =2 we
find V0=15.6&10 ergs cm . This value is very close to
the one found from low-field magnetization measurements
on dilute alloys, V0=14.2&10 " ergs cm . When we at-
tempt to fit the envelope function Eq. (8) in the range
1 ( R/a ( 15 with the form Vo/R', we find
=7.0&10 ergs cm. This value is very close to that
found when high-field magnetization studies of dilute alloys
are analyzed using this (incorrect) form, s

Vo =7.50X10 "
ergs cm3.

The deviations of the actual coupling from the RKKY
form, see Fig. 1, are known as preasymptotic corrections. '
They are governed by the distance Ikd —kF I

' where
kq= /2m [Fq —ih]/lr; the spatial extent of the corrections
increase as the center of the d-state resonance approaches
the Fermi level and the narrower the resonance is. If one
halves Ikq —kFI the range over which preasymptotic correc-
tions are noticeable is approximately doubled.

We have used the interaction Eq. (3) to calculate the
spin-glass temperature as a function of concentration, see
Eqs. (1) and (2), for CuMn. As Eq. (1) is a mean-field es-
timate of Tg we must normalize our results before compar-
ing them to data. By reducing our mean-fie)d estimates of
Tg by a factor of 2.1 we are able to fit the recent data on
CuMn, 4 see Fig. 2. In particular, the preasymptotic correc-
tions are able to explain the sublinear concentration depen-
dence of Tg after MFP effects are removed, i.e. , Tg(p = 0).4
Furthermore, by introducing X= 1 6cEF in Eq. (7) we are.
able to fit the data on Tg(p) which contains the self-
darnping by the magnetic impurities. The magnitude of the
reduction used to fit our mean-field estimates to the data,
i.e., 2.1, seems reasonable; however, there is no guidance
from theory on this reduction at the present time. '
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FIG. 2. The spin-glass temperature of CuMn alloys as a function
of manganese concentration. Experimental points are taken from
Ref. 4. Calculated curves for Tg were normalized as discussed in

the text, Tz(0) was calculated using Eq. (3) using X-O, and Tg(p)
using ~ 1.6cEF.

centration, this nonlinear behavior is very close to that ob-
served for the spin interaction temperature which character-
izes collective behavior in the ppm range, T; —c . This
is noteworthy in that the MFP of the conduction electrons
has a negligible effect on T; in this range of concentration.

While we concentrated on CuMn the above considerations
apply to other metallic alloys, e.g. , AuMn and AgMn. " One
can determine the magnitude and range of the pair interac-
tions once the single-ion parameters k~, kF, b, , and EF are
reliably known. This analysis is applicable also to systems as
AuFe in as much as the local moment is due to spin alone,
as Eq. (3) neglects orbital contributions to the moments. "

In summary, we have shown that the decay of the interac-
tion between local moments in metals as CuMn is consider-
ably slower than 1/8'. We have seen that this interaction is
able to account for the magnitude of the spin interaction
constant Vo and it gives reasonable estimates of the spin-
glass temperature of CuMn alloys over a wide range of con-
centrations. As we have not taken into account short-range
interactions in estimating T, our results suggest that short-
range order does not have an appreciable effect on T~, rath-
er the spin-glass temperature is an indication of long-range
collective behavior. Furthermore, correlations above Tg start
to grow under a potential given by Eq. (8); only when
8 & 10a does the system realize the asymptotic form R
For a sample with c =0.05 (5%) as many as 160 spins are
coupled through the more slowly varying preasymptotic por-
tion of the interaction.

Of the two origins of the deviations of Tg (c) from lineari-

ty, we see from Fig. 2 that preasymptotic corrections are
seen to be far more important than MFP effects. If we tried
to explain Tg(p) with only MFP effects, say for e =6'/o, we

would need A. =8.8cE~, which is 5.5 times larger than that
found from Ref. 4. This explains why in previous attempts
to fit Tg(c) it was necessary to use these unusually large
scattering cross sections. Finally, in addition to explaining
the slope of T~ versus concentration for CuMn in the range
c 0.001 to 0.1 (0.1 to 10 at. %), we find in the ppm range

T~ —c ~ . While there is no transition in this range of con-
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