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The physical equivalence between the Kondo-Nagaoka spin-compensated state and lo-
calized spin fluctuations in a dilute "nonmagnetic" alloy is demonstrated. The Kondo
temperature is shown to be equal to vo, the width of the spin fluctuations, and deter-
mines the boundary between magnetic and nonmagnetic behavior of dilute alloys.

The nature of the Nagoaka condensed state in a
dilute magnetic alloy is not yet fully understood,
although experimentalists and theorists agree
fairly well on how the measureable quantities
should behave as a function of the temperature. '
We suggest in this Letter that the Nagaoka con-
densation or spin-compensated state is equiva-
lent to the state of a dilute alloy, nonmagnetic in
the sense of Friedel and Anderson, ' but where lo-
calized spin fluctuations' are important and at
low temperatures {kT«70 ', where ro is the life-
time of the localized spin fluctuation). Such a de-
scription includes both a conjecture by Schrief-
fer that some dilute alloys (like transitional im-
purities in Al), traditionally viewed as nonmag-
netic, are in fact Kondo compensated magnetic
impurities, and Anderson's' view of the Kondo
temperature as the boundary between the non-
magnetic and magnetic behavior of dilute alloys.

A localized spin fluctuation is the repeated
scattering between an electron and a hole of op-
posite spin on the impurity site. It has a life-
time To which is given by

7 =vp (0)[l-Up (0)]

where U is the Coulomb repulsion between local-
ized d electrons in the Anderson model' and
pd(0), the density at the Fermi level of a d elec-
tron state of position Fd and width 6,

p„(0)=a[m(E '+a')]-'.

In the Hartree-Fock sense, the alloy is non-
magnetic (i.e. , Upd(0) & I) and will exhibit at low
temperatures (kT«7O ') nonmagnetic transport
properties, susceptibility and specific heat, with
some weak additional contribution of the spin
fluctuations (correlation effects). This is the
spin- compensated state. However, as soon as
the temperature reaches the degeneracy temper-

ature (which is 7, ' rather than 6 a,s in the case
of a virtual bound state), the spin fluctuations be-
have classically as would a mell-defined spin
(i.e. , Curie paramagnetism). In other words,
when the temperature becomes of the order 70
the spin fluctuations are slower than the thermal
fluctuations of the temporary moment that they
describe. At this temperature and above, there
is no physical difference between a spin fluctua-
tion and a genuine spin; the system behaves as if
it were magnetic {resistance minimum, Curie
law for the susceptibility, and giant thermopow-
er). The transition is smooth, as it should be in
a system involving a limited number of degrees
of freedom, and occurs at the Kondo tempera-
ture. ' We postulate that the Kondo temperature
obtained from the spin-fluctuation theory is given
by

sf -1
kT

This result agrees with the experimental and the-
oretical values deduced from the resistivity in
the spin-compensated state and from the suscep-
tibility both at high temperatures and at T = 0, as
will be shown below.

TKsf indicates only a change of regime; analyt-
ically, it is not the well-defined temperature of
Abrikosov (divergence of the series of dominant
diagrams)' or of Suhl (appearance of inadmissible
complex poles). ' The Kondo temperature accord-
ing to Abrikosov,

kz =D exp(- IjW(0)Z),
A

usually quoted in the literature for TK, is for-
mally associated with the maximum in the high-
temperature expression for the reisitivity, i.e. ,
the unitarity limit of the high-temperature T ma-
trix. For the localized spin fluctuations, one
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finds that kTK «70 lies outside the validity
range of the high-temperature resistivity formu-
la. The true resistance maximum does not occur
at the Kondo temperature, as appears in the re-
sults of Suhl and Mong. ~ Moreover, while Eq.
(4) is independent of the ordinary (spin-nonf lip)
potential, TKA is modified by potential scatter-
ing in the curves of the latter authors. It is also
the case of TKs, where pd(0), via Ed, is affect-
ed by the potential.

The above discussion of the mechanism of the
condensation is a conjecture which we now intend
to prove. In the rest of this paper, we calculate
the transport properties, the susceptibility, and
the influence of the valence of the impurity on TK
in the spin-fluctuating state, and show how they
compare both with the experimental results in di-
lute alloys and with the theoretical predictions
for the Nagoaka condensation. o In what follows,
TK refers to the experimental value of the Kondo
temperature whereas Tg& with a superscript is
the theoretical value of the Kondo temperature
appropriate to the physical quantity under consid-

eration (e.g. , TK is appropriate to the thermo-
power S). The various expressions of TKX thus
obtained are different in value due to the differ-
ence in weighting factors in the relevant physical
expressions. ' The spin-compensated state and
the spin fluctuations are not mathematically
equivalent. Conceptually, the former is a mag-
netic state while the latter is nonmagnetic. Phys-
ically, however, their effect on observable quan-
tities like the transport coefficients or the sus-
ceptibility is the same. It is also much easier to
visualize a nonmagnetic alloy with spin fluctua-
tions looking magnetic at high temperatures than
the condensation at low temperatures of a mag-
netic impurity with the surrounding conduction
electrons.

(A) Resistivity. —An expression for the d elec-
tron's self-energy Zd(&u) valid in the limits of
)Ey I «6, u = kT «b, and v 0«6, i.e., the con-
dition for the existence of a localized spin fluctu-
ation (A ' is the lifetime of a single conduction
electron), was derived elsewhere by the authors. '
At low temperatures, the Sommerfeld expression
can be used to evaluate the Fermi and Bose inte-
grals with the following result:

Z (&usi5) =(U/m)[(&u/b, -q) ln(7 a)+q+iin(1+i7 &u)- —,'(mkT7 )2[(ri+ 2i)+O(kT)4],

where ri =Ed/A. This demonstrates that the low-
temperature limit means kT «7, ', a result
which was predicted physically above. From Z~
the electronic contribution to the transport prop-
erties is derived in the usual way [Ref. 2, Eqs.
(9)-(13)]. One obtains the resistivity

p = po[1-Aro'(kT)2],

where A =-,'w'(U/wb, )[1+2U/wA] is a coefficient of
order 10. Equation (6) is to be compared with
the theoretical' "and experimental" results for
the resistivity in the spin-compensated state,
l.e.)

p=p [1-(TiT ) ].p 2

0 K

TK~ is a characteristic temperature, approxi-
mately equal to TK. This is the case with our
result

1

kTK =A 70

when it is referred to Eq. (3).
The high-temperature resistivity was derived

elsewhere' and exhibits the magnetic character
predicted above.

(B) Thermopower. —The first term in the Som-
merfeld expression (the d lnZ formula) gives the
following result for the thermopower at low tem-
peratures:

S=- 703 Ie) w~ S (9)

which is approximately equal to TK though
larger than TK~. This is not surprising since it
is the peak of the thermopower, not the slope at
low temperature which is usually associated with
TK'. '

N is the valence of the impurity, i.e. , the amount
of charge in the screening cloud around the im-
purity, determined by the Friedel sum rule. Al-
though Eq. (9) accounts for the large thermopow-
er of nearly magnetic alloys, it does not exhibit
the observed asymmetry between impurities on
the left and on the right of Mn, diluted in Al. '~

In the same way as for the resistivity, one de-
fines a characteristic temperature

kT =nb, /U7
S
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X~n (gp, )'/[4kr+wr0 '],I (12)

while at low temperatures, i.e., rp +~ kT, it
reads

X~n (gp, ) (7 /w)[1-~w (1—3q )(7 kT)2]. (13)

At T = 0, one can picture the susceptibility due
to spin fluctuation as the Pauli susceptibility,
which is enhanced in the usual way'~".

P 2 -1
X =Xd =ni(g~B) Cd(0)[1 Upd(0-)]

2 —1
=n(gp, )Yw (14)

The connection between the enhancement of the
susceptibility and the T coefficient of the resis-
tivity was first pointed out by Caplin and Rizzu-
to" in their measurement of the resistivity of
Al:Mn and Al:Cr alloys. They quote 70 ' = (9.0
a 02) x 10 ' eV for Al Mn and (1.5+ 0.1)x 10 ' e V
for Al:Cr, from Flynn's data, i~ in good agree-
ment with their resistivity results and our Eq.
(6). The enhancement is maximum when the vir-
tual bound state is half full, i.e., ~d = 0. In Al,
this occurs between Cr and Mn, in agreement
with the susceptibility, ' residual resistivity, '
and thermopower' measurements.

A Curie-Weiss law for the susceptibility of a
dilute magnetic alloy below and above TK has
been suggested on experimental' '~ ' and theoret, —

ical"~" grounds, with an antiferromagnetic
Weiss temperature approximately equal to TK.
Our value for the Weiss temperature, derived
from Eq. (12),

kT X

is in good agreement with these results. The
slight departure from a Curie-Weiss behavior at
low temperature predicted by Eq. (13) has possi-
bly been observed in Cu'. Fe." It might be masked

(C) Susceptibility. —The susceptibility of a di-
lute nonmagnetic alloy with spin fluctuations can
be derived from the particle-hole T matrix, ' us-
ing a formula due to Spencer. At all tempera-
tures one obtains for X as a function of tempera-
ture

X=(gu ) n (2w kT) g'[w+1/2wkT7' ],8 I 0'
where g is the logarithmic derivative of the gam-
ma function. When b, » kT» 7.

p
', the suscepti-

bility (11) follows a Curie-Weiss law,

by a Curie-Weiss behavior due to Ruderman-Kit-
tel- Yosida interaction between impurities P-with
a concentration-dependent Weiss temperature
—but hould have been seen in Au:V at very low
concentration, where TK= 290'K. ' At very high
temperatures (TK) 500'K in Al:Mn), the increase
of the susceptibility due to the effect of thermal
expansion on the band structure [it effects the
k-d overlap, i.e. , r, via pd(0)], can mask a Cu-
rie-Weiss behavior. In Flynn's results, '4 for in-
stance, the two contributions have opposite sign
and are of the same order of magnitude.

It has been shown in this paper that the spin
fluctuations in a nonmagnetic alloy describe qual-
itatively and even quantitatively the nonmagnetic
to magnetic transition as the temperature is
raised. The Kondo temperature has been intro-
duced as the smooth boundary between the two
regimes. The theory does not rely on the fact
that the unitarity limit of the scattering is reached
at T =0, as in Schrieffer's work. ' The alloys
considered need not be close to the Hartree-Fock
condition for the existence of localized spin fluc-
tuations being 7p ((6. As Schrieffer and Mat-
tis ' pointed out, electron correlations decrease
the effective value of the Coulomb interaction U
thus making a static localized moment very diffi-
cult to obtain, at least for a transitional impuri-
ty. What the present theory provides is a very
simple picture of the spin-compensated state and
a model for the Nagaoka condensation. It gives a
physical value for the Kondo temperature. The
demonstration of its physical equivalence with
the Nagaoka condensation relies on the justifica-
tion of the experimental notion of characteristic
temperature and in the agreement of our results
with the experimental and theoretical curves. "
Therefore, the correct way of looking at the
magnetic properties of dilute alloys is to under-
stand how a nonmagnetic alloy with spin fluctua, -
tions exhibits magnetic properties at high temper-
atures rather than to find how a well-defined spin
can be bound to the surrounding electrons to form
a nonmagnetic entity at low temperatures.
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We have extended earlier work on the Raman spectrum of quartz to both higher and
lower temperatures (6-900 K), and find evidence for the assignment of features in the
130- to 200-cm ~ region as second order. Anomalies in the temperature dependence
and selection rules exhibited by several features are fully reconciled by an anharmonic
interaction between a "soft" zone-center optical phonon and an excitation consisting of
two oppositely directed zone-edge acoustic phonons.

The o, -P phase transition in quartz has been ap-
proached by several investigators in terms of lat-
tice dynamics. The analyses of Ginzburg and Le-
vanyuk, ' of Elcombe, and of Kleinman and Spitz-
er' are similar, and each elaborates on the basic
conclusion of Saksena's early force-constant cal-
culation: that the frequency of the 207-cm
mode (in this paper vibrations will be labeled by
their frequencies at 300'K) at the Brillouin zone
center should approach zero as the transition
temperature T, is approached from below. Phe-
nomenologically this behavior is not different
from that of the ferroelectric mode in Cochran's
theory, ' except that the phonon in question is in-

frared inactive and does not directly contribute to
the dielectric response of the crystal. The diffi-
culty encountered by those who have attempted to
apply existing theories to the quartz transition is
that the experimental data simply do not confirm
the predictions. First, the 207-cm ' mode soft-
ens but does not approach zero as T -T„' in con-
tradiction to Ginzburg's requirement for second-
order transitions. ' Second, there is an extra Ra-
man feature' in the e» and n«scattering in ad-
dition to the four predicted by group theory and
assigned by means of force-constant modeIs. '&'

Third, the frequency of this "extra" feature does
approach zero frequency as T approaches T, from
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