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AuV and AlMn: Kondo Systems or Localized Spin-Fluctuation Systems?
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The predictions of the localized spin-fluctuation model and those of a theory of the low-
temperature behavior of the multiorbital Anderson model we have recently developed are
compared with respect to both the bulk properties (resistivity, specific heat, and mag-
netic susceptibility} and the microscopic properties (impurity nuclear-resonance shift
and relaxation rate) for the dilute magnetic alloys AuV and Al Mn.

Almost all models which have been proposed to
describe the dilute magnetic alloy system may be
regarded as special cases of the Anderson model. '
For example, the s-d exchange model' may, by
virtue of the Schrieffer-Wolff transformation, ' be
regarded as corresponding to the case

~ e„~,U» &,
where &„ is the resonance energy, U is the intra-
atomic Coulomb repulsion, and ~ is the reso-
nance half-width; we shall refer to this limit of
the Anderson model as the Kondo model. On the
other extreme, the localized spin-fluctuation
(LSF) model' corresponds to the limit ~e, ~«4;
we shall regard the studies of the Wolff model by
Suhl and co-workers, ' despite their more ambi-
tious attempt to treat the Coulomb interaction be-
tween all electrons on an equal footing, to be of
this latter class insofar as the resonance level
has been taken to be at the Fermi level in all the
published work.

Since the relative magnitudes of the parameters
U, &„, and & play such a fundamental role in all
the models, the determination of these parame-
ters from experiment is of great interest. As
these quantities are not directly measured, how-
ever (unless optical or photoemission studies are
undertaken), one must infer the value of these
parameters from the theoretical results for the
various models. Here one is confronted with the
rather remarkable result obtained by Rivier and
Zuckermann —the LSF and the Kondo models
would appear to be indistinguishable with regard
to the predicted behavior of the system. Although
we feel this result deserves a more detailed dis-
cussion than may be found in the literature, it is
not our intention in this Letter to dispute this
claim. Rather, we accept at face value all the
results obtained by Hivier and Zuckermann (and
others) from the LSF model and yet suggest that
the predictions of the two models axe distinguish-
able, provided we confine our attention to T «TK
and take into account the orbital degeneracy pres-
ent in the real alloys studied.

Before embarking on the detailed comparison

between the predictions of the two models, it is
worth noting the different mechanisms proposed
in dealing with the absence of orbital paramag-
netism. In the case of the LSF model, which is
taken to be nonmagnetic in the Hartree-Fock
sense, the absence of orbital paramagnetism is
accounted for by the argument first given by An-
derson'. The spin-enhancement factor o„ is con-
sidered to be much greater than the orbital-en-
hancement factor o, because of the different de-
pendence of o~ and Op on J, the exchange integral.
In the case of the Kondo model, however, the sys-
tem is magnetic in the Hartree-Fock sense and
the orbital paramagnetism can only be quenched
by the existence of crystal fields of sufficient
asymmetry. It should therefore not be surpris-
ing that there may exist qualitative differences
between the two models when orbital degeneracy
is considered.

In order to point out these differences, it is
useful to consider a specific example in detail.
We choose to examine the dilute magnetic alloy
A&V for which there exists a fairly extensive
body of information. In view of the many parame-
ters entering the theory, the numerical analysis
presented here should in no way be regarded as
definitive; our object is merely to illustrate the
different types of reasoning involved in the two
cases and to suggest the importance of certain
experiments by which the numerical arguments
may be strengthened.

The reasons for supposing the AuV system to
be an LSF system are these: First, the observed
zero-temperature resistivity' (15 p. Q cm/at. '%%uo) is
not very different from that obtained by the Frie-
del formula,

R(0)/c =5p, sin'(, wn„) =—12 p, Q cm/at. '%%uo,

where c is the concentration of impurities, po is
the "unitarity"-limit resistivity (4n/ne'h F), and

n„ is the number of d electrons on the impurity,
which we take to be three for A&V. Second, in
the case o„»0„ the specific heat is given in
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terms of the zero-temperature susceptibility:

aC ~/T[n X(P= 0)]r=,=,—', m'(2k'/g P.p)'

in fair agreement with

(2)

(3)

obtained from the measured values of the specif-
ic heat, ' y =63 mZ/mole K', and susceptibility, '
&X(0)/c = 47 x 1, 0 emu/mole.

The static magneti. c susceptibility is observed
to be, at sufficiently high T, of the form'

a X (0)/c = 0/(T +T K) + cp, (4)

where TK ——290'K. However, for T «TK, the sus-
ceptibility was recently found by Van Dam and
Gubbens to be of the form'

b X(0)/c = [b X(0)/c]r = 0(1-AT'),

where A =6 X10 ' (if T is given in degrees Kel-
vin) for a 0.30-at.% allo y and 3.8 x 10 ' for a
0.15-at.%%umalloy . Althoug hsuch aquadrati cde-
pendence was predicted for the LSF model by
Rivier and Zuckermann, the factor 1-Sn appear-
ing in the coefficient of their T' term [Eq. (13) of
Ref. 4] may be written as 1-3cot'(,mn~) = [1
-4cos'(,wn, )]sin '(,—',wn~), making use of the Har-
tree-Fock result, wn, = cot '(&,/&). For n, = 3
this factor is negative, so that they find an in-
crease in 4g with T'.

Although we might expect a similar factor to
appear in the expression for the T' term in the
resistivity, the expression given in their Letter
[Eq. (6) of Ref. 4] is in fact independent of &~ (and
thus n, ) and therefore predicts a decrease of R
with T' as observed.

The LSF model also yields an unambiguous pre-
diction for the spin and orbital contributions to
the impurity nuclear-resonance shift and relaxa-
tion rate. From the Korringa-like equations val-
id ln this model

shall see below, a similar assignment is predict-
ed for AuV for the Kondo model, such an experi-
ment would in general be very valuable in an-
swering the question posed in the title of this Let-
ter.

Let us Qow turn to a descr1ptloQ of the alloy as
a Kondo system. %e shall work with the results
of a theory of the low-temperature behavior of
the Kondo system we have recently developed. "
The system is characterized by a total spin 8,
which we assume to be 2n~ for 0» n„- 5 and 2(10
-n~) for 5» n„» 10. Thus for AuV we take 8 = 2.
%e also assume the existence of a cubic crystal
field characterized by the energy difference
E(T,)-E(A, ) =10D (see Fig. 1). The theory is
similar to that used by Migdal'~ to discuss the
critical behavior of a Bose liquid and suffers
from the same defect-although we obtain rela-
tions between the physical properties (scaling
laws), we cannot obtain the coefficients or the en-
ergy scale k~T, [TK=0.67(8+1)TO]. If we assume
the vanishing of the linear term (in T) in the low-
temperature expansion of the static susceptibili-
ty, however, we may obtain the coefficient of the
q d at' t

(8)

From Van Dam and Gubbens's results, we find
from Eq. (8) that TK =185 K for the 0.30-at. %%uoal-
loy and TK = 230'K for the 0.15-at. /0 alloy. It is
not unreasonable to suppose that in the limit of
infinite dilution one would obtain TK= 290 K as ob-
served at higher temperatures, and we shall use
this value in the remainder of the analysis.

where 8= (y, /y„)'h/4nkB, we obtain from the ob-
served Knight shift (K = -l. 5%) and relaxation
time (T,T =17 msec 'K)" the assignment

&,=2.1%, Z, =-3.6%, (7)

if we setg=2 (see below). The validity of this
assignment is best tested by a study of the tem-
perature dependence of the Knight shift, as we
may suppose the orbital contribution to be rela-
tively temperature independent. Although, as we

FIG. 1. Energy-level diagram in the case of wreak
octahedral crystal field.
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—=71 mJ/mole 'K', (10)

if we use the values fox these parametex s noted
above. This value is in good agreement with the
observed value; we may improve the agreement
by allowing for an q &1, but such refinement is
not required for the purpose of our discussion.

The orbital and spin magnetic susceptibilities
are given, for T =0, by

ReX.(0)=-V =[,—':(I») '+I(18D) ']ma',

Re%(0) = (g p. a)'S(S+I )/SkaTK,

and by

Im X,((u)/Ku - (g p. a)'2S(S+ I)'/(SkaT K)',

Im)t, ((u)/S(o - [-,Sao(IOD) '+ a~a(18D) ']

& q p, a'U'(e„+ U) '/~,

thus giving rise to the Korringa-like relations

K (T0,T),= 7.5(&„+U)'8/U',

K„2(T,T), = aSS,

if we setg=2 and g=l as noted. For S=~., the

spin Korringa product is very close to the LSF
value. In order to proceed further, the ratio {e,
+U)/U is required. If the temperature depen-
dence of the impurity Knight shift were known,

we could use Eq. (13) to determine this quantity
which, as we have noted, is of fundamental im-
portance. At the present time we can only as-
suwe a value for this ratio and study the conse-
quences of our choice. Let us reason as follows:
In Ref. 10 it was found that for CnNi, U-6 eV
(= U+ 5Z in the notation of Ref. 10). If we de-

Having assumed a quadratic dependence of the
susceptibility upon T, we also find that for T «TQ

Jt (T)/c =2Sp,q[I-~(T/T, )'].

The coefficients o. and q cannot be obtained from
the theory; they are, however, expected to be of
order unity. Star" has measured the coefficient
of the T' term; using his result and the value TQ
= 175'K corresponding to T K = 290'K, we find n
= 0.5. We might note that the LSF model would

yield, from Eqs. (6) and (8) of Ref. 4, a value n
=0.35. The value of q is more difficult to obtain
as there is present an unknown amount of s-wave,
P-wave, etc. scattering. In order to introduce a
minimum number of parameters we shall suppose
g=1. The parameters n and q also enter into the
expression for the specific heat:

b C ~/cT = 2'(0, 4+ 0.25m)R/To

crease this value in proportion to the ratio of the
free-atom values for t/" and Ni, we find V=4 eV.
From the measured value I apl=0. 2 found by
Kume, the possible values of 4 and &„ are thus
constrained by the Schrieffer-Wolff transforma-
tion

J'p = AU/2Sn e„(e„+U). (14)

A reasonable, but by no means unique, choice
might be 6 =0.6 eV and ~e~~ =0.4 eV. In the case
of CuNi, 4 was found to be 0.25 eV. The larger
value we obtain for»V is consistent with the ex-
pansion of the wave function in this alloy, as not-
ed in Ref. 11. With the above choice of 11 and &„

we find (e'„+U)/U=0. 9. Setting g= 2 (see below),
we find from the observed low-temperatux'e
Knight shift and relaxation rate an almost identi-
cal assignment as given in Eq. (7). This is a
somewhat fortuitous result —for MOCo, where we

may suppose S=1, we would obtain a significant
difference, Even for AuV, a test of the assign-
ment of Eq. {7)would be of great interest, since
the specific value of the Korxinga product for the
Kondo system is intimately related to the coeffi-
cient of the (assumed zero) coefficient of the lin-
ear term in the low-temperature expansion of the
susceptibility,

The temperature-independent contribution to
the susceptibility [y in Eq. (4)] was found to be
15 X 10 ' emu/mole by Creveling and Luo. " This
is a difficult number to obtain accurately, and in
fact Van Dam and Gubbens (and Kume) considered
@=0. We wish to note, however, that a small
value of y calls for a large crystal-field splitting
in the Kondo model. In particular, if we take
Creveling and Luo's value, we find from Eq. (11)
that 10D =0.1 eV. This value is not unreasonable
in view of the fact that the Korringa product for
the nonmagnetic alloy A&Ni suggests a crystal-
field splitting which may be as large as 0.25 eV."

From Eq. (11) we also find that g = 1.8. Al-
though it is possible to relate the small differ-
ence 2-g to the effects of spin-orbit splitting, "
such an analysis would be putting greater empha-
sis on the numerical aspects than is warranted
at present.

Although for A&V the results predicted by the
LSF model (when reasonable) are similar to
those predicted by our results for the Kondo mod-
el,"we expect greater diffexences between the
predictions of the two models for other alloy sys-
tems. In particular, for the alloy system AlMn,
which has been suggested by Schrieffer' as possi-
bly being a Kondo system with a very high TK, a
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similar analysis would tend to favor the L3F
model over the Kondo model. In this case we

suppose n~= 5 (or 6) so that the spin Korringa
product would be 7.8 (or 6.3). This would lead to
a spin hyperfine field 1.6 (or 1.2) times as large
as the already large hyperfine field predicted by
the LSF model (P„& =-100 kOe/pB). "

We wish to thank A. Narath for many helpful
comments and an unflagging interest.
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Curves of KCl E center versus dose, obtained by making absorption xneasurements
during irradiation with Co y rays at 85 K, are accurately described by cl(t)=+)[1
-exp(a&t) }+an't. After irradiation, the coloring decays less than 1% in 8X10 sec. Aq is
independent of, and e~ and 0.'z are proportional to, the dose rate. These observations are
in accord with a particularly simple phenomenological theory of radiation-induced color-
center formation.

With very few exceptions, the radiation-induced
formation of color centers i.n various crystals
has been studied by the "traditional" technique
of exposing the samples to an x-ray or y-ray
source and then transferring them to a speetro-
photometer for measurement at a later ti.me. "'
Recently, both the KC14' and NaCl' E-center
formation dux'ing irradiation and the growth and
decay after irradiation have been studied at zoom
temperature in facilities where absorption mea-
surements can be made during Co" irradiation.
The earlier measurements were made at a max-
imum rate of 3X10' R/h; more recently, a max-
imum rate of 10' R/h has been made available.

This note describes the fixst measurements
made at the higher dose rates on the formation
of KCl I' centers at 85'K. The results contain

several new features vihich are susceptible to an
especially straightforward interpretation.

All measurements were made on samples
cleaved from a single large crystal purchased
fx om Harshaw Chemical Company. They were
kept at 85'K in a Dewar cooled by liquid nitrogen
but maintained at the desired temperature by an
electronically controlled heater. The fused silica
Dewar windows ax'e shown by direct measurement
to color negligibly. In addition, any absorption
introduced is eoxrected by the double-beam
spectrophotometer. This apparatus will be de-
scribed elsewhere. Dose-rate measurements
wexe made by thexmolumineseent dosimetry
techniques.

A selection of curves of F center versus dose
xeeorded during irradiation at various dose xates


