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estimate of 1.58@10 ' still appears to be some-
what high.

Very recently, Rices has calculated Le as a
function of the Stoner enhancement factor. His
results predict an Le which increases as en-
hancement decreases, and approaches a value
of 1.02&10 in the limit where the enhancement
factor reaches unity. In the light of this theory,
our present results would seem to indicate that
enhancement does not contribute to the Le of
pure palladium. For the present, however, this
conclusion must be regarded as tentative, for
current estimates of the enhancement factor of
pure Pd range from 3 to 50.
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A number of properties of pure transition met-
als may be interpreted by presuming the value
of the intra-atomic Coulomb interaction U be-
tween two d electrons in the same unit cell var-
ies from one metal to another in a systematic
fashion. In this Letter, we shall discuss a num-
ber of striking properties of dilute alloys of 3d
impurities in isoelectronic 4d or 5d. hosts which
can be interpreted by assuming the major effect
of the impurity ion is to change the value of U lo-
cally. '

The purpose of this Letter is to point out that
very strong variations with concentration of the
electronic specific heat of dilute alloys are pre-
dicted by the local exchange-enhancement model
we have previously employed2 to analyze suscep-
tibility and electrical resistivity data on dilute
alloys of Ni in Pd. Recent measurements of the
specific heat of the Pd-Ni system~ show a strik-
ing, strong dependence of the electronic specific
heat on Ni concentration. As Schindler and
Maekliet' have pointed out, an extension of the
uniform-enhancement model' to the disordered
system obtained by introducing a concentration
dependent, spatially averaged exchange-enhance-

ment factor deduced from susceptibility data
fails to account for the magnitude and concentra-
tion dependence of the effect of alloying on the
electronic specific heat of this system.

In this paper we present a discussion of the
concentration dependence of the eoeffieient y of
the term linear in temperature in the specific
heat for the case when the host exchange enhance-
ment is unimportant. For this ease, the struc-
ture of the theory is sufficiently clean that the
essential physics is clearly exhibited, and the
expression for y 'dy/dc is simple in structure.
%Ye apply our model to analyze recent NMR stud-
ies of Rh:Co alloys. This enables us to predict
the value of y 'dy/dc near c=0. The extension
of the theory to systems in which exchange en-
hancement is important in the host is discussed
by Englesberg and eo-workers. '

Consider first the Pd:Ni system. It is now
well known that in pure Pd, the intra-atomic
Coulomb interactions between the d electrons en-
hance the static magnetic susceptibility y by
rougly a factor of 10. This implies that in pure
Pd, U is nearly large enough to produce a tran-
sition to the ferromagnetic state. Associated
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Xpd(f', Il)Xpd(f"Il)

I—bUy (0, 0)

where ypd(P-f", Il) is the exchange-enhanced
susceptibility of the pure Pd matrix. The second
term is the impurity contribution to X and explic-
itly exhibits the enhancement of y near the impu-
rity site P=O, for AU&0. In a previous paper, '
we have applied the form in Eq. (1) to a discus-
sion of the concentration dependence of the sus-
ceptibility of the Pd:Ni system for concentra-
tions c &1% and the striking concentration depen-
dence of the T term in the low-temperature
electrical resistivity observed by Schindler and

Rice.' We found a semiquantitative account of
the data could be given if the parameter AUn/U,
~10-13, where o =[1-6Uy,(0, 0)] '. Also, from
(1), we obtain y 'dy/dc =aUn(0)n, o., where a,
= [1-U~(0)] ' is the exchange-enhancement pa-
rameter associated with the host.

The low-frequency fluctuations in spin density
induced by the impurity will contribute to the
density of low-lying excited states of the alloy
and thus affect the specific heat. We find that
when the parameter ~»1 and U, =O, a simple
model gives the slope of a plot of the dependence
on concentration c of the coefficient y of the
term in the electronic specific heat linear in the
temperature of the form

—~=3 zp~(0)~.1 d n(0)
y dc n+(0)

Then combining (1) and (2) we obtain

1 ~d 1 ~d n(0)
y dc y dc n*(0)'

(2)

with the proximity of the system to the instabil-
ity, one finds that large-amplitude, low-frequen-
cy fluctuations in the d-electron spin density
fluctuations produce an enhanced value of the
specific-heat density of states n*(0).» Band cal-
culations8 indicate that n*(0)/n(0) =2.

Introduction of a Ni impurity into the system
increases U in the Ni cell above the pure-Pd val-
ue. The spin polarizability of the matrix and the
amplitude of the spin-density fluctuations are
then strongly enhanced near the impurity. If on-
ly a single impurity is present, then a time-de-
pendent molecular field theory applied to the
terms in the Hamiltonian involving U yields an

expression for the susceptibility function y(rr', Q)
of the alloy in the coordinate space form':

X(rr ', n) =
X (f'-f", n)

In this expression, n*(0) is the observed spe-
cific-heat density of states of the host, including
all mass-renormalization effects, and n(0) is the
bare-band-structure density of states at the Fer-
mi level. Equation (2') should be an upper limit
for R. When Uop 0, the static susceptibility in-
creases with c like n,'. However, dy/dc in-
volves an average of the dynamic susceptibility
of the host over q and increases more slowly
than X. This point is illustrated by the calcula-
tion of Ref. 5. The observed value of y 'dy/dc
in Pd:Ni is smaller than Eq. (2') predicts but is
too large to be explained on the basis on one
electron theory. For isoelectronic alloys, the
impurity scatters weakly and the change in den-
sity of states is small. The residual resistivity
of Ni in Pd has been found small. ' Since the con-
tribution to y exhibited in Eq. (2) is a one-impu-
rity effect, the model produces a linear varia-
t - fy-'th'

We should also mention the model does not
contain terms with the T' lnT temperature cor-
rection found in the application of the uniform-
enhancement model to nearly ferromagnetic al-
loys. ' The first correction to the linear term in
the specific heat is proportional to T', for our
model with U, =O. When U, g0, it has been
shown that at small e, the impurity contribution
to y contains a T'1n(T/Ts) term, where Ts is
the characteristic temperature for spin fluctua-
tions in the host. This term may be comparable
with the impurity T' term in the range 0.3'K& T
& 3.0'K.' No Ts lnT term has been found in the
specific heat of Pd:Ni alloys, although they have
been searched for. '

We conclude the discussion of the Pd:¹sys-
tem by noting that the local exchange-enhance-
ment picture accounts for a number of proper-
ties of this system in a consistent, quantitative
fashion. The use of a spatially averaged ex-
change-enhancement factor fails to provide an
adequate account of the effects of alloying on the
low-temperature electrical resistivity and the
specific heat.

Other evidence of the importance of local ex-
change-enhancement effects is provided by re-
cent NMR data' on the Rh:Co system. Walstedt
et al. have measured the Knight shift at the Co
site and found that the d-spin contribution to the
polarizability of the Co cell is strongly enhanced.
They estimated z =7, The data' on the magnetic
susceptibility indicate that y (dx/dc) = 20 = o.'b U
x ~o(q = 0), whence sUyo(q = 0) =3. This would in-
dicate that ~ of the increase in magnetic suscep-
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tibility resides outside the impurity cell, which
seems somewhat large for Rh. It seems possi-
ble that a more complete analysis of the data
may lead to an increased value for ~, from 10
to 15."

Associated with the locally enhanced Knight
shift, one expects" the core-polarization (cp)
part of nuclear relaxation rate T, at the Co site
to be very short, compared with the T, deduced
from a model of noninteracting d electrons. Wal-
stedt et al.' indeed find that T, is shorter by one
order of magnitude than the rate which they es-
timate by adding the rates from relaxation to the
s electrons, the spin fluctuations in the d band,
and orbital relaxation. While these authors con-
clude the dominant contribution to 1/T, is of or-
bital origin, they have neglected the fact that the
enhanced d-spin contribution to the Knight shift
necessarily implies that the cp part of the relax-
ation rate is strongly enhanced, as we have pre-
viously pointed out." If we assume the local ex-
change-enhancement factor of Co-Rh is + =10-
15, then one must multiply the estimate of the
cp contribution to 1/T, by a'. Taking o. =10-15,
we obtain (T1T)cp ' =10-20 sec ', in good ac-
cord with experiment. This success of the theo-
ry leads us to the conclusion that if our interpre-
tation of the existing data on Rh:Co is correct,

the model may be employed to predict y 'dy/dc
for this system. Equation (2') then predicts that

~(0) n(0)r 'dr/dcRh. &
—,

(0)
3 x20 =60

Measurements of the concentration dependence
of y for small c would provide an important
check on the picture of the Rh:Co system pre-
sented here.

Because +QRh ypQpPd, the coefficient A of
the T' term in the electrical resistivity of pure
Rh from s-d scattering should be smaller than
that of pure Pd by a factor of roughly 100.' At
the same time, A 'dA/dc should be much small-
er for Rh:Co. We estimate that A 'dA/dc =6 for
Rh:Co, to be compared with the value 750 ob-
served in Pd:Ni. Indeed, no 1 term in the elec-
trical resistivity has yet been observed. "

Let us now turn to the calculation of y 'dy/dc
in the case U, =0. We assume a one-band model,
with a Hamiltonian of the form H =H, +H„where
H, = T describes the host material, and B,= ~U, &

xn, ~ the perturbation produced by the impurity. '
n;~ is the number of electrons in cell i with spin
0, and T the kinetic energy of the electrons in
the host. When the impurity produces a local
perturbation in the matrix, the Fourier trans-
form of the imaginary-time, single-particle
Green's function assumes the form

t(i(u )
G(kk', i(i) ) =6,G (k, i(i) )+ G (k, i(u )G (k', i(() )[1-t(i()) )F(i()) )]

where G0(k, i(d„) is the propagator in the host

F(iv ) =N 5~ G (k, i(() ),
n ~k 0

t(iw„) describes scattering of the electron from the impurity. The mean value of the energy is

(4)

f(x) is the Fermi factor, G(kk, e+ig) is the analytic continuation of Eq. (4) off the imaginary axis to
just above the real axis in the energy plane, and p. is found from

N = —. f(&-~)P lm(G(kk, ~+i~)).
'E7T k (5)

We shall see that when the impurity center is almost magnetic, in the sense that z»1, then the rea1,
part of t(e+iq), tRe(e), varies rapidly near the Fermi energy over a range b,es that satisfies kBT
«Aqs «ep in the temPerature region of interest. Since ~ps»kBT, the integrals over the Fermi fac-
tors may be expanded in powers of kBT in the standard manner. Because of the rapid variation of
tRe(e) near p, , the dominant terms in (K) of order T' will be those proportional to tRe'= (stRe/se).
Before proceeding, we need an explicit form for the function t(e). First, consider the inelastic scat-
tering of an electron from the fluctuations in the transverse component of spin density. The t matrix
may be found by summing the diagrams indicated in the second line of Fig. 1. By standard methods,
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one finds

~) d6 cR Im(F(e')] Im(I'(e"))
[ (

(z 17) 6 ' —p, + e "-z

where n(e") = [exp(Pe")-I] ', and I'(z) =1/[1-DUAL, (0, z)], with

yp(0, z) = (I/N)5 yp(q, z),0

where y, (q, z) is the dynamic susceptibility of the host.
We first examine the term containing the Fermi factor. The &" integration may be done by using a

Kramers-Kronig relation to give

(z) = ~U

fdic

f(E p)—Im(E(6 )/[1 ~-UXO(0, z e'-)](~) -1

When the center is nearly magnetic, 1-DUAL, (0,
0) = o. ' « I, so that for z = e+ ig, a large contri-
bution to the integral in Eq. (7) comes from val-
ues of c'=e. We assume that this region domi-
nates in the integral, and replace the denomina-
tor by a form valid for small (e-e'): l-aUX, (0,
e-e'+iq) =n '+imsUn, '(e e'). W-ith this approx-
imation, one may easily integrate Eq. (7) at T
= 0 to find at eF (stIte(+)/&e) = -bUnpa and &Ite(+)
= (2np) 1, while (&tlm(&)/se) =0. Thus t&e(&)(e)
varies rapidly near &F over an energy range
b,es =(np'AU+) '. We have also examined the
term in t(e) involving the Bose factor; however,
this quantity does not vary rapidly near &F for
parameters in the range of interest. Thus, we

consider only the factor t(+) of t(e) discussed
above in the computation of y ~dy/dc. Further-
more, we only consider the term first order in

t, since the total scattering amplitude is small
in isoelectronic alloys.

It is a straightforward matter to solve for the
impurity contribution to (H) employing Eqs. (4)
and (5) in the framework of the approximation
scheme just described. It is important to real-

FIG. 1. Diagrams included in the single-particle
Green's function. Dotted lines represent the interac-
tion b,U.

ize that there is a term proportional to N ' and
the local exchange-enhancement parameter ~ in
the temperature-dependent part of p, , and a term
proportional to T'~ from the temperature-depen-
dent part of tRe(+)(e). In addition, one must in-
clude the diagrams illustrated in the lower line
of Fig. 1, which describe scattering of an elec-
tron from longitudinal fluctuations in spin densi-
ty. The result of Eq. (2) then follows.

The theory presented here contains no hint of
the Kondo effect. It is equivalent to a Fermi-
liquid theory in which the strength of the two-
body interaction varies in space. For example,
notice that all of the experimental quantities are
given by simple analytic functions of b, U. The
model gives a good account of a number of ob-
served properties of 4d and 5d transition-metal
hosts containing nonmagnetic 3d impurities.
One may inquire whether the same data could be
explained in a complete way by assuming that the
impurity is in a condensed Kondo state with the
Kondo temperature TK»T. We feel the T' vari-
ation of the impurity contribution to the resistiv-
ity of the Pd:Ni system, and the linear variation
with T of the impurity contribution to the specif-
ic heat at low T offer strong evidence that these
alloys may be described as "normal" Fermi sys-
tems.

We conclude that a measurement of y(c) in di-
lute Rh:Co alloys would be of great interest,
since our analysis of the NMR data has led us to
predict y 'dy/dc -60n/n* for low c. Also, spe-
cific heat, susceptibility, and NMR data on other
dilute isoelectronic alloys such as Pt:Ni, Ir:Co,
Ru'. Fe, Os:Fe, Re:Mn, etc., would help to check
the validity of our hypothesis on the ground state
in these alloys, and serve to determine the val-
ue of the parameters o., aU, and n~(0)/n(0). Or-
bital degeneracy and Hund's rule coupling may
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bring about qualitative changes which would shed
light on these effects.

We would like to thank Dr. A. I. Schindler and
R. Tournier for communication of their data pri-
or to publication, and R. Tournier for helpful
comments.

*Permanent address: Physique des Solides (Centre
National de la Recherche Scientifique). Faculte des
Sciences, Orsay, France.

)Work supported by the Air Force Office of Scientif-
ic Research, Office of Aerospace Research, U. S. Air
Force, under Grant No. 1080-66.

~P. Lederer and A. Blandin, Phil. Mag. 14, 363
(1966).

2P. Lederer and D. L. Mills, Phys. Rev. 165, 837
(1968).

3A. Schindler and C. Mackliet, Phys. Rev. Letters

20, 15 (1968); G. Chouteau et al. , Phys. Rev. Letters
20, 193 (1968).

S. Doniach, S. Englesberg, and M. J. Rice, in Pro-
ceedings of the Tenth International Conference on Low
Temperature Physics, Moscow, 1966 (to be published);
N. F. Berk and J. R. Schrieffer, Phys. Rev. Letters
17, 433 (1966); and S. Doniach and S. Englesberg,
Phys. Rev. 17, 750 (1966).

5S. Englesberg, W. Brinkman, and S. Doniach, to be
published.

6A. J. Freeman et al. , J. Appl. Phys. 37, 1256 (1966).
VA. I. Schindler and M. J. Rice, Phys. Rev. 164, 759

(1967).
G. Chouteau et al. , to be published.

BR. E. Walstedt et al. , to be published.
R. E. Walstedt, private communication.

~~P. Lederer and D. L. Mills, Solid State Commun. 5,
131 (1967).

M. Sarachik, private communication.

THEORY OF THE LOW- TEMPERATURE PROPERTIES OF
NEARLY FERROMAGNETIC DILUTE ALLOYS

S. Engelsberg
Hasbrouek Laboratory, University of Massachusetts, Amherst, Massachusetts

W. F. Brinkman
Bell Telephone Laboratories, Murray Hill, New Jersey

and

S. Doniach*
Department of Physics, Harvard University, Cambridge, Massachusetts

(Received 16 February 1968)

The temperature dependence of the low-temperature specific heat of alloys of the

class Pd:Ni is calculated using a localized exchange model in the dilute limit. An ap-
proximate extension of the theory leads to a singular mass enhancement at the ferro-
magnetic critical eoneentration and a strong T 1nT dependence in this region.

Recent measurements by Schindler and Mack-
liet' and by Chouteau et al.' have shown a strik-
ing increase in low-temperature electronic spe-
cific heat as small amounts of Ni are alloyed
with Pd. While this effect seems closely related
to the mass-enhancement effects in uniform sys-
tems' ' with large exchange enhancement, it has
been pointed out by Lederer and Mills'~' that rel-
ative localization of exchange interactions on the
Ni atoms in the alloy will lead to important
changes in the details of the mass-enhancement
mechanism.

In the first part of the present communication
we report an investigation of the detailed temper-
ature dependence of the specific heat predicted

by the localized-exchange-enhancement model.
We show that the dominant deviations, in the sin-
gle-impurity limit, from linear temperature de-
pendence vary as T~lnT and are similar in mag-
nitude to those predicted for pure Pd. There is
also a T' term as suggested by Lederer and
Mills which, however, is small compared with
the T' term due to phonons.

Because the Pd:Ni system becomes ferromag-
netic for a rather low critical concentration,
Corot, in the region of 2 2%, deviations from
the single-impurity limit may be expected to oc-
cur at relatively low concentrations of Ni. In
the second part of the present work we give an
approximate treatment of the exchange-enhanced
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