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bring about qualitative changes which would shed
light on these effects.
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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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FIG. 1. Contributions to ~Ieff for a single impurity.

dynamical susceptibility of the more concentrat-
ed alloy which can be used through the critical
concentration region. We use this to estimate
the concentration at which the single-impurity
limit may be expected to break down, and to ex-
plore the mass enhancement in the critical re-
gion. We find that both m*/m and the coefficient
of the T'lnT term become singular for alloys
with C- Ccrjt. However, the range of tempera-
tures over which the T' lnT dependence may be
expected to hold may become very small in this
region. We start from a localized enhancement
model which should apply to a class of alloys of
isoelectronic transition metals such as Pd:Ni,
Rh:Co, which do not appear to form local mo-
ments. '&'&' For convenience we will refer to the

Pd:Ni case for which we take

Halloy HPd AI Q n.~n.~,

where the sum is over lattice sites occupied by
the nickel atoms and

H =Qe c c +I P n &n. .
all sites '~ '~ (2)

is the Hamiltonian for pure Pd in a one-band
model. In the single-impurity limit, correc-
tions to the retarded nonlocal susceptibility
ppd(r r (al) (where tilde denotes r-space func-
tions) will occur because of multiple scattering
from a single Ni site (placed at the origin). This
may be evaluated by summing the diagrams in Fig.
1 to be of the form given by Lederer and Mills, '~'

(r, r', v) = y (r-r', &u)+ X (r, ~)AI (&u)X (-r', &u),

where

((u) =sr/[1 aIX (0, (o-)] (4)

and ypd(r-r', &u) is the transform of ypd(q, &u) = y'(q, u&)/[1-Iy'(q, &u)]. For a system in which we as-
sume a local moment has not yet occurred, one has MyPd(0, 0) (1. The shift in the thermodynamic
potential per Ni atom is obtained in this dilute limit as'

AI
~n = f, d(~I')(n n

32-f d&u—[n(&o)+-,'] Im(in[i-bIX (0, &u)]j,

where n(ur) =1/(e~~-1). Using the low-q expansion of X „(q, &u),
4 we have

1 PF N(0)
Pd ' 2m'& 0 (x,'+loq'/12)-i ,'wI cu/q'-(0, (o)=, q'dq

where o is a range parameter for the host interaction, "~"T=IN(0), xo'=l-I, ur =v/eF, and q=q/pF
leading to

N(o)n —,'~&a 3m' I' 4z

Imp (0, (u) = (8)

12
Rex (O, v)= —,N(0)n =— = ~ ' tan ' 2, +O(&u'),

Pd ' e I I0 0 12go'
(9)
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where ne =Ne =No. of electrons/atom. Defining a localized-enhancement parameter I/Il through

V(0)W
eff 1—afx(0, 0) Ii

'

one has from (3) in the single-impurity limit

(10)

alloy
(q=0, (v=0) =

XPd dc

~T (0)

2
K0

From the experimental data, 'i' one finds 1/Il =—87. Inserting (8) and (9) into (6) and calculating to
0(T ) with the coefficient of T' to leading order in (1/Il)', we find

V 2
K + + ln—

C 2 ( 3f 5 z T T 20
v 0 s s

n ' T 't' Ivi '
(( '+ —

!

where

Pd4' 0 2 2 2
T = T, C = N(0)k T,s mI F' v 3 B

and c is the concentration. It is to be noted that the T' lnT dependence results from the logarithmic
form of the local palladium susceptibility given in (8). Using the observed value, I~'

1 Byalloy
Bc

(13)

g,' —= n(( and (12) thus gives a value of o of order 13. The corresponding value for pure palladium is of
order 6." The discrepancy between these values may be associated with changes in the range of the
exchange interaction in the region of the impurity atom.

The T lnT term in (12) is precisely that in pure palladium multiplied by 3c/q —=2.7 for l%%uo alloy.
This suggests that this term might be observable under conditions (at sufficiently low temperatures)
where it would be observable for pure Pd. The magnitude of the T' term is predicted to be

=15[1-0.85x10 '(T'K)'].
y BC

(14)

(However, the T' term depends on o', and so cannot be predicted very accurately. ) This leads to a
correction C~a oy/T =y+ (ppd-ap)T' in the alloy specific heat, where bp/ppd = 1.3% at c =1%. This
change is too small to be seen in the published data. '

In order to estimate the properties of the localized exchange model beyond the single-impurity lim-
it, we introduce an approximate treatment of the dynamic susceptibility for the many-impurity sys-
tem in which the one-impurity scattering diagrams of Fig. 1 are repeated at successive Ni sites in
the alloy as shown in Fig. 2. All interference between scattering at different sites is neglected. An

(r, r,'oJ) = ~ +
alloy r r'

X
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PlQ. Q. contributions to Xallo . ln the ensemble average over imPurity Positions ZI, x(, ' ', only terms in which
xi &x~, etc. , are included.
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ensemble average over all possible Ni positions (without correlations) is taken leading to an integral
equation for the ensemble-averaged susceptibility

(r-r', &u) =
X (r-r', &u)+ fd~r" X (r r—",cu)aI (&o)y (r"-r', ~),

with solution

Xpd« ~)
(q, ~)=

alloy ' i-cb,I (ru)X (q, w)'
eff

At q and &o = 0, this leads to a value for the critical concentration [at which Xall (0, 0) = ~] of

c .,=[~I „(0)x (o, o)]-'=q.

(16)

Using the above value of g gives Ccz,zt= 1.1%, which is low compared with the experimental value of
2.2%." This is not too bad, considering that the approximation (16) neglects all concentration fluctua-
tion effects and is also a random-phase-approximation estimate. In order to obtain a consistent ex-
pression for the thermodynamic potential in this approximation, we sum all diagrams of the form
shown in Fig. 3. The resulting expression, on averaging over impurity positions and taking care to
avoid overcounting, is

32
n =n =— d(u[n((u)+-', ]Imc ((u),

alloy 0 2m ' (is)

where

cmypd(0, ~)
C (ar) = +c in[1-~g (0, ~)]++ in(1 —[I+cbI (&u)]X'(q, &u))

and Qo is the thermodynamic potential for the noninteracting gas. We extract the dominant contribu-
tions to m*/m and the T'inT term in the specific heat in the region C =—Ccrtt. We find

m~ 9 u 1—«.'(1-c))-1=—ln 1+-
m 2o 2 ~,'(1-c)

where V =C/Ccrit. In the limit C- Cczzt, one then has

m mv (c .
&

—c)

(20)

Equation (20) also agrees with the single-impurity limit to order C. The T inT contribution is given
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FIG. 3. Contributions to malloy In the ensemble average the only terms included are those for which scattering
from a given impurity takes place at adjacent vertices.
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by

~C»'(1-~0'(1-c)
0 ( 2 ) ( alloyi ( alloyj 'I ln

S

(21)

which is equivalent to the T'1nT term in a bulk material with an effective fluctuation temperature

alloy ii 4z„'(1-c)
s (m[1-~,'(1-c)]f F'

Numerical calculations" of the temperature dependence of the specific heat suggest the T~ lnT approxi-
mation is only valid below about Ts/100, so that the above formula may only be expected to hold be-
low about 3(1-c)'K. Finally, the next contribution to C„ is of order T . The coefficient of this term
has a contribution proportional to C which turns out to come entirely from the second term in (19), as
the linear term in C from the first and third terms cancels. This contribution is identical to the last
term in (12). The term in T' in the region of C =—Ccrit of leading order in 1/q=—1/Ccrit comes out to
be

aC -27 r' CK 'n

i C 10 t) (g + 3Ig)[3o+K (1-gv3)(1-c)] t)T5 F

2

(22)

The following conclusions are drawn from these results: (1) The concentration dependence of the
mass enhancement (20) is not very strong, and use of the low-concentration formula leads to errors
of (25pc below c = 50%. (2) ln the low-concentration limit there occurs an additional T lnT cont»bu-
tion to the specific heat of the same order of magnitude as that predicted for pure Pd per 1% of added

i. The T term in the specific heat is predicted to be in the region of 1.3% of the phonon term for a.

1 jp alloy in this limit. (3) The T lnT term (21) will become increasingly ™portantas C —Ccrit.
temperature range over which this term is expected to show up is expected to decrease in this limit,
but its possible presence should be kept in mind when examining the experimental data for alloys
close to the critical concentration.

We are grateful to P. Lederer and D. L. Mills for sending us a preprint of their work. One of us
(S.D.) enjoyed a stimulating conversation with them on this subject.
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