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Experimental measurements of the specific heat and electrical resistivity of dilute P¢-Ni alloys have been
made at temperatures from ~1.2 to 4.2°K. Specimen compositions were 1.0-, 3.4-, 7.7-, and 12.8s-at. % Ni
for the specific-heat work and 0.67-, 1.3-, 2.0-, 4.0-, and 9.4-at. 9, Ni for the resistivity work. The specific-
heat data for each alloy are well fitted by a relation of the form C=~yT+8'T?3, the resistivity data by a relation
of the form p=po+4A4 72 The dependence of v, 8’, and 4 upon the Ni concentration ¢ may be expressed as
follows: y~1dy/dc=>=3 over the entire range of composition investigated; for the lower concentrations only,
(1/8) (@B’ /dc)~—3 to —7 and A7dA/dc=~28. The experimental results are used to evaluate current
theories of localized spin-fluctuation effects; qualitative agreement is good, although quantitative agreement

is very limited.

INTRODUCTION

HE electronic properties of exchange-enhanced
transition metals and transition-metal alloys
have been of substantial theoretical'™® and experi-
mental®3~2 interest in recent years. Several examples
of particularly interesting] experimental observations
include (1) the very strong concentration dependence
of the low-temperature electronic specific heat of
Rh-Ni alloys® and of dilute Pd-Ni alloys®®11:8; (2) the
anomalous temperature dependence of the low-tem-
perature specific heat of certain Rh-Ni alloys?; and
(3) the dominance and strong concentration dependence
of a 72 term in the low-temperature electrical resistivity
of dilute Pd-Ni alloys.® Theoretical interpretations®® of
the above (and other important) experimental results
have been given in terms of persistent-spin-fluctuation
effects; two closely related (but conceptually distinct)
theories have been developed.
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One theory, the “uniform enhancement” theory,?3%
assumes that the short-range intra-atomic Coulomb
repulsion between d electrons is the same everywhere
in the solid. This work is specifically applicable to
exchange-enhanced pure metals and has been extended
to the case of concentrated alloys by assuming that
the strength of the electronic repulsion is a function of
alloy composition (but is nevertheless the same every-
where in the solid).

A second theory, the “local enhancement” theory,* 7
has been developed specifically for the case of a host
matrix containing a single impurity atom. The basic
interelectronic interaction in this case is assumed to be
particularly large in the cell containing the impurity
atom. Appreciable short-range intra-atomic repulsions
between d electrons elsewhere in the solid may or may
not be taken into account, depending on the nature of
the host matrix. This work may be readily applied to
alloys in the dilute limit; an extension’ to the case of
more concentrated alloys has been carried out for
certain systems.

More recent theoretical work has dealt with a number
of important related problems, including (1) ¢nteratomic
exchange interactions'® between electrons, (2) Hund’s
rule coupling!®7 between electrons, (3) band-structure
effects,®1516 and (4) impurity scattering effects.18:9

Since current theories of spin-fluctuation effects
involve various highly simplified models as well as a
number of nontrivial analytical approximations and
assumptions, it is useful to provide additional experi-
mental data for use in evaluating these theories. The
present work on the specific heat and electrical re-
sistivity of dilute P¢-Ni alloys has been carried out
with this aim in mind.
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F1G. 1. Specific heat of dilute Pt-Ni alloys at low temperatures. (See Ref. 26 in regard to data for pure Pt.)

EXPERIMENTAL DETAILS

The more important details of specimen preparation
and characterization will be mentioned briefly. It may
first be noted that the specific-heat specimens and the
resistivity specimens were prepared and handled com-
pletely independently at all stages of the work; how-
ever, the constituent materials, methods of preparation,
and resultant characteristics for the two sets of speci-
mens were similar in several respects and a unified
discussion of these points is appropriate.

High-purity (99.999+9%,) Pt powder and Ni rod
were induction melted under argon, using high-purity
recrystallized alumina crucibles for the specific-heat
specimens and fused silica crucibles for the resistivity
specimens. One specific-heat specimen (1.0-at. %, Ni)
and two resistivity specimens (4.0- and 9.4-at. 9%, Ni)
were prepared separately; all other specific-heat speci-
mens were prepared from the 19, (or succeeding)
specimens by appropriate additions of Ni, whereas all
other resistivity specimens were prepared from the 49,
(or succeeding) specimens by appropriate additions of
Pt. All melts yielded cylindrical ingots—roughly 3-in.
diameter and % in. long for the specific-heat specimens
and roughly +%-in. diameter and i in. long for the
resistivity specimens. The former were each, in turn,

Taste 1. Specific heat of Pt-Ni alloys.

Ni
Concentration v g8’
(at. %) (m]J/mole °K2) (mJ/mole °K*)
1.0+0.15 6.76+0.09 0.1363-0.009
3.440.2 7.39+£0.11 0.1244-0.011
7.7+0.5 7.99£0.07 0.122-40.007
12.8;+0.25 9.13+0.11 0.11040.011

pressed in a hydraulic press to yield the flat faces
needed for the specific-heat specimen holder employed,
whereas the latter specimens were each, in turn,
subjected to appropriate swaging and drawing (as well
as intermediate annealing) operations to yield the wires
needed in the resistivity work. All specimens were
finally cleaned and annealed before measurements were
made. A 20-h anneal at 1200°C under argon was em-
ployed for the resistivity specimens and a several hour
anneal at 900-1000°C under vacuum was employed for
the specific-heat specimens.

The chemical compositions of the specimens are
given in Tables I and IT; these values were determined
by means of wet-chemical and/or x-ray fluorescence
analyses. The latter technique was also used to check
compositional homogeneity; only in the 7.7-at. 9, Ni
specimen was inhomogeneity detected. The uncer-
tainties in composition quoted in Tables I and II are
conservative estimates based on the probable limitations
of the analytical procedures and, in the case of the 7.7-
at. 9, Ni specimen, on the extent of compositional
inhomogeneity as well.

Specimen purity was determined by means of spectro-
graphic analysis. In the case of the specific-heat speci-

TasLE II. Electrical resistivity of P¢-Ni alloys.

Ni
Concentration A Po
(at. %) (1072 Q cm/°K?) (107° 2 cm)
0 15.440.6 8.02140.006
0.674-0.07 19.7+1.1 553.477+£0.012
1.340.1 21.341.2 1,134.7064-0.011
2.0+£0.15 24.6+1.2 1,645.5944-0.012
4.040.15 32.7£1.6 3,182.220+0.016
9.4+0.2 52.242.2 7,261.06240.023




1 SPECIFIC HEAT AND ELECTRICAL RESISTIVITY- .-

mens, the main impurities were found to be Fe, Si, and
Al. The concentration of Fe in these specimens was
typically a few hundred ppm, whereas the concentrations
of Si and Al were each in the 10-100 ppm range. The
resistivity specimens showed impurity concentrations
of less than about 10 ppm for any of the various ele-
ments that were detected, the sole exception being that
the 9.4-at. 9, Ni specimen showed a Si concentration
in the 10-100 ppm range.

The specific-heat specimens had masses of roughly
60-65 g (or approximately § mole). The resistivity
specimens were approximately 0.015-in. diameter and
~3 in. long.

The experimental procedures and equipment used
in the specific-heat work have been described else-
where.® The resistivity measurements were made by
standard potentiometric methods employing a six-dial
thermofree  potentiometer and a photoelectric
galvanometer.

EXPERIMENTAL RESULTS
Specific Heat

Specific-heat measurements in the 1.15-4.2°K range
have been carried out for a series of P{-Ni alloys having
the compositions listed in Table I. All individual data
points have been plotted in Fig. 1, in the usual C/7-
versus-72 format. It is clear from these plots that the
present data exhibit only the simple temperature
dependence which is usually found for the specific heat
of metals at low temperatures, namely, C(T)=+vT
+B'T3, where v and B’ are constants whose values
depend upon alloy composition (and whose interpre-
tation depends on the nature of the system and the
particular theory invoked). The basic data have ac-
cordingly been analyzed in terms of the above relation-
ship;Tthe “least-squares” values of v and 8, along with
their calculated statistical uncertainties (959, con-
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Fi16. 2. Concentration dependence of the electronic specific-heat
coefficient for dilute P#-Ni alloys. (See Ref. 26 in regard to data
for pure Pt.)

% C, A. Mackliet and A. I. Schindler, J. Phys. Chem. Solids 24,
1639 (1963).
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Fic. 3. Concentration dependence of the coefficient of the 7'
term in the low-temperature specific heat of dilute P¢-Ni alloys.
(See Ref. 26 in regard to data for pure Pt.)

fidence level), are given in Table I and Figs. 2 and 3.

In addition to the above noted explicit temperature
dependence, several other significant and unambiguous
features of the present experimental results may be
emphasized: (1) The electronic specific-heat coefficient
v increases essentially linearly with increasing Ni con-
centration c¢; the data yield [1/v(Pt)][dv(alloy)/dc]
=3, over the range of concentration investigated;
(2) the coefficient 8’ of the 73 term in the low-tempera-
ture specific heat decreases significantly with increasing
Ni concentration; the data yield only the rather rough
estimate that, for the lower concentrations, [1/6'(Pt)]
X[dB’ (alloy)/dc]~—3 to —1.

Electrical Resistivity

Electrical-resistivity measurements in the 1.3-4.2°K
range have been made for pure Pt and for a series of
Pt-Ni alloys having the compositions listed in Table II.
The basic p(T) data are given in a convenient form in
Fig. 4 and have been analyzed by means of the relation-
ship p(T)=po+AT? where p; and 4 are constants
whose magnitudes depend upon alloy composition.
(An attempt was made to fit the present data by in-
cluding a 7 lattice contribution? in addition to the
two given terms. However, the values of the coefficient
of this term obtained thereby were not statistically
different from zero for any of the resistivity specimens,
and such a term was therefore not employed in fitting
the present data.) Values of po and 4, as determined by
a computer program for “least-squares” curve fitting,
are given in Table II, along with the 959, confidence-
level uncertainties.

The parameters pp and 4 are plotted as functions of
composition in Fig. 5. It may be observed that A4

# R. J. Berry, Can. J. Phys. 45, 1693 (1967),
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increases strongly with increasing Ni concentration;
the data for the lower concentrations yield [1/4 (Pt)]
X[dA (alloy)/dc]~28. (It may also be observed that
po is a very smooth function of composition; this
behavior is entirely consistent with the previously
quoted high specimen-purity and alloy-composition
determinations.)

Finally, it should be mentioned that the error in the
determination of the form factor for any given specimen
has been estimated as approximately 39%,, whereas the
quoted statistical uncertainties range from approxi-
mately 4 to 539, for the values of 4 and from approxi-
mately 0.1 to 0.0003%, for the values of p.

DISCUSSION

Since the P¢-Ni (transition-metal) alloys which have
been investigated are of the exchange-enhanced type,
the persistent spin-fluctuation theories mentioned in
the Introduction are directly applicable (in the appro-
priate form, of course), and the present experimental
results will be considered mainly in relation to those
theories.

And, in view of the comparative diluteness of all
alloys examined, it seems clear that the Jocal enhance-
ment theory should be applicable, particularly to the
results obtained at the lower concentrations. But before
proceeding to a detailed comparison of theory and
experiment, it may be noted that the nature of the
theoretical predictions depends significantly upon
whether or not the host matrix itself is assumed to be

exchange enhanced. Since pure Pt is apparently only
rather moderately exchange enhanced (the Stoner
factor? is =5/3), it may be appropriate to consider the
theoretical predictions obtained for both alternatives
(i.e., both with and without host enhancement) in those
cases where such calculations have been made.

Specific Heat

The effect of strong local exchange enhancement
upon the electronic specific heat of dilute transition-
metal alloys was first considered by Lederer and Mills.®
They dealt with the single-impurity case and assumed,
in particular, that the intra-atomic repulsion between
d electrons was especially large in the cell containing
the impurity atom, but was insignificant elsewhere.
Their calculation yielded the prediction that the linear
term in the low-temperature electronic specific heat of
dilute alloys would increase strongly with increasing
impurity concentration. (They also noted that the first
correction to the linear specific-heat term would be
proportional to 7%, but they gave no details.) Their
detailed prediction (for the previously noted case of no
exchange enhancement in the host matrix) may be
expressed as follows:

dx(alloy) 3 3n(0)
- 2%*(0)’

1 dy(alloy) 1
. /

vy(host)  dc X(host)  dc

where v is the coefficient of the linear term in the
low-temperature specific heat, X is the spin_suscepti-
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FiG. 5. Concentratlon dependence of the residual resistivity and of the coefficient of the 7 term in the
low-temperature electrical resistivity of dilute P¢-Ni alloys.

bility, ¢ is the concentration of impurity atoms, 7(0)
is the bare band density of states at the Fermi level,
and #*(0) is the observed specific-heat density of states
of the host.

In comparing theory and experiment, it may be noted
that a strong increase in vy with increasing impurity
concentration ¢s observed experimentally—in quali-
tative agreement with the theory. But quantitative
agreement is very poor, as the following calculations
show. The present experimental results for v of Pt-Ni
alloys, plus the results of other investigators? for the
magnetic susceptibility of dilute P:-Ni alloys, yield
£=0.25 to 0.285, whereas the value of #*/% obtained
in recent band calculations? for Pt yields 3% (0)/2%*(0)
=1.5/1.46~1. The numerical discrepancy between the
experimentally obtained and the theoretically calcu-
lated values of £ is thus rather large. However, it is
expected® that 3x/2n* will constitute an upper limit for
¢ in those systems in which exchange enhancement in

2 F, M. Mueller, J. W. Garland, M. H. Cohen, and K. H.
Bennemann (unpubhshed)

% The authors are grateful to A. Thorpe and S. Sullivan, of
Howard University, for making magnetic-susceptibility measure-
ments on a number of specimens cut from the same wire as the
present resistivity specimens; these investigators’s results yield
(1/x) (dx/dc)>212. More recent work, by H. Launois [thesis,

University of Paris, 1969 (unpublished)], yield (1/x)(dx/dc)
=10.6242.6.

the host s important. Thus, in a very restricted sense,
the theory and experiment may at least be said to be
consistent, quantitatively.

The local-enhancement theory has also been applied
to the case in which exchange enhancement of the host
matrix ¢s considered important. Two different calcu-
lations have been carried out, one by Engelsberg e al.”
and one by Chouteau ef al.® Although these calculations
are basically very similar, they differ significantly in
several respects and will be considered separately.

The calculation of Engelsberg et al.” for local-
enhancement effects in a significantly exchange-
enhanced host predicts important changes in the
temperature dependence of the low-temperature elec-
tronic specific heat. They find, in part, that the linear
term [y7] will be modified such that

ldy ,s1adX

_'ydc X dc

L ~
<—> X3 (e-+3Io),
host

m

where vy, X, and ¢ are defined above; m*/m is the mass
enhancement factor for the host; x¢* is the reciprocal
of the Stoner enhancement factor for the host;
I=1—«¢; and o is a range parameter for the host
interaction.” On the basis of the present experimental
data for v and the previously quoted experimental
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data® for X of Pt-Ni alloys, and with m*/m=% and
I~2 (Ref. 22), the above relationship will be satisfied
for o~25. This value may be compared with the value
of 13 obtained for Pd-Ni alloys by Engelsberg ef al.”
and with the value of 6 obtained”* for pure Pd. (The
above value of ¢ for Pt-Ni alloys will be used later in
order to evaluate the theoretical prediction regarding a
T*® term in the electronic specific heat.)

The work of Engelsberg et al. also predicts low-
temperature electronic specific-heat terms having both
T3 and 7°InT dependences. The latter term (for the
alloys) is shown’ to be simply 3¢/27 times the corre-
sponding term for the pure host matrix. (y is the
localized enhancement parameter and is explicitly
defined below.) Since a 7% InT term is neither expected
nor observed in pure Pt, and since 3¢/27 is only ~1
for a Pt-69, Ni alloy for example, it follows that no
T3InT term is expected to be observed in dilute Pt-Ni
alloys in the liquid-helium temperature range nor is
such a term found experimentally.

In regard to the predicted 7% term, however, it may
be recalled that the present experimental results do
show a significant variation with composition of the
coefficient of the 7% term in the total specific heat. But
a change of some magnitude in the 7® (lattice) specific-
heat term is to be expected simply because of the
addition of impurity atoms to a host matrix, and it is
therefore appropriate to obtain, at this point, a rough
estimate of the sign and the likely order of magnitude
of such an effect. The desired estimate may be obtained
from calculations?> which consider the change in the
lattice specific heat due to the introduction of an
isotopic, substitutional impurity atom. In this case,
which may yield a crude estimate of the effect for an
alloy composed of the isoelectronic Pt and Ni atoms,
the change in the coefficient of the 7 specific-heat term
is given by (1/8")(dB'/dc)=~—%¢, where (1—e) is the
ratio of the atomic weight of an impurity atom to that
of a matrix atom. For Pt-Ni alloys, e=0.70 and (1/8")
X (dB'/dc)~—1, whereas the experimental data yield
(1/8")(dB'/dc)~—3 to —17. It therefore appears that
the observed changes in the 7% term are not due simply
to lattice-impurity effects; it is then appropriate to
consider the detailed predictions of the local-enhance-
ment theory.

The local-enhancement theory (for the case of sig-
nificant host enhancement), as applied by Engelsberg
et al.,” yields the following prediction for the coefficient
AB" of the spin-fluctuation-related 7% term in the
electronic specific heat:

27wt v (host) nd(1/7)3
Ap'=——X X — X,
40 (m*/m)host TFZX (K02+%Ia')3

where v, m*/m, k¢, I, o, and ¢ have been defined

2 A. M. Clogston, Phys. Rev. Letters 19, 583 (1967).

25 A. A. Maradudin, E. W. Montroll, and G. H. Weiss, in Solid
State Physics, edited by F. Seitz and D. Turnbull (Academic
Press Inc., New York, 1963), Suppl. 3.
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previously; 7. is the number of electrons per atom; T'p
is the Fermi temperature for the host; and 1/7 is the
localized enhancement parameter, defined by 1/y
=[1/x(host) J[dx(alloy)/dc]. The magnitude of the
predicted effect under discussion may conveniently be
expressed as follows:

[Frl S e

where the subscript SF again indicates the spin-
fluctuation contribution, and where previously men-
tioned values have been used for the various parameters,
along with?® ~(Pt)~6.5 m]/mole deg? B'(Pt)~0.15
mJ/mole deg?, Tr(Pt)~10° °K, and #,=10. It should
be specifically noted—and this is true not only for the
present paper but for the paper” dealing with Pd-Ni
alloys as well—that the 7% specific-heat contribution
under discussion is numerically evaluated by using, in
addition to other parameters, a value for ¢ which is
explicitly chosen to yield agreement between the change
in the linear (y7') term observed experimentally and
the change calculated theoretically from the theory
under discussion. Since the predicted 7° contribution
is far smaller than the observed effect (in both Pd-Ni
and Pt-Ni alloys), it seems reasonable to conclude, in
the light of the previous discussion, that neither the
change in the linear term nor the change in the 7% term
observed experimentally is adequately accounted for by
the local-enhancement theory, even in the presence of
exchange enhancement in the host matrix and with the
introduction of a host-interaction range parameter.

An alternative treatment of local spin-fluctuation
enhancement effects in an exchange-enhanced host
matrix containing dilute impurities has been given by
Chouteau et al.,® as was mentioned very briefly above;
some of the details of their work will now be considered.

The basic formula which the above authors quote for
the predicted changes in the low-temperature electronic
specific heat has precisely the same functional depen-
dence upon temperature as the results of Engelsberg
el al., although the two treatments differ significantly
not only in regard to certain analytical details but also
in regard to the nature and intended use of the param-
eters which occur.

Thus, Chouteau et al., write, for the extra specific
heat per impurity,

AC, 612 ag(@o—1)
=~ A’Yo(1+ —_——
T A

T2 T 42 T2
I — — );
T 5 Tried

26 Sources of data for v and 8’ of pure Pt include D. W. Bud-
worth, F. E. Hoare, and J. Preston, Proc. Roy. Soc. (London)
257, 250 (1960) ; M. Dixon, F. E. Hoare, T. M. Holden, and D. E.
Moody, bid. A285, 561 (1965); K. G. Ramanathan and T. M.
Srinivasan, Proc. Indian Acad. Sci. A49, 55 (1959). The value of
Tr(Pt) was obtained from the Fermi energy given in Ref. 22,

T
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the various parameters are defined (by Chouteau ef al.)
in terms of local and host-matrix interactions as well as
the host-matrix dynamic susceptibility, although these
authors do not employ the definitions to evaluate
T 10¢, T r(0y, €tc., from more basic parameters. Rather,
they use experimental data, along with the above
equation, to calculate values of the two ‘“‘characteristic
temperatures” just listed. Thus, for Pd-Ni alloys, and
within the framework of the above equation, they use
experimental data on changes in the linear and 7%
terms in the specific heat to calculate that 7'y, 10.(Pd-Ni)
~204-4°K.

A similar procedure may be followed for P{-Ni alloys,
in which case the present experimental results, when
interpreted in terms of the above equation, yield
T s 10e(Pt-Ni)~12-20°K, if no lattice-defect term in
the specific heat is included, or ~13-25°K, if the
previously mentioned crude approximation to a lattice-
defect term is included. [The range of values obtained
in each case follows from the use of (1/8)(dB’/d¢c)~—3
to —7.] Since the T's 1, parameter involves, in prin-
ciple, not only the properties of the host matrix (via
its dynamic susceptibility function) but also the
properties of the impurity atom (via a parameter which
measures the increase in the exchange interaction in
the neighborhood of the impurity), it is consequently
difficult to assess, on the basis of currently available
information, the significance of the approximate
equality of Ty 10 for dilute Pd-Ni and P¢-Ni alloys.

Electrical Resistivity

The effect of strong local-exchange enhancement
upon the low-temperature electrical resistivity of dilute
strongly paramagnetic transition-metal alloys was also
first considered by Lederer and Mills.* They calculated
the resistivity contribution due to the scattering of s
electrons by spin-density fluctuations in the ¢ band for
the case of a single impurity atom in a matrix with
significant enhancement. If the intra-atomic repulsion
between d electrons is especially large in the immediate
vicinity of the impurity atom—which seems to be a
reasonable assumption for Ni impurities in Pd and Pt—
then the d-band spin-density fluctuations will be
especially large around the impurity atom and strong
scattering of the s electrons will occur. The theory of
Lederer and Mills predicts a spin-fluctuation-related
resistivity contribution which is proportional to the
square of the absolute temperature, as would be ex-
pected for any electron-electron scattering process.
For sufficiently dilute alloys (i.e., for noninteracting
impurity atoms) this effect varies linearly with the
concentration of the dilute impurity. The propor-
tionality coefficient 4 of this 72 term is predicted* to
depend upon impurity concentration ¢ as follows:

A(e)=A[14Te2(8U/Uo)%],

where 4, refers to the host matrix; U, is a measure of
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the strength of the electron-electron interaction in the
host, and (Uo+8U) is the corresponding quantity within
a cell containing an impurity atom; I' is a parameter
which may be approximated?” in the present case as
~ingag® (where ng is the number of d-band holes and
o is the exchange-enhancement parameter in the host);
and, finally, « is a parameter which is most directly
expressed in terms of the real part of the frequency and
wave-number-dependent dynamic susceptibility func-
tion for the host, i.e., a7 1=1—8UXY_ 4 Xz (q,0).

In order to compare the above theoretically derived
relationship for 4 (c) with experiment, it is necessary to
obtain reasonable estimates for the values of the various
parameters involved. Since #4(Pt) 2829~0.4 holes/atom
and «o(Pt) 2~5/3, the value of ' is ~%. An estimate
of the entire factor a(6U/U,) may be obtained from
magnetic susceptibility data, since a straightforward
application of the theory under discussion yields* the
following relation for the concentration dependence of
the magnetic susceptibility:

(1/%)(dx/de)=a(8U/UqLUX(0)],

where X(0) refers to the host matrix. Since experimental
data for dilute Pt-Ni alloys and for pure Pt yield®?:#
(1/X)(@x/dc)~10%-12 and UX(0)=ay—1=%, the
second relationship above gives a(8U/U()~15-18.

Substitution of these estimates of T' and a(8U/U,)
into the relationship involving A(c) then gives the
theoretical prediction that

[4(c) Jse=[4 (Pt) JswX [1455¢]
or
(A_ldA /d(}) SFQSS ,

where the subscript SF serves to emphasize that this
relation concerns only the spin-fluctuation contribution.
The experimental results, on the other hand, may be
expressed as

L4(6) Jexpe=L 4 (Pt) Jexpe X (14 28¢)

or
(A™Y4A /d6)expi28

in which case it should be emphasized that the mea-
sured value of the 72 term in the low-temperature
electrical resistivity will have included all types of

27 The explicit form of I' is given in Ref. 4, wherein the presently
used approximation is suggested and discussed. (In order to avoid
confusion with the specific-heat parameter, the present paper
uses “I'”’ to designated that combination of quantities which Ref.
4 designates as ‘“y.””) The numerical factor of ~% used in the
present paper is based essentially on a rough estimate of the
diameter of the cylindrical d-hole surfaces in Pt (see Ref. 29) and
differs only slightly from the factor of ~% which was estimated for
Pd by Lederer and Mills (Ref. 4).

28 A rough estimate of 74 (Pt) was obtained from the size of the
T'-centered, closed electron surface in Pt [see Ref. 29 and, also,
L. R. Windmiller, J. B. Ketterson, and S. Hornfeldt, Jr., J. Appl.
Phys. (unpublished)].

# L. R. Windmiller and J. B. Ketterson, Phys. Rev. Letters 20,
324 (1968).
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electron-electron scattering—including those which do
not result in spin flips.

Two conclusions may finally be drawn regarding the
extent of agreement between theory and experiment
for the resistivity. On the one hand, the semiquanti-
tative agreement between the above theoretical and
experimental expressions for A4 (c) would suggest that
the spin-fluctuation contribution to the low-temperature
electrical resistivity of dilute P¢-Ni alloys is certainly
significant and perhaps dominant. On the other hand,
the factor-of-2 difference between the theoretical and
experimental values for (1/4)(dA4/dc) may be viewed
as at least qualitatively significant. In this case, the
theory and experiment taken together are consistent

SCHINDLER, AND GILLESPIE 1

with the presence of an additional, concentration-
independent contribution to the resistivity having the
form A'T? where A'~%[A4(Pt)]expt. A term of this
type and magnitude might well arise from non-spin-flip
(Baber) electron-electron scattering.
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B. L. GYorFFYt
Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830
(Received 1 December 1969)

The problem of finding the ensemble averaged Green’s function (G) which describes an electron moving in
the potential field of NV stationary scatterers is formulated in terms of multiple scattering theory. The
correlations between the positions of the scatterers are explicitly taken into account. By making use of the
quasicrystalline approximation and a generalization of the coherent-potential prescription, a procedure for
calculating (G) is proposed. Because of the use of the quasicrystalline approximation, it involves only the
radial distribution function of the scatterers in addition to the scatterer-electron interaction potential.
It is shown that the procedure reduces to the coherent-potential approximation for randomly distributed
scatterers, i.e., no short-range order, and to Korringa’s band-structure calculation for an order lattice. It is
pointed out that the method is applicable to the problem of electronic states in random alloys and that of

vibrational spectra of imperfect crystals.

I. INTRODUCTION

HEN a metal is in the crystalline state the
motion of its conduction electrons is reasonably
well understood in comparison with what is known
about their behavior after the crystal melts. The main
reason for this difference is that in the former case the
single-particle energy eigenfunctions depend on the
coordinates of all the ions only in a relatively simple
manner due to the Bloch condition. Since the structure
is periodic it is sufficient to solve the Schrédinger equa-
tion for only a single unit cell. The situation in a liquid
metal is much more complicated. The single-particle
energy eigenstates then depend on all the ionic coordi-
nates in an intricate fashion, and all the static correla-
tion functions that are necessary to describe the liquid
state in complete detail will enter into the problem.
The difficulty caused by the lack of translational
symmetry manifests itself right at the outset of a
* Research sponsored by the U. S. Atomic Energy Commission
under contract with the Union Carbide Corporation.

t Permanent address: The University, Sheffield, United
Kingdom.

calculation. In the crystalline state, the free-electron
model with an effective mass serves as a reasonable
starting point for perturbation theory in spite of the
fact that the interaction between electrons and ions is
not small. In the liquid state, the wave vector is not a
good quantum number and hence the effective-mass
approximation does not help. In principle, one is faced
with infinite order perturbation theory right from the
beginning. In fact it was an important advance, and
gave much impetus to current work on electrons in
liquid metals when Ziman' showed that one may start
from free electrons and use perturbation theory pro-
vided the ions replaced by a suitably defined pseudo
atoms whose interaction with the electrons is small and
therefore can be treated in low-order perturbation
theory.

A more fundamental approach to the problem has
been provided by Edwards.2® He considered the dy-
namics of an electron moving in the potential field of NV

1J. M. Ziman, Phil. Mag. 6, 1013 (1961).

2S. F. Edwards, Phil. Mag. 3, 1021 (1958).
*S. F. Edwards, Phil, Mag. 6, 617 (1961).



