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Mossbauer spectra for 9 Au and the alloy electrical resistivities have been measured for
ordered and disordered phases of Cu-Au and Ag-Au alloys. The alloy compositions span the
complete range ( 0-100)% Au. The change of isomer shift with pressure between - 0 and

65 kbar has also been measured for ordered Cu3Au. A theoretical model is given which de-
scribes the isomer shift in terms of the average atomic volume of the alloy, the short-range-
order parameters, and the alloy composition. The agreement between the model and our
measurements is good. Friedel oscillations are shown to be present in the electron charge
distribution in these alloys. An estimate of the relative contributions of alloy-volume and
short-range-order effects to the average electron charge density at the gold nuclei is given.

I. INTRODUCTION

To illustrate the nature and objectives of the mea-
surements to be described belom, let us imagine a
face-centered-cubic (fcc) alloy of metals x and y
and, for example, of composition x3y. For sim-
plicity in this illustration we will suppose that the
alloy may be prepared in either an ordered or in a
completely disordered state. In the ordered state,
x atoms will occupy face sites and y atoms will
occupy corner sites in the alloy unit cell. We shall
assume, too, that the average electron charge den-
sity over all of the y nuclei, (Ig„(0) I ), can be mea-
sured. At a particular y nucleus the charge density
lg„(0) I may be associated, in part, specifically

with the y atom itself and, in part, with contribu-
tions to be associated with the neighboring atoms.
Thus, for the ordered alloy, the nearest-neighbor
contribution to ( lg, (0) I ) will be due to twelve x
atoms, the next-nearest-neighbor contribution will
be due to six y atoms, etc. If, however, the alloy
is completely disordered, the nearest-neighbor
contribution to ( Ig„(0) I ) will now be due to nine x
and to three y atoms, the next-nearest-neighbor
contribution will be due to 4. 5 x and 1. 5 y atoms,
etc. Thus the change of ( lg„(0) I') due to this
change of atomic order mill correspond to replacing
three x atoms by y atoms in the nearest-neighbor
shell; to replacing 4. 5 y atoms by x atoms in the
next-nearest-neighbor shell, etc. It is our purpose
here to present measurements of ( lg, (0) I ) and to
show, through an approximate theoretical model,
how this charge density depends on alloy composi-

tion, atomic volume, and on changes of neighbor
configuration such as those described in the above
illustration. Through this theoretical model, in-
formation is obtained about radial electron. charge
density distributions surrounding the x and y atoms.

We describe, then, a study of the electron charge
density distributions for two binary-alloy systems
as a function of alloy composition and of short-range
order. The charge density measurements have
been made through the use of the Mossbauer effect'
for ' Au, and we have investigated the Cu-Au and
Ag-Au systems over the entire range of composi-
tions. As mill be seen, these systems are partic-
ularly suitable for this present study because of the
contrasting ways in which short-range order and
average atomic volume depend on alloy composition
and heat treatment. For the fcc Ag-Au system
the average atomic volume displays relatively little
dependence on composition and only disordered al-
loys may be prepared. ' ' By contrast, for the
(near fcc) Cu-Au system, the average atomic vol-
ume increases by about 30% in going from pure Cu
to pure Au ' and the alloys may be prepared in
both highly ordered and in strongly disordered
phases. ' '

In an earlier paper" we reported a study of dilute
alloys of Au dissolved in Cu, Ag, Pd, or Pt in mhich
we investigated a correlation between the charge
density at the gold nuclei (I(«(0) I') =—p,»»(0) and
the residual electrical resistivity due to the gold
impurity in the alloy. Here we describe a study of

p,»,„(0)for concentrated alloys of gold. The ear-
lier work was a study of the charge density within
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an impurity. The present work may be character-
ized, in part, as a study of the effect of an impurity
on the charge density distribution surrounding it in
the host metal.

In previous publications we have also described
studies of p,»,„(0)as a function of compression"
for pure gold and for Au2Mn. ' Here we describe
a similar high-pressure measurement of the volume
dependence of p,»,„(0)for ordered Cu, Au. This
high-pressure result is useful in the interpretation
of our present Au alloy measurements through the
theoretical model mentioned above.

There has been extensive interest in the experi-
mental and theoretical study of both the Cu-Au and
the Ag- Au alloy systems for a number of years.
For the Cu-Au system much information is available
about the order dependence of many alloy properties
because spatially ordered or disordered phases may
be conveniently prepared through suitable heat treat-
ment. ' '8 ln particular, the electrical resistivity
has been found to have a marked order dependence.
For example, the resistivities of Cu3Au and CuAu
have been found to change by large factors between
ordered and disordered states. This large change
of electrical resistance with order implies a corre-
sponding change of the conduction-electron wave
function and thus of the charge density distribution
which is the subject of this work. These earlier
investigations provide an essential basis for our
present study.

Previous investigations of charge density distri-
butions in dilute alloys have been made through NMR
measurements' and in concentrated alloys
through the use of x-ray scattering techniques. 6' 4

Mossbauer isomer-shift measurements 7 have
been used here to study the electron charge density
in concentrated alloys because the method is partic-
ularly sensitive to small charge density changes and
because it probes the alloy charge density over the
complete range of concentrations in a direct and
distinctive way.

The Mossbauer isomer shift 4E is the change in
the energy of the resonance y ray of a nucleus as-
sociated with a change in chemical environment or
state of spatial order. It is related to the average
electron charge density at the Mossbauer nuclei (in
our case, ' Au) by

Here E is a calculable constant, ' n is a parameter
which depends only on nuclear parameters, ' and

p,»,„(0) and pA„(0) are the average electron charge
densities at gold nuclei in the alloy and for pure
gold. In previous studies "we have given a value
for the constant Knp„„(0) of -8 mm/sec. Other re-
lated Mossbauer studies for ' Au are given in Refs.
30-38.

Alloy preparation and some details of the mea

surements are described in Sec. II, and in Sec. III
the results of the measurements are described. In
Sec. IV a theoretical model for b,E is given. In
Sec. V, ~E measurements for Ag-Au, for ordered
Cu-Au alloys, and high-pressure measurements
for ordered Cu3Au are discussed in terms of this
model.

Preliminary reports of our work on the Cu-Au

system have been presented previously.

II. MEASUREMENT PROCEDURE

AND ALLOY PREPARATION

A. Mossbauer Measurements

(2a)

II= 2p [Ig- gI(I+1)] . (2b)

ln Eq. (2a), 4E is the isomer shift as defined by

Eq. (1). As we have mentioned and as will be de-
scribed further in Sec. IV the charge density and
thus the isomer shift at individual gold sites is
expected to depend upon the local configurations of
neighboring copper and gold atoms. hE of Eq. (1)
will thus correspond to an average atomic config-
uration.

There will be a line broadening which also will
reflect the distribution of the possible neighbor con-
figurations in the alloy. For the empirical de-

The gold Mossbauer measurements reported here
were made at 4. 2 K using a sine-wave electro-
mechanical transducer. Data were collected in a
multichannel analyzer operating in a pulse- height
mode. Sources of the ' Au y rays were prepared
by neutron activation of platinum metal (enriched
to 55% ' 6Pt) in the Oak Ridge National Laboratory
research reactor. ' Pt is formed upon the cap-
ture of a neutron by "6Pt. The ' Pt decays with a
20-hhalf-life through the 77. 345-keV (2') first ex-
cited state of ' Au. The transition from this state
to the (2') ground state provided the p rays used in
these experiments. . Typical source strengths in-
cluding all y rays were about 1 Ci at the beginning
of an experiment. The velocity scale was calibrated
for each gold Mossbauer spectrum by simultaneous-
ly measuring a comparison six-line Fe spectrum
for an Armco iron absorber ' at (296 y3) 'K.

The result of a measurement of the gold Moss-
bauer absorption line for ordered Cu3Au at 4.2'K is
shown in Fig. 1. These data are typical of all of
the gold measurements to be presented with respect
to the number of measured points, their errors,
and in the quality of the fit of a theoretical line
shape to the data.

The Mossbauer spectra for these nonmagnetic
alloys were described by the spin Hamiltonians H*
for the first excited state and H for the ground state,
where
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FIG. l. ~97Au 1Vgssbauer absorption line for a 2. 13-
mil-thick sample of ordered Cu3Au at 4. O'K relative to
a Au in Pt source. The solid curve is the resultof a least-
squares fit of a Lorentz line-shape function to the mea-
sured points. This result is typical of measurements
described in this paper. The error in the isomer-shift
measurements is typically - 0. 01 mm/sec.

The gold absorber alloys were prepared in a
standard foil form so that electrical resistivity and
Mossbauer transmission measurements could be
made for each sample on the same sample area.

scription of the total line broadening we have used
a nuclear quadrupole couphng operator H [Eq. (2b)]
for the ground state. In this equation, I, is the z
component of the nuclear-spin opex'ator. The con-
stant p will reflect the distribution of atomic con-
figuxations through both the electric monopole and
quadrupole interactions. There will also be a small
contribution to p from sample thickness. This de-
scription is possible because p is smaQ compared
to our thin sample linewidth. This assumed form
for II is found to give a good description of our
Mossbauer spectra.

The solid curve in Fig. 1 is a least-squares fit
of Eqs. (2a) and (2b) to the experimental data, . This
fit was obtained using a computer code developed
by Czjzek of the Oak Ridge National Laboratory.
The code computes an error for the parameters
4E and p which reflects both the statistical errors
in the data points and also the quality of the fit.
This is the erxor which is quoted with the results.
In this fit to the data of Fig. 1, the natural line-
width used was 2I'= (1.846+0. 012) mm/sec. The
p was found to be zero within error, and the isomer
shift for this measurement was &Z = (8. 527 +0.009)
mm/sec relative to gold. This error of - 0. 01 mm/
sec is typical of our measurements. On the basis
of our result for Knp„„(0)-8 mm/sec and from Eq.
(1), this error in hE corresponds to an error in
the measurement of p,~»~(0) of 10 pA„(0).

8. Preparation of Ordered and Disordered Alloys

Heat treatments of the above type have been
widely used to produce ordered or disordered local
atomic environments for the alloy gold atoms.
Extensive literature is available ' ' ' ' for the
Cu-Au and Ag-Au alloy systems which coxrelates
heat treatment procedures and the degree of local
atomic order obtained. This oxder may be de-
scribed by the short-range-order parameters &&

through the relation

(n„)g=m„c,(1 —n)) . (Sa)

Here (n„), is the average number of x atoms in the
ith shell of neighbors about a central gold atom (for
a Au-x alloy), m„ is the atomic fraction of x atoms
in the alloy, and c& is the total number of atoms in
the ith shell of neighbors. The a& describe the de-

For each foil all dimensions were measuxed to and
were uniform to at least 1%. The absorber alloys
were produced by the are melting in an ax gon at-
mosphere of high-purity (99. 99fq) Cu, Au, and Ag
metals. The constituents of each alloy were melted
and cooled many times and then drop cast (poured)
into a water-cooled cylindrical mold. The alloy
cylinders were annealed in an inert atmosphere for
5 days within 50'C of their melting points. From
the annealed cylinders, strips were cut lengthwise
and then rolled to a thickness of 2 mil with inter-
mittent annealing. Compositions of sevex al of the
alloys were checked by chemical analysis by John-
son Matthey Chemicals Limited and were found to
agree with our values within —,

' at. %.
The alloy foils wexe ordered by extended heating

in a flowing argon atmosphere. The aQoys were
first subjected to a 100-h anneal at 368 'C and then
allowed to furnace cool to 250'C. This tempera-
ture was maintained for 120 h after which the sam-
ples were quenched into water at room tempera-
ture. The technique described here corresponds
to that used by Feder, Mooney, and Nowick. '
Their lattice parameter measurements indicate
that the length of these heat treatments was suffi-
cient to establish equilibrium order at 250'C. In
each case the alloy state of long-range oxder was
checked by a comparison of our resistivity measure-
ments with those of Johansson and Linde (see Fig.
2). Alloy foils were put into a disordered state by
a vacuum-quench technique. Each foil was sus-
pended in a vertical vacuum furnace at the quench
temperatux'e T@ for at least 30 min. The sample
(with a weight to ensure fast immersion) was then
dropped in vacuo into a bath of vacuum-pump oil at
room temperature. Af ter these heat treatments,
the Mossbauer isomer shift of the Au nuclei was
measured on the central portion of the foils at 4. 2
'K. Resistivity measurements were made on'the
same samples at 296, Ia, and 4. 2 'K.

C. Short-Range Order of the Alloys



2150 HU RAY, ROBERT S, AND T HOMSON

15
I I I I I

MEASURED AT 4.2NK By~no-'&-ou MEASURED AT 23'C
(QUENCH FROM 600'C) ~N (QUENCH FROM 600'C)

IP

~/
~~

10E
(3

I—)
(0
V)
LID

5

I/
I MEASURED

(ANNEALE

BUIIYE BY JB

l /
LINDE —NEJ,

(QUENCH FR

FIG. 2. Electrical resistivity for
Cu-Au alloys as a function of com-
position, and state of order at 4. 2 'K,
and also for disordered alloys at
296 'K.

0
Cu

10 20 30 40 50 60 70
Au IN Cu (at. Io)

80 90 100
AII

viation from total randomness, and n& =0 corre-
sponds to a completely random alloy.

No measurements of +& have been made for or-
dered Cu-Au alloys as a function of composition.
Cowley, however, has described' a technique for
calculating values of n& as a function of composi-
tion for alloys which contain a maximum degree of
long-range order. Values of the o.;, determined
from this calculation, may give a useful approxi-
mation of the actual values of &; which are ob-
tained from the above extended anneal and quench
from 250 C. Values of e; for the ordered alloys,
calculated through the use of the Cowley model, are
given in Table I. The calculation is briefly de-
scribed below.

Long-range order exists in an alloy if the value
of the parameter n& does not approach zero, but
approaches a finite limiting value as i becomes very
large. Bragg and Williams have described the
long-range order through a parameter S which
varies between 0 and 1 and which indicates to what
degree the average lattice sites of an alloy are oc-
cupied by the correct atoms. The relations between
the limiting value of the short-range-order param-
eter a& and the long-range-order parameter S de-
pend on the nature of the ordered structure and the
composition of the alloy. Cowley has given an ex-
pression for the limiting values of n& for the CusAu-

type lattice structure in terms of S as

2
+Ieeen= 3S /16m+nmcn

Cu~Au structure. (3b)
O'I n„A-—S 16m Anmon

(Note that Cowley defines a long-range-order pa-
rameter Sc,„„„,which is related to the Bragg-
Williams long-range-order parameter S, by Sc j y

TABLE I. Approximate short-range-order param-
eters and relative atomic volumes.

Alloy

Limiting values
(z =0)'

Relative atomic
volume

(vA, /v)

Alloys with a maximum degree of long-range order

Cu

Aup5CQ95

AugpCU9p

Au(5Cu85

Au)pCU8p

Au25CU&5

AuspCuvp

Au»CQ6~

AU4p Cuep

AU45CU55

Al15pCugp

Aur )CU45

AQ6p CU4p

AU65CU»

AU7p CU3p

Aug' CQ2)

AU8p CU2()

AU85 Cugs

Auep Cusp

Aue)Cup)
Au

0
—0. 053
—0. 111
—0. 176
—0.250
—0. 333
—0.259
—0. 206
—0. 222
—0. 273
—0. 333
—0. 273
—0. 222
—0. 179
—0. 143
—0. 111
—0. 083
—0. 059
—0. 037
—0. 0"9

0

0
0. 159
0. 333
0. 529
0. 750
1.000
0. 778
0. 619
0.667
0. 818
1.000
0. 818
0. 667
0. 538
0. 429
0.333
0, 250
0. 176
0. 111
0. 053
0

1.4377
1.4052
1.3739
1.3434
1.3139
l.2835
1.2578
1.2328
1.2085
1.1878
1.1677
1.1479
1.1288
1.1103
l. 0923
1 ~ 0742
1.0567
1.0417
1.0271
1.0134
1 ~ 0000

Alloy quenched from temperature Tg (Tq ——8pp C)

Aug5CU75 —0. 273 0. 450 1.2826

Reference 5.
Reference 4.

= 3S/16m„„mc„ for Cu, Au alloys and SC,„„,=S/4
xm„„mc„for CuAu alloys. ) For a layered but near-
ly fcc-type lattice structure (the approximate con-
figuration for alloys with compositions near CuAu)
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the Cowley model may again be used to express
the limiting values of a& as a function of the Bragg-
Williams long-range-order parameter S as

2
+g even ~ /4m+Urn ou

Cu Au structure. (3c)
a, , = —SQ/12m„„m „

These values for S have been checked experimen-
tally for the CuQAu-type alloys (mc„= 0. 20, 0. 23,
0. 28, 0. 30, and 0. 34) by Jaumot and Sutcliffe'Q us-
ing x-ray diffraction and are found to agree with ex-
periment within error.

Equations (3b)-(3d) describe the limiting values of
the short-range-order parameter n&, as a function
of composition, for those alloys which have a max-
imum degree of long-range order. For the Cu-Au
alloy system, the phase diagram ' suggests that
for low temperatures the CuIAu-type lattice exists
for compositions in the range 0 —mA„—-0. 3V and
that the CuAu-I-type lattice exists for composition
in the range -0. 3V &mA„—1.00. Breaking the total
composition range into four subranges and using
Eqs. (31)-(3d), we thus arrive at the following ex-
pressions in Eqs. (3e) for the limiting values of n,
in the ordered Cu-Au alloys:

QQ 3 CKg mph/mop
1

QQ — 3 (xg — m (,g /9mgg

1
QQ 3 +g mAg/3mcg

for 0 —m„„—0. 25,
for0. 25 —mA —0 3V

(3e)
for 0. 3V &m „„—0. 50,

1
&Q= —

Q o'~= —mcus/3m~u for 0. 50~m„„~1.0 .

Here no describes all shells of neighbors for which
the index i is an odd integer, and a, all shells for
which i is even. At low temperatures, and for an
alloy which has a maximum degree of long-range
order, we shall take o.'&= 0,'0 and &2= n, . These
are the values given in Table I.

The order parameters for the infinitely dilute al-
loys are exact. This is also the case for CusAu and
CuAu in so far as they have complete long-range
order. The order parameters which are given in

In this approximate calculation the effects of lattice
distortion and antiphase domain boundaries found
for CuAu are neglected.

The maximum value for the Bragg-Williams long-
range-order parameter S (corresponding to the
maximum degree of long-range order in an alloy)
is a function of the composition of the alloy. Kriv-
oglaz has given this maximum value as

S m=4mcu for 0 —mcu 0. 25

S 4 f 0 25 0 3V
CueAu structures ax 3 m+„ for 0. 25 —mell —0. 3V

(3d)
Smm = 2 m cu for 0. 3V & m « —0. 50

f 0 50( + ] 00 CuAu structure

Table I are thus expected to be good approximations
near these compositions.

In the case of disordered alloys, many experimen-
tal and theoretical studies have been made to de-
termine equilibrium values of n& for Cu-Au alloys
at temperatures above the critical long-range-order
transition temperature g. These high-temperature
values of n& are not expected to be "frozen in" by
even a fast quench to room temperature. The re-
sistivity measurements of Schule, the x-ray mea-
surements of Boric and Warren, and the heat-re-
lease measurements of Hirabayaski et al. indicate
that the n& for CusAu change from their equilibrium
values at high temperatures during the quenching
process to room temperature. For the disordered
systems, the only available value of n, relevant to
our measurements is for Cu3Au. This value was
obtained by Moss from room-temperature measure-
ments on a sample disordered at a temperature of
800 C and quenched to room temperature. This
room-temperature value, which is also given in
Table I, is assumed to apply at 4. 2 K where our
isomer-shift measurements were made.

III. MOSSBAUER ISOMER-SHIFT AND ELECTRICAL
RESISTIVITY MEASUREMENTS

A. Isomer-Shift Measurements as a Function of Composition
and Order for Cu-Au Alloys

In Fig. 3 we give the results of the isomer-shift
measurements for the ordered and disordered
phases of the 23 Cu-Au alloy compositions studied.
The 4E measurements were made at 4. 2 'K. In
this figure the isomer shift is given relative to
gold. The straight line- shown connects the pure-
gold isomer shift with the extrapolated value of
(4. 049+0. 005) mm/sec for an infinitely dilute solu-
tion of Au in Cu. For this case of an infinitely di-
lute solution of Au in Cu and on the basis of our re-
sult for ECnp„„(0)-8 mm/sec, the fractional change
of charge density [p,»„(0)—p„„(0)j/p„„(0)-0.5.
Thus, in going from pure gold to the infinitely di-
lute solution the charge density at the gold nucleus
due to the conduction electrons increases by -50%.

In Fig. 3 the open circles give 4E for the ordered
alloys (annealed at 250 'C) and the solid circles cor-
respond to the "disordered alloys" (quenched from
600 C). The errors in the measurements of
dE (-0.01 mm/sec) are much smaller than would
be indicated by the size of the plotted points. The
isomer shifts for the ordered and disordered phases
are close together in value below -10% and above
-70%%uQ gold in copper. The difference between the
isomer shifts for the two types of heat treatments
(degrees of order) is largest near the compositions
Cu3Au and CuAu. For all compositions, the more
highly ordered phase is found to have the more pos-
itive isomer shift within experimental error. From
Eq. (1), this corresponds to a greater electron
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FIG. 3. Mossbauer isomer shift fear ~9~Au as a func-
tion of composition and state of order for Cu-Au alloys.
Measured points for ordered alloys (annealed at 250 C)
are open circles. Solid circles are the measured isomer-
shift values for disordered alloys (quenched from 600'C).
The isomer shift, and thus ) $(0) ) 2, is greater for the
more highly ordered state. The solid straight line is
used as a reference for the data which are replotted in
Fig. 4. Through the use of an approximate model for
the isomer shift, Secs. IV and V, an estimate of the
isomer shift which would be expected for a totally random
alloy was made. This estimate bE~~ is considerably
below the observed isomer shift for thedisorderedalloys.
This indicates that a substantial degree of short-range
order remains in these disordered samples. Using this
same model, estimates have been made of the effects of
alloy atomic volume AE~»~e and of scattering AE~«te&~
on the alloy isomer shift. ~~,~~e is larger than

~scatting for Cu-Au alloys.

charge densityii, ia, si, 38 at the gold nuclei for the
more highly ordered state.

In order to more easily see the detailed behavior
of AE with composition and heat treatment, the
straight line of Fig. 3 has been subtracted from all
the data points. This difference 5 (hE) is plotted
in Fig. 4. The solid line in this figure is the pre-
diction of a model for AE [or p,»„(0)]given in
Secs. IVand V. From Fig. 4 we see that the change
of b, E between the ordered and disordered phases
for Cu~Au and CuAu is about 0. 2 mm/sec. Taking
E'np„„(0)= 8 mm/sec, this decrease of a.E corre-
sponds to a fractional decrease of charge density
4 p,»„(0)/p„„(0)of 0. 025.

As has been shown by Clapp and Moss, ~ and as
we have discussed above, the heat treatments which
we have used can produce highly ordered alloys but

yield quenched alloys which are only partially dis-
ordered. It is expected that the change of 4E and
of p,»,„(0)between perfect order and total random-
ness would be larger than the changes we have ob-
served. An estimate given in Sec. V of 4E for to-
tal randomness is shown in Fig. 3 as AE„,d,

B. Isomer Shift for Cu3Au as a Function of
Quench Temperature

In Fig. 5, the measured values of the Mossbauer
isomer shift are given for CusAu as a function of
quench temperature T for T both above and be-
low the critical long-range-ordering temperature
T, . With increasing T a sharp decrease of 4E
is observed at T, . As noted above, this behavior
corresponds to a decrease of p,»„(0)at the critical
temperature. The dotted curve is an interpolation
between the measured points. The fractional
change in 4E observed in Fig. 5 is relatively small
in contrast with that of the electrical resistivity in
Fig. 2 which changes by a large factor with T as
T goes through T, . The point x in Fig. 5 is a
prediction of a model for AE [or p,»„(0)] given in

Secs. IV and V.

C. Isomer Shift for Ag-Au Alloys

In the case of the Ag-Au alloy system previous
work has indicated that the 250'C heat treatment
used for the Cu-Au alloys does not lead to appre-
ciable spatial order. It was thus of interest to
measure 6E for 1% Au in Ag, Ag3Au, and AgAu
after (a) an anneal at 250 'C for 120 h and then (b)
after a quench from 600 C. The values for 4E for
these measurements are given in Fig. 6. It may
be seen that within experimental error 4E is inde-
pendent of these heat treatments and also that b E
is linearly dependent on composition. The signifi-
cance of this linear dependence will be discussed
in Sec. V.

D. Measurement of Isomer Shift for Ordered Cu3Au
at 65 kbars

A measurement of 4E has been made for ordered
CusAu at 4. 2 K and at applied pressures P of 0
and of 65 kbar. The equipment and procedures used
for this measurement have been described previ-
ously. '2 The change of metallic volume hv/vo as
a function of P may be discribed by

4 v/vo = aP+ bP

where a = 3/(c»+ 2c,z), and in a model suggested by
Slater, b = Sa . Flinn has measured these elastic
constants at 4. 2 'K and has given the values
c„=(1.893a 0.015)x 10' dyn/cm and c,2

=(1.319+0.015)x10' dyn/cm3 . The results from
these measurements along with some results taken
from a more extensive study for metallic gold are
given in Table II, and discussed in Sec. V.
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FIG. 4.The reference straight line of Pig.
3 has been subtracted from the data points
and this isomer-shift increment t5~ has
been plotted here on an expanded scale.
The solid line shows a fit of the theoret-
ical model for the isomer shift given in
Secs. IV and V to the data for the ordered
alloys.
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0
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E. Mossbauer I.inewidth

As we have discussed in Sec. II, the linewidth for
the alloys has been discribed. empirically thxough a
quadrupole coupling operator Eq. (2b). In Fig. V

the empirical width parameter P is plotted for both
the ordex'ed and disordered alloys. For CusAu, P
is zero within experimental error, and near CusAu,

p is smaller for the ordered than for the disordered
state. In the region of the layered CuAu structure,
p is large and changes only by a small amount with
the degree of order, and is less for the disox'dered
state.

Thus far we have made only a preliminary theo-
retical study of the experimental line shape. For
the case of disordered Cu3Au a distribution of the

local atomic configuxations has been calculated for
an assumed random alloy. Using the model for 4E
in Eq. (18) of Sec. IV and this distribution of atomic
configurations in Eq. (18), the line shape has been
calculated and compared with the experimental line

shape. This procedure gave a remarkably good fit
to the experimental data. The result is somewhat
accidental, however, for we do not expect the actual
alloy to be totaQy disordered. The above calcula-
tion for a random alloy probably gives an overesti-
mate of the contribution of the monopole interaction
to the linewidth. As we have discussed above,
quadrupole coupling effects will be expected to con-
tribute to this linewidth also. To calculate the line
shapes for the concentrated alloys we will require
detailed information about the distribution of neigh-
bor configurations. Vfe have not undertaken this
calculation. .
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F. Electrical Resistivity of Cu-Au and AI-Au Alloys

In addition to the above measurements of AE, we
have measured the electrical resistivity of the
Mossbauer alloy sample for each composition and
heat treatment. Care was taken to make these re-
sistivity measurements for the same area of the
sample foils as that through which the Mossbauer y

2.0
200 300 400 500 600 700 800

QUENCH TEMPERATURE {4C)

FIG. 5. Gold lVSssbauer isomer shift for CusAu as a
function of quench temperature Tg. The dotted curve is
suggested pictorial interpolation through the experimen-
tal points. It does not represent any theoretical model.
A rapid change of isomer shift with Tq is observed near
the critical long-range-ordering temperature T~ =395 C.
Point x was calculated from the model fox' the isomer
shift given in Secs. IV and V using order parameters mea-
sured by Moss for the quenched sample {see Table Q.

Au
Au

CusAu

Cus

Px'essux'8
(kbar) (~au~&)

l. 000
l. 034
1.284
1,341

)ATE (mm~ sec)
Relative to Au in Pt

—l.220+ 0. 005
—0. 990+0, 020

2.311+ 0. 016
2. 626+ 0. 027

TABLE II. Mossbauer isomer-shift measurements
at 4. 2 'K for goM and ordered CusAu at 0 and 65 kbar.
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FIG. 6. Isomer shift for ~9~Au in Ag-Au alloys as a
function of composition and heat treatment. A linear de-
pendence of the isomer shift on composition is predicted
by the theoretical model of Secs. IV and V.
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rays were passed. The resistivity measurements
were made at 4. 2, 77, and at 296 K. The results
of some of these measurements are given above in
Fig. 2. Measurements of this type were first made
by Johansson and Linde at 293 'K. Our room-
temperature measurements agree very well with
their work. As far as we are aware, resistivity
studies at 4. 2 K over the complete range of com-
position and order have not been reported previ-
ously.

The electrical resistivity of Cu3Au as a function
of quench temperature Tz for T & T, is given in
Fig. 8. These measurements were made at 4. 2,
77, and 296'K. The 23'C measurements show a
minimum in the resistivity for T+ near 450'C.
Above T, the isomer shift and the resistivity are
seen to have a similar dependence on T.

9.20
400 500 '600 700 800

QUENCH TEMPERATURE ( C)

900

FIG. 8. Electrical resistivity in pQcm for CueAu as
a function of quench temperature T~ ('C). Resistivity
measurements were made at 4. 2, 78, and 296'K. The
resistivity is lower for lower T~. Dotted curves are a
suggested pictorial interpolation between the points.

Values of the electrical resistivity for AgAu and

Ag, Au after a quench from 600 'C and after an
anneal at 250 C have also been determined at 4. 2,
77, and 296'K. These results, given in Table III,
show no change of resistivity with heat treatment.

These resistivity measurements are helpful in
giving assurance that our samples have the expected
compostion and degree of order. They will be
useful also in obtaining parameters for a pseudo-
potential treatment of these isomer-shift measure-
ments. "' '
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FIG. 7. The Mossbauer line broadening for thin samples
is described approximately as a pseudoquadrupole cou-
pling. Measured values of the coupling parameter p are
given here as a function of composition for ordered and
disordered Cu-Au alloys.

IV. A THEORETICAL MODEL FOR THE ISOMER SHIFT
FOR THE CUBIC BINARY ALLOYS

In this section, we describe an approximate theo-
retical model for the isomer shift ~E which gives
an explicit dependence of 4E on alloy composition,
average atomic volume, and on short-range order.
In order to indicate the nature of the approximations
which will be made we will begin with a wave func-
tion which is exact in a single-electron description,
and trace the development of the model which we
compare with our measurements in Sec. V.

The normalized wave function for an electron at
a point r in the alloy and with a state index k,
g,»„,g (r), may be written as a superposition of an

incident wave g, g(r) and of waves scattered from
potentials located at atomic sites j, g, g, /(r —r/),

4.»....-(r) = 4...-(r)+~ 4..', / (r - r/) . (4)
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r& gives the position of the nucleus of the jth atom.
If we neglect small product terms of the form
g,*a &(r —r&)g, t ~, (r —r~. ) due to the scattered
waves from. potentials located at r~ and rz, (j &j'),
the probability density at a point r in the alloy
may be written as a sum of densities

p.».,(r) = p.(r)+Z p&(r r—~) .

Here,

pa»og(r) —fji s(k)
I kallog, a(r) I

p, (r)= J n(k) Ig, „-(r)
I

d k,

Pl(' '1-) = fz"(k) l2 Ik.*.a(') &"a, y(r —r~) I

+ Ig„f„.(r —rz)I ]d 0,

(6a)

(6c)

where n (k) is the density of states and the integrals
are over the volume F of occupied states in k space.
The density term neglected above is expected to be
small compared to p& (r —r&), as will be discussed
in Sec. V.

When choosing a convenient form for the incident
wave g, a (r), it is useful to consider the spatial
configuration of atomic positions in the alloy. For
a binary solid solution where the component metal
atoms have different radii, the atoms wiD, in gen-
eral, fall at positions which are at small random
displacements from the sites of a reference or
average lattice that has translational symmetry.
For an alloy of Au with a metal@, the position vec-
tors r& and r, will denote Au and x nuclear positions.
We now consider a hypothetical sample of pure
but distorted metallic gold which is prepared by
replacing all x atoms at the r, sites by Au atoms.
In this replacement the spatial configuration of nu-
clear positions of the alloy, defined by the set of
r& and r„ is to remain unchanged. We shall fur-
ther suppose that the quantum-mechanical problem
for this distorted configuration of gold atoms has
been solved and that the wave functions for the

In Mossbauer measurements the isomer shift
depends on the average electron charge density at
the gold nuclei in the alloy P~„„(0). Thus

Pal log(0) +Au ~ Pallog (rA )
Au

Sj,tes

(6)

where NA„ is the number of gold atoms in the sam-
ple. This may be written in the form

P 11o (0) P (0) + ~!I. (11A )1 PA (+1)+(%)1P (1 1)]

(~)

(10a)

PA (rA
Au j=1

Sit8

(lob)

valence band, or continuum of states, has been ob-
tained. We take an incident wave, g, f (r) of Eqs.
(4) and (Gb), to be one of these eigenstates for dis-
torted metallic gold.

For the actual alloy, the potential associated
with a gold site r& is expected to be similar and
close in magnitude to the potential found at that
same site in the distorted gold metal. Qn the other
hand, the potential associated with an x atom site
r, in the alloy will, in general, be quite different
from the potential at that site in the distorted gold.
Thus in the theoretical description of the alloy,
(, „(r) will be scattered at both gold and x atomic
sites, but the scattered charge density p„„(r—r&)

[Eq. (6c)] associated with scattering at gold sites
is expected to be less in magrutude than the
p, (r —r, ) associated with x sites.

From Ell. (5), the probability density at some
specific gold nucleus located at r„„in an alloy of
Au with metal x ls

P 11o (rA ) P (rA )+~~ PA (A. —

+ Q, p„(r„„-r, ) . (7)

TABLE III. Electrical resistivity of the Ag-Au
alloys at 4. 2, 77, and 296'K.

Pg(1$) +g, l 2 + Pg(rAu rl )
Ag g=g

Si t8@

(10c)

Alloy

Measurement
temperature

('K)

4.2
77. 0

296. 0
4.2

VV. 0
296. 0

Resistivity
(p,Q cm)

quenched from
250oC

6.73 + 0. 07
7, 10+0.07
8.62+ 0, 08
8. VV+ 0. 09
9.18+ 0. 09

10.84+ 0. 11

Heslstivlty
(pQ cm)

quenched from
600 C

6.69+ 0. 07
V. 05+ 0. 07
8. 59+0.08
8.75+0.09
9.17+0.09

10.86 + 0. 11

@Au& + 1 Au 1 +Au(+Au )1 r
Ag

si tee

(10d)

Ng 1
—— Q ng, 1 RAu ( ng ).—-1 .

Ag
Si tee

(10e)

In Eqs. (10b) and (10c), the P is a sum only over
those Au sites r& or those x sites r, which are in
the fth shell of neighbors to a gold atom (nA, );.
and (n„), are the average numbers, for the entire
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tion U(r) surrounding every gold nucleus in the
metal is the same for 0&r~-2 a.u. and that U(r)
is constant in the region between these "cores. "
The W-S radius for copper is Rc„=2.67 a.u. It
is thus reasonable to assume that in the distorted
gold (as in the Cu-Au alloys) no internuclear sepa-
ration will be less than - (R„„+R c„) or - 5. I a. u.
Thus, even in the hypothetical distorted gold, the
displacement of the atoms is small relative to the
extensive outer region of the atom where U(r) is
approximately constant. The incident wave will be
taken to have the form

r, Atomic Units

FIG. 9. Large component of DWSS wave function am-
plitude for the gold 6s~y2 atomic state beyond the outer-
most node as a function of radius in a.u. W-S cell radius
here is 3.00 a.u. units, the value for pure gold (see Ref.
54)

sample, of gold atoms or of x atoms in an ith shell.
For any shell nA„, +n„,=c, (see Sec. IIC). Equa-
tions (lod) and (loe) are thus simply related. r;
is the radius of the ith shell in the average lattice
of the alloy. The quantities p, (0), p, (r, ), and

pA„(r, ) will, in general, depend on alloy composi-
tion, state of order, and on the parameters of the
average lattice.

Within the single-electron approximation, and

apart from the above omission of small interference
terms, the above theoretical framework is exact.
In order to compare Eq. (9) to our isomer-shift
measurements we will make several additional ap-
proximations.

As we have mentioned above, in the alloy,
y, -„(r) will, in general, be scattered at both Au and

x sites. At an x site in the alloy the ion potential
will be quite different from the potential at this
site in the distorted gold and I g,(r ) I/I' $,(r) I may
be appreciable though small relative to 1. At a gold
site, however, the gold ion potential in the alloy and
in the distorted gold may be expected to be more
nearly the same and the scattering of g, ~(r) at
gold sites is expected to be relatively weak. On

this basis we assume that p,(0)» p„(r,)» p„„(r,) and
we shall neglect the term in p~„(r;) in Eq. (9).
Equation (9) then becomes

p 1jo,(0) = p.(o) +&;& n.&;P.(r~)

In the following, the incident wave g, f(r), and
thus p,(r„„)and p, (0), will be treated approximately
in terms of a Wigner-Seitz (W-S) model. As is il-
lustrated in Fig. 9, the W-S function for gold U(r)
is nearly constant in the outer region of the atom.
In the range 2 ~ r ~ 3 a.u. , U(r) is constant to within
=I'Pc of the value 0. 352 for pure mettallic Au. Here,
the W-S radius is RA„= 3.00 a.u. We shall assume
that, for the distorted gold, the 6s W-S wave func-

q, -„(r)= e"' Z (12)

within a gold atom at r~ in the distorted gold. The
V in Eq. (12) is the volume of the alloy sample.

The normalization of g, ;(r) is such that one
electron of each spin projection may occupy each
k state. In the distorted gold a W-S cell may be
associated with each site r&. This cell will be a
distorted polyhedron of volume v&. The normali-
zation of U(r) is taken to be. such that

~ ' j„IU(I. —., I) I'd. =l, (13a)

where v= v& is the average atomic or W-S cell vol-
ume in the distorted gold (also in the alloy) and
where this spherical W-S cell volume is centered
at r&.

J'„I y..-. (r) I'«= v/V (13b)

1, I &..'(r) I'«=1, (13c)

where v = v& = V/A and 1V = 1V„„+1V, is the total num-
ber of atoms in the alloy sample. The charge den-
sity at all of the gold nuclei in the distorted gold
in this model for the incident wave will be the
same and

p .(o)= p.(o)=U (o)1v/v, (14)

where N is the total number of Au and x atoms and
1V/V is the number of s-band electrons per cubic
centimeter in the alloy. For the distorted gold,
as for the Cu-Au system, we assume this N/V= v&'

or one 6s electron per atom.
The scattered wave g, -„,(r —r, ) will also be

treated in aW- S approximation. Within a gold atom
at r&, the contribution to the wave function due to
scattering from an atom at r, will be taken to have
the form

g, ~,(r —ri) = U(r rq) y, „~(-r —r, )/v V .
(15a.)

Compared with U(r —r&), g, r, (r —r,) is assumed
to be a slowly varying function of r —r, . The alloy
wave function within a gold atom at the origin will
have the form
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p...(x&)=m„,', ~ Z' t n(k) {2 e '~'~g, -„,(r —r, )
Ag g=j

si tee

y, I, (r —r, ) 'jd~k . (16c)

Friedel oscillations as seen by the Mossbauer
isomer shift are thus given by this term p„,(r, ).

As will be seen in Sec. V, p„,(r, ) « I for x, equal
to or greater than a nearest-neighbor distance.
'We shall assume that p„,(r, ) has only a weak de-
pendence on volume and composition. In that the
difference of the gold and copper pseudopotentials
should have only a weak dependence on these vari-
ables, this assumption should be reasonable.

The average electron charge density throughout
a pure metal sample is, of course, simply N/V,
the number of electrons per cubic centimeter. The
electron charge density at the nuclei, however,
will, in general, have a volume dependence which
differs from v '. The volume dependence of
U~(0)W/V has been investigated theoretically for
Au by Tucker et al. in a Dirac-Wigner-Seitz-
Slater (DWSS) approximation where Au was assumed
to be in a 5d' 6s configuration. In this approxima-
tion the charge density at the gold nuclei was found
to be closely proportional to v ' for a wide range of
volume. y was found to have a value of 0. 86 near
the atomic volume of metallic gold. Within these
approximations

p, (0) = U (0)1V/V= p„„(0)(V„„/V)" . (17)

In this gold DWSS calculation~' the 6s charge den-

We anticipate that it will be possible to calculate
the scattered wave function g, ~,(r —r, ) (and hence
the scattered charge density) through the use of a
pseudopotential model. '

Because of the normalization of g,', „- (r) [Eq. (12)]
the wave function for g,»,„f(r ) [Eq. (15b)] appears
to be unnormalized. We assume, however, that
(~p«», I I g,»„~)= (.p, I, I g, ,-) = 1. This condition
would occur if, for example, charge which appeared
within a gold atom specifically due to scattering
from the x sites was displaced from within the
x-atom scattering centers.

Substituting Eq. (15b) into Eq. (6) and Eq. (6)
into Eqs. (10), (14), and then (11), the average
charge density at the gold nuclei becomes

p„„„(0)= [U (0)N/V] [1+P, (n„),p„,(r,)],
(16a)

where

(16b)

sity was found to accumulate preferentially in the
outermost region of the atom as the atomic cell
was compressed. The core region of the atom
resisted penetration of the 6s charge. This resis-
tance to penetration is described in Eq. (17) through
the fact that y & 1. In this W-S model for p«„„(0)
the use of a pure 5d' 6s configuration will give an
overestimate of the amount of 6s character for gold
metal, and may give an overestimate for y. An-

ticipating the result of Sec. V D we note that, using
the theoretical model given here and within the
experimental error in our high-pressure isomer-
shift measurements, y is the same for pure Au and
for Cu3Au; i.e. , y is at least approximately inde-
pendent of alloy composition. As far as we are
aware no measurement of y has been made. For
the present we' will take the theoretical DWSS value
y= 0. 86.

Ingalls" and Ingalls, Drickamer, and dePasquali~
have suggested a similar volume dependence for
pF, (0) for metallic iron with yr, = 1.25.

Combining Eqs. (1), (16a), and (17), the isomer
shift 4 E for a binary gold alloy may be written as

r E =Knp«(0) {(v„„/v)" [1++,~c,(1 —n, ) p„,,(r,)]
—1] . (18)

This expression gives an explicit dependence of
~E on volume, composition, and order parameters.
The value which we will determine for p„,(r, ) in
Sec. V will be a mean value for the entire alloy
composition range. The physical interpretation of
the quantity p„,(r, ) is as follows: If in an alloy
sample of pure gold, one gold atom is replaced byan
x atom, p„(x,)/p«(0) = (V„„/V)"p„,,(r, ) gives the
fractional change of charge density at the gold nuclei
in the ith shell of gold neighbors at distance ~j sur-
rounding the x site. p „(r,)/pA„(0) is the quantity
which through our approximate W-S model [Eq. (18)]
specifically describes the order dependence of the
isomer shift of gold in the alloy. As we have indi-
cated in Sec. I our measurements are interpreted
to give information about this fractional charge
density p„(r,)/p„„(0) and also about the volume-
dependent contribution p, (0) [Eq. (14)]. In this
model [Eq. (18) ], the volume dependence of p,»,„(0)
will thus be entirely due to the factor (V„„/V)" and
the composition and order dependence will be de-
scribed by the term in (n„),.

V. COMPARISON OF ISOMER-SHIFT MODEL WITH

EXPERIMENT

A. Alloys of Gold with Silver

The atomic volumes of gold and silver metals are
nearly the same and the average atomic volume of
the alloys is close to vA„. Thus we shall take
v„,/v = 1. In so far as the Au-Ag alloys are com-
pletely disordered, the nj will be equal to zero.
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Then for gold in silver, Eq. (18) gives

rsE=8m„,gj cjp„s..(rj) mm/sec,

where the value Knp„„(0)= 8 mm/sec has been used
and m« is the atomic fraction of silver atoms.
This equation then describes the observed linear
dependence of ~E on mA, in Fig. 6 and gives the
result that

Q j cj pj, s s(Fj) = 0. 2V (20)

a d
+ +1 d Pcs +1

1 ]~
next- nearest-neighbor shell:

Pc...(&a) = pc...(a)+

all other shells:

Pcs, s(j j) = 0, for L ~~ 3 .
In these Taylor expansions we have kept only the
first two terms for the nearest-neighbor shell, and

we have retained only the first term for the second-
nearest-neighbor shell. It has been assumed as in-
dicated in Eqs. (21)that the contributions from all
of the more remote shells of neighbors are relative-
ly small and these terms have been omitted. In
Eqs. (21), the Taylor expansion for each shell has

The composition dependence of the isomer shift in
the silver alloys is due predominantly to scattering
at the silver-ion sites. There is no appreciable
dependence of AE on alloy volume in this case.

B. Alloys of Gold with Copper

For the Au-Cu alloy system, v„„/v ranges from
1 to-1.3 with composition, and the order param-
eters are not negligible when compared with unity
[Table I]. A knowledge of the dependence of 4E,
v„„/v, and of o.'j on composition and heat treatment
then enables one to obtain information for the Cu- Au

system about pc„,,(rj).
We have given measured values for ~E in Sec.

III. Values for vA„/v have been given by Dienes
[Table I]. One approximate value for cjj has been
obtained7 by x-ray methods for the composition
Cu3Au for the disordered system Tq, = 800'C
[Table I]. Also given in this table are approximate
values of n, and nz for various compositions of
ordered Cu- Au alloys calculated as described above
from a theoretical model given by Cowley. '

For the purpose of comparing Eq. (18) to our
isomer-shift measurements for the 23 ordered
Au-Cu alloys we have assumed that the mean value

p c( )jcjould be described in terms of a Taylor
expansion for each shell of neighbors i, as follows:

Nearest-neighbor shell:

a
Pcs, s(+j) PCu, s

pc„s(a/W2 ) = 0.0184, (22a)

p«, s(r, ) = 0. 0212 A ',
r(=a/ W

(22b)

p,„„(a)= —O. OO59 . (22c)

The solid curve of Fig. 4 shows the fit of Eq. (18)
to the experimental data for the ordered alloys
where the values of the three constants in Eqs. (22)
have been used in the Taylor expansion for pc„s(jj)
in Eqs. (21). In this fit the values of n; and (v„„/v)
used are those given in Table I. The model is seen
to fit the data quite well except perhaps in the vi-
cinity of 40%%uc Au, where the departure is —0. 05
mm/sec. As was noted in Sec. IIC, however, the
calculation of the order parameters through our
use of the Cowley mode& is least certain near this
composition.

The interpretation of the constants in Eqs. (22)
is as follows: If an atom of gold in the pure metal
is replaced by an atom of copper, the charge density
at the nearest-neighbor gold nucleus [Eq. (22a)] is
increased by 1.8%%uc and the charge density at the
second-nearest-neighbor gold site is decreased by
0. 6%%uo.

Friedel, Daniel, Blandin and Daniel, ' Harri-
son, and others have previously suggested that
oscillations of this nature will occur due to the
screening electron charge density about a point
charge in a nearly-free-electron gas. Clapp and
Moss have indirectlyobserved effects of these
oscillations for the cases of Cu, Au, CuAu, and
CuAus by studying the interaction energies between
pairs of neighboring atoms in the CuAu alloys.

Referring back to Eqs. (4)-(6), one may see that
the small quantities pc„,(j j) come predominantly
from the cross term between the incident and scat-
tered waves [Eq. (6c)]. Since the amplitude of the
incident wave is of order 1, the neglected terms
will be of the order [pc„,(j'j)] -10 . Thus the
interference terms neglected are in fact small in
comparison to the terms retained, and also com-
pared to our experimental error.

Using the values of pc„,(rj) as determined by

been made around the corresponding shell radius
for pure gold, a/M for nearest neighbors, and a
for the next-nearest neighbors. Here a is the lat-
tice parameter for pure gold, a= 4. 064 A. In this
approximation we have retained three adjustable con-
stants. Values for these constants in Eqs. (22) have

been obtainedby fitting Eqs. (18}and (21) to the isomer-
shift values determined experimentally for the cases
of ordered CuAu (c,=12, u j= ——,', em=6, c.&= 1),
ordered CusAu (c&

——12, cj&=f, c2 ——6, cjoy 1},——and
for a vanishing concentration of Au in Cu (cj = 12,
nq ——0, c2=6, u2=0). Again the value for Knp„„(0)
=8.0 mm/sec has been used:
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Eqs. (21) and (22), we may compute a sum for the
Cu-Au alloys similar to the expression in Eq. (20)
for Ag-Au. For r, near the pure gold values

Q, c,pc„,(x() = 0. 186,

and for r; near the pure copper values

~l ciPcu. a(~l)=0 108 ~

(23a)

(23b)

Thus for the Cu-Au alloys the contribution to the
isomer shift due to scattering at the copper sites
is interpreted to be somewhat less than the similar
term for Ag-Au alloys. On the other hand, volume
effects are stronger in the Cu-Au alloys.

For an infinitely dilute solution of gold in copper,
&E relative to pure gold is (4.049+0.005) mm/sec.
Of this, the contribution due to scattering effects,
Eq. (18),

m„„, „,=Knp„„(0) (v„„/v)"

+ Zk mc cj(I nf) pc, (+$) (24)

can be evaluated through the constants given in
Eqs. (21) and (22). For this infinitely dilute case,
then [Table I] Eq. (24) gives Mgggt/4pgng
= 1.113 mm/sec, which accounts for about one-
fourth of the total isomer shift. Similarly, the
contribution to the isomer shift 4E due to volume
effects,

j K+ pA (0) [(vA. /v)" —1 l (25)

can be evaluated for the infinitely dilute case as
nE„,„,= 2. 981 mm/sec. Here, the effect of com-
pression accounts for about three-fourths of the
total isomer shift.

Referring to Fig. 3, the contribution to the iso-
mer shift due to compression [Eq. (25)] has been

computed for each composition and is shown as the
curve marked 4E„,„,. Similarly, the contribution
to the isomer shift due to scattering from copper
lattice sites ~„,«„,~ is computed from Eq. (24).
Finally, in Fig. 3, we have indicated by curve

the isomer shift which would be expected
for a totally disordered alloy (n, =0 for all i)
This function is given by Eq. (18) with n=0.

The agreement shown in Fig. 4 between Eqs. (18)
and (22) and the experimental data is close. Qual-
itatively the double-peak structure of the theoretical
curve is due to the character of the Cowley model, '
Eqs. (3e), for the order parameters n&.

C. Quench Temperature Dependence of Isomer

Shift for Cu3Au

Since the dominant contribution to the isomer
shift observed for Cu-Au alloys is the volume term
in Eq. (25), it is important to note that the de-
pendence of lattice volume on short-range order
is quite small in the case of Cu3Au. For example,
the change of volume' between the ordered state
and the disordered state is (b v/v) = 0. 001
[Table I]. Using this number in Eq. (25) we find an
isomer-shift change of 0. 01 mm/sec, which is ap-
proximately our experimental error. Thus, the
change of 4E with Tq, for Cu3Au given in Fig. 5 is
due predominantly to changes in 4E„,« „,with
short-range order.

As stated previously, only one measurement of
a, has been made for Cu-Au alloys quenched from
high temperature. The measurement was made for
CusAu by Moss [Table I] for a sample quenched
from 800'C. His values of n& have been used in
Eq. (18) to obtain a value of nE which is plotted as
an x in Fig. 5. The agreement with our isomer-
shift measurements is within - 3. 5%.

D. Pressure Dependence of Isomer Shift for an Alloy

A further check on Eq. (18) may be obtained by a
study of the pressure dependence of the isomer shift
for alloys. From Eq. (18), the change of the iso-
mer shift with pressure 64E~ is given by

M,Z~ = Knp«(0) y [1+Q,m„c,(1 —n, ) p«, (r, )](&v/vo),

(26)

where vo is the average atomic volume of the alloy.
We have measured 64E& for' Au and for ordered
Cu3Au.

With the results of Tables I and II, Eqs. (22) and

(26), and Sec. IIID, we may calculate 5~~ for or-
dered Cu, Au at 65 kbars. We thus obtain a calcu-
lated value of 5~&= 0. 33 mm/sec. This may be
compared with the measured value in Table II of
5~~= (0. 82 a 0. 03) mm/sec. Thus, within the ex-
perimental error of - 10/&, Eqs. (18) and (26) de-
scribe this high-pressure result. Since Knp~„(0) is
a constant, y is, within experimental error, the
same for Cu3Au and for pure gold. '
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