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Specific-heat measurements in the 0.4- to 30-K range on both ordered and disordered alloys containing 25, 50,
and 75 at.% Au are reported and analyzed into nuclear, electronic, and lattice components. The disordered
alloys containing 25 and 50 at.% Au are unstable at room temperature and slowly order with specific-heat
"half-lives" of about 2000 and 100 days, respectively. No instablility was observed for the 75-at.% Au alloy
which has a lo~er order/disorder transition temperature (-200'C) than the others (-400 C). Order
apparently improved in the long-period superlattice CuAu II when held at room temperature although CuAu
I is the stable phase here. Results on CuAu, are consistent with the existence of a CuAu, II (long-period
superlattice) ordered phase as well as the simple ordered structure CuAu3 I. The above results suggest that
antiphase domain boundaries cannot move at room temperature although long-range order can improve here.
Also, that both random and periodic antiphase domain structures have similar effects on the specific heat. The
lattice specific heats of the ordered phases CuAu I and CuAu, I were anomalous, both showing an initial
increase ( —10 and -5%, respectively) in Debye temperature as temperature is increased from zero. For
CuAu I this could be a two-dimensional eA'ect related to the layered structure. A similar explanation may be
attempted for the case of CuAu3 I.

I. INTRODUCTION

The Cu-Au system shows a continuous range of
solid solubility. Apart from the disordered [face-
centered-cubic(fcc)] phase a number of ordered
pha. ses are also formed. (Information on the phase
diagram published up to 1964 is summarized in
Ref. 1.) Around the compositions Cu, Au and

CuAu~ fcc ordered phases are formed with order j
disorder transition temperatures of about 390 and
200 C, respectively, at the stoichiometric com-
positions. These are designated Cu, Au I and
CuAu3 I, A modif ication of the or dered Cu3Au
structure may be formed by introducing a one-
dimensional periodic antiphase domain boundary
structure. This long-period superlattice form,
designated Cu, Au II, only occurs for alloys with
Au contents significantly above stoichiometric.
Until recently, information regarding the ordered
phase of CuAu, was less certain because the low-
transition temperature makes the ordering very
sluggish. However, it is now clear' that a long-
period superlattice (CuAu, II) may also be formed
even at the stoichiometric composition. Around
the equiatomic composition the ordered phase
(formed below about 385 'C) consists of alternating
planes of Cu and Au atoms, respectively, perpen-
dicular to the e axis. This gives rise to a tetrag-
onal distortion of the originally fcc lattice (c &a)
and the structure is designated CuAu I. For order-
ing temperatures in the 385-410 C range a one-
dimensional long-period superlattice is formed in
a direction perpendicular to the c axis by intro-
ducing an antiphase boundary every five of the

original CuAu I unit cells. This gives rise to an
orthorhombic lattice, designated CuAu II.

Earlier specific-heat measurements on Cu3Au,
CuAu, and CuAu, reported ' from this laboratory
were in the 0.4-3-K temperature range and
yielded results for the nuclear specific heat (a
nuclear electric quadrupole effect), the electronic
specific-heat coefficient (y) „and the low-temper-
ature limiting value of Debye temperature (80).
Apart from the disordered alloys, the phases

u3Au I, CuAu I, and CuAu II were al so measu red
and significant effects of ordering on the various
specific-heat components were observed, It was
also found that the disordered equiatomic alloy
was unstable and slowly ordered.

The present work was initially undertaken to
examine the variation of lattice specific heat with
temperature up to 30 K. Fortuitously there had
been a time interval of several years between the
earlier and present work and it was found that the
disordered Cu, Au alloy sample (stored at room
temperature) had partly ordered in this time. An
investigation of the secular variation of the specific
heat of initially disordered Cu, Au and CuAu was
therefore undertaken to observe the ordering kine-
tics. It was also noted that the specific heat of the
CuAu II sample had changed in a manner support-
ing an earlier observation' that the long-range
order improves on storage at room temperature
although the equilibrum phase here is CuAu I.
Finally, little work had been done previously on
CuAu, and a more detailed investigation was there-
fore made.

Some aspects of this work have been reported
briefly at two conferences. '
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II. EXPERIMENTAL

The specific-heat measurements were made in

two different apparatuses covering the ranges
0.4-3 K and 3-30 K, respectively. For both ap-
paratuses an automatic data acquisition system
with on-line computer was used as described else-
where. '

All but one of the specific-heat samples were
those used previously" and the earlier publica-
tions should be consulted for preparation and ana-
lysis data. The disordered CuAu„CuAu I (Sample
2 of Ref. 4), CuAu II and CuAu disordered (Sample
1 of Ref. 4), and ordered Cu, Au samples were
used without further heat treatment. The weights
were unchanged from those previously reported"
except for the last mentioned which was reduced
to 142.43 g after some pieces had been removed
for analysis. The "disordered" Cu, Au sample was
redisordered twice (once for each apparatus) by
sealing the cleaned' sample, resting on an alumina
crucible, in a Pyrex tube under vacuum, heating
to about 410 C for 15 h, and quenching into water
(when the Pyrex breaks). The sample was then
cleaned and dried under vacuum. The final weight
of this sample was 157.84 g. A similar procedure
was followed in redisordering the CuAu disordered
(Sample 2 of Ref. 4) except that it was held at
500 C for 16 h and then 421 C for 2 h before
quenching. Since this composition was known to be
unstable, it was rapidly mounted on the calori-
meter and cooling to liquid-nitrogen temperature
began 1.63 h after the quench. The weight was
189.73 g. The earlier work' had shown that there
was no significant difference in the specific heats
of freshly quenched CuAu samples of different
mass and shape, thus indicating that the quenching
procedure is satisfactory.

An additional sample of CuAu, was made to serve
as the "ordered" sample. The starting materials
and initial preparation were exactly as for the
"disordered" sample. ' After casting, a porous
"pipe" region was found and was drilled out with
careful cleaning afterwards. The sample, sup-
ported on an alumina crucible, was then degassed
under vacuum by heating to 750 C and holding for
18 h and then heating to 850 C for 3 h the final
vacuum here being 4&& 10 ' mm Hg. The sample
was then furnace cooled and, still supported on an
alumina crucible, sealed under vacuum in a quartz
tube and held for 37 d at 860 C to homogenize. The
sample was quenched from this temperature
(quartz tube smashed). Samples for analysis were
then taken from each end of the sample. [The com-
position analysis showed 25.01 and 25.02 at.% Cu,
respectively, leading to an average atomic weight
of 163.59. Quantitative spectrographic analysis

showed (ppm by wt. ): Ni, 0.042, 0.008; Fe, 0.5V,

0.41; Si, 0.13, 0.11; Cr, 0.067, 0.05'7; Mn, 0.024,
0.025. Semiquantitative spectrographic analysis
showed (ppm by wt. ): Ag, 0.1 to 1.0, 0.1 to 1.2.
(In each case the two figures refer to the two ends
of the sample. )] The sample was then ordered.
This was done by sealing under vacuum in Pyrex
(sample resting on an alumina crucible) and heating
to 150 C, holding for 28 d, then cooling to 120 'C

and holding 7 d, to 100 C and holding 7 d, to 80'C
and holding 50 d, and finally cooling to room tem-
perature. The prequenching and heat treatment is
very similar to that recommended by Korevaar"
and, as shown by later work, ' should produce long-
range order without a long-period superlattice.
The sample weighed 178.60 g.

As discussed previously, ' no x-ray examination
of the specific-heat samples was made because
information is only obtained on the surface of the
samples and not the bulk which may be misleading
in the case of a quenched sample. Also (see Sec.
IV), x-ray results are much less sensitive to the
early stages of ordering than is the specific heat.

When the CuAu disordered Sample 1 was being
cleaned, after the specific-heat measurements
reported here were completed, a small crystal
fell out of the sample. Examination of this sample
under a microscope showed many large cracks at
grain boundaries. The CuAu disordered Sample 2
(about half the diameter of Sample 1) had no large
cracks but either slight cracking or deep etching
at some grain boundaries. The CuAu I Sample 1
was finely crystalline and appeared as the CuAu
disordered Sample 2. However, the CuAu I Sample
2 was much more coarsely crystalline and had
some large cracks. The CuAu II sample was
also coarsely crystalline with some large
cracks. There were no cracks in the Cu, Au
or CuAu, samples although one of these had
been acid-cleaned many more times than most of-
the CuAu samples and some had very large crys-
tals. Grain-boundary cracking at the equatomic
composition has been observed by Syutkin, Syut-
kina, and Yakovleva" and, in agreement with the
present observations, was found only to occur in
large grained samples. The cause is strain fol-
lowing the formation of a noncubic lattice on
ordering. Syutkin et al."found that the boundaries
between domains are undulating, which prevents
failure. Stresses are therefore relieved by crack-
ing at grain boundaries.

III. RESULTS

The new measurements presented here will be
analyzed in conjunction with those published pre-
viously. '~ The temperature scales employed be-



SPECIFIC HEAT OF COPPER-GOLD ALLOYS BELO% 30 K

low 3 K in the present and earlier work probably
differ slightly giving rise to small differences in
measured specific heat. ' In addition the standard
deviation of the present results below 3 K may be
worse than in the earlier" data because the auto-
matic data-acquisition system is unable to directly
identify errors caused by noise and relies on a
statistical method to reject suspect data. ' As will
be seen, this method only works well when the da-
ta being analyzed contain many experimental
points. In the summary of results (Tables I and
II) the number of points rejected and the number
accepted for analysis are given. None of the re-
jected points are shown in the diagrams.

The raw experimental data will be shown as per-
centage deviation plots from least-squares fitted
polynomial relations. The relation fitted to all the
data is

C& HT '+ y T-+g a,„„T'"',

n=o
(3)

was used to fit the remaining, higher-temperature,
data. The nuclear, electronic, and lattice spe-
cific-heat values obtained from this analysis are
given in Table II which also contains a symbol key
for the percentage deviation plots. All the coef-
ficients obtained from the fits of either Eq. (1) or
Eq. (3) are given in Table III.

Note that all error limits are 95%%up confidence
limits obtained from the statistical analysis and do
not include any allowance for systematic exror.
For most samples two specific-heat runs mere

where the first term represents the nuclear spe-
cific heat, the second the electronic specific heat,
and the last the lattice specific heat. The first
term in the lattice specific-heat expansion is con-
nected to the low-temperature limiting value of the
Debye temperature by the following:

a, = 464.3/(6;)',

where the coefficient a, is in calorie units. The
parameters from the least-squares fits to the da-
ta from the 0.4-3-K range apparatus are given
in Table I which also contains a symbol key for
some of the figures and a summary of the earlier
results. '4

The data from the 3-30-K range apparatus are
analyzed together with the 0.4-3-K range results
by least-squares fitting Eq. (1) to the combined da-
ta. In some cases the maximum value of m avail-
able on our computer (m =10) was insufficient to
get a good fit to the data over the whole tempera-
tux'e xange and it was necessary to fit over a
shorter range. An overlapping fit

made with an intervening warm to room tempera-
ture as a check on reproducibility and stability.

Some notes on the course of measurements on
each sample and the results obtained follow.

Cugu disordered. The first series of mea-
surements in the 3-30-K range did not join with
the results below 3 K which had been obtained sev-
eral years earlier. This suggested that the sample
had partially ordered. The sample was therefore
heat-treated to redisorder (see Sec. II) and the
measurements repeated. Another run was made
some 100 d later to check the course of ordering.
The earlier' measurements in the below 3 K re-
gion had been made some 30 d after the sample had
been disordered and a significant change of heat
capacity had probably occurred in this time. The
sample was therefore heat-treated again to redis-
order and fresh measurements were made in the
below 3 K region. The results obtained for the
freshly redisordered sample are summarized in
Tables I-III and deviations are shown in Figs. 1
and 2.

2. Cu3Au ordered. A single additional run was
made below 3 K and curve fitted (Table I), the earlier'
runs on the same sample being shown as deviations
from this fit (Fig. 1). Although the recent run has
a bad scatter, the good agx cement between 0.7 and
1.5 K, the most accurate temperature range of the
earlier work, ' suggested no significant change of
thermal capacity in the intervening years. Runs
were therefore made in the 3-30-K range and
curve fitted with all the below 3 K data, results
being shown in Tables II and III and Fig. 2.

3. Cu, Au Pmtly ordered. Figure 3 is a plot of
the differences of all the Cu,Au results from the curve
for the ordered alloy (Table III). The number attached
to each curve gives the number of days since heat
treatment.

Cuhu disordered. The instability of this alloy
had been detected in the earlier work' and it was
not considered necessary to make further mea-
surements below 3 K. The new results above 3 K
join well with the earlier data' as seen in Fig. 4.
The curve fit results are given in Tables II and III.

5. Cpu I ordered. The new results above 3 K
join well with the earlier data' below 3 K. See Fig.
4 and Tables II an.d III.

Cpu II ordered. The new results above 3 K
did not join well with the earlier data' below 3 K
suggesting that the sample had undergone further
ordering in the several-year interval between
measurements. Results of two new runs below 3 K
are given in Fig. 5 and Table I and the earlier da-
ta below 3 K are shown as differences from these
results. The recent runs below and above 3 K were
curve fitted together (see Fig. 4 and Tables II and
III).
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Cpu Partly ordered. All the data obtained
on the CuAu alloys in the present work together
with some of the data from Ref. 4 are shown in
Fig. 6 as differences from the curve fit for CuAu
I (Table III), the number on each curve being the
number of days since heat treatment. The curve
labeled 2327 is from measurements on CuAu dis-
ordered Sample 1. of Ref. 4, the curves 0, 19, and
109 are from measurements on disordered Sample
2 of Ref. 4.

8. Cpu, disordered. A single additional run
was made below 3 K and curve fitted (Fig. I and
Table I). The earlier results' are shown as dif-
ferences from this curve fit (Fig. 7) and suggest
no significant change in sample state in the sever-
al years between measurements. The results a-
bove 3 K were fitted with all the below 3 K data
and are illustrated in Fig. 8 as deviations from the
fit given in Table III.

9. Cpu, ordered. This was a new sample. Re-
sults are shown in Figs. 7, 8 and Tables I-III.

10. Cpu, high-temPerature quench. Figure 9
shows the difference of all results obtained for this
composition from the fitted relation for the or-
dered alloy. The results' obtained with a high-
temperature quench are quite different from those
labeled ordered and disordered. This will be dis-
cussed later.

IV. DISCUSSION

CO

CD

tQ
lQ

CO

O

O

'4

R j'

CL)

Ne~
'Q 0

O

Q0
CD

CD

LA

00
O
LO

CD

Cb

LA

LQ

O

QO

O

CD

CD
O
O

CD

LA
O
O

LD

g
EQ LA

t I I
O O O

00

O

O
CO

Q0

O

t

CI0

O

Q0

O
O

H

Cb
LA

QO
O
O

O

g g

I I
O O

™)

pg P% M pg Pf

"UQ Q

Q0 I
N ~~M'U
Q M M

VVVVU

In an attempt to prevent ordering during or after
the quench (facilitated by quenched-in lattice va-
cancies"), the "disordered" samples were
quenched from a temperature just above the order/
disorder transition temperature where there is
considerable shor't-range order. The "disordered"
samples are thexefore unlikely to be perfectly dis-
ordered. Similarly, the "ordered" samples are
unlikely to be perfectly ordered because of the
presence of antiphase domain boundaries, follow-
ing nucleation and growth from many different
points, and the fact that perfect order would only
exist at very low temperatures where the chance
of atomic movement is so slight as to inhibit its
attainment.

Systematic deviation of all the measured points
from the fitted curves, especially noticeable in the
3-30-K range, results from imperfections in the
temperature scale used. ' Other deviations would
correspond to the fitted function being a poor rep-
resentation of the data. On some curves there is
an increased scatter of points in the 12-K region.
This corresponds to the area of minimum sensitiv-
ity of the germanium thermometer used and is
where results are most likely to be influenced by
zero shift in the ac Bridge.
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TABLE III. Polynomial coefficients representing specific heat C& ga——„T units caIIIC g
atom. 4=4.f 86. Error limits are 95 /o confidence limits for each coefficient from the statis-
tical analysis. Each polynomial represents the smoothed specific heat to within Q.of % up to
30 K unless a different range is specified.

Cu3Au disordered Cu3Au or dered (CusAu I)

a 2
= (0.464 035 147 + 0.038) x 10

a~ = (0.162 280 881 +0.000 33) x j.o 3

a = (0.248 486 843 +0.0015)x 10
a 5

= (-0.2 13 604 300 +0.13)x 10
ag = (0.165761249+0.033)x 10 8

as = (-0.154 326 SQ9 + Q,Q38) x 1Q

a&~ =(0.738550366+0.23) xfo '3

a~3 = (-0.212 525221 +0.080)x f 0 ~5

a =(0 378080767+0 fv) xfo-&8

a, &
=(-0.405710 770+0.20) x 10-"

a~9 = (0.240 235 049 ~ o.f 3) x 1Q 24

a&~ = (-0.602 098 661 + 0.36) x fQ
28

a 2 =(0.16769972+0.030) xio
ag = (0.155 58375 +0.00025) x 10
a3 ——(0.205 353 83 +0.0010) x10
as = (-0.283 633 72 + 0.075) x 10

= (O.1OV iiO V9 ~O.Of 8) x 10~
= (-O.V79936 14+0.2f) xiO-"

aug = (0.323 832 29 +0.12)x 10
a» =(-O.S64S5V S4 ~0.4f) xiO-"
a„=(O.f48166 36 ~0.082) x 1O-"
a(7 = (-0.155VS6 56 +0,096) x 1Q

a~9 = (0.910 15570 +O.ef ) x f0
a2& ——(-0.225 52343+0.16) x 10 '8

CuAu disordered

(0 to 22.5 K)
a 2=(0.16320905+0.0037) xio ~

ag = (O.f ef 053 81 +0.000 32) x 10 3

as =(0.44675573+0.0019)xfo~
= (-Q.1Qv 676 57 +Q.Q21) x 1Q

a) = (0.746 8f0 23 + 0,073) x 10 8

as =(—0.896671 ii+0.11)x fO-«
0.544 170 77 +0.092) x f0 '2

a~~ = (-Q.f96 085 2 1 +0.043) x 1Q
~4

a~5 = (0.435 31081 +0.12) x 10 '7

a&7 =(—0.58407911 ~0.20) x 10 "
a~a =(0.434399 19+0.f7) xio 23

a2~ =(-0.137490 12+0.063) x f Q
26

(22.5 to 30 K)
ao = (-0.239 889450) x 103

a, = (0.492416 662) x102
a2 = (-0.356778 906) x 10

a3= (0,698 905754) x 10
a4 = (Q.437 105 889) x io
ay= (-0,286445509) xio 3

ag = (0.634 953 655) x io
a~= (-0.512 597636) xio ~

CuAu II

(0 to f2.5 K)
a 2=(0.21568286+0.0058) xio 5

a& =(0.17592669+0.00059) xio '
as = (0.507 992 56 +0.0053) x 10~
a5 =(-0.1.34 58692+0.of 1)xf0 ~

ay = (0.560 333 20 +0.093) x f0 ~

a, =(-O.j,1903912+0.038) x fO~
a&&

——(Q.f 5265623+0.085) x f0 '0

a„=(-O.f f 8457 35~0.11)x 10-"
a)5 = (0.535 337 74 +0.90) x f0 ~

a( p
= (-0.126 237 51 +0.42) x 10 ~~

a, s = (0.010455 182 +O.f 1)x10 "
a2& ——(0.005025914 8 ~o.f 2) x f 0 22

(12.5 to 30 K)
ao = (-0.510 810 0)
a) = (0.204 278 f )
a, =(-O.3313342)xfO-'
as =(0.2774099) xio 2

a4 =(-0.1174297)xio 3

ag, = (0.254037 9) x fo
a6 = (-0.223 042 8) x f0

(0 to 20 K)
a 2=(0.23537900+0.0048) xio '
ag = (0.140 469 f2 +0.000 42) x 10
a3 ——(Q.332 792 84 y0.0025) x 1Q

a5 = (0.16247510 +0.031)x fo~
a& ——(0.033 320 123+0.f3) x 10
a, =(O.iV433524 ~0.25) xfO-"
aug = (-0.367 33532 + 0.26) x 10
a» =(0.26743443+0.15)xi 0 '4

a„=(-O.1OO1V3 5O+O.O53) xiO-"
a„=(O.2OV eeV 68 ~o.f 1)xfO-"
a„=(-o.226 v4v 35+0.12) x fo-"
a, &

——(O.f Of 957 85+0.056) x 1.0 '~

(20 to 30 K)
=(Q.3144fv 138)xiQ

a( = (-0.975377 161)x 10
= (Q.129 145 650) x 10

a3 = (—0.946 025 130)
a4 = (0.414151293) xf0 ~

as = (-0.108 332 413)x 10
a~ =(0.156 762135)x fo~

= (-0.968 033 136) x 10



SPECIFIC HEAT OF COPPER-GOLD ALLOYS HEI O% 30 K

TABLE III (Continued)

CuAuz disordered CuAu3 ordered (CuAu3 I)

(0 to 22.5 K)
a = (0.1590301+0.0028) x10
a = (O.f628342+0.00026) x10
a3 = (0.726 036 3 +0.0018) x 10

= {0.2171217+0.24) xio 7

ap = (0.513 9694 +0.090) x 10
as = {-0.630 973 5 + 0.15) x 10

a(( = (0.335324 1 +0.13)xi0
a„=(—0.9491346+0.66) xfo "
a„=(0.140 7337+0.20) x 10-"
aug = {-0.081 690 10 +0.34) x 10
a, s

——(-0.027 840 81 +0.32) x f 0 23

a2&
——(0.039 597 67 *0.f 3) x 10

(22.5 to 30 K)
a() = (0.552 425 376 5) x 10
a~ =(—0.1610882487) x10
a2 = (0.200 794 102 3) x 10

ag = (-0.138 687 2 f9 0) x 10
a4 = (0.573 266 236 8)
as = (—0.141 809 900 9) x 10

=(0.1943851615)x fO 3

a~ = {—0.113900 1250) x 10

(0 to 12.5 K)
a 2

= (0.209 682 0 +0.0080) x 10 5

aq = (0.172 879 4 ~ 0.000 84) x f0 ~
a3 = (0.712 653 7 +O.OOSi) x 10
a5 = (—0.144 9104 +0.018)x 10
aY = {0.647 343 6 + 0.15)x 10
as =(-0.1391479~0.061)xf0 '
aug = (0.188809 3 +0.14) x 10
a&3

——(-0.1659207 +0.18) x 10 '

a)5 = (0.092 648 87 + O.f4) x 10 ~

a„=(-0.3149239~0.66) xfo "
a„=(0.059 190 79 H).17) x 10 "
a2g = (-0.04 058 72 + 0.18)x f0
(12.5 to 30 K)
a = (-0.545411 f 0) x10
a = (0.251 975 09) x 10
a~ = (-0.499 369 20)
a3 = (0.554 595 96) x 10 ~

a4 = {-0.376229 10)x 10
ag = (0.160 879 35) x10
ae = (—0.424 351 25) x 10
a, =(0.63180768}x10-'
as = (-0.406 783 52) x 10 9

+l .-

C3
UJ

+ 3
Li

Cu&Au DISORDE R ED v
kg

h
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The results for each composition will now be
discussed in turn and then some more general re-
marks will follow. In calculating Debye tempera-
tures the y values in Table II are used to obtain C~
(lattice) and the, almost negligible, C~ to C„cor-
rection is made in the usual way. (For the alloys,
the parameters required in the correction equa-
tion are linearly interpolated between the values
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FIG. 1. Results for Cu3Au from the 0.4-3-K appar-
atus shown as percentage deviations from the fitted
equation 0.). See Table I for coefficient values and sym-
bol key.
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FIG. 2. Results for Cu&Au in the 0.4-30-K range
shown as percentage differences from the fitted equa-
tion (1). See Tables I and II for symbol key and Table III
for coefficient values.
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the number of days between final heat treatment and the
day of measurement.
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for the pure metals. } Thus it is assumed that y
is not a function of temperature.
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centage deviations from the fitted equations (1) and (3)
for the alloy CuAu I. See Tables I and II for symbol key
and Table III for coefficient values. Number on each
curve refers to the number of days between 6nal heat
treatment and the day of measurement. (For clarity
some of the partly ordered results below 3 K from Ref.
4 are not shown. )

A. CU3AU

The results collected in Fig. 3 confirm our
earlier observation of a very significant difference
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be(Keen the speclflc heRts of the ox'dex'ed and dls-
ox'dered phRses. This dlffex'ence vfRs Inuch larger
than those observed previouslyl' and since. l4 It
eras previously supposed' that the disordered sam-
ples of Hefs. 13 Rnd 14 were pRrtlally ox'dered

following a quench from high (-800 'C) tempera-
tures of the relatively massive specific-heat sam-
ple. [The sample then has a high concentration
(thermal equilibrium concentration) of lattice va-
cancies at the start of the quench vrhich permits

rapid atomic rearrangement as the saxnyle cools
below the order/disorder transformation tempera-
ture. '*] lt is now clear that storage at room tem-
pel atux'8 %'ould Rlso diminish the difference be-
tvFeen th6 ox'dex'ed Rnd disordered" SRIQyles.
slow oxdex ing of Cu, Au at room temperature vrill
be discussed in detail in Sec. IVG.

The variation of Debye temyeratux e with tem-
perature for Cu3Au is shovrn in Fig. 10. Both
curves may shoe& a, very slight initial rise in Debye
teIQperature Rs the temperature ls increased fx'om

zero, the effect being more marked fox' the ordered
Rlloy.

Above 20K the yresent results overlay with those
of Yoon Rnd Hultgren" whose smoothed values are
systematically higher (5 to 10%). However, the
two sets of results lead to the same sign and simi-
lax magnitude for the diffex'ence in specific heat
of the ordex'ed and disordex'ed phases.

The results collected in Pig. 6 confirm our ear-
lier observations~ of large differences- between the
disordered Rnd two ordex'ed phases and also the
rapid change in the specific heat of "disordered"
CuAu stored at room temperature. As yreviously
noted, the "disordered" alloy orders in the di-
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FIG. 10. Debye-temperature plots for disordered and
ordered Cu3hu. The experimental points are from the
3-30-K apparatus. Below 3 K the curve is extrapolated
to zero using the results of the fit of Kq. (1) to results
as specified in Table III.

rection of CuAu II rather than tomards CuAu I
which is the stable phase at room temperature.
This is probably because ordering is a nucleation
and growth process starting at many locations and
resulting in many antiphase domain boundaries
which are stable at room temperature (see next
paragraph). Thus the long-range ordered struc-
ture of CuAu I cannot be produced and the result
is more like CuAu II but with a random, rather
than yex iodie, antiyhase domain structure. The
kinetics of this transformation mill be discussed
in See. IVG.

The latest measurements on CuAu II below 3 K
showed that the specific heat had decreased slight-
ly in the few years since the earlier measurements.
This change is in a direction which increases the
difference from CuAu I which is the stable yhase
at room temyerature. It therefox'e appears that
the CuAu II has become more CuAu-II-like, i.e.,
the oxdex within the domains has improved but the
antiphase domain boundaries have not moved. This
observation and explanation are consistent mith the
finding of Hultgren and Tarnopol' who noted that
storage of CuAu II at room temperature results
in the h/a lattice parameter ratio increasing; i.e. ,
x-ray observations showed that the structure
became more orthorhombic on storage at room

CU Au
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FIG. 11. Debye-temperature plots for the disordered
and ordered phases of CuAu. Details as in legend to
Fig. 10.

temperature.
The fact that the CuAu I sample specific heat

has not changed significantly during several year s
at room temperature (cf. the disordered and CuAu
II samples) suggests that the original heat treat-
ment produced a high degree of long-range order.
This would be consistent with the x-ray work of
Gantois xe

The variation of Debye temperature with tem-
perature for the three CuAu phases is shown in
Fig. ll. The curves for the disordered alloy and
CuAu II are normal but that for CuAu I shows a
rapid initial increase of 8 as the temperature 'in-

creases from zero. Some time ago it mas found"
thatpure gold had an initial increase of some 3/z in
Debye temperature as temyerature was increased
from absolute zero. More recently it has been
shown~' that this corresponds to yositive disper-
sion in one branch of the lattice vibration spec-
trum, possibly caused by electron screening ef-
fects. As gold is alloyed with silver (no long-
range ordering seen in this system) the maxi-
mum in 6' slowly disappears. " For eguatomic
AgAu the maximum is very small, similar to the
present observation on disordered equiatomic
CuAu.

The large initial increase of Debye temperature
seen in CuAu I corresponds to the specific heat in-
creasing less rapidly than T'. By ylotting log, o

(C~ -y T) vs log«T a first linear region correspond-
ing approximately to a T"variation is seen



whereas the first linear region for the disordered
CuAu corresponds to approximately T'. (In both
cases the lcnv-temperature limit is obscured by
the nuclear specific heat. ) It is possible that the
layered tetragonal lattice might give some two-
dimenaional character to the lattice vibration
spectrum. For strongly layered materials, the
specific heat initially increases as 7.' in the ex-
treme low-temperature (elastic continuum) limit
but a -T' region is then seen which would cor-
respond to a two-dimensional solid. In the case
of graphite (hexagonal, c/2a =1.3V) the T' region
is followed by a-T" region. " The CuAu I case
is somewhat different because the separation of
atoms in adjacent layers is smaller than that of the
atoms within a layex. Presumably the large mass
ratio (3.1) of the atoms on alternate layers would
be the dominating effect rather than the big dif-
ference in inter- and intralayer bonding fox ees
which leads to the ttvo-dimensional effects in
graphite (and which causes the Debye temperature
to increase steadily uy to at least room tempera-
ture). There have been some theoretical specu-
lations suggestnlg two-dlmenslonal effects ln
layered lattices such as CuAu I.

Referring again to Fig. 11 it will be seen that
the lattice specific heat of CuAu I is initiaLly much
greater (i.e., 8', less) than that of CuAu II. 'Ibis
corresponds to the presence of more low-frequency
(two-dimensional P) modes in CuAu I than in CuAu

II. Above about 5 K the specific heats of both
ordered phases are similar suggesting that the
possible bvo-dimensional effects are being swamped
by other lattice vibration modes. This two-dimen-
sional hyyothesis should be viewed with a degree
of caution since a similar, but smaller, effect is
observed in ordered CuAu, . (However, even this
stx'ucture might be consider'ed, in some respects,
as a layer lattice —see Sec. IVC.) Obviously, in-
elastic neutron scattering studies on CuAu I would
be of great interest. The observed initial increase
in Debye temperatuxe of CuAu I is so large that it
would scarcely be affected by possible changes in
the value of the electronic specific-heat coeffi-
cient y with temyerature which results from elec-
tron-phonon interaction effects. '2

Noguchi, Kondo, and Mizutani, 2' ayyarently un-
aware of our earlier work, s'~ published syecific-
heat data on the thx'ee phases of CuAu in the 1.5-
3.5-K range. Their results appear to be in reason-
able agx'cement with our present and earliex~ work
but their del lved values fox' p and eo~ especially
those for CuAu I, are affected by the limited range
of their measux'ements.

Above 20 K the pxesent results overlay with
Hawkins and Hultgren~4 who measured CuAu I and
disordered samples and whose smoothed values

are systematically higher (5 to 8%). However,
the bvo sets of results agree in the sign and mag-
nitude of the difference. in specific heat of CuAu I
and the disordered phases. In Sec. IVA a similar
disagreement with Yoon and Hultgren" was found
for Cu3Au, suggesting that specific-heat results
from Hultgren's laboratory are systematically
high. However, in Bef. 24 results for pure gold
are given which differ by up to 8 1 in the opposite
direction from the present authox's results. 2'

C. CuAu3

Relatively little work has been done with this
composition because the low order/disorder tran-
sition temperature make the change rather slow
and uncertain. In our earlier work~ a samyle was
quenched from two different temperatures and it
ayyeared that a disordered sample had been ob-
tained us1ng a quench f10m ]u8t above Ule tran-
sition temperature. It was assumed that the quench
from 850 'C had resulted in some ordering owing
to the high quenched-in vacancy concentration
facilitating atomic movement in the ordered re-
gion. '2 For the present work an "ordered" sam-
yle was made as described in Sec. II. Figure 9
showa the relationship of the various sets of re-
sults. The siInilarity with Fig. 6 is striking and
it seems probably that the "quench from 850'C"
produced something similar to the long-period
superlattice CuAu, II (see Sec. I). The situation
may be similar to that seen in the oxdex ing of
CuAu at room temperature, i.e., a random anti-
phase-domain stx'ucture is produced owing to the
start of ordering at, ma y nucle1. The ordering
probably takes place while the sample is cooling
and proceeds relatively rapidly owing to the ex-
cess vacancy concentration. [Measurements on
both disordered and ordered (CuAu, I) CuAu, show
that the syeeific heat changes little, if at all, on
sample storage at room temperature. j As already
pointed out above, in the case of CuAu the specific
heats of ordered samples with both random and
periodic antiphase domain boundary structures
are probably similar and are quite different from
that of the CuAu I phase which has a layer struc-

turee

of alternating planes of Cu and Au atoms.
Reference to the Debye 8 plot for CuAu, (Fig.

12) shows that the disordered phase is normal but
the ox dered yhase has the same anomalous initial
increase of 8' (as temperature is increased from
zero) as does CuAu I. In the case of CuAu, the in-
crease is about 5% compared with the 10% seen
in CuAu. The similarity in the temperature vari-
ation of the lattice specific heats of CuAu I and
CuAu, I raises the question whether any two-di-
mensional structure exists in the latter (cubic)
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FIG. 12. Debye-temperature pl,ots for disordered and
ordered CuAu&. Details as in legend to Fig. 10.

0. Lattice specNc heat

The Debye 8 plots (Figs. 10-12) show that the
disordered alloy lattice specific heats vary in a
relatively normal way with temperature. It is sur-
prising that the disordered CuAu, sample does not
show a small initial increase of 8'because this
composition is intermediate between CuAu and pure
gold, both of which show a small (- lg) initial in-

lattice. When viewed along any of the three axes
the lattice is seen to consist of alternating planes
of (a) all Au atoms and (b) an ordered array of
equal numbers of Au and Cu atoms. Hence the
lattice has some two-dimensional characteristics
for vibration modes in certain directions. Further-
more, the 8', of the "quench from 850 C" sample
(Table I) is 198 K which, when compared with the
8' variation of the ordered (CuAu, I) sample (Fig.
12) shows that CuAu, I has an additional contribu-
tion to specific heat below about 5 K very similar
to that observed in CuAu I.

crease of 8' as the temperature increases from
zero.

The ordered alloys CuAu I and CuAu, I both show
a very marked increase of e' as temperature is
increased from zero and Cugu I shows a much
smaller increase. It has been suggested above
that the marked increases may be two-dimensional
effects related to the structure consisting of layers
of different average mass. The same should then

Iapply to the case of ordered Cu*u I. The data are
collected in Table IV. It is clear that the mass
~ratios of the planes in CuAu and CuAu, scale with
the observed increase of Q' but Cugu does not fit
this naive picture, A possible explanation is that
the postulated "two-dimensional" effect is masked
by the "resonance modes" appearing when a heavy
impurity is introduced into a light lattice. The
subject of resonance modes and "impurity modes"
(high-frequency modes caused by light impurities)
is reviewed briefly in Ref. 19 where references
to the original work may be found.

The Kopp-Neumann rule states that the thermal
capacity of an alloy equals the sum of the thermal
capacities of its constituents. It is clear that the
resonance and impurity modes discussed above will
cause deviations from the rule. Another deviation
may be related to the excess entropy of formation
of the alloy tabulated by Hultgren et al." (This is
the difference between the entropy ~sociated with
the perfect mixing and that obtained from heat and
Gibbs energy of formation measurements. ) Part of
any excess may be related to imperfect mixing (the
configurational entropy) and part to the departure
of the alloy from the Kopp-Neumann rule (the vi-
brational entropy, if the electronic contribution to
specific heat is neglected). For the Cu-Au system
the tabulated" excess entropy of formation at 800 K
is slightly positive with a large error limit which
would not preclude negative values. The y ande,'
values obtained for the disordered alloys in the
present work (Table II) deviate from linear inter-
polations between the pure metals in ways which
would have opposite effects on the specific heat.
However, the lattice specific heat would be ex-
pected to dominate and result in the specific heat
of disordered alloys being greater than the Kopp-
Neumann rule values. This would correspond with
the positive excess entropy of mixing actually ob-

TABLE IV. Layer structure in copper-gold alloys.

Plane (a) Plane (5)
Mass ratio

Plane (a)/Plane (b)
Initial increase

o„cQ(

Cus
CuAu I
CuAus I

Cu
Cu
Au

CuAu
Au

CuAu

12
1:3

1.5:1

~0
10

5
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FIG. 13. Percentage deviations of the results from
the Kopp-Neumann rule values. See Table II for sym-
bol key.

served. X-ray measurements" show significant
short-range order in CuAu as high as 800 K (the
highest temperature at which measurements were
made). Thus the vibrationa. l contribution to the
entropy of mixing is probably greater than the ex-
cess entropy tabulated by Hultgren et al. 26

Figure 13 shows the percentage deviation of the
present results (smoothed values) from the Kopp-
Neumann rule. The deviations depend on both the
composition and state of order and exceed 50% for
two of the ordered a11oys. The result for the
disordered alloys is quite different to that obtained
for AgAu alloys" where the Ag,Au and AgAu, data
were almost coincident. Presumably the dis-
similar mass ratios in the two alloy systems must
be a major factor in this difference. The devia-
tions in Fig. 13 must largely reflect differences
in the lattice specific heat. (Deviation of the elec-
tronic contribution to specific heat from a, value
linearly interpolated between pure copper and pure
gold would only account for a Imazimum difference
in Fig. 13 of 7.5% at 2 K; 3% at 4 K, and 0.5% at
10 K—all for CuAu II, the alloy for which the ef-
fect is greatest. )

Specific-heat measurements made elsewhere"
on several copper-rich o.-phase alloys (containing
up to 10 at.% Au) give eo results which fall on the
curve Idrawn through the disordered alloy eo re-

suits from the present work and thee,'values for
the pure metals.

The effect of ordering on thee', values for Cu3AU
and CuAu alloys is qualitatively in agreement with
the elastic modulus measurements (at room tem-
perature and above) of Koster. " He did not in-
vestigate the composition CuAu, . The effect of or-
dering on the low-temperature elastic constants of
Cugu was investigated by Flinn, McManus, and
Rayne. ~ Their results for the ordered alloy lead
to an elastic eo value in excellent agreement with
the 8,' value from the present results but it seems
that their "disordered" alloy was partly ordered,
having been quenched from a high temperature. "

E. Electronic specific heat

All values of y in Table II are closely similar to
those reported earlier. " The y values for the dis-
ordered alloys show a slight negative deviation
from a linear interpolation between pure copper
and pure gold. This deviation is of a parabolic
form consistent with Stern's charging theory. " For
a detailed comparison see Ref. 4. The ordered al-
loys Cu+u and CuAu II have y values which are
less than those of the corresponding disordered al-
loy (in agreement with all the systems tabulated by
Kuentzier"). However, the y values of CuAu I and
ordered CuAu, I are displaced in the opposite di-
rection. As suggested above, under lattice specific
heat, these latter two lattices can both be consid-
ered as being composed of alternating planes of
two different compositions, i.e. , there is some
two-dimensional character as evidenced in the lat-
tice specific heat. (The same might be expected of
Cugu, see Sec. IV D, but the lattice specific heat
is relatively normal. ) Reference to Table I shows
that the "quenched from 850 'C" CuAu, fits in with
Cu,Au and CuAu II. It has been suggested above
that this sample contains a nonperiodic antiphase
domain structure effectively breaking the postulated
two-dimensional character (cf. CuAu II). Table II
of Ref. 4 shows that as CuAu spontaneously orders
at room temperature, the y value decreases, i.e.,
a nonperiodic antiphase domain structure reduces
y in qualitatively the same way as does a periodic
antiphase domain structure (e.g. , CuAu II).

The above observation of the similar effects of
both (supposedly) random and periodic antiphase
boundaries on the electronic specific heat appears
to cast some doubt on explanations"'" of the y dif-
ference between CuAu I and CuAu II being the re-
sult of the creation of new Brillouin-zone boundar-
ies, making contact with the Fermi surface, as a
result of the Periodicity of the antiphase bound-
aries. (The reduction in electron energy accom-
tpanying the formation of the periodic antiphase
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boundaries is aeeompanied by an increase in do-
main boundary energy. The period is determined
bythesumof theseeffects. ) However, Jones" has
argued that the anitphase boundaries might not be
strictly periodic in CuAu II (thereby increasing the
entropy —a possible explanation of the observed la-
tent heat in going from CuAu I to CuAu II) without
affecting the above explanation of y difference.
(That is, the overall long-range order of the
superlattiee with its definite period is maintained
by the electrons but short-range order is not nec-
essarily imposed. ) It is quite possible that spon-
taneous ordering at room temperature could lead
to a structure approximating these specifications
but perhaps with a different average domain size.
Jones's suggestion" has been incorporated in later
theoretical work by Inglesfield. "

The observed electronic specific-heat coefficient
depends on both the electronic density of states at
the Fermi surface and the electron-phonon inter-
action. It is possible that the difference in y be-
tween the three phases of CuAu could arise from
the latter term. However, this seems unlikely be-
cause Noguchi et a5."state that the magnetic sus-
ceptibility, not affected by the electron-phonon in-
teraction, varies in the same way as y between the
three CuAu phases.

F. Nuclear specific heat

The coefficients, 0, found for the nuclear spe-
cific-heat term (Table II) are close to those found
earlier. '~ As discussed in Ref. 4 the term is
thought to arise from the interaction of electric
field gradients with the nuclear electric quad-
rupole moments. Gold is expected to contribute
an order of magnitude more than copper. There
is nearest-neighbor symmetry round the gold
sites in ordered Cu3Au and the nuclear-specific-
heat term is therefore expected to decrease on.

ordering. For other compositions the asymmetry
worsens on ordering and the nuclear term is ex-
pected to increase, as observed. For the disordered
alloys the nuclear term initially increases as the
gold content increases. If the terms are normal. -
ized to refer to one atom of gold the nuclear term
is roughly symmetrical with composition, showing
that the largest field gradients occur in the equi-
atomic alloy.

G. Disorder-order kinetics ai room temperature

The observation of the change of specific heat
with time of the disordered alloys Cu, Au and
CuAu when kept at room temperature was rather
surprising. However, most previous ordering
studies have been at high temperatures where

the process takes p)ace much more rapidly. At
lower temperatures Sykes and Jones" found that
ordering starts at 60'C in Cu,Au and Boessler
has seen an unspecified change in the condition
of disordered Cu,Au at room temperature. "

There is some dispute as to whether ordering
takes place by a nucleation and growth process or
whether it is a homogeneous reaction taking place
over the whole vol.ume of the sample. Certainly
in the first ease and probably in the second case
there is no mechanism to ensure that ordering
starts on the right sublattice and an antiphase
domain structure will be formed (in the first case
after growth of nuclei until they touch). Then
ordering can be divided into two further steps:
(a) establishment of equilibrium order within a
domain and (b) gradual coalescence of domains.
The rate of atomic movement is largest just below
the transition temperature but the equilibrium
degree of long-range order increases as the tem-
perature is lowered. Thus the ideal ordering
procedure is to soak just below the order/disorder
transition temperature to get large domains and
then to cool slowly to improve the long-range
order within the domains.

Despite the complexity of the ordering process,
numerous authors have studied ordering rates
as a function of temperature (generally above
200'C where ordering is reasonably fast) and
have been able to express their results in terms
of relaxation time ~ related to temperature T
as follows

where k is Boltzmann's constant, A and lVare
constants, and ~ is in seconds. Three typical
experiments will now be described briefly. For
AuCu, Dienes' studied the variation of electrical
resistance with time for temperatures in the 250-
360 'C range (on samples originally quenched
from 600'C and therefore, presumably, con-
taining an excess of lattice vacancies). He found
A =1.3x10 ' and W to be 1.23 eV (1 eV = 1.602
F10 "ergs). These figures give 7 as II min at
250 C and 67000 yr at20'C. ForCu Au, Sykes and
Evans~' used samples quenched from 450'C and
made measurements of electrical. resistance
versus time at temperatures in the 300-360'C
range. They found' =10 "and @'=1.65 eV lead-
ing to a 7'of 0.8 yr at 250 C and 2.5x10~ yr at 20'C.
Also for Cu, Au, Feder, Mooney and Nowick~
made precision lattice-parameter measurements
as a function of time at temperatures in the 210
to 290'C range for samples initially ordered at
368 C. These were combined with other workers
similar Young's modulus measurements at higher
temperatures and gave A =2.'78X10 "and 8'=2.03
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eV. At 250'C the relaxation time is 1 d and at
20 C it is '7. 5X].p" yr. Comparingthetwo setsof
figures for Cu Au it is seen that (a) the time for
a change of long-range order is much less than
that for the development of order at 250'C, as
expected, and (b) the extrapolation to 20'C is not

very accurate since the reverse result is obtained
here. The specific-heat data of the present work
correspond roughly to the conditions of the CuAu
and first Cu, Au experiments detailed immediately
above.

Turning now to the present specific-heat results,
it has been shown above that ordering at room
temperature (-20'C) proceeds in CuAu with a
half-life of -100 d (as judged from the change of
specific heat) and in Cugu with a half-life of
-2000 d (judged similarly). Furthermore, the
specific-heat results suggest that domain boundary
movement does not occur at room temperature.
(That is, it appears that individual atoms may
change place to increase the order within a
domain but insufficient energy is available for
the cooperative movement of atoms required to
shift a domain boundary. )

The big discrepancy between the half-life at
room temperature extrapolated from high-tem-
perature observations and that actually seen in
the present work can probably be attributed to
the following factors.

(i) The approximation in assigning a single half-
life to the higher-temperature observations (see
above).

(ii} The specific heat is much more sensitive
to the early stages of ordering than other tech-
niques. " For example, (a) x-ray observations,
possible because a minimum size of domain of
fair perfection is necessary to obtain superlattice
lines and (b} electrical resistance measurements,
because these are influenced by the number of
domain, boundaries, the degree of order within
a domain, and the thermal component of resist-
ance.

(iii) Quenched-in vacancies facilitate atomic
movement as they move to sinks and have a pro-
found effect on ordering rates.

(iv} The Arrhenius relation governing diffusion
may break down at lower temperatures for a num-
ber of reasons: (a) vacancy clusters are more
mobile than single vacancies. ' {b) Disl.ocations
may enhance diffusion rates. ~~ (c) Zero-point
phonons may enhance low-temperature diffusion. "

The difference in the specific-heat haLf-life
of Cu, Au and CuAu may be related, in a naive
fashion, to the fact that in ordering atoms have
to move to the right point in the former but only
the right plane in the latter. The disordered
CuAu, al.loy appeared quite stabl. e compared with

(P —Po)/(P, —P, ) = coth(o. t+ P), (4)

where P is the instantaneous value of a physical.
property depending linearly on the Long-range
order parameter, P, is the equilibrium value for
perfect long-range order, and P, is the equi-
librium value at that temperature. n and P are
constants, t is the time, and the equation applies
to a situation where the order in increasing. To
make a crude comparison of the present specific-
heat data with this equation we make the assump-
tion that P, (at -20'C) differs by 1% from P,
(perfect order) and rewrite Rothstein's equation
(4) as

coth '([100(C~ —C~)/C~]+1} =at +P,

where C~ is the specific heat at time t after the
start of ordering and C~o is the ordered specific
heat at the same temperature. It will be observed
that the first term in the coth ' argument is ex-
actly the ordinate in Figs. 3 and 6. By reading
figures off these graphs in the region of the max-
imum difference between disordered and ordered
samples (and taking the ordered sample as CuAu
II in Fig. 6) the result shown in Fig. 14 has been
obtained. Obviously more data would be needed

Cu,Au and CuAu. This may be related in two
ways to the lower order-disorder transition tem-
perature (-4'73 vs -673 K): (a) quenching was
from a lower temperature considerably reducing
the "excess" lattice vacancies present" and (b)
room temperature is much closer to the disorder-
ing temperature for CuAu, than for the others
and the driving force towards ordering is cor-
respondingly less.

Recent theories of ordering kinetics limit them-
selves to the simple case of homogeneous changes
in the degree of order. Dienes~' treats the process
as a chemical reaction between an A atom on a
wrong site and a B atom on a wrong site reacting
to form A and B atoms on the correct sites. The
theory shows that ordering must start by fluc-
tuations and the size of fluctuation required is
much larger for an A,B-type alloy than for an
AB type. Also the ordering rate for AB is about
100 times faster than for A,B. The sigmoid shape
of the ordering curves are those expected in a
nucleation and growth process although derived
entirely from simple rate theory. Thus, Dienes's
theory is in qualitative agreement with the present
specific-heat work. A more fundamental theory, "
considering the possible diffusion mechanisms
in a solid rather than a chemicaL reaction, leads
to equations too complex for ready comparison
with experiment. Dienes's theory has been
shown, "with some assumptions, to Lead to Roth-
stein's equation
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C.06-

point in the case of CuAu (where the difference
C~ —C~o is small). The discrepancy could indicate
that the specific-heat change is not a linear func-
tion of the long-range order parameter or could
be related to the numerous other assumptions
implicit in the above equation (for instance, "that
the change in order parameter is not large com-
pared with unity —which corresponds to perfect
order).
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for a thorough comparison but it is clear that the
fit is far from perfect. The fit is not improved
by (i) doubling or halving the difference (P, —Po),
(ii) by making reasonable allowance for experi-
mental error, or (iii) by eliminating the 2327-d

TIME. (OAYS FROM QUENCH)

FIG. 14. Illustrating a crude test of Bothstein's
equation using the present specific-heat data (see text).

V. CONCLUSION

CusAu and CuAu order spontaneously at room
temperature and the order of CuAu II improves
on storage at room temperatux e. The lattice
specific heats of CuAu I and ordered CuAu3 are
anomalous at low temperatures, possibly a two-
dimensional effect. The difference in the prop-
erties of CuAu I and CuAu II may not depend on a
strictly periodic antiphase domain structure.
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