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Probable observation of short-range-order effects in the specific heat of AgAn below 30 K
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By quenching an equiatomic AgAu alloy from 400'C and from 1000 C reproducible differences in
specific heat have been obtained. The form of the difference is similar to that found between disordered and
long-range oidered CuAu, but much smaller. The maximum difference (-0.8%) is seen at about 3 K.
Other heat treatments produce intermediate results. It is postulated that the differences correspond to short-
range ordering.

INTRODUCTION

At the absolute zero the entropy of an alloy is
minimized by either long-range ordering (LRO) or
segregation of the components. This may not occur
because the temperature at which ordering or se-
gregation becomes energetically favorable may be
so low that atomic movement is not possible. How-
ever, there may be some tendency in this direction
represented by short-range ordering (SRO) or
clustering. The degree of SRO or clustering will
depend on the thermal history of the sample. In
the case of alloys showing LBO there is always
significant SRO just above the order-disorder tran-
sition temperature. This SRO decreases with in-
creasing temperature. It might therefore appear
that a disordered sample should be produced by
quenching from a very high temperature. How-
ever, it is found in practice that a partly ordered
sample is obtained this way, presumably because
the initial high equilibrium concentration of lattice
vacancies facilitates atomic movement during
and. after the quench. To minimize this effect
it may be best to produce a "disordered" sample
by quenching from just above the order-disorder
transition temperature when it is clear that the
sample will show significant SRO.

The discussion in the previous paragraph shows
that there are a large number of alloy systems
where there is SRO and the degree of SRO depends
on the thermal history. In turn this may result in
uncertainty in the specif ic heat and entropy. The
present work was undertaken to get some idea of
the possible magnitude of these effects.

Recent work' has shown that LRO may have a
surprisingly large effect on low-temperature spe-
cific heat. Consider the equiatomic alloy CuAu
where there are two ordered phases, CuAu I and
CuAu II, the latter a long-period superlattice. At
temperatures below about 3 K the disordered sam-
ple has a lower specific heat than CuAu I. At high-
er temperatures (up at least to 30 K) the disor-
dered phase has a higher specific heat than CuAu

I, the maximum difference of about 20%%ug occurring
at about 8 K. The specific heat of the disordered
sample exceeds that of CuAu II over the measure-
ment range of 0.4-30 K. The maximum difference
(-20%%uo) occurs at about 5 K. As mentioned earlier,
the disordered sample will show SBO.'

To investigate SBO it is best to choose an alloy
system which shows no LRO. A suitable system
is Ag-Au, where x-ray work' shows SRO. It has
been estimated4 that the LRO transition tempera-
ture for the equiatomic alloy is about j.50 K but,
owing to negligibly low atomic mobility here, the
transition to LBO never occurs. It was decided to
work with an approximately equiatomic alloy since
the number of Ag-Au pairs is then a maximum and
SRO effects might, as a result, be expected to be
largest at this composition. This is confirmed by
diffuse x-ray scattering experiments. ' Previous
work' had shown the Debye temperature (8;) for
this composition to be about 200 K, while that for
disordered CuAu is 218 K.' If it is assumed that
SRO affects the (lattice) specific heat in the same
way as was observed' for the early stages of LRQ
and if it is assumed that the maximum effect oc-
curs at a temperature proportional to 6'„ then the
SRO effect on specific heat would be expected to be
a maximum at a temperature of -5 K. Even if
these assumptions are not strictly correct, it ap-
peared likely that any effect should show a maxi-
mum within the 0.4-30 K temperature range of the
experiments described in the present paper.

The other main problems to consider are whether
samples can be prepared showing different degrees
of SRO and whether the SRO is stable over time
periods long enough for loading into a calorimeter.
Information on the kinetics of SRO is available
from electrical resistance measurements, but be-
fore considering these it is advisable to consider
the possible mechanisms for SRO.

Two main models for SBO have been considered. '
In homogeneous SRO the degree of SBO is uniform
throughout the sample. In heterogeneous SRO
there are small regions of SRO (or even LRO) in

20 4001 1979 The American Physical Society



4002 DOUG LAS L. MARTIN 20

the disordered matrix. The size and number of
the SRO regions and the degree of order in the or-
dered regions may vary with temperature in the
latter model. Twin-process kinetics have been
identified in Cu-Al supporting the latter model, but
it is possible that other alloy systems might show
homogeneous SRO.'

The electrical resistance work will. now be dis-
cussed. The earliest significant work appears to
be that of Schulze and Lucke. ' They annealed Ag-
Au alloy foils at a quenching temperature T+, then
quenched to temperature T = -40'C and subse-
quently annealed several times at an inter-
mediate temperature T(To& T& T ). After each
step the electrical resistance was measured at T
in order to eliminate the effect of the thermal com-
ponent of resistance. (The same procedure was
followed in work to be cited later. ) They observed
an initial increase in resistance on annealing at
T, which they attributed to an increase in SRO,
followed by a decrease attributed to the annealing
out of quenched-in lattice vacancies. The relative
magnitude of these effects depended on the quench-
ing temperature and sample composition. For the
equiatomic alloy quenched from 450'C and an-
nealed at 40'C, the lattice vacancy effect is neg-
ligibly small and the "half-life" of the resistance
increase is about 500 min. For the same circum-
stances but quenching from 600 C the half-life is
30 min. The variation of half-life is simply ex-
plained by the number of equilibrium lattice va-
cancies at the quenching temperature. At first
sight the increase of electrical resistivity with in-
crease of SRO is rather surprising, but theory"
shows that the sign of the dependence of resistivity
on SRO depends primarily on the number of con-
duction electrons per atom in the system and that
both signs are possible.

Results in disagreement with those of Ref. 9 were
obtained by Giardina et al. ,

"who quenched a Au-
15-at.%-Ag sample first into water and then im-
mediately into liquid nitrogen. They performed
isochronal. annealing experiments and found an ini-
tial decrease of resistivity, complete by O'C,
which they attributed to the onset of SRO. At high-
er temperatures the resistivity gradually in-
creased. This was attributed to scattering at the
coherent phase boundaries gradually forming be-
tween ordered domains. Above about 100 C the
resistivity falls again, this being attributed to the
gradual coalescence of domains and consequent re-
duction of scattering at domain boundaries. Thus
the results of this work are interpreted in terms
of a heterogerieous SRO model.

Calorimetric and resistometric studies by Lang"
supported the model and results of Ref. 9 and con-
tradicted those of Ref. 11. In particular no ab-

normal thermal or resistive effects were ob-
served below 0 C and the calorimetric measure-
ments showed that disordering started on heating
above -100'C, contrary to the interpretation of
Ref. 11. LGcke and Haas" attempted to duplicate
as closely as possible the experiments of Ref. 11,
even to the extent of using specimens from the
same source. They performed isochronal anneal-
ing experiments in the same way is Ref. 11 but
found no initial decrease of resistivity below 0 C.
Above O'C the resistance first increased, which
they attributed to the onset of SRO, and then,
above -100 C [or lower for longer (-30 min) an-
nealing periods] the resistance began to fall, cor-
responding to the falling equilibrium SRO. They
also showed that the resistivity values attributed
to equilibrium SRO were reversible with tempera-
ture change, as is required. (This reversibility
had been demonstrated earlier by Radelaar. '~)

These results were confirmed by Lucke et al."
The reversibility in the 'equilibrium SBO region is
difficult to reconcile with a literal interpretation
of the domain-coalescence picture in this region
proposed in Ref. 11. However, some results sup-
porting the findings of Ref. 11 were obtained by
Schule and Crestoni. ' In particular they observed
the initial decrease of resistivity on isochronal
annealing and produced evidence that there are two
processes occurring in the alloy with rate con-
stants differing by 10'. They claim that the
quenching procedures of Refs. 9, 12, and 13 were
inadequate to observe the faster process.

It is clear that there is still considerable con-
troversy regarding both the experimental and the-
oretical aspects of the electrical resistivity work.
The data presented in Ref. 9 and the supporting
work" " is most useful in planning a specific-
heat experiment. Thus in Ref. 13 it is shown that
the resistivity assumed to correspond to equilibri-
um SRO falls as temperature increases but then
goes through a minimum at -400'C, so that it in-
creases at higher temperatures. It will be re-
called that the resistance is measured at a low
reference temperature and the observed increase
in resistance above about 400'C is thought to be
due to the development of SRO during the quench
(to the measuring temperature). This is facili-
tated by the increasing initial number of equilibri-
um lattice vacancies with increasing quench tem-
perature. Thus quenching a sample from -400'C
might result in minimum SBO. Conversely,
quenching from a high temperature (-1000'C) could
result in considerable SBO because of the high ini-
tial concentration of lattice vacanci. es. In fact this
might be the best way to obtain high degrees- of
SRO as it avoids the very long equilibrium times
associated with low-temperature heat treatment.
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TABLE I. Sequence of heat treatments and measurements.

4003

Temperature
Cooling
method

Time at room
temp. before

start of cool for
specific-heat run

Temperature range
of specific-heat
measurements

Symbol in
figures

1000 'C
400 'C

1000 'C
400 'C

100 'C
200 'C
400 'C

1000 'C

'QW
QBb

QW.QB

C c

C

QB

QW

194 d

17.h
26 d
1d
2h
4 d

1 d
1 d

3h
7d
3.5 d

4.5 d

2.5-30 K
2.5-30 K
2.5-30 K
2.5—30 K
2.5-30 K
2.5-3(}K
2.5-30 K
2.5—30 K
0,.4- 3 K
0.4—3 K
0.4—3 K
0.4- 3 K

V
+
0

' QW: quench in water.
QB: quench in brine (--8 C).
C: cool tube containing sample in still air.

For the specific-heat experiment in the available
apparatus it was necessary to quench a relatively
massive (-200 g) sample and then mount in the
calorimeter at room temperature before cooling to
the measurement temperatures. P rev ious exper i-
ence with the apparatus showed that it was possible
to assemble and start cooling within less than 2 h
of ihe quench. The experiments of Ref. 9, de-
scribed above, suggest that it should be possible
to retain a significant degree of the quenched-in
SRQ over this time span if the quench temperature
is -400'C. The other problem to consider is
whether the quench of the sample itself is fast
enough. The quench rate can be calculated" on
the assumption that the surface temperature of the
sample is suddenly reduced to the quenching bath

temperature. With this assumption, the center of
the sample would cool 50%% of the total temperature
change in about 1.6 sec. The average temperature
of the sample would be reduced 50%%uc of the total
temperature change in about 0.15 sec or 9(P%%d of
the change in about 1 sec. Rough tests confirmed
these figures for a water quench from 600'C. Ex-
periment was necessary to determine whether this
quench rate was sufficiently rapid.

EXPERIMENTAL

The specific-heat measurements were made in
apparatuses described elsewhere. ""Preliminary
experiments were made with the equiatomic AgAu
sample used in earlier work on the Ag-Au system. '

n
TABLE II. Polynomial coefficients representing specific heat C&=pa„. Units: cal/K g-

atom (1 ca1=4.186 J). Error limits are 95% confidence limits for each coefficient from the
statistical analysis. Each polynomial reproduces the smoothed specific heat to within 0.01%.

Quenched from 1000 C Quenched from 400 C

a 2
=+ (0.707 790 91 + 0.048)

a f
=+ (0.155 674 62 + 0.000 41)

a3 =+ (0.590 84411 + 0.002 1)
a 5

= —(0.319607 10 + 0.17)
a7 =+ (0.173 19840 + 0.041)
ag =- (0.125 896 94 + 0.044)
aff =+ (0-46157218 +0.25)
a f3 (0.103 246 35 + 0.082)
af5 =+ (0.14581875 +0.16)
a f'7

= —(p.126 477 93 + 0.18)
a = + (0.061 298 398 + 0.11)
a2f (0.126 687 39 + 0.27)

Symbol in figures x+ 8+

x]0-6

X10
x1p 4

x1(} 7

x10 8

x1(} fo

x]p f3

x] 0-f 5

x1p f'
x]p 21

x1(}-24
x] p-28

a 2=+ (0.6425482 +0.047)
af =+ (0.155 1495+ 0.00040)
a3 =+ (0.599292 5+0.0020)
a =- (0.534 767 9+0.16)
a =+ (0.205 019 5 +0.039)
a = —(0.150 145 0 + 0.041)
a f f

=+ (0.566 567 6 + 0.22)
a = —(0.130 509 3 + 0.070)
af5 =+ (0.188 902 9 +0.13)
af~ =—(0 1669305+0 14)
afg =+ (0.8198301+0.85)

.a2f =- (0.170 9314+0.21)

x1p-6
x]p
x]0 4

x]0
x1p 8

x] p-fo

x1p»
x]0 f5

1p-18
1p-21

x1p 25

1p-28
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FIG. 1. Percentage deviation of the raw data from the fitted relations given in Table II.

Heat treatment produced differences of the same
magnitude as in the later work, described below,
but the differences were not satisfactorily repro-
ducible. Two possible reasons were identified.
The first was increasingly severe radio frequency
heating problems associated with the proliferation
of high-powered local radio transmitters. It
seemed possible that this might have resulted in
some irreproducibility of results. This problem
was overcome by moving the apparatus to another
location where the signal strengths of local trans-
mitters were about 30 dB down. The second possi-

ble reason for reproducibility problems was slight
variations in the quenching rate. This had been
identified by others as a possible problem. " In
order to minimize this problem it appeared ad-
visable to cut the massive specific-heat sample
into a number of pieces. Rather than cut up the
sample mentioned above, which was required for
other work, it was decided to use another sample
of nominally equiatomic composition. This had
been prepared for the earlier work on the thermal
parameters of the Ag-Au system as a function of
concentration but was not considered sufficiently
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FIG. 2. Percentage deviation of the raw data for the quench-from-400'C heat treatments from the fitted relation for
the quench-from-1000'C heat treatments.
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FIG. 3. Effect of a room-temperature anneal after a quench from 400 C. 4, about 1 week after the quench; &, about
1 month after the quench.

homogeneous to use. " However, it was a very
pure sample and appeared quite suitable for an in-
vestigation of the effects of heat treatment. The
sample was made from Consolidated Mining and
Smelting Co. of Canada (COMINCO} 99.9999% pure
pellets of gold, and silver. These were induction
melted under high vacuum and chill cast into a
heavy copper mould. The sample was then sealed
up, under vacuum, in quartz and held at 1000'C
for 16 d in an attempt to homogenize. Pieces
were then taken from the top and bottom for analy-
sis. The gold content was 53.58 at.% at one end

and 49.41 at.% at the other. Assuming a linear
composition gradient (not necessarily correct) the
average composition is 51.50 at.% gold and average
atomic weight 153.75. The impurity analysis re-
sults (all ppm by weight) were Fe 0.40 and 0.54,
Mn 0.027 and 0.039 (both by the quantitative spec-
trographic method); Mg 0.01-0.1 and 0.01-'0.1,
Si 0.01-3.0 and 0.03-0.3, Cu 0.1-1.0 and 0.1-1.0
(qualitative spectrographic method). In order to
facilitate rapid quenching the sample was cut into
six wedge-shaped pieces by making three cuts
along the axis with a spark cutter.

The sample was carefully cleaned, as described
elsewhere, "before each heat treatment. For the
"quench-from-1000'C" heat treatments the sample,
resting on a piece of alumina crucible with alum-
ina spacers between the six pieces, was sealed,

under vacuum, in quartz and held at 1000'C about
6 h before quenching into distilled water (the
quartz tube breaks as soon as it is immersed).
The procedure for quench from 400'C was similar
except that the sample container was Pyrex and the
samplewas held about 18 h at 400'C before quenching
into brine at about -8'C. (A brine quench gives
more rapid cooling than awater quench. The latter
was used in the quenchfrom 1000'C togive a little
more time for the attainment of equilibrium SRO
during the cool.} For the other heat treatments
the sample was sealed, under vacuum, in Pyrex
and allowed to cool slowly outside the furnace
after the heat treatment. The sample weight was
216.19 g at the start of the experiments and
214.55 g at the end.

RESULTS

The sequence of heat treatments and specific-
heat measurements is shown in Table I. The
2.5 —30 K runs following the two independent
quenches from 1000'C were curve fitted with the
two 0.4-3 K runs following a single quench from
1000'C. The result is shown in Fig. 1 as a plot of
the percentage differences of the raw data from
the coefficients listed in Table II. This is taken
as the quench-from-1000'C result. The quench-
from-400'C result (Fig. 1 and Table II} is obtained

o
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FIG. 4. Effect of low-temperature heat treatment following a quench from 400'C. &l, about 2& days at 100'C; g, about

22 days at 200 C. The curved line represents the smoothed values for the quench-from-400'C condition.
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from a similar set of four runs. The quench-from-
400'C raw data are plotted as percentage differ-
ences from the quench-from-1000'C result in Fig.
2. The line is the smoothed value for the quench-
from-400 C state. The two runs made after room-
temperature storage, following a quench from
400'C, are shown in Fig. 3 as percentage diff er-
ences from the quench-from-400'C result. Final-
ly, Fig. 4 shows the effect of the 64 h at 100'C and
60 h at 200 C heat treatments plotted as a percen-
tage difference from the quench-from-1000 C re-
sult. The line in this plot represents the quench-
from-400'C result.

DISCUSSION

It will be observed (Fig. 1) that the results show
systematic deviations about the smoothed value.
This is a consequence of small errors in the tem-
perature scale used, probably a combination of
small errors in gas thermometry with limitations
of the procedure used to fit the calibration data.
Reference to Fig. 1 shows that the reproducibility
of results is generally much better than the mag-
nitude of the deviations (except possibly at the low-
est temperatures). Thus the significance of dif-
ferences must be based on the reproducibility
rather than the magnitude of the deviation. [I.ow-
temperature scales have been in a state of flux
for a long time and our "local" temperature scale
has been retained to facilitate comparison of re-
sults obtained at different times in this labora-
tory. It is known that the smoothed values agree
well with those obtained elsewhere (e.g. , compari-
son measurements on pure copper"). There has
been criticism" regarding the premature adoption
of "improved" temperature scales which finally
appear worse than the discarded scale. For re-
cently established errors in IPTS68 in the region
of the present work see Ref. 25. ]

The reproducibility of results obtained with sev-
eral quenches from the same temperature will be
clear from Fig. 1. Note in particular that a long
storage time at room temperature has had little
or no effect on ihe quench-from-1000'C state.
The difference in specific heat between the quench-
from-400'C and quench-f rom-1000 C states is
clear from Fig. 2. and appears well established.
The maximum difference is about 0.8/p at about
3 K. The quench from 1000'C is expected to pro-
duce a maximum of SBO, while the quench from
400'C is expected to produce a minimum (see the
Introduction). The form of the difference in spe-
cific heat produced by the two heat treatments is
similar to that observed in long-range ordering
(see Fig. 6 of Ref. 1) but the magnitude is much
smaller. The results in Fig. 3 show that storage

at room temperature after a quench from 400'C
has little effect on the specific heat. Perhaps the
results for the longer storage time (-1 month) have
moved down signif icantly, consistent with the hy-
pothesis of an increase of SRO. The curve is a fit
to these latter results but is not strictly compar-
able with the other curve fits because results be-
low 2.5 K were not available for the alloy in this
state. Finally Fig. 4 shows that annealing at 100'C
or 200'C lowers the specific heat more than short-
term room temperature storage. There is 'little
difference between the results obtained with the
100 C and 200'C anneals. Further experiments
would be necessary to explore this in more detail,
but it can be explained as the result of two pro-
cesses. The first is that when the sample temper-
ature is raised it takes a finite time for the equi-
librium SRO at that temperature to become es-
tablished. " Secondly, as the annealing tempera-
ture is raised the equilibrium SRO is decreased
and the specific heat is expected to increase. Thus
the annealing time at 100'C may not have been long
enough to obtain the equilibrium SRO value, while
at 200 C the equilibrium SBO value is lower and
specific heat higher.

From Fig. 2 it is clear that the heat treatment
has affected the specific heat at the lowest temper-
atures quite considerably. The parameters ob-
tained from the specific-heat results are listed in
Table II. There is no significant change in the nu-
clear specific-heat coefficient (a,) or electronic
specific-heat coefficient (a,). However, the change
in the leading term of the lattice specific heat (a, )
is nearly 1.5% and more than double the sum of
the 95% confidence limits. Thus, within the pre-
c is ion of the present work, heat, treatment has had
a signficant effect only in the lattice specific heat.
[Comparing the results in Table II with those for
the equiatomic alloy used in our earlier work' it
will be seen that there is a significant difference
in the value obtained for the electronic specific-
heat coefficient (a,). This may reflect several
factors, e.g. , (a) an error in the average atomic
weight of the sample used in the present work
which was based on the assumption of a linear con-
centration gradient in the inhomogeneous sample,
(b) inhomogeneity in the sample tends to increase
a„and (c) slight changes in the 'He cryostat tem-
perature scale" since the previous work. Clearly
these factors do not affect the comparisons made
in the present paper, where all measurements
were made oh the same sample. ]

It will be recalled that the electrical resistance
studies of Refs. 9 and 12-15 were used in planning
the present work and it appears that the specific-
heat results are consistent with these data and an
interpretation based on the homogeneous SRO mod-
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el. However, the present specific-heat results
would probably also be consistent with a hetero-
geneous SRO model. In this case no observation
would have been made of any process with a very
short time constant.

Thus the present work appears not to clarify the
controversy regarding the mechanism of short-
range ordering, but is has shown that specific-
heat variations of the order of V/q may be produced
by various heat treatments —and these variations
are most probably associated with different de-
grees of SRO. In no case would a completely dis-
ordered sample have been obtained and nonideal
quenches would reduce possible differences. Hence
the total possible change of specific heat asso-
ciated with SRO would be greater than that ob-
served in the present work.

In conclusion it should be mentioned that a sig-
nificant dependence of the electronic specific-heat
coefficient (y} of Pd-rich Cu-Pd alloys was initial-
ly attributed~ to short-range order but in a later
publication" to clustering. The direction of the
variation of y with heat treatment is the same as
that obse~ed" in a Cu-Ni alloy for which cluster-

ing behavior has been proved very convincingly.
In any case, the Cu-Pd system shows I RO at
other compositions, so the results would be more
ambiguous than in the case of the Ag-Au system
considered in present work.

CONCLUSION

The specific heat of an equiatomic AgAu alloy
has been varied by a maximum of nearly 1% by
different heat treatments. , The form of the varia-
tion and the instabilities observed after certain
heat treatments are consistent with the differences
being associated with different degrees of short-
range order.
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