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The rate of spin-glass entropy increase on heating begins to diminish in the region of the
spin-glass freezing temperature (Tf). This is seen most clearly in a plot of (spin-glass specific

heat divided by temperature) versus temperature. The spin-glass entropy gained on heating
from absolute zero to Tf is roughly equal to that found above Tf. This general behavior has

been found for compositions in the range 0.083 to 0.88 at.% Mn.

I. INTRODUCTION

The occurrence of a cusp in the low-field magnetic
susceptibility! of certain dilute magnetic systems to-
gether with the onset of hyperfine splitting in the
Maéssbauer spectrum? and other effects® at the same
temperature for the same composition has led to the
identification of these effects with the so-called spin-
glass freezing temperature 7,. If there is some kind
of phase change at T, then a clear indication would
be expected in the spin-glass contribution to specific
heat, but this displays a broad anomaly?* with the
maximum at a higher temperature than Tj.

In some recent specific-heat measurements® on
CuMn below 3 K it was noted, for a 0.083 at.% Mn
alloy, that a "knee" in a plot of spin-glass specific heat
(C,,) divided by temperature (T) versus T corre-
sponded to the estimated spin-glass freezing tempera-
ture.®” The present paper reports measurements to
higher temperatures on two more concentrated alloys
in which a similar correlation has been observed.

II. EXPERIMENTAL

The preparation of the induction-melted, chill-cast,
and homogenized alloys is described elsewhere,’
where the analysis results are also given. The present
measurements were made in an apparatus described
elsewhere,® and the graphs of results also include
data points from the earlier work below 3 K.* Two
sets of measurements in the 2.5-t0-30 K range, with
intermediate warming to room temperature, were
made on a Cu—0.88 at.% Mn alloy while a single run
was made on a Cu—0.43 at.% Mn alloy. However, in
the latter case the region around 7, was measured
twice.

III. RESULTS

The new results are represented by the least-
squares-fitted polynomials given in Table I, the devi-
ation of the raw data from these polynomials being
shown in Fig. 1. (The fit for the 0.88 at.% Mn alloy
is considered good; the deviations seen in Fig. 1 are

TABLE I. Polynomial coefticients representing specific heat €, = Za,, T". Units cal/K g atom (1
cal =4.186 J). Each polynomial reproduces the smoothed specific heat to within 0.01%.

Pure Cu

Cu—0.43 at.% Mn

- Cu—0.88 at.% Mn

a; =+0.165794 x 1073
a3=+0.113549 x 10~*
as=+0.269085 x 10~°
a;=+0.253298 x 10710
ag=-0.435063 x 10713
aj =+0.263103 x 10716
ay3=-0.495026 x 1020

Symbol in figures

a_,=+0.689145118 x 1073
a; =+0.469708 485 x 1073
a,=+0.669774732 x 1073
a3 =-0.247508 525 x 1073
a,=+0.540885923 x 107
as=—0.405572598 x 1073
ag=—0.671904424 x 1076
a; =+0.195377142 x 107°
ag=-0.218660232 x 1077
ag=+0.140414025 x 1078
ajo=-0.556442182 x 10710
ay =+0.134756467 x 107!}
ay, =-0.183295565 x 10713
a;3=+0.107472921 x 10715

xD

a_,=+0.14202308 x 1674
a,=+0.51074002 x 1073
a,=+0.46440154 x 1073
a3=-0.65809428 x 10~
a,=+0.63416575x 1076
as=+0.16722210 x 1073
ag=-0.22557654 x 107°
a;=40.73926836 x 10~¢
ag=+0.71322411 x 1077
aq=—0.78787407 x 10710
ayy=+0.32015719 x 1071
ay; =-0.61844931 x 10713
aj,=+0.47280926 x 10713
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FIG. 1. Deviation of the raw specific-heat data from the
polynomial fits given in Table 1.

associated with defects in the temperature scale; see
for example Ref. 9. The fit for the 0.43 at.% Mn al-
loy is also good except in the region of 7.) To ob-
tain the spin-glass specific heat, the specific heat of
pure copper and the nuclear specific heat were sub-
tracted. The coefficients for the pure copper are
given in Table I and were obtained from a least-
squares fit to the data in Refs. 8 and 10. The nuclear
specific heat is as detailed in Ref. 5. For these more
concentrated alloys, with the wide temperature range
up to 30 K, the specific heat of pure copper only ap-
proximates the non-spin-glass specific heat. Howev-
er, it is probably a reasonable approximation since,
up at least to the spin-glass freezing temperature, the
spin-glass specific heat is greater than the specific
heat of copper. (It has been shown that the addition
of Mn to Cu results in significant changes to the elas-
tic constants,'! while the shape of the lattice-vibration
spectrum will also change. The elastic-constant
change corresponds to an increase of lattice specific
heat at low temperatures of about 0.45% for the

0.88 at.% Mn alloy. The electronic specific heat will
probably also increase slightly.®)

IV. DISCUSSION

The results plotted as spin-glass specific heat
versus temperature (Fig. 2) do not show any feature
at T,. [Irregularities at higher temperatures corre-
spond to defects in the temperature scale (amplified
because the smoothed specific heat of copper has
been subtracted) and are not significant.] However,
the plot of C,,/T vs T (Fig. 3) shows that T, corre-
sponds to thé onset of an initially linear decline in
C,/T at higher temperatures. The area under the
plot of Fig. 3 corresponds to the entropy, and thus
the results show that above T the rate of increase of
entropy begins to decrease rapidly. Uncertainty re-
garding the non-spin-glass specific heat at the highest
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FIG. 2. Spin-glass specific heat plotted against tempera-
ture. The vertical bars intersecting the plots mark the esti-
mate of 7 for each comp_osition. The bars in the center of
the graph show the magnitude of 1% of the specific heat of
copper.

temperatures (see discussion above) makes an accu-
rate total entropy estimate impossible. However, it
appears that only about half the total spin-glass entro-
py is taken up in heating from absolute zero to Ty.
(The total entropy per gram atom of Mn corresponds
roughly to R In 4 or spin J = % If the anomaly does
have a long, high-temperature tail, then an entropy
of R InS or spin J =2 is possible.)
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FIG. 3. (Spin-glass specific heat divided by temperature)
plotted against temperature. The vertical bars intersecting
the plots mark the estimate of 7 for each composition.
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The present work is believed to be the first time
that a clear feature in the specific heat of CuMn has
been seen at 7. The earlier work of Wenger and
Keesom* was on 1.2 and 2.4 at.% Mn alloys and a
C,/T vs T? plot (where C, is the total specific heat)
showed no feature at 7. The present work suggests
that the "knee" becomes less sharp as the Mn content
increases, and the plot against 7% would also tend to
smear the effect. Another possible difference is that
the present alloys were chill cast and very homogene-
ous,® whereas the samples of Ref. 4 were "grown in
an rf crystal grower," suggesting slow solidification
from the melt and consequently larger concentration
gradients. However, it appears that susceptibility
‘cusps were observed in measurements on the actual
specific-heat samples.* Mydosh!? has briefly reported
a reanalysis of early specific-heat data and has con-
cluded that "at best" there is "some" correlation
between a knee or maximum in C,/T and T,. By
contrast the present work has shown a very clear ef-
fect for CuMn. The cusp in the low-field ac suscepti-
bility is very sharp, but it has been suggested® that it
is caused by the sudden freezing of a few large mag-
netic clusters which would have little effect on the
specific heat, which represents an integral over the
whole sample. However, the specific-heat feature ob-
served in the present work is fairly narrow and is
centered at temperature 7, suggesting that some-
thing rather fundamental is occurring in the region of
Tf. X
There is still controversy regarding the significance
of the spin-glass freezing temperature 7. Is there a
genuine phase change here or is there just a gradual
freezing in of spins as the temperature is lowered? It
has been pointed out® that the low-field ac-suscepti-
bility cusp is not an equilibrium observation while
any phase transition would be between equilibrium
states. In some alloy systems and composition
ranges, different properties may have different freez-
ing temperatures.® '3 For some systems the tempera-
ture of the cusp in the low-field ac susceptibility may
be frequency dependent,'* whereas for other systems
the position is independent of frequency.'> !¢ (Mea-
surements at dc have also been made.!”) A magnetic
field will broaden and shift the position of the cusp,
and it has been suggested that this may account for
the apparent frequency dependence of electron-spin-
resonance results.!> Neutron scattering results'® were
interpreted as showing that the freezing temperature
for a magnetic cluster depended on its size. Howev-
er, these results have been reinterpreted!® as showing
a sharp transition at T,. It has been suggested that a
frequency-dependent T is associated with systems
showing clustering (either chemical or physical) in-
volving interactions between the transition-metal
atoms.? A frequency-dependent 7 could be con-
sistent with a phase transition for which the true 7y is

obtained from an experiment with an infinitely long
time scale.?!

The explanation of the various features observed at
T, is a major preoccupation of theoreticians.?? At-
tempts to explain the lack of a cusp in the specific heat
have been made with a magnetic-cluster model.?
However, this approach has been criticized*® on the
grounds that the number of clusters and free spins
assumed to be present at different temperatures are
not consistent with other observations. An alterna-
tive approach has been proposed® where there is
short-range antiferromagnetic coupling above 7, gra-
dually decreasing with increasing temperature. Clear-
ly the feature reported in the present work will be a
further restriction on possible theories. Another
problem raised by the theoreticians is whether the
postulated spin-glass phase transition could occur in a
system with only three dimensions.?!’ However, re-
cent numerical-simulation work?* shows no qualita-
tive difference in results from two to five dimen-
sions. These authors®* also suggest that there is a
slow relaxation into the ordered state and that there
is probably a phase transition at a nonzero 7.
Perhaps the situation could be compared to the
development of order below the critical temperature
for an order-disorder transition which is a sluggish
phase change in the direction of order and where
short-range order exists above the transition tempera-
ture.

V. CONCLUSION

The observation of a specific-heat feature in the re-
gion of 7, for CuMn (present work) and also for
AuFe (Ref. 25) would appear to lend support to the
idea of a high-order phase transition at T,. This
could, perhaps, be of the subtle type portrayed by
NMR studies of spin-glass dynamics?® where there is
a gradual freezing of spins on cooling, but the mo-
tions are highly correlated below 77.

Note added in proof. Recent neutron scattering
results?’ on Cu—4.7 at.% Mn yield spin
J=1.77 £0.05. This value is shown to agree quite
well with values (1.73—2.14) obtained elsewhere by
high-temperature susceptibility measurements for a
large range of CuMn compositions (0.02 to 11
at.% Mn). The present specific-heat result is in
accord with these values.
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