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classic results for He vapor on the He liquid. If
this should not be the case, the hydrodynamics
will be somewhat more complicated.] In some
very thin film geometries the H¥ third sound
speed may be nearly as large as the compression-
al speed. In this limit, one must take proper ac-
count of the compressibility of the HY film. This
is straightforward' and leads to a more compli-
cated version of Eq. (15) whose basic physics is
unchanged.
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New measurements near T ;o characterize the heat-capacity anomaly associated with
spin-glass ordering. There are no discontinuities in the heat capacity or its temperature
or field derivatives but there is a relatively sharp anomaly in the field derivative and a
broad anomaly in the temperature derivative. A failure of thermodynamics to predict
correctly the relation between heat capacity and magnetic susceptibility may be a mani-
festation of the ‘“nonergodic” behavior of disordered systems.

PACS numbers: 65.40.-f, 65.50.+m, 75.30.Hx

The nature of the transition to the ordered state
in metallic spin-glasses continues to be an inter-
esting and challenging aspect of the more general
problem of disordered systems. The discovery®
of a sharp cusp in the low-field ac susceptibility,
Xacs at a characteristic temperature, T,, led to
a renewal of both experimental and theoretical
investigations of spin-glasses, and, together with
Mossbauer? and magnetic remanence® data,
prompted consideration of the possibility of a
thermodynamic phase transition at T',,. Edwards
and Anderson (EA) proposed a model in which the

long-range Ruderman-Kittel-Kasuya-Yosida in-
teraction between randomly distributed spins was
replaced by a Gaussian distribution of bond
strengths coupling spins on a regular lattice.*
Mean-field solutions of this model and extensions
of it do produce a cusp in x but they also predict
a cusp in the magnetic specific heat, C. Although
a broad anomaly that extends from the lowest
temperatures at which C has been measured to
well above T, is well known, no feature of the
type predicted had been reported. More recent
theoretical work has addressed both the essential
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randomness of spin-glass systems® and the role
of critical fluctuations® but has not yet yielded
detailed predictions of physical properties.

The EA theory stimulated a search for a sharp
anomaly in C at T';,. Wenger and Keesom' and
Zweers et al.® measured both x,. and C (on CxMn
and PIMn, respectively) but reported no evidence
for any discontinuous behavior at 7';,. Martin®*°
has reported measurements on a series of CuMn
samples and on a 1.0-at% AuFe sample. The
maximum scatter of the data depends on the tem-
perature, but near T, is typically + 0.5% to
+1.0% in C. For a 0.083-at.% CuMn sample and
for the AuFe sample, he noted a “knee” in a plot
of C/T vs T near the expected value of ng. For
more concentrated CuMn samples the feature is
less pronounced but a “similar correlation” was
observed.

In this Letter we report the results of an in-
vestigation of the specific heat of a CuMn spin-
glass in the vicinity of Ty, that shed new light on
the nature of spin-glass ordering. Near and
above T, essentially all of the data points for C
fall within + 0.02% of smooth curves. This cor-
responds to a precision of + 0.01% in total heat
capacity—considerably better than that achieved
in earlier work, but essential for observation of
the effects that we report. The measurements
were made on a 39.8-g, 0.279+0.002-at.%, poly-
crystalline sample of irregular shape. x,. was
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FIG. 1. X, (lower part of figure) and C/T (upper part
of figure) vs T. Values of both C and T for Martin’s
data have been scaled by a factor of 2.59 to place the
“knee” at T, for our sample. Note the shift in scales
for the two sets of C/T data. Curve a represents
typical x¢. data and curve b is derived from C/T vs H
data (see text for explanation).

measured at 5 Hz with an rms field amplitude of

2 Oe after an initial anneal for 8 d at 800°C in an
argon atmosphere, and again after a second an-
neal for 2 d at 1020 °C in vacuum. The second set
of x,. data, shown in Fig. 1, was indistinguishable
from the first. With respect to sharpness the
cusp is very similar to those found by Cannelal!
for annealed CuMn samples with similar compo-
sitions. All heat-capacity data were taken after
the second anneal.

Figure 1 also shows our heat-capacity data and
Martin’s data for a 0.083-at.% sample (scaled to
facilitate comparison—see figure caption) as C/T
vs T. The knee in Martin’s data (see also Fig. 5
and the accompanying discussion in Ref. 8) ap-
pears as a change in slope at Ty Our data do
not show a similar feature. Martin has suggested®
that the knee may become less pronounced at
higher concentrations, in which case the differ-
ence between his data (for 0.083 at.%) and ours
(for 0.279 at.%) could be simply a concentration
effect, but we can find no evidence in our data for
more dilute samples to support that suggestion.

To examine the smoothness of the temperature
derivative of C more carefully, we have calcu-
lated A (C/T)/AT by taking point-to-point differ-
ences between the raw heat-capacity data. A (C/
T)/AT varies smoothly and regularly from 0.3 to
25 K, the temperature range in which this sample
was studied, except in a 4-K interval in the vi-
cinity of T,. [For pure Cu, measurements with
the same apparatus and to the same precision
show a linear dependence of A(C/T)/AT on T and
therefore that the anomaly exhibited in Fig. 2 is
not associated with temperature scale irregulari-
ties or other systematic errors.] As shown in
Fig. 2 the approximate width of the region of
anomalous behavior is clear, but neither the po-
sition nor the shape of the anomaly is precisely
defined. The solid curve in Fig. 2 is an interpo-
lation from data below 2 K to data above 7 K, and

A(C/T)/AT (md/K2 mole alloy)

T (K)
FIG. 2. Derivative of C/T with respect to T.
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represents a possible smooth “background” curve.

Figure 2 shows that the zero-field spin ordering
in the vicinity of 7'y, is energetically different
from that over the broader range of temperature.
However, the anomaly is spread out over a tem-
perature interval of the order of T, itself, in
contrast with the predictions of EA-type theories
and with qualitative, but unfounded, conjecture
based on the sharpness of the susceptibility cusp.
Thermodynamics requires only that an anomaly
in x be reflected in the field dependence of C.
The thermodynamic relation can be expressed
in the form

(02M /6T?), =T (C/oH),, 1)

where M is the magnetization, M =xH. This re-

lation, which prompted the in-field measurements,

shows that the strong curvature of x as a function
of temperature that occurs near T, should be re-
flected in a strong field dependence of C. Meas-
urements of C in each of six magnetic fields from
0 to 1000 Oe were made at nineteen temperatures
between 2.5 and 6.5 K. (The thermometer was
shielded from the applied field and in separate
tests there was no observable effect on its cali-
bration in fields to 75 kOe at the sample.) The
field was always changed at T=10 K and held con-
stant until a complete set of data in that field was
taken. Repeat runs in several fields, in some
cases following runs in other fields, showed no
evidence of irreproducibility. Two typical sets

of C/T vs H data, one for T~T,, and one at T
~T+1.6 K, are shown in the inset of Fig. 3.
Since M mustbe an odd function of #, Eq. (1) re-
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FIG. 3. Temperature dependence of B in C/T = A
+BH?®. The inset shows typical C/T vs H data. The
error bars represent + 0.01% of the total heat capacity.
The curves represent best fits of the form C/T =A +B{’.
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quires C to be an even function of H#. Only the
first two terms of a series expansion,

C/T=A+BH?, @)

were useful in fitting the data. These fits are
represented by the solid curves in the inset of
Fig. 3, and the coefficient B(T) is shown in the
main part of Fig. 3. The minimum value of B oc-
curs at a temperature that is equal to 7'y, to with-
in experimental error.

A fairly complete picture of the magnetic be-
havior of spin-glasses below T, can be obtained
as a composite of results on different materials
and from different laboratories. Briefly, low-
frequency measurements at field amplitudes of
a few oersteds give x,. as shown in Fig. 1, but
dc field-cooled (fc) measurements of M,'*'13
made by cooling from above T, in fixed fields of
a few hundred oersteds or less, give values of
X e corresponding to curve a of Fig. 1. Static
fields of a few hundred oersteds broaden the cusp
in both x,. and x;. conspicuously but do not affect
values of x at temperatures a degree or so above
or below T, (for Tz~ 4 K).' When M is meas-
ured by changing the applied field at tempera-
tures below ng, time effects can be observed
and the apparent values of x are intermediate
between X ,. and X ;. depending on the time and
sample.’®* No time dependence of M has been
reported in fc measurements, and there is no
evidence that y can exceed x¢.. This picture sug-
gests that the fc data, which are obtained in the
same way as the C data, are the ones that should
be expected to correspond to thermodynamic
equilibrium and that should be used in Eq. (1).

As illustrated in the inset in Fig. 3, the field
dependence of C, below 1000 Oe, is well repre-
sented by a parabolic relation. In this region of
field Eq. (1) would then give a field-independent
value of 82y /6T2. This is clearly at variance
with direct measurements of x which give, in the
same range of field and in the immediate vicinity
of Ty, a strong dependence of 8% /6T on field.
Furthermore, the values of 8% /0 T? deduced from
the calorimetric data by Eq. (1) are quantitatively
inconsistent with direct measurements of x¢. for
all fields in this range. This is demonstrated by
curve b of Fig. 1, which represents the result of
a double integration of the right-hand side of Eq.
(1) with the constants of integration evaluated
from the experimental values of x,. and dy,./dT
for this sample at 4.25 K. Below T4 curves a
and b are conspicuously different. Since curve a
represents typical x . data these curves might



VOLUME 47, NUMBER 5

PHYSICAL REVIEW LETTERS

3 Aucust 1981

have been expected to be the same, and the dis-
crepancy reflects a failure of Eq. (1). The source
of the disagreement is that the field dependence
of C is not large enough in comparison with the
observed change in slope of x;. vs T in the vicinity
of T ,—the integral over temperature of 8(C/T)/
9H is only one-half of that required by Eq. (1).
Since that integral is essentially the difference
between two measured energies, and is meas-
ured with an accuracy of a few percent, the dis-
crepancy is well outside experimental error.
Even if the field-cooled samples are in (time-
independent) metastable states, one would expect
Eq. (1) to apply if these states correspond to a
single region of phase space within which all
microscopic states of the same energy are ac-
cessible. Recent suggestions'® that certain dis-
ordered systems including spin-glasses are in-
herently “nonergodic” in nature offer a possible
explanation of the failure of the thermodynamic
relation Eq. (1). According to this suggestion
the configuration space of a spin-glass contains
many potential valleys separated by barriers,
with distributions of minimum energies of the
valleys and of barrier heights. When a spin-glass
is cooled sufficiently far below T it is frozen
into a particular potential valley and does not
sample microscopic states that are energetically
allowed but rendered inaccessible by the inter-
vening barriers. (The degeneracies of these val-
leys are evidently not as high as they are in the
somewhat analogous case of a glass because there
is no easily measurable’ residual entropy at T
=0, but computer simulations suggest that their
numbers are substantial.’”) It is reasonable to
assume further that cooling in different fixed
fields leaves a sample trapped in different re-
gions of configuration space. If the number of po-
tential valleys is sufficiently high, the properties
of the microscopic states associated with them
could still vary essentially continuously as a
function of the external field that selects them,
but not in the way determined by the local proper-
ties of the phase space at the bottoms of the val-
leys. Under these conditions thermodynamic
equalities such as Eq. (1) could break down even
though both M and C are measured under identical
conditions and are “equilibrium” values in the
sense of being independent of time. The failure

of thermodynamic relations would then arise as
a fundamental consequence of the disorder of the
system.
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