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1. 

Calorimetric Investigation of "Spin-Glass Ordering" in CuMn 

William E. Fogle, James D. Boyer, Norman E. Phillips and John Van Curen 

Department of Chemistry, University of California 
Berkeley, California 94720 

and 

Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory, Berkeley, California 94720 

ABSTRACT 

New measurements near T characterize the heat capacity anomaly sg 

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 

manifestation of the "non-ergodic" behavior of disordered systems. 

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



2. 

The nature of the transition to the ordered state in metallic spin 

glasses continues to be an interesting and challenging aspect of the more 

general problem of disordered systems. 1 The discovery of a sharp cusp in 

the low-field ac sus__ ceptibility, Xac'- at a characteristic temperature, T , sg' 

led to a renewal of both experimental and theoretical investigations of spin 

glasses, and, together with Mossbauer2 and magnetic remanence3 data, prompted 

consideration of the_- possibility of a thermodynamic phase transition at T sg 

Edwards and Anderson (EA) proposed a model in which the long-range RKKY 

interaction between randomly distributed spins was replaced by a gaussian 

distribution of bond strengths coupling spins on a regular lattice. 4 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 sg 

had been reported. More recent theoretical work has addressed both the 

essential randomness of spin glass systems5 and the role of critical fluctua-

6 
tions 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 sg 

and Keesom7 and Zweers et a1. 8 measured both X and C (on CuMn and PdMn ac -

respectively) but reported no evidence for any discontinuous behavior at T sg 
9 10 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 te~ 

perature, but near T is typically +0.5 to +1.0% in C. For a 0.083 at.% 
sg 

CuMn sample and for the AuFe sample he noted a "knee" in a plot of C/T vs 

T near the expected value of T • For more concentrated CuMn samples the sg 

feature is less pronounced but a "similar correla-tion" was observed. 
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In this Letter we report the results of an investigation of the specific 

heat of a CuMn spin glass in the vicinity of T that sheds new light on the sg 

nature of spin-glass ordering. Near and above T essentially all of the sg 

data points for C fall within +0.02% of smooth curves. This corresponds to 

\'J 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.%, 

polycrystalline sample of irregular shape. X was measured at 5Hz with an ac 

rms field amplitude of 2 Oe after an initial anneal for 8 days at 800°C in an 

argon atmosphere, and again after a second anneal for 2 days at 1020°C in 

vacuum. The second set of X data, shown in Fig. 1, was indistinguish. able ac 

from the first. With respect to sharpness the cusp is very similar to those 

11 . 
found by Cannela for annealed CuMn samples with similar compositions. 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 se~,..figure caption) as C/T 
~.::1- •• 

vs T. The "knee" in Martin's data (see also Fig. ?. and the accompanying 

discussion in Ref. 8.) appears as a change in slope at T . Our data do not sg 

show a similar feature. 9 Martin has suggested that the "knee" may become less 

pronounced at higher concentration$, in which case the difference between his 

data (for 0.083 at.%) and ours (for 0.279 at.%) could be simply a concentra-

tion 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 calculated ~(C/T)/~T by taking point-to-point differences 

between the raw heat capacity data. ~(C/T)/~T varies smoothly and regularly 
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from 0.3 to 25K, the temperature range in which this sample was studied, 

except in a 4-K interval in the vicinity of T • (For pure Cu, measurements with the sg 

same apparatus and to the same precision show a linear dependence of /i.(C/T)/I:,.T on T 

and therefore that the anomaly exhibited in Fig. 2 is not associated with temperature 

scale irregularities or other systematic errors.) As shown in Fig. 2 the 

approximate width of the region of anomalous behavior is clear, but neither 

the position nor the shape of the anomaly is precisely defined. The solid 

curve in Fig. 2 is an interpolation from data below 2K to data above 7K, 

and represents a possible smc:>oth "background" curve. Figure 2 shows that the 

zero-field spin ordering in the vicinity of T is energetically different sg 

from that over the broader range of temperature. However, the anomaly is 

spread out over a temperature interval of the order of T itself, in consg 

trast 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 the:rmodynamic relation can be expressed in the 

form 

= 1 
T 

(1) 

where M is the magnetization, M=xH. This relation, which prompted the in-

field measurements, shows that the strong curvature of X as a function of te~ 

perature that occurs near T should be reflected in a strong field dependence sg 

of C. Measurements of C in each of 6 magnetic fields from 0 to 1000 Oe were 

made at 19 temperatures between 2.5 and 6.5K. (The thermometer was shielded from 

the applied field and in separate tests there was no observable effect on its 

calibration of fields to 75 kOe at the sample.) The field was always changed 

' ..... 
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at T~lOK and held constant 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 + 1.6K, are shown in the inset of 
sg sg 

·\ Fig. 3. Since M must be an odd function of H, Eq •. (1) requires C to be an 

even function of H. Only the first two terms of a series expansion, 

C/T = A+ BH
2

, (2) 

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 occurs at a temperature that is equal 

to Tsg to within experimental error. 

A fairly complete picture of the magnetic behavior of spin glasses be-

low T can be obtained as a composite of results on different materials and sg 

from different laboratories. Briefly, low-frequency measurements at field 

amplitudes of a few Oe give X as shown in Fig. l~eut 
ac 

d~ field-cooled (fc) 

M, 12 , 13 made by cooling from above T sg measurements of in fixed fields of a 

few hundred Oe or less, give values of Xfc corresponding to curve (a) of 

Fig. 1. Static fields of a few hundred Oe broaden the cusp in both X and ac 

Xfc conspicuously but do not affect values of X at temperatures a degree or so 

1 above or below T (for T 4K). When M is measured by changing the applied 
sg sg 

field at temperatures below T ,time effects can be observed and the apparent 
sg 

values of X are intermediate between Xac and Xfc depending on the time and 

13,14 sample. No time dependence of M has been reported in fc measurements, 

and there is B£ evidence that X can exceed Xfc" This picture suggests that 

the fc data, which are obtained in the ~ way as the C data, are the ones 
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that should be expected to correspond to thermodynamic equilibrium and that 

should be used in Eq. (1). 

As illustrated in the inset of Fig. 3, the field dependence of C, below 

lDOOOe, is well represented by a parabolic relation. In this region of field 

Eq. (1) would then give a field independent value of a2x/aT 2. This is clearly 

at variance with direct measurements of X which give, in the same range of 

2 2 field and in the immediate vicinity of T , a strong dependence of a x/3T sg 

on field. Furthermore, the values of a2x/3T 2 deduced from the calorimetric 

data by Eq. (1) are quantitatively inconsistent with direct measurements of 

Xfc 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 dX /dT for this sample at 4.25K. Below T curves (a) ac ac sg 

arid (b) are consp:icuously different. Since curve (a) represents typical Xfc 

data these curves might have been expected to be the same, and the discrepancy 

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 Xfc vs T in the vicinity of Tsg the integral over tem-

perature of 3(C/T)/aH is only 1/2 of that required by Eq. (1). Since that 

integral is essentially the difference between two measured energies, and is 

measured with an accuracy of a few percent, the discrepancy is well outside 

experimental error. 

Even if the field-cooled samples are in (time-independent) metastable 

states, one would expect Eq.(l)to apply if these states correspond to a single 

region of phase space within which all microscopic states of the same energy 

.bl R . lS h i d. d d . 1 d. are access~ e. ecent suggest~ons t at certa n ~sor ere systems ~nc u ~ng 

.I , 
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spin glasses are inherently "non-ergodic'; 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 
sg 

microscopic states that are energetically allowed but rendered inaccessible 

by the intervening barriers. (The degeneracies of these valleys are evi-

dently not as high as they are in the somewhat analogous case of a glass 

because there is no easily measurable
16 

residual entropy at T=O, but computer 

simulations suggest that their numbers are substantial. 17) It is reasonable 

to assume further that cooling in different fixed fields leaves a sample 

trapped in different regions of configuration space. If the number of poten-

tial 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 i~~he way determined by the 

local properties of the phase space at the bottoms of the valleys. 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. 

We thank D. Bazell for his assistence with susceptibility measurements, 

D. L. Martin for sending us his numerical data and K. Mathe for interesting 

discussions. This work was supported by the Director, Office of Energy 

Research,Office of Basic Energy Sciences, Materials Sciences Division of the 

U.S. Department of Energy under Contract Number W-7405-ENG-48. 
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Figure 1: 

Figure 2: 

Figure 3: 
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X (lower part of figure) and C/T (upper part of 
ac 

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 sg 

two sets of C/T data. Curve (a) .represents typical xfc 

data and curve (b) is derived from C/T vs H data (see 

text for explanation). 

Derivative of C/T with respect to T. 

Temperature dependence of B in C/T =A+ BH2• 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+BH2 . 
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