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Abstract. The effect of atomic short-range order (sRO) in Cu-Mn (5-30at.% Mn) on 
the spin-glass properties is studied by measuring the magnetic behaviour and the low- 
temperature specific heat for two well defined equilibrium states of SRO. Usual spin-glass 
features are observed. The freezing temperature T, as well as the coefficient y* of the linear 
specific heat term appear to be not sensitive to SRO, whereas the amplitude of the peak 
susceptibility at Ti is drastically increased. The results are compared with previous work 
after different thermal treatments. 

1. Introduction 

Atomic short-range order (SRO), which means local deviations from a random dis- 
tribution over the lattice positions of the different kinds of atom, seems to be a common 
property of concentrated solid solutions. In alloys with a magnetic component the spatial 
distribution of the magnetic atoms in the non-magnetic host which is frozen in to low 
temperatures may be of crucial importance for the magnetic interactions at the spin- 
glass temperature. It therefore is essential to know how the magnetic properties at 
low temperatures are correlated with well defined states of SRO frozen in from high 
temperatures. 

As an archetype for a spin glass, Cu-Mn has been studied extensively in recent years, 
However, only a few studies illustrate the interplay between local order and magnetism. 
Even in the interesting studies of Morgownik and Mydosh [l, 21 and Gibbs et a1 [3] the 
results on the magnetic behaviour may not be correlated to a certain equilibrium state 
of SRO owing to a rather inadequate temperature treatment of the samples [4]. 

It is the aim of the present paper to present results of magnetisation and low- 
temperature specific heat on Cu-Mn samples (5,8,13,16,20 and 30 at.% Mn) cor- 
responding to two different but definite states of SRO: one state corresponds to the well 
established SRO state at 200"C, and the other to the state at 400°C (350°C for Cu- 
13 at.% Mn), which corresponds to a lower degree of SRO. 

The main question which should be answered in this way is: how do the above 
physical quantities vary as a function of concentration with respect to the degree of SRO 
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Figure 1. SRO relaxation time as a function of 
reciprocal temperature of Cu-5 at.% Mn (0), 
Cu-8at.%Mn (A) ,  Cu-l3at.%Mn (U), Cu- 
16 at .% Mn (V) and Cu-20 at .% Mn (+). 
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and is there agreement with previous investigations [ 1-31? Preliminary results have 
already been published in [15]. 

2. Atomic short-range order 

The existence of SRO in Cu-Mn alloys is well established since the early measurements 
of Kussmann and Wollenberger [SI and essentially of Scheil and co-workers [6,7] on 
magnetic susceptibility and specific heat in Cu-Mn alloys with up to 25 at. % Mn. Scheil 
and co-workers also performed isothermal anneals between 200 and 400 "C. 

In recent years, several neutron scattering experiments confirmed the existence 
of well established SRO [ l ,  2 ,8 ,9] .  From scattering experiments using polarised and 
unpolarised neutrons, magnetic SRO was concluded to exist as well as atomic SRO in Cu- 
Mn alloys with up to 50at .%Mn. From some experimental results, SRO parameters 
were determined [lo-121, which describe the atomic SRO quantitatively by means of a 
deviation from a random atomic distribution in the different coordination spheres. 

Besides neutron scattering experiments, measurements of electrical resistivity after 
an adequate temperature treatment may give interesting insight into the physics of SRO. 
The kinetics of SRO adjustment after a small disturbance can be studied with great 
accuracy, yielding especially the correlation between atomic mobility and degree of SRO. 
We have detailed this approach in a recent paper [ 131. 

In the present investigation we use results from resistivity measurements on several 
Cu-Mn alloys [14] to select carefully an adequate temperature treatment in order to 
establish two microstructure states in the Cu-Mn alloys investigated, which correspond 
to certain different but well defined temperatures as equilibrium states; this means states 
of different but well defined degrees of SRO. For experimental details see [14]. 

In figure 1 the SRO relaxation times for the adjustment of equilibrium states of SRO 
is plotted as a function of reciprocal temperature (Arrhenius plot). From this plot we 
decided to use the following temperature treatment: homogenisation at 750 "C for about 
2 h, furnace cooling to 200°C and annealing at this temperature for more than 50 h 
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Figure 2. Magnetic susceptibility of Cu- 
13at.% Mn annealed at 200°C: r,, freez- 
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followed by a water quench. This procedure should yield a well established SRO state 
corresponding to 200 "C. Because of the low atomic mobility at lower temperatures, an 
annealing treatment at 100 "C is not suited to achieving an equilibrium structure of SRO 
within a few months. After measuring the magnetisation and low-temperature specific 
heat for the samples in this 'ordered' state, the samples were annealed for about 1 h 
at 400°C and water quenched. This procedure should yield the 'less ordered' state 
corresponding to 400 "C. From figure 1 it can be seen that owing to the relation between 
the quenching rate and atomic mobility a temperature of 400 "C is near to the highest 
quenching temperature where it should still be possible to freeze in the high-temperature 
state under the present experimental conditions. For the sample with 13 at.% Mn this 
temperature treatment was done at 350 "C because of the rather high atomic mobility 
(short SRO relaxation time) of this material. 

3. Magnetic behaviour 

The magnetisation measurements were carried out by the induction method. In this 
method the magnetisation of an ellipsoidal sample is obtained from the integrated 
voltage-time pulses induced in a system of two detection coils in series. When the sample 
is displaced from one detection coil to the other in a constant applied field Ha, which is 
generated by a superconducting solenoid, the output voltage V of the device becomes 
proportional to the magnetisation 2 of the sample: V = KZ. The constant K is deter- 
mined by calibration with a polycrystalline ellipsoidal standard sample of nickel (0 = 
Z/m = 58.5 emug-' in a field Ha 3 10 kOe). The sensitivity of the device is about 

In figure 2 as an example of the magnetic behaviour of a sample with well established 
SRO the magnetic susceptibility x of Cu-13 at.% Mn annealed at 200°C is shown as a 
function of temperature; the typical feature of a spin glass is observed. The data were 
obtained using just one measuring field of 55 Oe. The thermoremanent moment (TRM) 
is plotted as a moment per field, giving the same units as the susceptibility. A pronounced 
peak in the zero-field-cooled susceptibility is observed at the freezing temperature Tf , 
where the TRM disappears. Below Tf the field-cooled susceptibility remains more or less 
constant and a TRM appears. 

emu cgs; the temperature range extends from 1.6 to 300 K. 
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Figure 3. Dependence of freezing tem- 
perature on Mn content: 0, 200°C state; 
0,400"Cstate. 

Figure 4. Variation in the peak suscep- 
tibility at T, (in SI units) with Mn con- 
centrationonalogarithmicscale: 0 ,200 "C 
state; 0, 400°C state; ., annealed for 5 
weeks at 100°C[31; 0, quenched from . _  

Mn ( a t  %I  850°C [3]. 

Figure 3 gives the freezing temperature as a function of Mn content for the samples 
heat treatedin both ways explained earlier. It is observed that, in both cases, Tfincreases 
with increasing concentration not linearly but as c" with n < 1 [16]. 

The differences in the degree of SRO due to the different thermal treatments applied 
give no marked change in the freezing temperature for any concentration investigated. 
This is in some contrast with the results of Gibbs et aZ[3], who observed a slight shift of 
Tf to higher temperatures with a maximum AT of 13 K at about 20at.% Mn. 

In contrast with the spin-freezing temperature a great influence of the thermal 
treatment on the measured value of susceptibility is observed: a higher degree of SRO is 
accompanied by a higher value of susceptibility. This is shown in figure 4 (full and open 
circles with full curves through them), where the peak susceptibilities at Tf for the 200 "C 
and 400°C states respectively, are plotted as a function of Mn concentration. These 
findings correspond to the results of Gibbs eta1 [3] on quenched and aged samples, which 
are given in figure 4 (open and full squares with broken curves through them) for 
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Figure 5. Low-temperature specific heat C/T versus T 2  for Cu-Mn alloys with 5 at.% Mn 
(0), 8at .%Mn(O) ,  13at.%Mn (A), 16at.%Mn (+) and20at.% Mn (A) .  
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comparison. There is also a very good agreement with results of AC susceptibility 
measurements by Pinkvos et af [ 171 on Cu-6 at. % Mn after quenching from various 
temperatures. On the other hand, figure 4 shows some differences between the present 
investigation and that of [3]: the shapes of the curves are different and the maxima of 
the present curves are slightly shifted by about 5 at.% to lower Mn contents. 

4. Low-temperature specific heat 

The specific heat measurements were performed automatically by a quasi-adiabatic 
method in the temperature range 1.5-40K. The temperature is determined with a 
Cryocal germanium resistor. An accuracy of better than 1% is achieved for metallic 
materials of about 1 g mass. 

The study of low-temperature specific heat between 1.5 and 17 K yields great simi- 
larity for all concentrations investigated and no dependence on thermal treatments when 
C/Tis plotted versus T 2  (figure 5 ) ;  a drastic change is observed in comparison with pure 
copper (straight line). This corresponds well to previous work by Zimmermann and 
Hoare [MI. Moreover the magnetic specific heat Cmagn (Cmagn = Calloy - CCu) in the 
investigated temperature range for Cu-5 and Cu-8 at.% Mn shows no indication of a 
discontinuity or a broad anomaly caused by a cooperative-type ordering, which would 
be expected at the freezing temperature, where the low-field susceptibility of the same 
samples displays the well defined cusp. This has already been shown for low Mn con- 
centrations by Wenger and Keesom [ 191, 

Figure 6 shows the linear coefficient y* for the behaviour of the specific heat at low 
temperatures as a function of Mn content. The drastic increase in y* up to 5 at.% Mn is 
followed by a slight decrease. Apart from a small reduction in y* (about 5% for the 
sample with 5 at. % Mn) of the samples in the 400 "C state, no influence of the thermal 
treatment is observed. 
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Figure 6. Coefficient y* of the linear specific heat term as a function of Mn content: 0 ,200  "C 
state; 0,400"Cstate.  

5. Discussion 

Well known spin-glass features result for our Cu-Mn samples for both equilibrium 
states of SRO which were set by the thermal pre-treatment. Surprisingly, the freezing 
temperature T,, which increases with increasing concentration, does not seem to be 
influenced by SRO. Further, the coefficient y* of the linear specific heat, which includes 
magnetic contributions, is only changed a little. However, the amplitude of the sus- 
ceptibility peak at Tf is drastically affected by SRO since it is enhanced by a factor of 
up to 3 (Cu-20 at.% Mn). This magnetic behaviour of our samples with definite SRO 
equilibrium states is similar to what has been observed earlier [3] after quenching from 
850 "C and annealing for a long time at 100 "C, respectively, and after quenching from 
various temperatures [ 171. 

On the other hand, marked differences from [3] are observed with respect to the 
shape of the curves and the position of the maximum value of the peak susceptibility at 
Tf. Considering that the results in [3] after quenching may correspond to a temperature 
of 500 "C (see later) as equilibrium values the low values of x( Tf) in this case seem quite 
reasonable. Yet there remains the difficulty of explaining the rather sharp maximum at 
20 at. % Mn of the samples aged at 100 "C in [3]. A consistent interpretation can be given 
if one assumes that the thermal treatment at temperatures as high as 850°C due to the 
high vapour pressure of Mn leads to a loss of Mn content. A degree of evaporation of 
Mn at 850 "C of about g cm-* s-l[20] for a 1 h anneal may give a loss of Mn of about 
O.O4g, leading to a reduction of about 4 at.% Mn. This way the sharp maximum of the 
annealed curve in [3] may fall into the region of increased atomic mobility (broken 
curves in figure 7 ) .  Samples in this concentration range during annealing for a long time 
at 100 "C come closer to the equilibrium state than samples with other concentrations 
(compare figure 1) leading to the rather sharp peak. 

As shown in figure 4 the influence of SRO on the spin-glass properties essentially 
enters the peak susceptibility at  the spin-glass temperature x( Tf ). It therefore may be 
interesting to plot the difference between x( Tf) for the high and low degrees of SRO as a 
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Figure 7. Variation in peak susceptibility at Tf (in SI units) with Mn concentration. Figure 4 
is replotted here, but the values from [3] are shifted by about 4at.% to lower Mn con- 
centrations (---). 
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Figure 8. Influence of SRO on magnetic susceptibility (200 and 400 "C) (0) and residual 
resistivity (200 and 300°C) (V) versus Mn content (SI units). This influence is plotted as a 
difference between a more ordered state and a less ordered state. The differences in the first 
SRO parameter (200 and 400 "C) as calculated by a cluster variation method [21] are given for 
a comparison (full curve). 

function of Mn content and to compare the values of susceptibility with SRo-induced 
changes in electrical resistivity [14,21] and corresponding differences in the SRO par- 
ameter as calculated by a nearest-neighbour cluster variation method [21]. It is observed 
from figure 8 that the variation with Mn concentration of differences in the susceptibility 
at Tf (corresponding to AT = 200°C) and differences in resistivity (corresponding to 
AT = 100'C) are very similar, and both are in good accordance with calculated dif- 
ferences in the SRO parameter. 

To estimate the influence of the temperature treatment on the results observed in 
[3], xma,( Tf) is plotted as a function of temperature in figure 9. Owing to the appropriate 
heat treatment the present results can be considered to correspond to the temperatures 
of 200 and 400 "C as equilibrium states of SRO. The assumption of a linear relation 
between xma,( Tf) and the corresponding temperature (equilibrium line), which may be 
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justified by the similar dependence on SRO of susceptibility and resistivity (figure 8), 
indeed yields the reasonable values of about 180 "C (annealing for 5 weeks at 100 "C) 
and 550°C (quenched from 850 "C) as the corresponding temperatures for the samples 
used in [3]. 

It is planned to extend the present study using the same conditions to other archetypal 
spin glasses (Au-Fe, Au-Mn and Pt-Mn), for which a greater influence of SRO on the 
magnetic behaviour is to be expected [2]. 
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