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Abstract. The specific heat C, (1-330 K) and magnetic susceptibility x (5-250 K) of a CuO 
sample sintered and annealed in oxygen are presented. In contrast with some earlier results, 
we find: 

(i) an essentially zero linear term in the low-temperature specific heat ( y *  < 0.05 mJ 

(ii) a minor change in slope in the susceptibility curve and a critical point in C, at the 

(iii) a first-order peak in C, at the commensurate-incommensurate transition ( T ,  = 

(iv) a smooth variation of the susceptibility below T,. 

The phonon density-of-states is determined by inelastic neutron scattering on a single 
crystal at room temperature, thus enabling a separation of the lattice and magnetic con- 
tributions to C,. A large contribution due to short-range order is observed above T N ,  and it 
is concluded that CuO behaves as a ID or 2D Heisenberg antiferromagnet. 

Thermodynamic functions are tabulated up to room temperature. 

mol-' K-'); 

antiferromagnetic transition (TN = 229.5 t 0.5 K); 

212.6 t 0.5 K, A H  = 4.5 f 0.3 J mol-'); 

1. Introduction 

Recent developments in high-temperature superconductivity have focused interest on 
oxides containing square-planar coordinated Cu2+ ions. Their magnetic properties are 
unusual. Superconductivity in copper-based ceramics apparently always occurs on the 
verge of frustrated low-dimensional antiferromagnetic order in Cu-0 planes or chains. 
Cupric oxide, or natural tenorite, has a structure of interleaved Cu02sheets with square- 
planar coordination of copper by oxygen [l], unlike the other 3d transition-element 
monoxides which have octahedral coordination. Early work on CuO indicated an 
anomalous magnetic behaviour. Antiferromagnetic ordering at TN = 230 K (peff = 
0.6 k 0.1 pB) was found by neutron diffraction on powder [2], but neither a Curie-Weiss 
behaviour nor a cusp at TN was found in the magnetic susceptibility; instead, a broad 
maximum near 600 K and a break in the slope at 130 K were observed [3,4]. A change 
of slope in the vicinity of 230 K was reported in more recent work [5,6]. A smeared step 
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was detected in the specific heat near 220 K [7]; its amplitude (see figure 4 later) was 
considerably smaller than for MnO 181, F e 0  [8], COO [9] and NiO [lo], the order of 
magnitude being 10-20 J mol-l K-' in the latter cases. 

Further characterisation was obtained recently. Diffraction work on a single crystal 
[ l l ]  disclosed a double magnetic transition: an incommensurate antiferromagnetic struc- 
ture forms below the NCel temperature at 230 k 1 K, and the propagation vector 
becomes commensurate with the lattice at 213 ? 1 K; it stays so down to 20 K at least. 
Loram and co-workers [12], hereafter referred to as LMJO, resolved a two-peak struc- 
ture at 212 and230 K by high-resolution calorimetry, and evaluated the magnetic entropy 
by subtracting the extrapolated lattice specific heat. From this and from a fit of the 
existing susceptibility data, they concluded that CuO behaves as a ID antiferromagnet 
showing short-range magnetic order above TN. They remarked that the presence of 
these correlations may be reconciled with the absence of paramagnetic scattering above 
TN [ l l ]  if fluctuations occur on a short time scale (e lO-'s). 

Using a different high-resolution calorimetric technique, we present here results 
obtained with a polycrystalline sample that has been carefully oxidised. Sharp calo- 
rimetric transitions at 212.6(5) K and 229.5(5) K are characterised. Furthermore, we 
are in a position to subtract the lattice specific heat using the phonon density-of-states 
(DOS) measured by neutron scattering, thus gaining access to the magnetic contribution 
over most of the temperature range without additional hypotheses (except for a small 
correction C,-Cv). Magnetic susceptibility data are presented, in particular near the 
NCel point and in the 130-140 K region. 

2. Sample preparation and characterisation 

Sample A was prepared from >99% pure CuO powder supplied by Fluka AG, pelletised 
at -5 tons cm-2 without any further treatment. Only low temperature (<15 K) specific 
heat measurements were performed on this first sample, which supposedly contains 
oxygen vacancies. The results appeared in [13] along with other phases in the Y-Ba- 
Cu-0 system. 

The same starting material was used for sample B, but the heat treatment was inspired 
by the preparation of YBa2Cu307 superconducting samples, which are known to be 
most sensitive to oxygen stoichiometry. The pressed powder was sintered under flowing 
oxygen at 950 "C during 12 hours, and then cooled in oxygen down to room temperature 
at the rate of -70 "C h-l. The purpose of this treatment was to suppress oxygen vacan- 
cies, and to eliminate the possibility of hydrated oxide formation. The resulting material 
wasdarkgrey andslightlyshiny. Thediskshape (diameter -10 mm, thickness ~ 0 . 8  mm) 
was optimised for a good heat transfer in specific heat (C,) measurements. The whole 
sample (0.28 g) was used for the C, measurements above 30 K. It was broken down into 
smaller pieces for low-temperature calorimetry, susceptibility and x-ray measurements. 

No impurity lines were found in x-ray Guinier patterns. The parameters of the 
monocliniccell, calibratedwith asistandard, area = 4.6887(9) A, b = 3.4248(8) A, c = 
5.1321(8) A, and /3 = 99.55(2)"; V = 81.27 A3. This is comparable, but systematically 
higher than the refinement of [14] who find a = 4.6837(5) A, b = 3.4226(5) A, c = 
5.1288(6) A, a n d p  = 99.54(1)"; V = 81.08 A3. Earlier data by Tunnel1 andco-workers, 
[ l ]  show much smaller parameters (a  = 4.662 A, b = 3.417 A, c = 5.118 A, p = 97.48", 
V = 80.84 A3). These variations may be taken as an indication of oxygen non-stoichi- 
ometry . The average grain size according to microstructural examinations is 50-100 pm. 
Twinning of all grains is made apparent by using polarised light. 



Magnetic transitions in CuO 8023 

2.6 ‘i 
x 

2.3 

T 110 I 

Figure 1. Susceptibility of CuO in the 
region of the magnetic transitions. Squa- 
res, experimental data; full curve, cal- 
culatedcurve according to Fisher’srelation 
(see text). Inset: same data over the full 

I I I I I I 1 temperature range; brokenline, initial sus- 
200 230 260 ceptibility after correction for an extrinsic 

T IK) Curie term. 

The resistance of the sample exceeds 10 MQ at 77 K. 

3. Experimental procedure 

A SQUID magnetometer was used for magnetic susceptibility measurements from 5 to 
250 K [15]. A correction for saturable moments using 0.5 and 2 T data was applied. 
These impurity moments are equivalent to 5.6 ppm by weight of ferromagnetic iron. 
The corrected data reported here were then taken at 0.5 T. 

The low-temperature specific heat measurements (1 -3-20 K) were performed with 
a microcomputer-controlled thermal relaxation method, on samples weighing 90 mg. 
The heat capacity of the addenda (sample holder, thermometer) was measured sep- 
arately and subtracted. The uncertainty on the results is estimated to be less than 5%.  

From 30 to 300 K we used a computerised version of the adiabatic, constant heating 
method [16]. The measurement was done with increasing temperatures at an average 
rate of 8-10 mK s-l. Platinum thermometry was used. The heat capacity of the addenda 
contributed to about one-half of the total. It was measured separately with a repro- 
ducibility of -+0.3% and subtracted. The accuracy has recently been reassessed. The 
specific heat of a 99.999% pure copper sample (mass0.8 g) did not deviate from reference 
data [ 171 by more than k 1 % . The agreement between the present data on CuO and the 
earlier work by Hu and Johnston [7], who used a 162 g sample (2 mol) , is of the order of 
1 % outside of the transition region (see figure 4 later). Close to the magnetic transitions, 
the present data show a more detailed structure owing to the improved resolution and 
better sample homogeneity. 

4. Results 

4.1. Magnetic susceptibility 

The susceptibility measurements for sample B are presented in figure 1. The anti- 
ferromagnetic transition near TN = 230 K is barely visible as a change in the slope. The 
shape and smallness of the anomaly are unusual (see e.g. [18] for a review), but will be 
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4t Figure 2. Specific heat of CuO below 4.5 K 
divided by the temperature versus tem- 
perature squared. Open circles, pressed 
powder sample; full circles, sample sinter- 
edinoxygen. Inset: differencebetween the 
specific heats of the above samples plotted 
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1 2d--versus P .  1 mole = 2 gram-atom I .  = 

79.5s g. T 2  ( K Z )  

shown to be consistent with thermal data. It may be worth recalling that a ferromagnetic 
transition is suppressed by an homogeneous magnetic field, but an antiferromagnetic 
transition is not. Below 210 K, the curvature of the susceptibility data is smooth and, at 
variance with earlier measurements [3], does not suggest any anomaly near 140 K. The 
sample-dependent rise below 50 K [19,3] appears to be due to localised moments of 
extrinsic origin. 

An AC susceptibility measurement in 0.1 G RMS did not reveal any anomaly in the 
200-240 K range. 

4.2.  Low-temperature spec@ heat 

The low-temperature specific heat data for samples A and B are presented in figure 2. 
Internal time constants ('z2 effects') prevented meaningful data collection below 2 K in 
the pressed-powder sample A;  this problem disappeared in the sintered sample B,  

We first concentrate on the low-temperature specific heat of sample B. The ratio 
C / T  does not extrapolate exactly to zero at T+ 0, indicating the presence of non- 
phonon terms. Polynomial fits in the temperature range 1-20K did not determine 
unambiguously the form of these extra terms. The lattice specific heat was represented 
by C1 = /3T3 + 6T5 .  The other terms tested were C = AT-2 (Schottky tail), C = y*T 
(two-level systems [20] or 1D antiferromagnetic spin waves), C = BT2  (surface phonons 
or z~ antiferromagnetic spin waves), or combinations thereof. The lowest residuals using 
a single non-phonon term were obtained with y* = 22 pJ K-2 g-at-' and O(0) = 392 K; 
using simultaneously two non-phonon terms, a combination of T - 2  and T 2  terms was 
preferred. From these and other fits, we obtain conservative estimates: O(0) = 
390 k 10 K, y* < 25 pJ K-2 g-at-', A < 75 pJ K g-at-' and 6= -0.01 pJ K-6 g-at-'. 

At first glance, the initial Debye temperature for sample A seems to be lower and y* 
higher (figure 2, curve A). In fact, the difference between both curves is proportional to 
T 2  within experimental scatter (figure 2, inset) from 2 K to the upper limit of the 
measurement for sample A.  This gives strong support to a contribution of surface 
phonons in the pressed-powder material. Similar effects have been reported, e.g. in 
A1203 [21]. In a limited temperature interval such as that of figure 2, a single T 2  term is 
indistinguishable from a superposition of linear and cubic terms, and apparent y*s 
attributed to localised surface states in the energy gap [12] or to two-level systems [20] 
may be due to phonon surface modes in imperfectly crystallised material. 
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Figure 3. Specific heat of CuO up to room temperature. Full curve, experimental data; 
broken curve, specific heat at constant volume (corrected for the dilatation term); dotted 
curve, lattice specific heat according to the measured phonon DOS. 

Turning now to high-T, superconductors, it is possible that at least part of the low- 
temperature linear terms found in YBa2Cu307-y [13] has the same origin, especially in 
view of the sample dependence of both y* and j3 and their correlated variation. This 
correlation-the higher the y * ,  the lower the &-follows naturally if the sample-depen- 
dent excess calorimetric contribution is attributed to a single T 2  term that depends on 
porosity and crystallinity. If this explanation is rejected, the large sample-dependent 
variation of the Debye temperature, which is not reflected in the elastic constants, 
becomes a puzzle. 

4.3.  High-temperature specijic heat 

High-temperature data are presented in figure 3. About 1500 points are included. The 
data are normalised to one gram-atom (half a mole). An enlargement of the transition 
region is shown in figure 4. At T, = 229.5 K (midpoint), a step-like anomaly marks the 
onset of 3D antiferromagnetism. At T, = 212.6 K (top), a peak coincides with the 
incommensurate-commensurate transition. The present data do not provide a proof of 
a first-order transition, but we note that the width of the peak is dominated by the 
instrumental resolution. This is evidenced by a comparison with the first-order peak at 
234.7 K, which is extrinsic and due to the melting of 1.0 mg of silicone grease used to 
attach the sample. The latent heat for the incommensurate-commensurate trans- 
formation is 4.5 J mol-' or 0.0025 RT,. This figure is consistent with the result of LMJO, 
although the anomaly is sharper (doubled height) in the present case. 

The effective Debye temperature is shown in figure 5 .  The calculation is done with 
partial allowance for anharmonicity, according to 

cv = c, - AC$T 
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Figure 4. Full circles, specific heat in the vicinity of the magnetic transitions. The peak at 
234.5 K is due to the melting of 1.0 mg of silicone grease used to attach the sample. Open 
circles, data of Hu and Johnston [7 ] .  

where A = 2.7 x low6 g-at J-l (we use the estimate of LMJO for consistency). This cor- 
rection represents 1.6% of C, at 300 K. The result of the computation represents the 
true Debye temperature inasmuch as the other contributions (mainly magnetic) may be 
neglected, i.e. far from the critical region. In the present case, the shape of the B(T) 
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curve above the magnetic transitions is unphysical, suggesting a significant contribution 
of magnetic short-range order. This remark was the starting point of LMJO, who con- 
structed an extrapolation of the lattice specific heat to isolate the magnetic contribution. 
In the present study, we obtain the lattice specific heat from a measurement of the 
phonon density-of-states. 

The specific heat and the phonon spectrum were not measured on the same sample. 
The sintered sample with its small size and large surface-to-volume ratio favours com- 
plete oxidation and homogeneity of the magnetic properties. Neutron scattering on the 
other hand evidently requires a large single crystal. However, we are confident that 
the high-temperature (>loOK) lattice specific heat that we extract from the latter 
experiment is not sample-dependent. An experimental proof of this assertion is given 
by a comparison of the total specific heat of three samples from three laboratories above 
the magnetic transitions. At T = 250 K, Hu and Johnson [7] find C, = 39.11 J mol-' K-', 
Loram et a1 [12] 39.13 J mol-' K-' and our result (table 1 later) is 38.97 J mol-' K-l. The 
relative deviationsfrom the mean are +0.11%, +0.14% and -0.25%, respectively. The 
possible sample dependence of the high-temperature lattice specific heat can therefore 
not be a significant source of error (see figure 3). The sample dependence of the low- 
temperature specific heat on the other hand (figure 2) has no effect on the study of the 
magnetic contribution, as can be seen on figure 3. 

4.4.  Phonon density of states 

The phonon density of states was deduced from measurements of the phonon dispersion 
curves performed on the triple-axis spectrometer 2T at the Orphee reactor. As there are 
8 atoms in the monoclinic unit cell there are 24 phonon branches in each direction of the 
reciprocal space. More than 60 branches have been measured at room temperature in 6 
different directions. The data were used to adjust the parameters of a rigid-ion model 
from which the phonon DOS and the lattice contribution C1 to the specific heat were 
calculated. The phonon DOS of CuO is depicted in figure 6. There is no gap in the 
spectrum but the minimum at 9.5 THz indicates a separation between low-frequency 
Cu-like modes and high-frequency 0 vibrations. The high-frequency cutoff (19.3 THz) 
is considerably higher than in the related transition metal monoxides (MnO: 16.5 THz, 
FeO: 15 THz, NiO: 17.5 THz) and there is more DOS in the region close to the cut-off. 
This indicates that the dynamical metal-oxygen forces in CuO are much stronger than 
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Figure 7. Dots, magnetic specific heat, Cmag = Cv - Cphonon, according to the present 
measurements; full curve, magnetic entropy, Smag, The expected asymptotic value is 2.88 J 
K-' g-at-' for S = a. 

in the other monoxides. The calculated temperature dependent Debye temperature 
B(T)  (see figure 5 )  does not show the usual increase at very low temperatures. This can 
be traced back to an upward curvature of some transverse acoustic branches. The value 
of 8 = 404 K at 4 K (the lowest temperature in the calculation) has to be compared with 
e(0) = 390 ~t_ 10 K as determined from the specific heat measurement. Considering that 
small errors may be introduced by deficiencies of our lattice dynamical model the 
agreement is very satisfactory. At higher temperatures the calculated specific heat is 
much less sensitive to details in the phonon DOS. Therefore, it is expected to be rather 
accurate. More details about the phonon measurements in CuO will be given in a 
forthcoming publication [22]. 

5. Discussion 

The magnetic specific heat Cmag, obtained by subtraction of the calculated lattice con- 
tribution, is shown in figure 7. An interesting test of the consistency of the magnetic and 
thermal data is given by Fisher's relation for antiferromagnets [23,24]: 

x 2 (C/T)(Um(T) - u m ( O ) ) / ( u m ( m )  - Um(0)) (1) 
where U, is the magnetic energy, x the magnetic susceptibility and C the Curie constant. 
The susceptibility was recalculated from the thermal data of figure 7 and scaled using 
C/(U,(m) - U,(O)) = 5.25 X lo-' emu K J-' and an additive constant xo = 
1.84 X emu 8-l (these parameters were obtained by a fit in the 200-250 K region, 
where Cmag is most accurate). The result is shown in figure 1 as a continuous line. The 
physical significance of the fitted parameters is limited by the fact that equation (1) is 
valid for 211 while we measure an average of xL and XI] in a polycrystal; we note however 
that the overall bshaviour is qualitatively reproduced. In particular, the smallness of the 
cusp in the susceptibility at TN appears to be consistent with the low energy involved in 
the long-range ordering process. 
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Figure 8. Magnetic specific heat based on the data of Hu and Johnston [7] below 300 K (O),  
and that of Wohler and Jochum [25]  above 300 K (0). A dilatation correction is applied and 
the lattice specific heat deduced from the phonon DOS is subtracted. The entropy according 
to this plot is $ R In 2 at 770 K.  Full curve, Schottky contribution calculated in the Cu2+ 
cluster model; broken line, maximum specific heat in the ID and ZD, S = B Heisenberg 
antiferromagnets (see text). 

Compared to other 3d transition metal oxides, CuO displays an unusual behaviour 
in many respects. The susceptibility does not peak at the NCel temperature, but shows 
a broad maximum at =2.35TN [4]. The paramagnetic tail at T + TN is hardly observed 
at all [4]. The orderedmoment below TNmeasured by neutron diffraction, 0 . 6 5 ~ ~  [2,11], 
is substantially smaller than the expected value gpBS = 1 . 1 ~ ~ .  The amplitude of the 
calorimetric transition at TN is small, the entropy loss below TN is only 31% of R In 2, 
and the short-range order contribution above TN is large. These last points are made 
evident by the plots of Cmag = Gv - C1 of figures 7 and 8. 

A model of molecular antiferromagnetism was proposed by O'Keefe and Stone [3]. 
Cu2+ ions are assumed to form binuclear complexes, each ion with one unpaired electron. 
The cupric ions interact to form a singlet ground state (S = 0) and a higher triplet (S = 
1). The susceptibility curve results then from two contributions. Long-range ordering 
dominates the low-temperature part, and contributes by a rapidly decreasing para- 
magnetic tail in the intermediate range. The high-temperature part is essentially given 
by the Schottky contribution of the two-level binuclear system. O'Keefe and Stone [3] 
obtain a fit in the latter region with g = 2 and a level separation J/kB = 1050 K. In figure 
8 we show the calculated Schottky specific heat for the proposed model, compare it with 
the specific heat measurements of Hu and Johnston (15-300 K) [7] and Wohler and 
Jochum (400-770 K) [25], after subtracting the lattice specific heat. The proposed model 
is not supported by thermodynamic data, even if one allows for large uncertainties in 
measurements and anharmonic corrections. 

As pointed out by LMJO, low dimensionality magnetic coupling constitutes an attract- 
ive alternative explanation. Antiferromagnetic systems with similar behaviours have 
been reported in the literature. The closest probably is Mn(HC00)2 .2H20 ,  a 2~ 
Heisenberg antiferromagnet with S = $: its specific heat [26,27] shows a long-range 
ordering anomaly at 3.7 K superimposed on a broad hump due to short-range order, 
and a first-order peak at 1.7 K due to spontaneous reorientation of the antiferromagnetic 
axis. A number of such systems are reviewed in [18] in the frame of the ID, 2~ and 3~ 
Ising, X Y  and Heisenberg models. The interaction of Cu2+ ions is quite generally of 
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the Heisenberg type, i.e. isotropic. It is well known that ideal ID and 2~ Heisenberg 
antiferromagnets do not undergo a transition to long-range order at any non-zero 
temperature. The entropy has to be removed by short-range correlations, and a broad 
Schottky-like anomaly dominates the magnetic specific heat. However 3~ coupling, 
however small, always exists in real ID or 2~ systems, and at sufficiently low temperatures 
triggers quite generally a transition to long-range order. As a result, a sharp feature at 
TN is superimposed on a broad anomaly in the specific heat. The ratio between TN and 
the temperature of the susceptibility maximum can be considered to be<a measure of the 
ratio J’/J, where J’ is the out-of-chain (or out-of-plane) coupling, and J is the ID (or 2 ~ )  
Heisenberg interaction. In the 3D case, a NCel point is predicted, but the importance of 
the short-range order contribution above this point is far from negligible and it generally 
increases when the spin is lowered. 

The dimensionality of the antiferromagnetic system is generally not readily deter- 
mined on the basis of crystallographic data (KCuF,, a cubic perovskite, behaves as a ID 
antiferromagnet), but rather is deduced from the application of criteria based on the 
specific heat and the magnetic susceptibility. Loosely speaking, the lower the dimen- 
sionality, the larger the specific heat tail above TN, the larger the difference between the 
temperature where the susceptibility is maximum and TN,  and the larger the difference 
between the maximum susceptibility and the susceptibility at TN (Ising case). 

A first criterion may sometimes be found in the behaviour of the heat capacity at low 
temperatures. The antiferromagnetic spin wave specific heat behaves as Td where d is 
the dimension. We have shown that the low-temperature ( < 4 K )  linear term y* is 
extremely small, and probably not intrinsic. A T2 contribution is not excluded by 
polynomial fits, but is not convincingly separated from the lattice contribution. Accord- 
ing to this criterion, we would conclude that d > 2, but we note that in some cases (e.g. 
CuF2. 2H20,  [ 181) the presence of 3~ ordering at TN due to J’ opens a gap and depresses 
the low-temperature magnetic specific heat below the spin-wave prediction for d = 1 
or 2. 

Another test for the determination of the dimensionality is the entropy removed 
below T N ,  which literally makes sense only in the 3D case. We find S,(229.5 K) = 
0.31 R In 2. This is about one-half of the experimental findings for the 3D, spin a Hei- 
senberg antiferromagnets CuC12.2H20, NdGaG and SmGaG (G = garnet) [18]. The 
short-range order contribution in CuO above TN is clearly larger, and points to lower 
dimensionality. Another reason for rejecting the 3D case is the difference between the 
temperature where the magnetic susceptibility is maximum, T,,, = 540 K [3], and the 
long-range ordering temperature, TN = 230 K. Using the high-temperature series 
expansion technique [ 181 , the corresponding difference in the 3D Heisenberg anti- 
ferromagnet is expected to be of the order of only 20%-and indeed it is found experi- 
mentally to be about 15% in the case of CuC12. 2 H 2 0  [18]. From these comparisons we 
conclude that d s 2. 

Criteria used to discriminate between the 2D and ID case cannot involve TN, which 
appears as a deviation from the ideal case J’ = 0. One may still use the shape of the 
susceptibility and specific heat above TN. LMJO have shown that the high-temperature 
susceptibility, mainly the broad maximum, can be equally well fitted within the ID or the 
2~ models. In the first case, the isotropic interaction and g-factor are J/kB = 460 K and 
g = 2.21, andin the secondcaseJ/kB = 306 Kandg = 2.25 (quadraticlattice). What are 
the consequences of these models for the specific heat? In the ID chain model, numerical 
calculations predict a maximum in the specific heat, Cgii = 0.350R at T = 0.962 J/kB. 
Similar calculations are not available for the ZD model. but based on a review of 
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experimental findings, de Jongh and Miedema [ 181 predict a maximum specific heat 

ID and 2~ models yield indistinguishable temperatures (440 and 430 K) and amplitudes 
(0.35R) for the maximum of the specific heat. This predicted maximum is at best 
compatible with the early high-temperature specific heat data [25] after subtraction of 
the presently determined lattice specific heat (figure 8). More precise data in this 
temperature range are clearly needed to confirm the ID or 2D pictures, but could not 
discriminate between them. 

According to LMJO, the entropy (which may be compared with theoretical predictions 
only in the short-range order region, i.e. above T,) favours the ID interpretation rather 
than the 2~ one. A fair agreement between theory and experiment is found in the ID 
case and a 60% difference in the 2D case. Our data for Cmag, although obtained in a 
different way, agree quantitatively with those of LMJO and the same conclusion may be 
retained. We note, however, that only the ID Heisenberg has been the subject of full 
numerical evaluation [28]. In the 2~ case, one must rely on spin-wave theory in the low- 
temperature region ( T  4 TN/2) to compute the entropy at TN. Based on comparisons 
between experiment, numerical calculations and spin-wave theory, the adequacy of the 
spin-wave approach to yield correct amplitudes in the S = 1 case has been questioned, 
however, both for i~ and 2~ systems [18]. The entropy argument thus does not appear 
entirely conclusive. 

We conclude that ID or 2~ antiferromagnetic order best describes the thermal and 
magnetic properties of CuO. A verification of the occurrence of the specific heat maxi- 
mum near 430-440 K is desirable. An extension of numerical calculations to the 2D, S = 
1 Heisenberg antiferromagnet appears necessary to discriminate between ID and 2~ 
order based on thermodynamic data alone. The situation is complicated in the present 
case by the magnitude of the interaction that causes the long-range ordering (J’/J = 0.1 
[12]) which makes CuO a rather poor example of a low-dimensional antiferromagnet. 

The relevance of the study of the magnetic properties of CuO to the problem of high 
temperature superconductivity lies in the similarity between the susceptibility curves 
of CuO and those of Laz-.SrXCuO4 (‘LSCO’) [29], YBazCu3O7-, (‘YBCO’) [29] and 
Bi2Sr2CaCuz08+z (‘BSCCO’) [30]. In both prototype systems LSCO and YBCO, super- 
conductivity sets in when 3~ antiferromagnetic order vanishes (i.e. near x = 0.04 in 
LSCO, and y = 0.5 in YBCO) [29,31]. This does not mean that magnetic correlations 
disappear: the overall behaviour of the susceptibility curves is so similar to that of CuO 
that we expect low-dimensional, short-range order to persist even when 3~ anti- 
ferromagnetism has vanished. These similarities include a broad maximum of x near 
800 K in LSCO and YBCO, a positive slope dX/dT at lower temperatures after removal of 
extrinsic Curie terms and a barely detectable anomaly in2 at the NCel temperature when 
the compound does order (oxygen-deficient LazCu04-, is an exception) [29]. In BSCCO 
superconducting crystals we find [30] a strongly increasing susceptibility curve (dX/ 
dT > 0) above T, that cannot be explained by band models-except if pathological 
density-of-states curves are considered-but which is quite natural for a low-dimensional 
antiferromagnet (see e.g. CuO between 100 and 250 K). The ordered YBa2Cu306,5 
superconducting phase (T, = 53 K) reported in [32] behaves similarly to BSCCO. These 
analogies strongly suggest that the nature of the magnetic interactions between Cu” 
sites in high- T, superconductors is of short range and low dimensionality, leading to a 
macroscopically disordered magnetic state. This state appears to be a prerequisite for 
the occurrence of superconductivity. This suggests that the ingredients for high- T, 
superconductivity are well decoupled ID or 2D magnetic structures of CuO, leading to 

p a x  mag = 0.35R at T = 1.4 J/kB for the 2~ Heisenberg antiferromagnet with S = i. Thus 
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Table 1. Specific heat at constant pressure C,(T), entropy S( T )  and enthalpy H( T )  of CuO 
at selected temperatures. 1 mole = 2 gram-atom = 79.55 g. The estimated accuracy is 1%. 

1.5 2.94 X 1.61 x 10-4 0.98 x 10-4 
4.2 4.96 x 10 1.79 x 10-3 1.31 x 10-3 

2: 0.948 0.315 0.236 
50 5.71 2.28 1.68 
75 11.31 5.67 3.97 

100 16.48 9.65 6.47 
125 21.38 13.84 8.97 
150 25.99 18.14 11.42 
175 30.23 22.44 13.81 
200 34.45 26.72 16.13 
225 38.90 31.00 18.42 
250 38.97 35.02 20.45 
275 40.54 38.76 22.20 
298.16 41.80 42.03 23.68 
300 41.88 42.28 23.79 
325 42.93 45.62 25.22 

the absence of phase transition in Heisenberg lattices, plus sufficient doping to delocalize 
charge carriers and provide electrical conductivity. We note that very recent, unpub- 
lished theoretical work [33] indeed suggests that the disordered Heisenberg lattice of 
antiferromagnetic coupled copper spins serves a role analogous to the phonons in a 
conventional superconducting system. 

With this in mind, the standard decomposition of the total susceptibility of the 
superconducting oxides above T, into core, van Vleck, Pauli and Landau-Peierls terms 
may miss an important contribution due to short-range antiferromagnetic correlations 
(which happens to be nearly constant in restricted temperature ranges). It follows that 
estimates of the density-of-states at the Fermi level in superconducting oxides based on 
the absolute value of the total susceptibility alone should be considered with caution. 

As a final remark, it is interesting to note how some properties of the high-T, 
phases reflect thosc of their building blocks (assuming that inhomogeneity effects are 
negligible). Bumps in the resistivity curves near 220 K in the La2Cu0, semiconductor 
[34] may be related to the magnetic transition of the CuO, structure elements. We also 
note that in a recent specific heat measurement of a single crystal of YBCO, anomalies 
are found [35] at 230 and 212 K, again reflecting the properties of pure CuO. 

6. Thermodynamic functions 

Table 1 gives the heat capacity and derived thermodynamic functions for cupric oxide 
at selected integral values of temperature. The silicone peak at 234.5 K was removed 
before integration of C,/T and C,. For a discussion the reader is referred to [7]. 

7. Conclusion 

A calorimetric study of the magnetic transitions in CuO was presented. The com- 
mensurate-incommensurate transition at 212.6 K was found to be of first order with a 
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very small anisotropy energy. The antiferromagnetic-paramagnetic transition at 229.5 K 
has a critical rather than mean-field shape, showing that the spatial range of magnetic 
interactions is short. Using the lattice specific heat obtained from a measurement of the 
phonon DOS,  we separated the magnetic specific heat. The latter shows an important 
short-range order contribution. The behaviour of both the specific heat and susceptibility 
is best described in the frame of the I D  or 2D, S = t Heisenberg model, in agreement 
with the suggestion of LMJO. It is suggested that the magnetic properties of high-T, 
superconductors are of the same nature, although complicated by the delocalisation of 
charge carriers. 

A sample dependence of the low-temperature specific heat was observed, and was 
related to the presence of surface-phonon contributions in incompletely sintered 
material. 

After completion of this work we became aware of recent published and unpublished 
work. The observation of rounded peaks near 215 and 230 K in specific heat measure- 
ments has been reported [36]. In a study of the magnetic neutron scattering of single 
crystal cupric oxide, antiferromagnetic ordering along the (107) chains has been con- 
firmed [37], hysteretic behaviour at TM has been found and strong correlations above 
TN have been observed. 
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