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AbslrncL The origin and magnitude of a paramagnelic mntribution to lhe CuO suscepti- 
bility at T < I50 K are studied by analysing electron paramagnetic reSonance and static 
magnetic susceplibility measurements carried out on a set of CuO single aystak. This 
has allowed us to "inn a previous supposition about the behaviour of the susceplibility 
for T < 150 K. The asymptotic finite value of rhe susceptibility in the antiferromagnetic 
phase is also discussed by means of a crystal-field ~Icularion which seem to mle oul 
mnlribulions 10 the local magnetic moments from inmmpletely quenched orbital angu- 
lar momenls of the Cu*t ions. Preliminary magnetization measurements suggesl the 
presenct of weak femmagnelism, which may eiplain the unusual behaviour of the CuO 
susceplibilily. 

1. Introduction 

The magnetic properties of cupric oxide show unusual features which have not yet 
been fully explained. A transition to an antiferromagnetic (AF) phase with long- 
range interactions has been identified at about 230 IC, but experimental evidence 
exists to indicate the presence of strong interactions of low dimensionality [l-31 well 
above this temperature. In fact, for T > 230 K, the magnetic susceptibility x does 
not follow the typical paramagnetic behaviour x = C / ( T  - O), but it increases 
with increasing temperature, forming a very large maximum above 500 K [4]. The 
presence of short-range AF correlations at T > 230 K has been confirmed by neutron 
diffraction measurements which have not detected, on the other hand, any presence 
of the paramagnetic phase [5 ] .  

Below 230 K the available x data were obtained mainly on powder samples [Z, 
4, 6-91. Only recently, x measurements [lo, 111 and neutron diffraction studies [5] 
have been made on single crystals allowing one to determine the anisotropic features 
of the magnetic structure and the direction of the local magnetic moments which are 
oriented along the crystallographic L axis of the CuO monoclinic lattice. 

At temperatures lower than 150 K, there are discrepancies in both the experimen- 
tal behaviour of x and its interpretation; some workers have observed a stabilization 
of on a finite value 141, while others have detected the enhancement of x on 
decreasing T, following typical paramagnetic behaviour [2, 4 11, 121 whose magni- 
tude varies from sample to sample. The paramagnetic behaviour superimposed on 
the AF phase has been attributed in some cases to an extrinsic contribution due to 
impurities [2].  However, the dependence of the magnitude of this contribution upon 
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annealing and quenching treatments [12] restricts the type of paramagnetic species to 
those of intrinsic origin, which may be derived from defects about oxygen vacancies 
or Cu3+ ions. The presence of Cu3+ ions as a possible cause has been eliminated 
by studying the effects of Lit (loping of 0 0 ,  which does not result in an intensified 
paramagnetic feature [ll]. Thus, it seems likely that the paramagnetic contribution 
to the low-temperature susceptibility arises from non-u  ordered Cuzt ions, but it 
is not clear whether these ions are present in the material at defect sites near oxy- 
gen vacancies, where the exchange interactions with the other ions should be lower 
111, 121, or in superficial tine particles whose dimensions and dispersion should not 
allow long-range AF order [4]. These ions seem to be responsible for the weak elec- 
tron paramagnetic resonance (EPR) signal, with a g-factor of about 2, observed for 
sintered powders of CuO [12]. Unfortunately more detailed information from EPR 
measurements on single crystals is not available. 

Knowledge of the nature of these paramagnetic species and their influence on the 
susceptibility is important to extrapolate the asymptotic behaviour for T - 0 of the 
magnetic ordered phase from the experimental data on x at low temperatures. It 
has already been proposed that, in the direction along which the magnetic moments 
are AF aligned, x does not go to zero on decreasing T [4, lo]. This behaviour has 
been tentatively attributed in [4, 101 to an unusual contribution from an incompletely 
quenched orbital moment of the Cuz+ ion to the susceptibility [lo]. 
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2. Experimental details 

The present study has been carried out on CuO single crystals grown by the flux 
method described by Wanklin and Garrard [IS]. In order to obtain appropriate sam- 
ples and U, perform different measurements, numerous single crystals were prepared. 
The starting reagents for the flux were MOO,, VzO, and K2C03, all laboratory 
reagent grade. The CuO, supplied by Aldrich, was 99.999% pure. Great care was 
taken to minimize the thermal gradient in the platinum crucible. Prismatic single 
crystals with a parallelogram-shaped base were selected. The crystalline c axis is 
along the long dimension, while the large natural faces lay in the (110) planes. 

Static magnetic susceptibility and magnetization measurements were carried out 
in the temperature range between 70 K and room temperature, on a Faraday mag- 
netic balance in fields of about 6 kOe on samples of dimensions restricted to a few 
millimetres. The instrumentation sensitivity, for a fixed magnetic field value, is de- 
termined by the sensitivity in the measurements of force, of the order of lo-, dyn, 
which results in a minimum detectable x of about lom8 cm3 6'. The accuracy of the 
x data, depending upon the errors in the field gradient value and in the calibration 
of the balance, is estimated to be about 10% of the final value. The x anisotropy has 
been studied by performing measurements along three orthogonal directions: along 
the c crystal axis, along the direction orthogonal to the large natural faces ((110) 
planes), and perpendicular to the natural small faces. 

EPR measurements have been performed in the X band (about 9.13 GHz) in 
the temperature range between 130 K and room temperature, for different static 
magnetic field directions with respect to the crystal axis. The modulation field, the 
microwave power and the sampIe position in the resonant cavity have been assumed 
to be constant throughout all the measurements in order to allow correct comparison 
between the signal intensities from different samples. The relative populations of the 
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paramagnetic centres were determined from the intensity of the first derivative of the 
EPR absorption, having observed the same linewidth and lineshape from sample to 
sample, while their absolute values were estimated by comparison of the signal area 
with a standard. 

3. Results and discussion 

A set of CuO samples was analysed in the form of single crystals characterized by 
mass values between about 20 and 80 mg with different surface-to-volume ratios and 
surface qualities. We present in the following the results of EPR, susceptibility and 
magnetization measurements. 

3.1. EpR measurements 

The EPR spectra of the samples, extending from 0 to 8 kG to include a wide interval 
of g-values, show the presence of only one type of signal. The mean g-value, about 
2095, and the asymmetric lineshape (figure l), independent of the orientation of 
the CuO crystals in the magnctic field, are typical of the signal of Cuzt ions in 
amorphous oxides [14, 1.51. The lack of angular dependence of the signal strongly 
suggests an origin not associated with the crystalline features of the material; in effect, 
the low d u e  of 0.79 for the correlation factor between the EPR signal intensities and 
the sample mass= (figure 2) means that there is no significant link between the 
EPR centres and the bulk properties of the samples, in contrast with that suggested 
by others [12]. Also, we have noted that the dependence of the intensity of the 
EPR signal from sample to sample is consistent with the differences in the surface 
quality, since more intense signals are detected in samples which have shown more 
superficial irregularities on microscopic analysis. The number of paramagnetic ions in 
the smoother sample has been estimated to be of the order of lo", the dimensions 
of the crystal being about 1 mm x 1 mm x 5 mm. 

2500 3000 3500 

B (GI 
Figure 1. EPR derivalive signal of a CuO single crystal ilrapective of the onenlalion 
with respect 10 the magnetic field. 
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The temperature behaviour of the EPR signal intensity, proportional to the para- 
magnetic contribution xp to X, arising from the EPR centres, shows a 1/T-dependence 
(figure 3), as in the case of a perfect paramagnet with diluted magnetic moments with- 
out any evidence of magnetic correlations (as indicated by the intercept of the inverse 
EPR intensity curve). The weak anomaly in the thermal dependence of the EPR in- 
tensity that we detected in the region of the AF transition simply reflects the change 
in the Q-factor of the resonant cavity of the EPR spectrometer due to the change in 
the sample bulk properties. 

0 

5ample UBSS h g l  T I K l  

Figum 2 EPR signal intensities versus sample 
masses for diUerent CuO single clystals. 

Fiurc  3. Temperature dependence of tllc EPR in- 
tensity (0) and ifs miprocat (+). 

3.2. Low-T paraniagndisni 

The susceptibility behaviour in OIIC of the analysed crystals, along the three directions 
of the macroscopic dimensions is shown in figure 4. The x anisotropy is of the same 
type as observed in Ill], but we detected a weaker low-T paramagnetic feature. In 
order to subtract this xp contribution from x, and to extract the true behaviour 
of the susceptihility xAF in the AF phase, it is necessary to make an independent 
estimate of the magnitude of the paramagnetic effect if previous knowledge of the AF 
behaviour is lacking. Therefore we have compared EPR data with x curves, observing 
a more intense EPR signal, from IIOII-AF ordered Cuz+ ions, in samples which show 
at T < 150 K a more pronounced paramagnetic behaviour. Figure 5 shows the x 
curves for a sample whose EPR-active Cuz+ ion concentration is about 10” ~ m - ~ .  
This concentration should give rise to a paramagnetic contribution xp to the total x 
of about lo-’ cm3 g-l at T = SO K, as calculated from the Curie relation 

yp = npZg2s(s  + 1)/3plzT (1) 
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where s = i, n is the number of spins for unit volume, p is the Bohr magneton, 
g zz 2, k is the Boltzmann constant and p = 6.4 g is the density of the 
material. In figure 5 the corrected curves are also shown, after subtraction of the 
paramagnetic contributions calculated from the EPR signals. This result supports the 
previous supposition [IO] that the xu in the direction of AF spin alignment tends to 
a finite value for T < 100 K 

0 1  I 
0 100 2oo 300 

T I K I  T(KI 
Figure 4 Magnetic susceptibility of CuO single 
nystals: +, Hllc; 0, E mhogonal lo the large 
MtUml (110) faces; A,  H along the third orthog- 
Onal diredion, perpendicular lo the Small natural 
h C S .  

F@re S. Magnetic susceptibility: 0, 0, H onhog- 
onal to the large {lla} hceq h ,  A, H orthogonal 
to the Small faces; 0, A, kfore subtraction of the 
paramagnetic contribution Crom FPR dab; e, A? 
after subtraction oC the paraninpnetic conlribution 
[Fom FPR data; - , paramagnetic contribution. 

3.3. AF susceptibility 

The low-temperature xu in the direction along which the moments are aligned does 
not show the usual AF behaviour which consists in susceptibility which decreases 
to zero for T = 0. The finite value of xAF for T < 100 K has been tentatively 
interpreted [lo) as due to a contribution from the incompletely quenched orbital 
moment of the Cuz+ ion to the magnetic moments. these moments are not pure 
spins, they do not result in compensation of the magnetizations of the AF sublattices 
by decreasing the temperature to zero. This proposal has been made in analogy with 
the case of COO which shows the Same unusual low-T features of xM. However, it 
should be noted that in COO the orbital contribution to the magnetic moments arises 
from the presence of a triple orbitally degenerate ground state 1161 which would be 
quite unexpected in Cuz' ions. On the other hand, electronic configurations with an 
orbital singlet in the ground state must have a zero expectation value of the orbital 
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moment in the direction of the magnetic field [17], while orbital doublets would be 
split by the Jahn-Teller effect, also resulting in a non-degenerate ground state. 

Starting from the parameters of the lattice structure of CuO [IS], we have carried 
out a crystal-field calculation in order to determine, almost as a first approximation, 
the probable energy level structure of the cU2+ ion in CuO. Owing to the highly 
distorted local configuration of the copper ion with respect to the regular octahe- 
dral configuration, we have avoided the weak-perturbation formalism and we have 
calculated ab hili0 both crystal-field effccts ancl spin-orbit coupling. The spin-orbit 
constant is taken to be equal to -710 cm-' including a reduction factor due to cova- 
lency [17]. The Hamiltonian is expressed in terms of the Stevens equivalent operator 
On, in the form [I91 

C B Azzoni e.t a1 

%, = ( - e )  F,,O,&,, 
n m  

with 

Fnm = anmCnmO,,(T") (2) 

where the terms c,,," = Cj[4n/(2n + 1)]qjZnm(rj)/R;+' have been calculated 
as a function of the anionic coordinates R, and in terms of the tesseral harmonics 
by which the crystal-field potential has been expressed while nnm are the numerical 
factors which multiply the Cartesian functions f,, in the expression of the tesseral 
harmonics Z , ,  = ann,fnm(z, y, z ) / P ,  On are the Stevens multiplicative factors 
and (T") is the expectation value of r" for the wavefunction of the Cuz+ 3dy Cleo 
tron. In table 1 the wavefunctions of the 3d manifold are listed with their energies. 
At the ground state there is a Kramers doublet consisting of an orbital singlet of the 
type 012) +pI-2), 0.37 eV lower than the first excited state. It should be noted that 
the small temperature changes in the cell parameters of the crystal structure between 
low temperatures [5] and room temperature [IS] are negligible in the adopted ap- 
proximation. Such an energy level structure does not match the proposed mechanism 
of orbital contribution to the magnetic moment of Cuzt ions invoked to explain the 
unexpected low-T behaviour of xu. 

Table L Energy levels and wavefunclions for the 3d multiple1 of Cult in the sixfold. 
coordinaled mnfiguralion 01 lhe Cu siles in CUO with spin+rhil coupling X = -0.088 eV 

~~~ ~ 

E (ev) Eigenstates 
. .. , , . , . 

0.721 - 1, 4) - O.G9lO;-f) 

-0.6910,i)+0.7211,-$) 

0.9911,;) -O.lGl2,-$) 

-0.161 - 2,;)+0,991- l , - L )  2 

-0.691- l , $ )  - 0.7210,-$) 

-0.7210,;) -0.6911,-$) 

-0.52l-2,-~)+0.1511,~}+08412,-f) 

-0.841 - 2 , i )  - 0.151 - l , - $ )  + 0.5212,$) 

0.85l-2,-$)+0.5212,-$) 

0.521 - 2 , 4 )  + 0.8512, $) 

I 
( 
I 
I 

4-0.42 

i o . 2 5  

+0.21 

-0.25 

-0.62 
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Really, the finite low-T d u e  of xnF may be accounted for by the presence of 
weak ferromagnetism due to spin canting, as is often observed in AF compounds 
with a large anisotropy, e.g. CuO and in particular rareearth copper oxides [20]. 
In order to veri5 the presence of such an effect, we have performed magnetization 
measurements along the monoclinic a axis. We have found a non-linear dependence 
in the initial magnetization, followed by a linear behaviour at magnetic fields higher 
than about 1 kOe, with a negative intercept on the magnetic field axis of about 
540 Oe (figure 6). This value, obtained by extrapolating the linear behaviour of the 
magnetization back to zero local magnetic moment, represents an internal field which 
shows possible weak ferromagnetism. This may arise from spin-canted AF domains 
whose orientation is achieved by a very small external magnetic field. In fact our data 
do not show any clear evidence of hysteresis but such an effect may be masked in 
the experimental error. This agrees with the fact that other cupric oxides seem to be 
characterized by very weak coercivity effects [20]. 

H(Me1 
Figure 6. Magnetization of a CuO single crystal in [lie (IOU) direclion with increasing 
(0) and deaeasing (+) magnelic field. 

Our preliminary experimental evidence of weak ferromagnetism in CuO may then 
explain the low-T behaviour of xu, even if further confirmation is needed, especially 
from other spectroscopic techniques. 
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