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Abstract. Single-crystal neutron diffraction measurements on cupric oxide, CuO, using a 
zero-field neutron polarimeter have confirmed that the Cu2' moments are parallel to the 
monoclinic b axis in the wmmensurate antiferromagnetic phase stable below 213 K .  Any 
component of moment in the 6e plane must have a magnitude less than 0.03 of the 
total. The incommensurate antiferromagnetic phase. stable between 213 K and the Nee1 
temperature of 230 K, has a propagation vector (0.506.0, -0.483) as previously reported, 
but the elliptical envelope of the helical modulation at 215.5 K is shown to have its axes 
parallel to [OlO] and in the c-c plane making an angle of 28.2(8)" to [MI] in 6 obtuse. The 
envelope iralmostcircular with the ratioofthe btoc-ccomponentsof 1.03(1) and the plane 
of the moments makes an angle of 73.0(5)' 10 the propagation vector. The new magnetic 
model produces an equallygood fit to the original unpolarized neutrondiffractionintensities 
as the previous model, in which the Cu" moments were confined to the e c  plane with a 
moreellipticalenvelope, andgives arootmeansquareCu'* effectivemoment of0.27(1) p,. 

1. Introduction 

The continuing interest in the role of nominally divalent copper coordinated by oxygen 
in the formation of high-T, superconductors has led to a number of studies of cupric 
oxide CuO itself. Pure CuO provides an opportunity to study the magnetic properties 
of Cuz' square-planar coordinated by oxygen in a relatively simple system: a complete 
understanding of the magnetic properties of CuO may indicate whether magneticmech- 
anisms actually play any role in the hole-pairing in high-temperature superconductors. 
CuO orders magnetically at Z', = 230 K to an incommensurate spiral phase with a wave 
vectork = (0.506,0, -0.483) whichis temperature independent within the experimental 
resolution (Forsyth etaf  1988). At Z', = 213 K this incommensurate phase locks into a 
commensurate phase with the wavevector k = (1,0, -1). Low temperature unpolarized 
neutron single crystal intensity data gave a good fit to an antiferromagnetic structure in 
which the Cuz+ moments of 0.65(3) pg lay parallel and antiparallel to the monoclinic 
b axis (a = 4.684, b = 3.423, c = 5.129 A, /I = 99.54"). Above T,, the even weaker 
magnetic intensities were better fitted by a model in which the moments lay in the a-c 
plane than by one in which they were amplitude modulated and aligned parallel to [OlO] 
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Some further improvement in the agreement was obtained by allowing the moments to 
follow an elliptical envelope with its major axis corresponding to 0.38(2) pB directed 
33(2)” to cin obtuse. However, no exhaustive search for alternatives to these two basic 
structures was made. 

Since the original study was carried out, Yablonskii (1990) has sought to derive the 
magnetic structures through a study of the exchange paths and two further neutron 
studies have been reported. In the first of these, Yangetal(1988) found essentially the 
same structure for the low temperature, commensurate phase but did not mention 
the transition at 213 K. Subsequently, the same group confumed the existence of the 
incommensurate phase from single crystal measurements, but found two satellites dis- 

. placed equally by ~(0.0125,0,0.0125) about the positions of the magnetic reflections 
in the commensurate phase (Yang et a1 1989). In view of this continuing interest in the 
magnetism of CuO and related compounds and some conflicting experimental data, it 
was decided to verify the propagation vector of the incommensurate phase and to use a 
generalised neutron polarization analysis technique to provide more direct evidence 
for the moment directions in the two antiferromagnetic phases of CuO. The relation 
between the input polarization P and the output polarization Po for a purely magnetic 
reflection is a special case of the general expression given by Blume (1963): 

P J Brown et a1 

POI = P(-Q. Q*) + 2Re(P. Q)Q* - Im(Q x Q*) 

where I = Q . Q* + Im(P. [Q x PI), Q is the generalized magnetic interaction vector 
and Q* its complex conjugate. The first two terms act on the input polarization P to 
rotate it about Q and the last term can create polarization if Q is complex. In particular, 
a single domain sample of a simple helimagnet will create polarization parallel or 
antiparallel to the scattering vectors of its magnetic reflections. 

We now report the results of this work which confirms the original model of Forsyth 
et a1 (1988) for the commensurate phase but calls for a modification of the moment 
directions in their incommensurate structure. 

2. The experiment 

The large, 130 mg single crystal used in the experiment was grown by Wanklyn and 
Garrard (1983) at the Clarendon Laboratory, Oxford University, by flux growth in a 
platinum crucible. The starting materials for the flux were Moo3, V203  and K,CO,. 
The sample was first examined by conventional unpolarized neutron diffraction and 
shown to order at TN = 230( 1) K to the incommensurate phase in which asingle magnetic 
reflection isdisplacedfrom the position of each magnetic reflection in thecommensurate 
phase. The wave vector k was also in agreement with the original single crystal neutron 
diffraction data of Forsyth et a1 (1988), namely k = (-0.506, 0, 0.483). The incom- 
mensurate phase wasagain shown to lock into acommensurate phase with k = (1,0, -1) 
at TL = 213.0(5) K. The crystal was then carefully aligned and mounted with its [OlO] 
axis vertical in the zero-field polarimeter CRYOPAD on the IN20 polarized beam triple 
axis spectrometer at the Institut h u e  Langevin, Grenoble. This crystal orientation was 
chosen so that the propagation vectors of both magnetic phases lay in the horizontal 
plane of the analyser and detector motion. 

The principles and operation of the CRYOPAD have been fully described elsewhere 
by Tasset (1989) and Brown eta1 (1990). In short, it allows both the input neutron beam 
polarization to be set to any desired angle and the magnitude and direction of the 
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Figure 1. Stereographic projection of the incident and scattered polarization directions for 
the (4 0 -1) reflection from the commensurate magnetic structure of CuO at 100 K. The 
incident directions are marked by hexagons and the scattered directions by triangles, the 
filledsymbolsmarkpolesin the upperandopensymbols tbosein the lower hemisphere.The 
number associated with each symbol is the sequence number in the scan and can be used to 
identify corresponding incident and scattered directions. The outgoing polarizations were: 
1,0.877;2,0.878; 3,0.891; 4,0.865; 5.0.880 and 6,0.881. 

polarization in adiffracted beam to be found under the control of a PDP11173 computer. 
Thediffractingsampleiskept inafield-free regionandits temperaturecanbemaintained 
inthe range 1.5-315 K. The Heusler alloy monochromator and analyser crystals of IN20 
were set to a wavelength of 1.532 A. Although the CRYOPAD makes it possible to set 
the input polarization P to any desired angle, it is convenient from the point of view of 
subsequent analysis to make scans in which P is varied in the three principal planes 
defined by the axes X parallel to the scattering vector K ,  Z vertical and Y making the 
right-handed set. In view of the weak scattered intensity and the time available, the 
present measurements were restricted to the six ‘cardinal directions’ parallel to % X ,  2 Y 
and -CZ. 

2.1. The commensuratephaseat 100 K 

Figure 1 shows a stereographic projection of the six cardinal input polarizations and the 
location of the corresponding output polarizationsfor the (1 0 -1) reflection. A vertically 
polarized input beam is scattered without change in direction, whereas input polar- 
izations along the X or Y directions are completely reversed in the scattered beam. 
These observations immediately show that the magnetic moments on the Cu atoms are 
alignedparallel and antiparallel to the vertical Zaxis which is [OlO]. Similar observations 
weremadeforthereflections(-l01),(-PO8)and($O l).Allthesemeasuremeotsserve 
to set a limit on the magnitude of any component of moment which could be present in 
the a-c plane and this is estimated to be 0.03 of the total moment of 0.65(3) bLg (Forsyth 
eta1 1988). 
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Figure 2. A (010) section of reciprocal lattice of CuO showing the location of the low K 

magnetic satellites. 

2.2. The incommensurate phase at 215.5 K 
Figure 2 illustrates the location of the low K magnetic satellites which occur in the a*<* 
planeof reciprocalspace. The fundamental reflection (0.506.0, -0.483) was reasonably 
strong with a peak count rate of some 250 cps, but the remainder were relatively weak 
with count rates in the range 2-10 cps. Long counting times were required to locate the 
direction of the scattered polarization in the weakerre6ections, especially in cases where 
the polarization was low, when six hours were needed for each of the cardinal directions. 
The reflections were first located with the input polarization vertical and the analysing 
direction set parallel: the peak reflected intensity was then found by scanning the 
crystal about the vertical axis and summing the counts for flipped and unilipped output 
polarizations at each position. One feature of these results was immediately obvious; in 
some reflections the ratio of flipped to unflipped neutrons was close to unity whereas for 
others it was larger and in one case (0.506,O. 1.517) it was over 10 and corresponded to 
the input beam polarization of 0.87. In this latter case it i s  clear that the only component 
of any modulated magnetic moment to enter Q must also be vertical. This conclusion is 
supported by the full series of six measurements shown in figure 3(a); in each case, no 
beam depolarization occurs and the results are analogous to those obtained for the 
magnetic reflections of the commensurate phase. Figure 3(b), however, illustrates the 
very different behaviour of the fundamental reflection (-0.506,0,0.483): in this case 
the output polarization is low, -IO%, and rotation towards X for incident polarization 
along Y or 2, but it is again its maximum but reversed forP parallel or antiparallel to X ,  
the scattering vector K. The average scattered intensity is approximately the same in all 
cases and these observations may be understood if, for this reflection, there is a com- 
ponent of Q which is perpendicular to [OlO]. The ratio of the amplitudes of the two 
components of moment and the orientation of the component lying in the a-c plane have 
been determined from the turn angles observed when P i s  along 2 Y and 2 Z for seven 
magnetic (h01) reflections. The small changes in the amplitude of PoasPis varied from 
X to -Xgives a direct indication that the domains of different chirality are unequally 
populated. Table 1 gives the results of the best least squares fit to all the observations 
(x’4.2) which is given by a model in which the moment component along b is 1.03(1) 
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Figure 3. Stereographic projection of the incident and scattered polarization directions 
for (a) the (0.516,O. 1.517) and (b) the (-0.516.0,0.483) satellite reflections from the 
inwmmensurate magnetic structure of CuO at 212.5 K.  The labelling wnvention is as for 
figure 1 and the scattered polarizations are luted in table 1, 

times the moment component in the a-c plane. The latter component makes an angle 
to [Ool] of 28.2(8)” in obtuse and the domain ratio is 0.486(2): 0.514(2). 

It is apparent from table 1 that the output polarization for the ZXdirections of P is 
significantly reduced for the last four reflections as compared to the first three. This 
reduction cannot be accounted for by our model and we believe that it probably arises 
from a significant unpolarized background count rate which would affect the measured 
polarization more severely in these weaker reflections. In future experiments we shall 
attempt to correct for any  such contribution by subtracting the count rates measured 
with the crystal rotated in omega from the reflecting position. In the absence of such 
data, we prefer to accept the estimated errors in the parameters obtained from the least 
squares fit to the raw data, since these are already small, rather than to include some 
empirical correction. 

3. Conclusions 

Zero-field neutron polarimetry can provide a very sensitive test for the correctness 
of magnetic structure models derived from unpolarized neutron integrated intensity 
measurements. In the present case its use has confirmed the original model for the 
commensurate phase of CuO first proposed by Forsyth et ai (1988). Their proposed 
structure for the incommensurate phase has, however, been shown to be incorrect in as 
much as the moment envelope does not lie in the a- plane, though its axis in this plane 
makes an angle of 28.2(8)” to c in /3 obtuse compared to the angle of 33(2)” obtained by 
Forsyth et ai. 

A re-analysis of the original unpolarized data on the basis of the new moment 
orientations and the ratio of the b to a-c moments produced only small improvements 
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in the least squares fit and weighted R factor k2 64, R, = 15.5%) compared to those 
found for the original model kz76, R, = 17.0%). The poor R factor is due to the 
difficulty in measuring the weak intensities, which in turn confines the model to a simple 
Cu2+ spherical free ion form factor. The comparative insensitivity to moment direction 
provided by the least squares fit to the unpolarized neutron data serves to emphasize the 
superior nature of the polarimetry method, particularly when the magnetic scattering is 
weak and the moments are not confined to a single direction. The re-analysed moment 
component along [OlO] is 0.273(6) ,uB and the root mean square moment is 0.27(1) ,uB, 
which may be compared with the value quoted in the original paper of 0.30(2) pB. 
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