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Abstract. Single-crystal neutron-diffraction measurements on cobalt tungstate. CoWO4, at I5 K 
and powder measurements in the temperature interval 5-55 K have confirmed tha  it orders 
antifemmagnetically below its Nee1 temperature of 55 K with a magnetic propagation vector 
(I 0 0). The chemical unit cell is monoclinic. space group PZJc. Z = 2 with n = 4.659(1). b = 
5.667(1). c = 4.940(1) A, 0 = 89.94(1)” at 15 K. The magnetic moments on the two equivalent 
CO” ions within the cell are coupled ferromngnetically and lie in the o d  plane at an angle 
43.4(8)0 from [OOll  towards -0. The magnetization density of the Co2+ ion is not spherically 
symmeuic. but it can be modelled as a multipolar expansion on axes Z t&en parallel to the 
moment direction and Y parallel to b. The moment on h e  CO** ion 1s 3.42(3) p~ with the 
largest coefficients. apart from Yw, being I’d[+ = -0.20(2) and Ya2+ = -0.21(2). In addition, 
the radial form factor is expanded over thill appropriate io a spin-only moment of a free !on 3s 
should be expected when there is a significant orbital moment. These observations are related 
to the ground-state wavefunction of the ion. There is also evidence for a small covalent transfer 
of moment to 0 amounting to 0.04(1) ,LB per ligand. The development of magnetic order is 
accompanied by magnetostriction, which mimics the magnitude of the ordered CO?+ moment 
and amounts lo -3.4 x IO-’ A V j V  between 5 and 55 K, 

1. Introduction 

Cobalt tungstate is isostructural with the manganese, iron and nickel tungstates and it has 
monoclinic symmetry, space group P2/c.  The unit-cell dimensions of Cow04 are a = 
4.6698(9), b = 5.6873(23), c = 4.9515(17) A, p = go(--)” at ambient temperature and 2 
= 2 (Weitzel 1976). The structure is illustrated in figure 1. CoW04 is known to become 
antiferromagnetic below a TN of 55 K (Van Uitert etnl 1964) and powder neutron diffraction 
studies by Weitzel (1970) and by Weitzel and Langhof (1977) showed that the magnetic 
unit-cell edge is double the chemical one in the a direction and that the CO*+ ions cany a 
moment of some 3.6 f i g  oriented in the a-c plane at an angle of 46” to [OOl]. The closeness 
of the monoclinic angle p to go”, however, prevented these latter authors from determining 
whether the spin direction lay in B obtuse or p acute. A subsequent neutron single-crystal 
study by Wilkinson and Sprague (1977) confirmed this magnetic ordering, but the degree 
of extinction in their sample was severe and prevented them obtaining reliable estimates for 
the moment magnitude or direction. We now report a new neutron single-crystal study at 
15 K, which has given an excellent data set from a sample with well characterized and small 
extinction. It has enabled us not only to obtain more accurate values for the magnitude and 
direction of the CO magnetic moment, but also to model its significant asphericity using a 
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multipole expansion of the magnetic form factor on quantum axes Z parallel to the moment 
direction and Y parallel to b. Finally, powder diffraction profiles obtained at temperatures 
between 5 K and 55 K have allowed us to follow the temperature variation of the CO 
moment and its effect on the lattice parameters. 

J B Forsyth and C Wilkinson 

Figure 1. The crystal structure of CoWOd. 
The 0 atom are shown as large circles, CO 
and W as smaller solid and open circles. 
respectively. 

2. Experimental details 

The single-crystal neutron-diffraction data were obtained using the D9 diffractometer of the 
Institut Laue Langevin during the development of data-treatment software for its position- 
sensitive multidetector. This He3 detector has 32 x 32 electrodes with 2 mm separation 
placed some 400 m from the sample (Lehmann et a1 1989). Only one reflection falls on 
the detector during each measurement and the treatment program integrates the intensity 
over the relevant area of the detector at each setting of the crystal required to scan the 
reflection. The shape of strong reflections in the (X, Y )  space of the flat multidetector and 
the w rotation of the crystal are stored as a function of Bragg angle and imposed on the data 
for weak reflections, thereby improving the estimation of their intensities over that possible 
with a conventional detector (Wilkinson et a1 1988). 

A small, approximately equi-axed crystal weighing 28 mg was chosen from the same 
batch of crystals as prepared for Wilkinson and Sprague (1977) by Mrs B h.1 Wanklyn 
of the Clarendon Laboratory using the flux-growth technique and a starting composition 
of 10% COO, 75% NaIW04 and 15 wt% WO, (Wanklyn 1972). After mounting on the 
diffractometer's Displex refrigerator. it was cooled to 1.5 K, we11 beIow the reported N6el 
temperature of 55 K. An incident wavelength of 0.842 A was chosen to reduce still further 
the effects of the small extinction and absorption. The crystal orientation matrix was refined 
from the coordinates of 15 centred reflections and gave cell dimensions of a = 4.669(8), b 
= 5.680(9), c = 4.951(7) A, 6 = 89.92(5)". Integrated intensities were measured for both 
the h integral (nuclear) and half-integral (magnetic) reflections. The standard deviation, U, 

to be associated with each inequivalent structure factor was estimated from the agreement 
between the equivalent reflections and their associated counting statistics. A total of 2465 
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reflection intensities reduced to 487 and 433 inequivalent nuclear and magnetic structure 
factors respectively; the merging R factor on the squares of structure factors was 2.9%. 

Powder diffraction measurements were made on the D2B instrument, also at the ILL, 
using a sample obtained by crushing a batch of small single crystals. The cylindrical 
specimen can, 5 mm in diameter, was located in a standard ILL ‘Orange’ cryostat. The 
incident wavelength was 1.594 .& and patterns extending to a maximum value of 147’ 26’ 
were taken at 5, 15, 25, 35,40, 45, 50 and 55 K. 

3. The nuclear structure at 15 K determined from the single-crystal data 

The magnitude of the extinction in the sample can be judged by the relatively good 
agreement ( R  = 8%) obtained in a weighted least-squares refinement without an extinction 
correction. Including this correction following the Becker-Coppens (1974) treatment in a 
refinement of the nuclear data with isotropic factors on all atoms then gave an R of 3.4% 
with a weighted R factor, R,, of 3.3% (weighting by l/u2) and a x2 of 21. A significant 
improvement occurred when the 0 atom were allowed to have anisotropic vibrational 
parameters, the R factor being 2.6%, R, = 2.6% and x 2  = 15 for the 14 variables and 
487 observations. An empirical correction was then made for a small contribution to the 
reflection intensities due to multiple scattering, which caused the weak reflections to be 
systematically observed as too strong. Although this correction did not make any significant 
changes to the refined parameters, it reduced the x 2  to 2.9, R = 2.1% and R, = 2.0% for 
the remaining 479 reflections. The positional parameters are little changed from their values 
at room temperature and they are reported, together with the thermal parameters and the 
standard deviations, in table 1. 

Table 1. The atomic positional and lhermol parameters for C o w 0 1  obtained from a refinemeni 
of lhe 15 K singleaystal dam. The CO and W atoms have isotropic temperature hcton (ITFS) 
quoted in units of A ~ .  

Atom Site x Y L m: 

CO Zf 1 0.66874(20) i 0.15(2) 

01 4g 0.21722(7) 0.10717(6) ;.93289(6) - 
02 4g 0.25621(7) 0.37749(6) 0.39730(6) - 
W 2e 0 0.18031(10) 1 O.IZ(1) 

Atom B I ~  622 633 612 BZ3 B13 
01 0.30(2) 0.34(2) 0.18(2) -0.033(7) O.lOZ(9) -0.045(7) 
02 0.3U2) 0.35(2) 0.7Z2) -0.031(7) O.OOS(8) -0.066(7) 

4. The magnetic structure of Cow04 

4.1. The single-crystal study at 15 K 

The scale factor obtained from the nuclear refinement was used to place the 433 observed 
magnetic structure factors on an absolute scale, before undertaking a least-squares refinement 
of the CO’+ moment amplitude and direction with the extinction parameter fixed to 
the value found for the nuclear data. The coupling between the moments on the two 
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crystallographically equivalent sites is known to be ferromagnetic from previous studies 
and the centIe of symmetry at the origin of the cell carries time inversion. The magnetic 
form factor was first assumed to be that corresponding to a Co2+ free ion (Clementi and 
Roetti 1974). However, the R factor on structure factors remained relatively high at 22%, 
R ,  = 17% and x 2  = 26. The observed intensities at high sin 0 / h  were generally greater than 
calculated, which is consistent with the presence of orbital magnetization and the predictions 
of the dipole approximation for its scattering. Introducing an additional term (j,) to the ( jo)  
of the magnetic form factor and refining its amplitude produced a significant improvement 
in the fit reducing the R factor to 14.3% with R, = 10.8% and x 2  = 11. The moment 
direction remained essentially unchanged at 47.7(6)” in p acute and the coefficient for ( j 2 )  
was 1.23(5) with a moment ( j o )  of 3.51(3) pg. The R factors were still significantly higher 
than those achieved in the nuclear refinement and a further improvement was subsequently 
made by allowing the CO moment to become aspherical within the constraints imposed by 
its site symmetry. Since the major effect of such a departure from sphericity occurs in the 
high-sin B/h data, a second estimate for the moment of 3.49(7) p~ at 45.1(8)” to [OOl] in 
p acute was obtained from a refinement of the 61 observations with sin 0 l h  below 0.4 A-’ 
(R = R, = 5.1%, xZ = 19). 

4.2. The remperature wriafion ojihe magnefic structure 

Profile refinements of the neutron powder patterns showed that there were no significant 
variations in the atomic positional parameters as a function of temperature and these were 
fixed at the single-crystal values. However, some temperature dependence was observed 
in the lattice parameters. Lines of magnetic origin were visible in all the pattems, except 
for that measured at 55 K. Using the magnetic form factor deduced above, the CO moment 
was allowed to vary in magnitude and direction in profile fits to the lower-angle part of 
each pattern extending to 80” 28. Figure 2 shows the variation of the spherically symmetric 
CO magnetization as a function of temperature; its value at 15 K (3.53(5) pg) is in good 
agreement with that obtained in the single-crystal study using the spherical magnetization 
model (3.54(3) PE), Since there is no evidence for any significant reorientation of the 
moment with temperature, its orientation was fixed at the mean value obtained from the 
single-crystal refinements. The unit-cell volume does, however. exhibit a temperature 
variation, which is also plotted in figure 2. There is no significant variation in the cell 
parameters at 5 and 15 K and their values of a = 4.659( l), b = 5.667(1), c = 4.940(1) A and 
p = 89.94(1)” are consistent with, but more precise than, those determined in the s ing le  
crystal experiment. The estimated standard deviations include the uncertainty in the incident 
wavelength. Figure 3 illustrates the quality of the fits obtained. 

5. Magnetization density and ground-state wavefunction for CO’+ 

The quality of our single-crystal data encouraged us to take the magnetic model a stage 
further by making a multipole fit to the magnetic structure factors with form factors 
expressed as a set of atom-centred products of spherical harmonics and appropriate radial 
integrals (jn) for the spin moment. The quantum axes for the expansion were chosen with 
Z parallel to the moment direction and Y parallel to [OIO]. A least-squares fit to the 
433 structure factors using the nine symmetry-allowed multipoles Yw, Yzo, Yz,+, Y22+; Y,, 
Y4,+.  Y42+, Y43+ and Yu+ and the radial expansion term in (jz) resulted in an R factor of 
7.7%, R ,  = 5.3% and x z  = 2.4. Initially, the direction of the CO’+ moment was taken to 
be the mean of the two estimates previously obtained for a spherically symmetric moment 
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Figure 3. Profile refinement of the lower-angle part of the Cow04 neutron powder pattern 
t&n at 5 K with a wavelength of 1.594 A. The positions of the nuclew and mngnetic lines are 
shown by the upper and lower set of &en, respectively. 

using either the whole data set or only those reflections with sin 8 / h  < 0.4 A-', namely at 
-46.3" to [OOl] in ,9 acute. Allowing this direction to vary showed that the angle of -44.3" 
corresponded to the minimum in R, R, and x z  of 7.4%, 5.0% and 2.1 respectively and that 
significant changes in the multipole amplitudes only occurred for Y21+ and Ydt+. For this 
model, the best estimate for the CO'+ moment is ( j o )  = 3.49(3) and ( j z )  = 1.37(5) p g .  

A further improvement in fit was obtained by allowing the 0 atoms to have a moment 
oriented parallel to that of their CO neighbours which number two for 0 2  but only one for 
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01. 0 moments of +0.05(2) and +0.08(2) p~ were determined for 01 nd 0 2  respectively, 
using a spherical form factor based on a free 0 2p wavefunction and limiting the data to 
reflections with sin @ / A  c 0.4 A-‘.  During this refinement, the multipoles describing the 
CO’+ moment and its radial expansion were held fixed at their previous best values. The 
agreement for the 67 reflections in this low-angle data set improved from R = 4.2%, R ,  
= 4.0%, x’ = 14 to R = 2.8%. R, = 2.7% and xZ = 5.8. Clearly the magnitude of the 
covalently transferred moment is roughly the same for each ligand. Table 2 lists the final 
values for the multipoles describing the CO and 0 moments. 

Table 2. The multipole amplitudes describing the magnetimion on the CO atoms in the structure 
of CoWOo. The CoZt moment direction is 44.3‘ from [OOI] in ,8 acute and the (j,) addition 
to ( j o )  for the CO’+ radial form factor is 1.37(5) ME. 

Multipole Amplitude (pg)  

YaO 3.49(3) 
U20 -0.072(9) 
y21 t -0.070(6) 
Y22t -0.072(4) 
y40 0.04(2) 
Clt -0.20(1) 
Y4l i  -0.21 (1) 
yo,+ 0.06(1) 
Y441 0.09(1) 

The refined value of 1.37(5) for the { j z )  addition to the ( j b )  radial form factor means 
that the radial dependence can be written as [(io) + 0.4OO(jz)) in reasonable agreement 
with the first two terms calculated for CO” in COO by Mahendra and Khan (1971), whose 
complete expression is ((jo) + 0.362(j~) + 0.162(j4)}. 

It should be emphasized that the above analysis has been carried out in the framework 
of the dipole approximation to orbital scattering and a common direction, 2, for all the 
components of magnetization. However, the orbital moment will also produce small X .  Y 
components in the magnetization which should be modelled by Y z ~ +  multipoles with a radial 
dependence of the form [ ( jz )  + ( j 4 ) l  and Y ~ I +  , Y43+ multipoles with [( j ,)  + (j,)] radial 
dependences (see, for example, Balcar and Lovesey 1989). The omission of these t e r m  
from our analysis may account, at least in part, for the relatively high values for x 2  for the 
refinement using the low-sin @/A data set, which contains the strongest and most accurately 
determined magnetic interaction vectors. However, the low-symmetry environment found in 
Cow04  means that these multipoles, but with their normal radial dependences, may reflect 
the asphencity of the Z component of magnetization. 

6. Discussion 

We may first compare our results for the magnitude, 3.49(5) p ~ g ,  and direction, 44.3(1)0 to 
c in the direction of -a, of the CO magnetic moment with previous studies. Galkin et a1 
(1966) and Zvyagin and Khats’ko (1970) were the first to deduce a moment direction from 
their EPR and magnetic susceptibility measurements respectively. In both cases an angle of 
45” to the a and c axes was proposed, though the sense of the rotation of the moment from 
[OOl] in the a-c plane was not specified. Similarly, Gredescul et al (1972) concluded, on 
the basis of their single-crystal antiferromagnetic resonance (AFMR) measurements at 22 K, 
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that their y magnetic axis was parallel to b and that the other two axes were rotated in the 
a-c plane such that the magnetic z axis was at about 40" to [CO11 in the direction of a.  They 
judged that the absence of absorption for a z-polarised RF magnetic field implied that the 
antiferromagnetically aligned moments were parallel to their magnetic z axis. It therefore 
seems likely that the latter authors made an incorrect choice between a and -a, due to the 
fact that p is close to 90". Weitzel (1976) also found the moments of 3.60(5) f i g  to lie 
in the a-c plane. making an angle of 46" to [loo]; it is not clear that these measurements 
could determine whether this angle was towards cor  -c. We conclude that our experiments 
are the first that enable the sense of the rotation of the CO moments away from [OOl]  to 
be determined unequivocally. Consequently, the relationship of the Coz+ moment direction 
to its pseudo-octahedral ligand environment is also specified. The exchange pathways in 
CoW04 have already been adequately discussed by Weitzel and Langhof (1977). 

Cow04 exhibits strongly anisotropic magnetic properties. For example, at its Niel 
temperature there is a factor of about five between the extremal values of its magnetic 
susceptibility, which lie in the a-c plane (Zvyagin and Khats'ko 1970). Gredescul et a1 
(1972) have derived g values from their AFMR measurements on CoW04 and find that the 
extremal values of 6.3(7) and 3.2(6) again lie in the a+ plane with g, = 4.8(6). 

Anisotropy in the magnetic properties of CoW04 could in principle arise in part from 
the low symmetry of the crystal-field potential and in pan through the anisotropic nature 
of the exchange potential. However, studies of CO'+ doped to 2% into the isomorphous 
ZnW04 show that the large anisotropy in the susceptibility (Zvyagin and Khats'ko 1969) 
and in the g values remain when the exchange is not present. The g values obtained by 
Galkin et nl (1967) from their EPR study show that the maximum and minimum values 
remain in the a-c plane: g, = 2.392(5), g, = 3.345(5) and g: = 6.78(1). Both sets of 
authors therefore conclude that the most important contribution to anisotropy in Cow04  is 
single-ion crystallographic anisotropy and, furthermore, that the crystal-field potential at the 
CO'+ site has a significant component of rhombic symmetry. 

\ .I I 1 0 2 O  O 2 I  O 01 / 
Figure 4. A stereogram showing the orientiltion of 
the Co2+ moment, M ,  with respect to the distorled 
octahedron of 0 Iigmds. M lies close to the pseudo- 
diad axis between an 01 and an 0 2  atom. 

The orientation of the CO*+ moment with respect to the ligands is shown in figure 4. 
from which it can be seen that it lies close to the pseudo-diad roughly midway between 
a pair of atoms 01 and 02, which, with the true diad along b, define the orthorhombic 
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axes of the 0 octahedron. This observation supports the view that single-ion anisotropy is 
the principal factor orienting the CO” moment in the lattice. The presence of significant 
magnetostriction. deduced from the correlation between the variation in the cell volume and 
the growth of the ordered moment shown i n  figure 2, indicates the strength of the coupling. 

The effects of a crystalline field of low symmetry on a Cow ion have been treated by 
Uryu er a[ (1966) in connection with monoclinic CoC12.6H20. They calculale the variation 
of the principal values of the g tensor and the reduced energies of the six lowest Kramers 
doublets of CO’+ as functions of the tetragonal and rhombic crystal-field parameters and 
find that the observed g values and heat-capacity data are consistent with the presence of 
pronounced orthorhombic distortion in the pseudo-octahedral ligand field at the CO’+ site, 
in addition to a tetragonal term. A similar treatment has been used by Zvyagin and Khats’ko 
(1969) to fit the magnetic susceptibility and g values for CO” in ZnWO+ They estimate 
that the ratio of the rhombic to axial contributions to the crystalline field potential is 0.6. 

A direct association between the observed anisotropy in the magnetization density and 
a corresponding anisotropy i n  the crystal field cannot be made until the contribution made 
by the orbital scattering has been calculated directly from the ground-state wavefunction. 
Perhaps the most direct experiment bearing on the choice of a ground state would be  the 
use of zero-field neutron polarimetry (see, for example, Brown et a1 1993) to determine 
the direction of the magnetic interaction vector for a few magnetic reflections. Such 
measurements would yield the magnitudes of the X ,  Y components of orbital magnetization 
and provide the key to the fullest interpretation of the present observations. 
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