
The antiferromagnetic structure of copper tungstate, CuWO4

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1991 J. Phys.: Condens. Matter 3 8433

(http://iopscience.iop.org/0953-8984/3/43/010)

Download details:

IP Address: 171.66.16.96

The article was downloaded on 10/05/2010 at 23:49

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/3/43
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Matter S (1991) 8-440. Printed in the UK 

The antiferromagnetic structure of copper tungstate, 
cuwo, 

J B Forsytht, C Wilkinsont and A I Zvyagin! 
t ISIS Science Division, Rutherford Appleton Laboratcry, Chilton, Oxon OXU OQX, 
UK 
$ Physics Depdment, King's College (KQC) The Strand, London WC2R 2LS, UK 
0 Institute of Low Temperatures, Ukranian Academy of Sciences, Kharkov, USSR 

Received 12 July 1991 

Abstract. Capper tugdate become. antiterromagnetically ordered below 23.0(2) K 
and ibs magnetic structure has been determined I" singl-ystal unpolarized neu- 
tron diffraction measurements at 5 K. The chemical unit cell is triclinic Pi, with 
(L = 4.694(1), 6 = 5.830(1). c = 4.877(1) A, OT = 91.€4(1), @ = 92.41(2) and 
r = 82.91(1)o at 15 K. The magnetic propagation vector is ( $ 0 0 )  and the mag- 
netic space group P2.i. The two equivalent copper ions within the unit cell have 
magnetic moments of 0.67(1) pg aligned ferromagnetically at the sphuiorl polar an- 
g l s  B = 121(2)O and d = 52(2)', the polar axis being parallel to e and Q being 
measured from the =-a* plane. This direaim coincides, within experimudal error, 
with the axis of elongation of the Jahn-Teller distorted octahedmn of oxygen a t o m  
about the Cu't ion. A multipole refinement of the moment distribution, to order 
two on quantum u e s  Z parallel to the moment direction and X ,  Y directed towards 
the four close oxygen neighbours, shows that Y20 is the only significant multipole. 
Its sign indicates that the moment distribution approximates to an oblate ellipsoid 
of revolution with its axis parallel to Z. Only two of the six oxygen neighbours of the 
Cuz+ ion carry a significant transferred moment of 0.06(1) pg . These ohservatiors 
are  related to the exchange paths and covalency in the compound. 

1. Introduction 

The magnetic behaviour of oxygen-coordinated copper in the nominally divalent state 
has been the subject of much recent interest since it is found that both octahedral 
and squareplanar coordinated ions occur in the high-T, superconductors. In those 
structures which exhibit antiferromagnetism, the copper moment found by neutron 
diffraction is around 0.6 pB which is lower than that associated with purely ionic Cuat. 
A similar moment is found in the low temperature collinear magnetic phase of cupric 
oxide itself (Forsyth et al 1988). In that single crystal neutron study, the authors 
concluded that the wavefunctions describing the magnetic hole were not confined to 
a single dZl+ orbital in the plane of the squareplanar coordination. In addition, 
evidence was found for the covalent transfer of moment to the ligand oxygen atoms, 
each of which has three copper neighbours. 

We now describe a study of copper tungstate which, like CuO, exhibits a strong 
Jahn-Teller distortion to squareplanar coordination. The effect on the structure is 
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to lower the symmetry from monoclinic, found in the wolframite structure of the Mn, 
CO, Fe and Ni tungstates, to triclinic Pi (Kihlborg and Gebert 1970). The whole m 
ries exhibits long-range antiferromagnetic order a t  low temperatures and in each case 
the propagation vector has been established as ($00) by powder neutron diffraction 
(Weitzel 1970). Single crystal neutron studies of the CO and Ni tungstates (Wilkio- 
son and Sprague 1975) confirmed the propagation vector as (;OO) and established 
an accurate moment direction for NiWO,. The magnetic structure of CuWO, has, 
however, remained ill-defined, since the copper moment is low and the earlier powder 
study was made with an instrumental resolution insufficient to resolve properly even 
the high d-spacing diffraction lines from the triclinic cell. 

2. Experimental details 

The first neutron diffraction experiments were performed with the largest single crystal 
from a batch produced at the Clarendon Laboratory, Oxford, using a flux growth tech- 
nique (Wanklyn and Garrard 1983). These crystals formed as needles elongated along 
[OOI] and had a silver-grey metallic lustre. Unfortunately, the crystal only weighed 
14 mg and had dimensions 5 x 0.6 x 0.6 mm. Neutron diffraction measurements were 
made at the Institut Laue Langevin, Grenoble using both the D9 and D15 diffractome- 
ters. Integrated intensity data taken at 15 K on the former instrument showed that 
the crystal structure remained essentially unchanged from that at room temperature. 
D15 integrated intensity data for the {hkO) and {hkl)  layers of reflections, with the 
sample rotating about [OOl] in an ILL ‘Orange’ liquid helium cryostat data at 4 K, 
confirmed that the magnetic propagation direction was indeed ($00) as described by 
Weitzel (1970). However, the intensities of all but. a few magnetic reflections were too 
weak to obtain reasonable accuracy in the magnetic structure factors. 

A more detailed study of the magnetization was  then made using D15 and a much 
larger crystal grown at the Laboratory of Low Temperature Physics of the Ukrainian 
Academy of Sciences, Kharkov USSR, using the Czochralski technique. This crys- 
tal had the form of a plate, 0.8 mm thick, cut perpendicular to b* with dimensions 
4 x 2 mm parallel to [OOl] and [loo], respectively. The fundamental reflections have no 
magnetic content and {Okl} data were measured out to a sin0/X limit of 0.75 A-’, 
with the crystal rotated about [loo], to establish the parameter describing the small 
degree of extinction in the crystal and the scale. These data showed excellent agree 
ment between the Friedel pairs. The magnetic reflections, which have half-integral 
h indices, are generally weak and the {-$kl}, { i k l )  and { l i k l }  layers were mea- 
sured at 25 minutes/reflection out to sinO/X 0.55 A-1, using the normal-beam, lifting 
detector geometry of D15. The crystal w a s  then remounted about [OOl] and the mag- 
netic reflections measured in the zero and first layers to the same limit in sin8/X. In 
addition, some zemlayer nuclear reflections were measured as a more sensitive check 
on the agreement between equivalent reflections and the reliability of the path-length- 
dependent extinction correction. A total of 457 nuclear and 471 magnetic reflections 
were averaged over Aiedel pairs to give 326 and 283 independent moduli of structure 
factors, respectively. 

The temperature dependence of the strongest magnetic reflection, (iOO), is il- 
lustrated in figure l which shows that the Nee1 point occurs at 23.0(2) K, in good 
agreement with the temperature of 24 f 1 K established from the disappearance of 
EPR signals by Anders e l  al (1972). This temperature is considerably lower than the 
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90 K reported by Weitzel from his powder neutron study, but this latter temperature 
does correspond to a broad maximum in the magnetic susceptibility of the material 
shown in figure 2. 

*c 
Figure 1. The temperature dependence d the magnetic ($00) reflection from 
CUWO,, showing a NCel temperature of 23.0(2) K. The full curve is a guide for 
the eye. 
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Figure 2. The temperatme dependences of the magnetic susceptibilities d single 
aystd CUWOI: x pardel to b, 0 and A in the plane perpendicular to b at angler 
of i45' to c (Andels et 01 1972). 

3. 

The nuclear data collected from the small crystal on D9 showed excellent agreement 
between Friedel pairs, and a least squares refinement starting from the room temper- 
ature positional parameters reported by Kihlborg and Gebert (1970), allowing only 
isotropic temperature factors, led to an agreement factor R ( R = C I F ,  - F,I/ CF:) 
of 7.1%, a weighted R, of 6.6% and a xz of 178 for 26 variables and 784 independent 

Refinement of the crystal structure at low temperature 
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reflections. The estimated standard deviations, CT, of the observed structure factors 
were obtained from the agreement between Friedel pairs or the counting statistica, 
whichever was the greater, and the weighting was l/uz. A small degree of extinction 
wasevident in the strongest reflections, so this wasmodelled using the Becker-Coppens 
treatment, introducing a Lorenzian distribution of mosaic spread with a fixed domain 
radius (Becker and Coppens 1974). The subsequent refinement produced a final R 
factor of 3.3%, R,., = 2.6% and ,y2 = 16 for 27 variables and 784 reflections. No sig- 
nificant improvement was obtained by allowing the oxygen atoms to have anisotropic 
temperature factors. The fractional atomic coordinates, isotropic temperature fac- 
tors and their estimated standard deviations from the refinement are listed in table 1 
together with the room-temperature x-ray values obtained by Kihlborg and Gebert. 
The positional parameters are little changed in going to 4 K the neutron parameters 
are less accurate for tungsten, about equivalent for copper and some five times better 
for oxygen than those from the x-ray study, as would be expected. Room temperature 
neutron powder data have been used by von Klein and Weitzel (1975) as a test of 
their PERNOD refinement program, but their final parameters are generally much less 
accurate than those found in the single crystal x-ray study. Figure 3 illustrates the 
chemical structure of the compound. 

J B Forsyih et al 

Table 1. The atomic positional and thermal parsmetar in CuWOi at 4 K (first 
line) compared to those at room temperature (Kihlborg a d  Gebert 1970). The 
isotropic thermal vibration parameters, ITF. are in units of A'. 

z 

Cu 0.49537(13) 
0.49533( 16) 

W 0.02146(22) 
0.02106(4) 

0.2491 (10) 

0.2145(10) 

01 0.25042(18) 

02 0.21551(18) 

Y 

0.65942(11) 
0.65%6( 13) 

0.17%3( 17) 
0.17348(3) 

0.35475(15) 
0.3535(8) 

0.88077(15) 
0.8812(7) 

z ITF 

0.24524(14) 0.169(9) 
0.24481(15) 

0.25405(22) 0.096(13) 
0.25429(4) 

0.42520(20) 0.282(12) 
0.4245(10) 

0.42901 (20) 0.236(12) 
0.4309(9) 

03 0.73511(18) 0.38077(15) 0.09822(20) 0.269(12) 
0.7353(10) 0.3803(8) 0.0981(9) 

04 0.78214(19) 0.90774(15) 0.05459(20) 0.266(12) 
0.7826(9) 0.9079(8) 0.0533(9) 

4. Determination of the magnetic structure 

The two magnetic data sets from the large crystal contained 37 unique reflections in 
common and these were used to merge the two data sets with a scale factor of 1.039, 
which presumably reflected a small difference in the incident beam characteristics 
within the area sampled by the crystal in its two different mountings. A large fraction 
of the measured reflections contained no significant intensity and were removed from 
the final data set of 164 unique reflections. A magnetization density Patterson section 
(Wilkinson 1973) at I = 0.5104 clearly showed that the moments on the two Cu2+ 
within the chemical unit cell are predominantly ferromagnetically coupled. The same 



Anitferromagnetic strucium of Cu WO4 8437 

Figure 3. The StNCtUre of copper tungstate: 
the labelling of the atom corresponds to that 
of table 1. Primed atom are related to the 
correspndin8 unprimed ones by a centre of 
inversion. 

ferromagnetic coupling is also found between the two transition metal monwnts in 
the related structures of FeWO,, CoWO, and NiWO,. The elongation of the Pat- 
terson peak suggested that the Cu2+ moment was inclined at some 45" to the ca* 
plane in that section. The orientation of the moment component within that plane 
indicated in the Patterson section at y = 0.6812 was around 110' to e in obtuse. 
Refinement of the D15 magnetic data from these starting angles and using a spherical 
form factor calculated from the Cu2+ free atom wavefunctions of Clementi and Roetti 
(1974), produced a reasonable fit with xz = 28 when the moments on the two copper 
ions within the chemical unit cell are coupled ferromagnetically with a moment of 
0.67(1) pg and a spin direction 8 = 121(2)' and 4 = 52(2)0. Here 8 and 4 are the 
spherical polar angles relative to the orthogonal crystallographic axes, with 8 being 
measured from [OOl] and C$ from the plane containing [OOl] and a*. The R factor was 
21.9%, with R, = 15.1% for the three variables and 164 independent reflections. The 
high value for R is partly due to the large fraction of weak data: reducing the data 
to the 70 stronger reflections gave much better agreement, R = 11.5%, R, = 9.1%, 
but produced no significant change in the magnitude of the moment or its orientation. 
Figure 4 shows a stereographic projection of the oxygen ligand directions about the 
Cn2+ ion, from which it can be seen that the magnetic moment direction coincides 
with the direction of elongation of the oxygen octahedron produced by the Jahn-Teller 
effect. 

The relatively poor overall R factor and high value of xZ led us first to test whether 
the centre of inversion was retained in the magnetic structure. A refinement starting 
from Cn2+ moment directions some 40' apart converged to parallelism within the 
estimated wcnracy of 5', supporting the retention of Pi symmetry. A further test was 
made in which the moment was confined to the ca* plane, as it is in the monoclinic 
tungstates of Mn, Fe, CO and Ni. This refinement produced values for both R and 
R, which were roughly twice those obtained above, convincingly demonstrating that 
that moment orientation is not correct. The improved modelling of the neutron data 
by a multipole expansion of the Cu moment obtained by Forsyth et al (1988) in their 
study of CuO encouraged us to try the same technique on the CuWO, data and to 
test for the presence of moment on the oxygen ligands of Cuzt resulting from covalent 
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Figure 4. Stereogram showing the direction M of the copper magnetic moment with 
respect to the neighbouring owgm atoms. 01, 02, 03 and 03' form the distorted 
square planar coordination at an average distance of 1.98 A; atom 04 and 01' are 
at 2.34 and 2.45 A,  xespectively. The atom labelling corresponds to that of table 1. 
The primed abm are related to the unplimed ones by a centre of inversion. The 
moment is found to lie parallel to the direclion Cu-04. 

transfer. Although the site symmetry of Cu is P1, which places no limitation on 
the order of multipoles which could be used to model the moment, the six oxygen 
ligands approximate to tetragonal symmetry so the 2 quantum axis for Cuzt was 
taken parallel to the moment direction, the tetrad axis, with X and Y approximately 
in the directions of the four close oxygen neighbours. The arrangement is roughly 
centrosymmetric so only multipoles Ylm with even I = 0, 2 and 4 were considered. 
Unfortunately, the more accurate experimental data did not extend far enough in 
sin B/X to determine the amplitudes of multipoles with l = 4 with any precision, but 
a least-squares refinement showed conclusively that only the Y20 multipole of order 2 
had significant amplitude and that one of the oxygen ligands, 03, carried a significant 
net moment of 0.06(1) pB parallel to that on Cu't. The radial dependence of the 
Cuzt form factor also appears to be expanded relative to that corresponding to the 
free-atom wavefunctions by some 13% in the sin0/X range of the measurements, 

5. Discussion 

The sign of Y20 in our multipole refinement is consistent with the accepted orbital 
scheme for C u l t  in a pseudo-tetragonal environment in which the E hole states are 
lower and the single hole is in a d,2-y2 orbital which points to the ligands in the 
square plane. This is in contrast to the situation in CuO, were the neutron data were 
consistent with an equal occupation of the d,l-yl and d,, orbitals. The appearance of 
a transferred moment of 0.06(1) on the 0 3  atoms is probably due to the short distance 
they make to a pairs of ferromagnetically ordered Cu ions in the zig-zag chains. Its 
magnitude is, however, less than the 0.14(4) pB found on the oxygen atoms in CuO 
(Forsyth el 01 1988). 

Although Anders et  al (1972) measured the magnetic susceptibility of their single 
crystal samples along their three magnetic axes, as shown in figure 2, these axea were 

g .  
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chosen with reference to the monoclinic symmetry of the related structure adopted by 
the Mn, Fe, CO and Ni  tungstates, z being along b and z and y lying in the a-c plane 
at &45' to c. The pronounced anisotropy does, however, indicate the importance of 
single ion anisotropy and this is borne out by our observation that the Cuat moments 
are aligned along the axis of the Jahn-Teller distortion. The temperature dependence 
of the susceptibility above the N&l point mimics that found in CuO, which exhibits a 
maximum in its susceptibility at 500 K,  again well above its TN of 230 K. In both cases 
it would appear that considerable short range antiferromagnetic order persists well 
above the temperature at which long-range order is lost. In CuWO,, the analysis of 
the EPRspectrafrom ZnWO,-Cuat containing 0.5 10% Cu by Anders et a1 (1972) gave 
an estimate for the antiferromagnetic exchange integral of some 30 K, in reasonable 
agreement with the N&l temperature. The broad maximum in the susceptibility at 
around 90 K must therefore be associated with a stronger antiferromagnetic coupling 
which does not, however, lead to long-range order. 

The magnetic exchange paths in the wolframite structure have been discussed by 
Weitzel and Langhof (1977) in relation to the magnetic structures of the Mn, Fe, 
CO and Ni tungstates. The related crystal structure of CuWO, can be thought of 
as pseudo-hexagonal nets of oxygen atoms in the b-c plane. The cations alternate 
Cu, W, Cu, . . . parallel to a and are accommodated between the oxygen planes to 
form infinite zig-zag chains of edgelinked polyhedra extending parallel to c as shown 
in figure 5. It is clear that the antiferromagnetic exchange interactions associated 
with the onset of short range order around 90 K,  and then long-range order with the 
magnetic axis a' = 2a, must result from Cu-0-(W)-0-Cu triple exchange paths of the 
type first invoked by Mays (1963) to account for the magnetic structure of LiMnPO,. 
Table 2 lists the only such pathways in which the angles at both intervening oxygen 
atoms are greater than l l O o ,  the second and third of them being centrosymmetric. 
Both the bond angles and bond lengths suggest that the second path, via 0 2 ,  should 
provide the strongest antiferromagnetic coupling, particularly since the two 0 2  atoms 
form an edge common to two WO, octahedra. If this is so, the Cu-Cu' pairs could 
be responsible for the short range order observed below 90 K. Interaction via the 
third path would link the antiferromagnetic pairs to form chains along [201] and, via 
the first path, produce long-range order. It should be possible to locate the diffuse 
scattered neutron intensity produced by the short range order if a larger single crystal 
were available. 

Table 2. The angles at the oxygen a t o m  and the bond lenglhs in the strong 
antiferromagnetic triple exchange path in CUWOI. Primed atom lie within the 
refermceunitcellatpositionsrelaled by acentreofinvmionto thoreofthemprimed 
atom of table 1. Atom [UVW] is located in the cell whose origin is displaced by 
(la t V b  + W c  from the origin of the reference cell. 

159.2' 154.6' 
(1) c u  - 01' - 03' [loo] - c u  [loo] 

1.960 A 2.833 A 1.978 A 

(2) ce - 02 - 02' [110] - CU' [llO] 
1.9s A 2.423 A 1.955 A 

(3) cu - 04 - 04'[111] - C"' [ill] 

165.4' 165.4' 

160.5' 160.5' 

2.332 A 2.522 A 2.332 A 
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-b 

Figure 5. The s1mdlll.e of CUWOI shown as l ided octahedra viewed dong E. 

Open and full drdes rep-nt Cu and W atoms respectively, and the + and - sigru 
on the Cu atoms show the antiferr-gnetie configuration 

The Cu ions in their infinite chains are alternately linked through a pair of 03, 
03' atoms forming part of the square planar coordination and resulting in a Cu-Cu' 
distance of 2.986(2) A, then through a pair of 01 atoms, one in the s uare plane and 

instances the resultant coupling Cu-0-Cu' is through - 97" superexchange and must 
be weak, as is also the case for Cu-0-Cu coupling within the Cu-0 ribbons in CuO 
in which adjacent Cu ions share two oxygen ligands: in both CuO and CuWO, the 
stronger antiferromagnetic exchange interactions are dominant and the moments of 
the Cu ions in the ribbons and zig-zag chains are aligned ferromagnetically as a result 
of stronger, antiferromagnetic inter-chain interactions. 

the other an apical atom: the Cu'-Cu distance in this case is 3.150(2) 1. In both these 
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