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A variable-temperature powder neutron diffraction study of the monoclinic brannerite-type CoV,0g
(space group C2/m, a=9.2531(2), b=3.5040(1), c=6.6201(1) A and f=111.617(1)° at 300K) is
reported. No structural transition is observed down to 4K, but a magnetostriction accompanying
antiferromagnetic order at Ty=15 K is discovered. Antiferromagnetic order observed below Ty has an
a x b x 2c supercell in which Co?* moments of magnitude 4.77(4) ps at 4 K lie in the ac plane and are
ferromagnetically coupled within chains of edge-sharing CoOg octahedra parallel to b. Ferromagnetic
chains are coupled antiferromagnetically to neighbouring chains in the a and c directions, and a model
for the interchain order in the reported 1/3 magnetization plateau region is proposed.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The magnetic properties of low-dimensional materials are of
continuing interest as they enable fundamental theories and
models to be tested. Metamagnetism and magnetization plateaus
are among the unusual properties of low-dimensional magnetic
oxides based on spin-3/2 ions such as Co?*. 1/3 (of ferromag-
netic) magnetization plateaus have been predicted and observed
experimentally in spin-3/2 antiferromagnetic uniform chains
[1,2] and are known to occur also in spin-3/2 ferromagnetic
uniform chains [3].

The magnetic properties of brannerite type MV,0g transition
metal vanadates (M=Mn [4-6], Co [6-9], Ni [6,7], Cu [6,7,10-13])
have been widely studied. Their structures are based on that of
the mineral brannerite, UTi;Og, which crystallises in monoclinic
space group C2/m. CoV,0g has monoclinic and triclinic brannerite
type polymorphs, which are both one-dimensional materials with
high spin Co?* in edge-sharing chains of CoOg octahedra along
the b-axis, connected by chains of VOg octahedra in the mono-
clinic structure, and by VOg octahedra and VO, tetrahedra in the
triclinic phase. The V°* ions have been described as being 5+1
coordinated in monoclinic brannerites because the sixth oxygen
atom is weakly bonded at distances of 2.4-2.8 A [14].

A recent study [15] reported monoclinic CoV,0g to have an
antiferromagnetic transition at Ty~ 15K. Two field induced
transitions were found: to a 1/3 magnetisation plateau between
1.9 and 3.2 T, and a metamagnetic transition to full saturation
magnetisation at 4 T, both measured at 1.8 K. The saturation
moment of 4.5 ug at 5K and 4T was considerably larger than
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the expected spin-only value of 3 g, for high spin Co?*, indicat-
ing a significant orbital contribution to the moment.

Magnetisation and neutron scattering measurements for the
triclinic CoV,0¢ phase have recently been reported [3,15]. Similar
transitions to the monoclinic form were found; an antiferromag-
netic transition at Ty=6.3 K; onset of 1/3 magnetisation plateau
at 0.36 T and a transition at 0.59 T to full magnetisation, both at
2 K [3]. Inelastic neutron scattering showed that the magnetic
excitations above Ty, are deconfined solitons rather than the static
spin reversals predicted for a uniform ferromagnetic Ising spin
chain. Below Ty, a ladder of states due to the confining effect of
the spin order was found, with weak confinement at 5 K< T < Ty
which may correspond to a crossover between two- and three-
dimensional magnetic ordering. However, powder neutron dif-
fraction showed that the low temperature magnetic order was
incommensurate and the full spin structure was not reported [3].

We report here a variable temperature powder neutron
diffraction study of monoclinic CoV,0¢ which has been carried
out to discover whether the spin order is complex like that in the
triclinic polymorph, or is commensurate like that in monoclinic
MnV,0g [4]

2. Experimental

A 3 g polycrystalline sample of monoclinic CoV,0g was synthe-
sised by grinding stoichiometric quantities of cobalt (II) acetate
tetrahydrate (Aldrich, 99.99%) and V,0s (Aldrich, 99.99%) in a
mortar and then heating in a furnace in air. The sample was
heated for 16 h at 650 °C and then for 48 h at 725 °C, followed by
quenching in liquid nitrogen. Quenching is needed to avoid
formation of the triclinic form—Ilaboratory powder x-ray diffrac-
tion using Cu K, radiation showed that only monoclinic CoV,0¢
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was present in the sample. Magnetic susceptibility data were
recorded using a Quantum Design SQUID magnetometer.

Powder neutron diffraction patterns from the 3 g monoclinic
CoV,06 sample were measured using the high-resolution time-of-
flight neutron diffractometer HRPD at the ISIS spallation source.
Data were collected at 4 K, 10-50 K in 5 K intervals, and 60-300 K
in 20K intervals and were normalised using the MantidPlot
program. Crystal and magnetic structures were refined using
the GSAS software package [16].

3. Results

The nuclear diffraction intensities were fitted well by refining
the structure in space group C2/m, as shown in Fig. 1, and no
significant improvements were obtained by lowering the sym-
metry to acentric C2 as was originally reported for monoclinic
CoV,0¢ [8]. Small spurious peaks at d-spacings of 1.1, 1.3, 1.8 and
2.1 A are seen in the profile from the 20=90° detector bank, but
not in the backscattering (20=168°) data, showing that the
additional peaks are from parasitic scattering in the 90° detector
flightpath rather than an impurity phase. Possible Co/V inversion
disorder was investigated but the cation sites were found to be
fully occupied to within 2% experimental uncertainties. Refined
atomic coordinates, lattice and thermal displacement parameters
and selected interatomic distances from 4 to 300 K refinements
are reported in Tables 1 and 2. Bond valence sums derived from
the 300K distances in Table 2 using standard Co?*—0 and
V3+_0 parameters [17] are Co 1.96; V 5.24; O(1) 2.09;
0(2) 2.01; and O(3) 2.12. The proximity of these values to the
formal valences indicates that the crystal structure is accurately
determined and is relatively unstrained despite the distorted
octahedral coordinations around the two cation sites.
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Fig. 1. Fitted time-of-flight neutron diffraction profiles for monoclinic CoV,0g at
300 K. The upper and lower plots are respectively from the backscattering
(20=168°) and 90° detector banks of instrument HRPD.

Table 1

Refined lattice parameters, atomic coordinates, and thermal displacement para-
meters from refinement of the CoV,0g structure in monoclinic space group C2/m
at 4 (lower values) and 300 K (upper values). Fitting residuals, Ry, and %%, were
0.044 and 3.60 at 4 K and 0.044 and 3.53 at 300 K.

a (A) b(A) c(A) BC) Volume (A3)
9.2531(2) 3.5040(1) 6.6201(1) 111.617(1) 199.545(5)
9.2291(1) 3.5027(1) 6.5972(1) 112.084(0) 197.616(5)
Atom X y z Uiso (A?)
Co 0 0 0 0.0090(10)
0.0069(8)
\% 0.3055(19) 0.5 0.3388(26) 0.0090(10)
0.3090(18) 0.3430(24) 0.0069(8)
o(1) 0.1536(2) 0.5 0.1131(3) 0.0110(6)
0.1536(2) 0.1105(3) 0.0070(4)
0(2) 0.4640(2) 0.5 0.2744(4) 0.0110(6)
0.4667(2) 0.2779(3) 0.0070(4)
0(3) 0.1916(2) 0.5 0.5622(4) 0.0110(6)
0.1912(2) 0.5620(3) 0.0070(4)
Table 2

Selected interatomic distances (A) for monoclinic CoV,0g from refinements at
4 and 300 K. Mean distances are shown as <M-0 >.

4K 300K
Co-0(1)x 4 2.198(2) 2.206(2)
Co-0(2) x 2 1.969(2) 1.964(2)
<C0-0> 2.084(2) 2.085(2)
V-0(1) 1.660(15) 1.631(16)
V-0(2) 1.665(16) 1.671(17)
V-0(2) 2.578(15) 2.661(15
V-0(3) 2.110(15) 2.110(17)
V-0(3) x 2 1.860(5) 1.867(6)
<V-0> 1.956(12) 1.968(13)
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Fig. 2. Plot of lattice parameter changes against temperature for monoclinic
CoV,06. Ap/p=(pr—pax)/pax changes are shown for crystallographic parameters
p=a, b, c, —B and V/3 (the latter is used for ease of comparison against the cell
lengths). Changes are relative to the 4 K values shown in Table 1. Inset expansion
shows the changes below 50 K.

No structural phase transitions were observed in monoclinic
CoV,0¢ between 4 and 300 K, but a magnetostriction has been
discovered below the Ty=15 K magnetic ordering temperature.
The anomaly is observed in all of the lattice parameters as shown
in Fig. 2. The main changes are an anomalous increase in the b-
axis length, parallel to the chains of edge-sharing CoOg octahedra,
and decreases in ¢, the monoclinic angle (plotted as -B), and the
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Fig. 3. Magnetic susceptibility and inverse susceptibility measurements for
monoclinic CoV,0¢ in a 1T field.

cell volume as CoV,Og is cooled below 15 K (Ty). This evidences a
strong coupling of the spin order to the lattice.

Magnetic susceptibility measurements (Fig. 3) show monoclinic
CoV,0g to be a Curie-Weiss paramagnet at high temperatures and
to have an antiferromagnetic transition at Ty=15 K. The inverse
susceptibility curvature above Ty reveals short range antiferromag-
netic fluctuations, but a fit to inverse susceptibility data between
280 and 300 K gives a fitted Weiss temperature of §=42.1 K which
shows that the strongest exchange interactions are ferromagnetic.
The fitted paramagnetic moment of 6.09 pip is considerably larger
than the spin-only value for high spin Co>* of 3.87 i, indicating
that there is a large orbital contribution.

Magnetic diffraction peaks appear in neutron diffraction pat-
terns below 15K as shown in Fig. 4a. These are indexed by the
(001/2) propagation vector and no additional incommensurate
peaks were observed. A good fit to the magnetic intensities (Fig. 4b)
was obtained using a collinear antiferromagnetic model in mag-
netic group C '2’/m’ applied to the a x b x 2c magnetic supercell.
Co?* moments lie in the ac-plane. The refined a, ¢ and resultant
moment values are p,=2.20(8), 1.=4.24(6) and u=4.77(4) ug at
4K; and pa=2.12(10), u=3.97(10) and u=4.50(5) pp at 10 K. The
resultant values are in good agreement with the saturation moment
of 4.5 g reported from high field magnetization measurements at
5K [15]. The orbital contribution to the Co?* moment in mono-
clinic CoV,0g is unusually large although other examples of ordered
moments in excess of the spin-only value of 3 pp are reported, e.g.,
3.5 pp in BiCoOPO,4 [18] and 3.4 and 3.8 pig in Coy(OH)PO4 [19]. The
crystal and magnetic structures of monoclinic CoV,0g are shown in
Fig. 5. Moments are approximately perpendicular to a in the ac-
plane and are ferromagnetically coupled within the chains of edge-
sharing CoOg octahedra parallel to b. Ferromagnetic chains are
coupled antiferromagnetically to neighbouring chains in the a and ¢
directions.

4. Discussion

This neutron diffraction study confirms that monoclinic CoV,0g
adopts the C2/m brannerite structure, with no significant cation
disorder between Co and V sites in a sample quenched from
725 °C. No structural phase transitions are observed between
4 and 300 K, but the structure shows a magnetostrictive anomaly
at the Ty=15 K magnetic transition. This is most likely due to
spin-orbit effects at the high spin Co?>* ions which couple the
spin-order to the lattice. The large orbital contributions to the
high temperature paramagnetic and low temperature ordered
moments support this conclusion. The magnetostriction expands

a

15K
2| 10K
(7]
c
2 T
= . B

talp: 1y BN iz i
i B A AT A i gt e e

4K ,
IRITTY

i PR A TS S e S

1j0 1:5 2‘.0 2t5 C;.O 3’.5
d-spacing (A)

ILLU L R R O [ [ .
i (I \

Intensity (arb. units)

q"""‘h r Ao, AN Ao TN -"\.\,\"".“il‘.'!'w’v’?”"l" o A :k‘,;‘(.“,'_. A J\f“.‘.f\— ,m_'_w A

1 s 1 " 1 s 1 1 1 L 1 L 1 L 1

25 26 27 28 29 30 31 32 33 34 35
d-spacing (Angstrom)

Fig. 4. Time-of-flight powder neutron diffraction profiles from the HRPD 90°
detector for monoclinic CoV,0¢ at 4, 10 and 15K revealing magnetic peaks
(arrowed) at the two lowest temperatures. Rietveld fits of the crystal and
magnetic structure models are shown. (b) Expansion of the 4K fit showing
crystal/magnetic structure reflection markers as lower/upper tick marks, and the
difference between observed and calculated profiles below.

the lattice in the direction of the ferromagnetically ordered Co?*
chains on cooling, but decreases the interchain distances slightly
resulting in an overall volume contraction.

A strong spin-orbit coupling is also evidenced by the sub-
stantial tetragonal compression of the CoOg octahedra which have
four long (2.21A) and two short (1.96A) Co-O bonds (see
Table 2). A Jahn-Teller distortion, quenching the orbital moment,
would require tetragonal elongation resulting in four short and
two long bonds. The VOg octahedra are highly distorted, having
two short (1.63 and 1.67 A) V-0 bonds in a cis-configuration with
long (2.11A) and very long (2.66 A) bonds opposite. This is
equivalent to an off-centre displacement of V in the ac-plane,
relative to the center of the VOg octahedron. These V°+ d°-cation
displacements are antiferroelectrically ordered in the non-polar
C2/m CoV,0g structure.

The magnetic structure of monoclinic CoV,0g has the same
(00 1/2) order of spins as was found in isostructural MnV,0g [4],
although in that material the spins are parallel to b whereas they
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Fig. 5. The crystal and magnetic structures of monoclinic CoV,0¢ shown for the
nuclear C2/m cell with arrows indicating the ordered magnetic moment directions
at the Co?* ions. Co/V are shown are large light/dark spheres, and O are small
spheres.

a

Fig. 6. Projections of the spin ordered chains in monoclinic CoV,0g onto the ac-
plane, transformed onto a hexagonal lattice. In this representation the a and c cell
vectors are related as a/c=2 and f=120°, whereas the actual values are a/c=1.4
and f=112°. Co atoms at y=0 and 1/2 are shown as closed and open circles
respectively. (a) shows the observed zero-field antiferromagnetic order with the
a x b x 2c magnetic cell in heavy lines. (b) shows the proposed order of chains in
the 1/3 magnetisation phase, based on a /3 x /3 superstructure of the basic
hexagonal vectors (broken lines). The predicted magnetic supercell is drawn in
heavy lines and the supercell vectors are given in the text.

are perpendicular to b in CoV,0g. The same ab-plane spin order
was reported for triclinic CuV,0g, but the interchain alignment in
the c-direction was unclear [11]. The observed magnetic structure
of monoclinic CoV,0¢ confirms that the intrachain interactions
are ferromagnetic, in keeping with the positive value of 6, and
with previous results for triclinic CoV,0g although here the
incommensurate long-range spin-ordered structure has not yet
been determined [3].

The zero-field magnetic structure of monoclinic CoV,0g is
antiferromagnetic as there are equal numbers of spin-up and
spin-down chains parallel to b. Each chain is connected through
Co-0-V-0-Co pathways to six neighboring chains, with antifer-
romagnetic couplings to four chains (at +a/2 and +c) and
ferromagnetic coupling to the other two (at + (a/2+c)). The six
neighbors are arranged in an approximately hexagonal arrange-
ment around each chain, and the hexagonal representation
(Fig. 6) is useful for considering the likely spin order in the 1/3
magnetisation plateau phase observed when a moderate field is
applied to CoV,0g. The a x b x 2c zero-field magnetic cell contains
two spin-up and two spin-down chains, as shown in Fig. 6a. The
1/3 magnetisation phase has to contain two spin-up chains for
each spin-down chains, and the simplest way to achieve this on a
hexagonal lattice is through a /3 x /3 superstructure of the basic
hexagonal vectors, as shown on Fig. 6b. On the monoclinic CoV,0¢
lattice this order generates the magnetic supercell with vectors
a,=a+c, b, =b, and c¢,;;=3c that is also shown. High field neutron
diffraction experiments will be needed to test whether this spin
structure is observed in the 1/3 magnetisation plateau region of
monoclinic CoV,0¢ and in other brannerites showing the same
feature.
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