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In this work, we investigate the magnetic properties of the monoclinic α-CoV2O6 by powder neutron diffraction
measurements and ab initio calculations. An emphasis has been pointed towards the magnetic structure and
the interaction between the Co ions leading to magnetic frustrations in this compound. Neutron diffraction
experiments were carried out both in the ground state (zero magnetic field) and under applied external field of 2.5
and 5 T corresponding to the ferrimagnetic and ferromagnetic states, respectively. The antiferromagnetic ground
state below 14 K corresponds to k = (1,0, 1

2 ) magnetic propagation vector in C1 space group. The magnetic
structure can be described by ferromagnetic interactions along the chains (b axis) and antiferromagnetic coupling
between the chains (along a and c axes). The ferrimagnetic structure implies a ninefold unit cell (3a, b, 3c)
in which ferromagnetic chains follow an “up-up-down” sequence along the a and c axes. In the ferromagnetic
state, the spin orientations remain unchanged while every chain lies ferromagnetically ordered. In all cases,
the magnetic moments lie in the ac plane, along the CoO6 octahedra axis, at an angle of 9.3◦ with respect
to the c axis. The magnetic structure of α-CoV2O6 resolved for all the ordered states is successfully related
to a theoretical model. Ab initio calculations allowed us to (i) confirm the ground-state magnetic structure,
(ii) calculate the interactions between the Co ions, (iii) explain the frustration leading to the stepped variation of
the magnetization curves, (iv) calculate the orbital magnetic moment (1.5 μB ) on Co atoms, and (v) confirm the
direction of the magnetic moments near the c direction.

DOI: 10.1103/PhysRevB.86.214428 PACS number(s): 75.47.Lx, 75.30.−m, 61.05.fm

I. INTRODUCTION

Low-dimensional magnetic oxides are a subject of in-
creasing attention from the scientific community due to their
peculiar properties such as the strong anisotropy or the
step magnetization reversal.1–3 An additional interest for this
system is the presence of different magnetic configurations that
are related to different resistive states1 in the same manner as
this is usually observed in magnetic tunnel junction systems.4

Therefore, such materials can be also used as model systems
for the study of magnetoresistive properties as no roughness or
diffusion usually observed in magnetic tunnel junctions at the
magnetic/nonmagnetic interfaces is allowed. The existence of
the magnetization plateaux is often explained on the basis of
triangular frustrated Ising-type spin system.2 However, in the
case of nontriangular (or hexagonal) systems, the origin of the
magnetization steps is much less trivial.

CoV2O6 is a one-dimensional magnetic oxide that exhibits
two allotropic phases: a triclinic phase called γ -CoV2O6,5

and a monoclinic one called α-CoV2O6.3,6,7 Both phases
in polycrystalline form have been recently studied in our
group, but no strong proof of the magnetic ordering could
be obtained.8 The presence of magnetization plateaux is

evidenced in both phases, thus suggesting the existence of
magnetic frustrations. However, the relative orientation of the
magnetic moments was a subject of intense investigation. The
existence of the magnetization steps in the MH curves along
with the temperature dependence variation of the magneti-
zation only suggests the existence of antiferromagnetic (AF)
interactions (assumed between the chains) and ferromagnetic
(F) interactions (assumed inside the chains) (see, e.g., Refs. 3
and 8). More recently, neutron diffraction studies were carried
out on the γ - and α-CoV2O6 phases. In γ -CoV2O6, these
measurements showed the existence of a ( 1

2 , 0, 0) magnetic
propagation vector which suggests that the interactions are
AF and F along the a and c axes, respectively, but were
unable to show unambiguously the ferromagnetic order inside
the chains (i.e., along the b axis).9 This is mainly due to
the fact that along the chains, the γ phase contains two
independent Co sites which are not perfectly aligned but show
angles different of 180◦. In contrast, for α-CoV2O6, both the
ground10 and field-induced11 states magnetic structures were
determined by neutron diffraction on polycrystalline samples.
It is shown unambiguously that the magnetic moments lie in
the ac plane and are coupled within the chains of edge-sharing
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FIG. 1. (Color online) Crystalline structure of α-CoV2O6. Only
the Co chains constituted of CoO6 octahedra have been represented
for visibility reasons. The VO6 octahedra (not represented) are located
in the ab plane (Ref. 8). The Ji couplings represent the magnetic
interactions between chains as reported by Yao (Ref. 12).

Co2+ octahedra running parallel to the b axis. According to
the refinements of the neutron diffraction data, the magnetic
moments in the ground state are nearly perpendicular to the a

axis and quite far from the c axis.10 Moreover, this orientation
changes in the field-induced (ferrimagnetic and ferromagnetic)
structures.11 This observation is, however, peculiar if we keep
in mind that the easy magnetization axis is along (or very close
to) the c direction as clearly evidenced in α-CoV2O6 single
crystals.3

From the theoretical point of view, two main models
aiming to describe the magnetic interactions and therefore
the frustrations leading to the magnetization plateaux in α-
CoV2O6 are reported. The model of Yao12 shows, using Wang-
Landau simulations, that although the crystalline structure
of α-CoV2O6 is not constituted of regular triangles, the
magnetization steps can be explained in terms of frustrations
between the chains in the ac plane (Fig. 1). Because it
considers the interactions between chains and not between
individual atoms, this model is in disagreement with the
magnetic structure expected for this compound suggested
by the neutron diffraction data.11 The more recent model
of Kim et al.13 shows, using ab initio calculations, that the
magnetization plateaux can be also obtained if we consider
the interactions between individual Co ions and not between
chains. The model estimates also the ratio between the different
considered interactions, nevertheless, without giving absolute
values of these interactions.

In this paper, we will focus on this same monoclinic
α-CoV2O6 phase which exhibits a brannerite structure. As
briefly mentioned, this structure contains edge-sharing CoO6

octahedra forming one-dimensional chains along the b axis.
In the ab plane, the chains form magnetic planes and in the
c direction the CoO6 chains are separated by nonmagnetic
VO6-based layers. At 5 K, α-CoV2O6 exhibits a steplike mag-
netization curve with a step at 1

3 of saturation magnetization.
With respect to the γ phase, the Co ions are perfectly aligned

inside the chains and the magnetization plateaux are much
better defined.8

In this context, our paper aims to shed a coherent light on the
magnetic properties of α-CoV2O6 and clarify some existing
discrepancies between the experimental and/or theoretical
results. The magnetic structure of α-CoV2O6 in the ground
state and upon an increasing external field is reported with
an emphasis on the angle existing between the magnetic
moments and the c axis (i.e., easy magnetization axis). We
also propose a model based on ab initio calculations that
considers interactions between individual atoms to support the
magnetic structure refined from neutron diffraction data. The
calculations give an estimation of the magnetic interactions
which are compared to those given by the model of Yao12

and to the switching fields experimentally estimated from
low-temperature magnetization measurements.3,8 Preliminary
results taking into account the spin-orbit coupling suggest that
the magnetic moments are oriented along the CoO6 octahedra
axis, close to the c axis, in agreement with our neutron
diffraction data and the anisotropy results reported in literature
on single crystals.3 Moreover, our calculations also show that
the orbital magnetic moment per Co atom is 1.5 μB , in good
agreement with the experimental results. Finally, this paper
gives a unified picture of the α-CoV2O6 magnetic properties
using both neutron diffraction measurements and theoretical
calculations.

II. EXPERIMENTAL DETAILS

The polycrystalline α-CoV2O6 powder was prepared by
solid-state reaction from vanadium oxide and hydrated cobalt
oxalate. Both compounds were ground together in agate mortar
and then heated during 40 h at 720 ◦C in a platinum crucible.
The resulting powder was ground in order to obtain a fine
powder. Stoichiometry was checked by energy dispersive x-ray
spectrometry (EDS) analysis and showed a good agreement
between the measured and the nominal values. The magnetic
properties were analyzed using a MPMS SQUID-VSM (Quan-
tum Design) magnetometer. The measurements were carried
out in two configurations. In one case, the polycrystalline pow-
der was magnetically “aligned” in a polymeric gel that freezes
the particle orientation below about 35 ◦C. The alignment was
performed in a field of 7 T. The purpose of this measurement
is to allow a direct comparison with the magnetization curves
reported in literature on α-CoV2O6 single crystals. In the
second case, the powder (random crystallite orientation) was
measured directly, without any previous magnetic alignment
treatment. The aim of this measurement is to give an image
of the magnetization status of the powder at 2.5 and 5 T
in the same conditions (random crystallite orientation) as
those obtained during the field-dependent neutron diffraction
measurements.

Zero-field neutron diffraction measurements were per-
formed at the LLB facility at Saclay (France) using the
3T2 high-resolution powder diffractometer with a 0.1225-nm
wavelength and the G4.1 two-axis diffractometer equipped
with a cryostat and using a 0.2423-nm wavelength. Using
the 3T2 instrument, the accurate nuclear structure was refined
while the G4.1 instrument was used to determine the magnetic
structure in the ground state at 1.5 K and the evolution of
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this structure as a function of temperature. Neutron diffraction
under magnetic field was carried out at the ILL facility at
Grenoble (France) using the D2B diffractometer (0.2399-nm
wavelength) equipped with a cryomagnet delivering a mag-
netic field up to 5 T which enables the determination of both the
ferrimagnetic and ferromagnetic states. For all measurements,
the sample was placed in a 8-mm diameter vanadium can.
For the measurements under magnetic field, the sample was
pressed in order to limit the powder reorientation under high
magnetic fields. Because of the weak V atoms scattering length
for neutrons, the atomic position of V has been refined using
x-ray diffraction (XRD) data. The XRD measurements were
carried out on a D8 Brücker-AXS diffractometer (Cu Kα1

wavelength λ = 0.154 056 nm) and equipped with a front
monochromator. The diffracted beam was energy filtered in
order to eliminate the fluorescence background.

III. RESULTS AND DISCUSSION

Figure 2 shows field-dependent magnetic properties. For the
magnetically “aligned” sample, the antiferromagnetic ground
state is well distinguished in the MH curve recorded at 5 K
as for fields smaller than Hc1 = 1.5 T, the magnetization
is negligible. This is in agreement with the temperature-
dependent magnetic measurements (not shown here) which
indicated an antiferromagnetic state with a Néel temperature of
14 K.7,8 Above Hc1, the magnetization increases and reaches
a value corresponding to 1

3 of the saturation magnetization
which has been correlated to possible magnetic frustrations.
By further increasing the field, a second magnetization step is
observed around Hc2 = 3.5 T. Complete saturation is reached
above 4.5 T. The magnetic moment is about 4.6 μB/Co, much
larger than the expected value of 3 μB/Co (high spin Co2+
in octahedral environment), and suggests the existence of a
strong spin-orbit coupling in this compound. The existence
of the magnetization plateaux and of the strong anisotropy as
reported in α-CoV2O6 single crystals3,7 is also compatible with
the existence of ferromagnetic correlation inside the chains. It
is interesting to point out that in the magnetically random

40

60

80

100

1.8

2.8

3.7

4.6

 m
 (

μ B
/C

o2+
)

m
 (

A
.m

2 /k
g)

Magnetically "aligned"
 5 K
 14 K
 25 K

Magnetically random
 5 K

0 1 2 3 4 5 6 7
0

20

0.0

0.9

μ
0
H (T)

FIG. 2. (Color online) Magnetization curves for the magnetically
“aligned” sample recorded at 5, 14, and 25 K. At 5 K, the
magnetization plateaux are well evidenced. A magnetization curve at
5 K for a magnetically random sample is also given for comparison.

samples, no well-defined plateaux can be observed in the MH

curve typical of the uniaxial behavior of the grains toward the
magnetic field. While the antiferromagnetic ground state is
still present, the magnetization transitions at 1.5 and 3.5 T are
very smooth and, consequently, the magnetization values for
magnetization plateau and saturation are not reached anymore.
At 7 T, the magnetization is only about 2.35 μB/Co ion, i.e.
about 50% of the expected value. This is due to the extremely
strong magnetic anisotropy3 and to the random orientation of
the easy magnetization axis (i.e., the c axis) of the particles.

Figure 3 shows some of the neutron diffraction patterns
fitted using the Rietveld method using the FULLPROF soft-
ware. The Thompson-Cox-Hastings pseudo-Voigt convoluted
with axial divergence asymmetry profile function was used
for modeling the diffraction peaks. The background was
modeled by linear interpolation between particular points.
Anisotropic atomic displacement parameters were considered.
The March’s function was also used for correction of the
preferred orientations along the b crystallographic axis. This
preferred orientation strongly affects our x-ray diffraction
data and remain present in the neutron diffraction patterns
probably due to the sample pressing. It is striking that these
corrections appear necessary for a good matching between
experimental and calculated patterns. Under a magnetic field,
a second set of preferred orientations along the c axis was
also considered to reproduce the sample reorientation along
with a magnetic field. In details, in order to correct these
effects with comparable importance in the several collected
patterns, primary neutron diffraction data were collected at
25 K before and after applying a field of 5 T to model each
elementary contribution to the preferred orientations. Note that
after applying once the 5-T magnetic field, the orientation of
the crystallites in the field did not show further changes upon
changing the field. Table I shows the reliability factor (R) for
the neutron diffraction measurements. Tables II and III show
the cell parameters of α-CoV2O6 at different temperatures
(1.5, 25, and 300 K) and the atoms positions refined at 300 K.
No Co/V site disorder similar to the Mn/V one reported for the
isostructural MnV2O6 compound14 could be observed. Note
that the position of the V ion could not be refined from the
neutron diffraction data. From the x-ray diffraction data, the
V position was refined while keeping fixed the position of
the other atoms at the values calculated from the neutron
diffraction data.

The neutron diffraction measurements recorded at different
temperatures (Fig. 3 and Table II) did not show evidence of
phase transition upon cooling, consistent with results given in
Ref. 10. Below 14 K, significant magnetic satellites appear that
can be indexed either with a k = (1,0, 1

2 ) propagation vector
using a C-centered lattice or with a k = (0,0, 1

2 ) using a primi-
tive lattice. The key point behind these two equivalent solutions
is the spin reversal following the C-centering translation
inside the elementary cell. After final refinement, the magnetic
structure shows Co atoms ferromagnetically coupled along the
chains (i.e., the b direction) and antiferromagnetically coupled
between adjacent chains [along a and c; see Fig. 4(a)], in
agreement with the antiferromagnetic ground state reported by
Markkula et al.10 The refined magnetic moment on Co atoms is
4.09(3) μB and lies in the ac plane, near the c direction, along
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FIG. 3. (Color online) Zero-field neutron diffraction patterns for α-CoV2O6 at (a) room temperature (3T2: λ = 0.1225 nm) and (b) 1.5 K
(G4.1: λ = 0.2423 nm). Neutron diffraction patterns recorded at (c) 5 K and 2.5 T corresponding to the ferrimagnetic state, and (d) 5 K and 5 T
corresponding to the ferromagnetic state (D2B: λ = 0.2399 nm). Red: experimental data, black: the calculated pattern, blue: the difference,
and green: the Bragg positions. The arrows in (b), (c), and (d) show the main antiferromagnetic, ferrimagnetic, and ferromagnetic peaks,
respectively.

one of O-Co-O directions of the CoO6 octahedron (Fig. 4), and
which is also the easy magnetization axis. The angles between
the magnetic moment and the a and c axes are of 121.4(4)◦

and 9.3(4)◦, respectively. The projections of the magnetic
moment along the a and c axes are of −0.72(3) μB and
3.77(3) μB . Along the c direction, the Co-O length is shorter

[1.975(1) Å] than along the other directions [2.200(1) Å]. It
is interesting to point out that the same ground-state structure
was also found for the isostructural MnV2O6 compound,14

although this compound shows no magnetization plateaux in
the MH curves. Note also that comparing to neutron diffraction
patterns recorded on γ -CoV2O6 powders,9 in our case all

TABLE I. Reliability factors (R) of the neutron diffraction data recorded on α-CoV2O6 and shown in Fig. 3. The ratio of the
antiferromagnetic, ferrimagnetic, and ferromagnetic phases in the sample is also reported.

Field /Temp./Instrument Antiferromagnetic state Ferrimagnetic state Ferromagnetic state Nuclear
T/K Ratio Mag. R (%) Ratio Mag. R (%) Ratio Mag. R (%) Bragg R (%)

0/300/3T2 3.06
0/25/G4.1a 3.72
0/1.5/G4.1 1 4.78 0 0 4.20
0/5/D2Ba 1 13.5 0 0 7.58
2.5/5/D2B 0.54 21.1 0.46 23.6 0 7.88
5/5/D2B 0.20 23.3 0.14 37.2 0.66 26.4 13.7

aPattern not presented here.
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TABLE II. α-CoV2O6 lattice parameters refined from the neutron
diffraction patterns recorded at different temperatures.

Temperature 300 K (3T2) 25 K (G4.1)a 1.5 K (G4.1)

a (Å) 9.25449(7) 9.2341(8) 9.250(2)
b (Å) 3.50444(2) 3.5052(4) 3.5101(8)
c (Å) 6.62081(5) 6.6026(6) 6.613(2)
α (deg.) 90 90 90
β (deg.) 111.6278(5) 112.046(3) 112.067(3)
γ (deg.) 90 90 90

aPattern not presented here.

peaks (even the small-angle ones) could be refined. For
γ -CoV2O6, these reflexions were attributed to long-
wavelength modulations of the magnetic structure9 as the ones
observed in Ca3Co2O6.15,16 Our results suggest that no such
phenomena occur in α-CoV2O6.

For the neutron diffraction measurements under magnetic
field, because of the preferred orientations, the values of the
magnetic moments and their directions were kept fixed to the
previously determined values (measurements without field).
When applying a magnetic field of 2.5 T, new magnetic
peaks are observed [Fig. 3(c)]. These peaks can be indexed
using a propagation vector k = ( 2

3 ,0, 1
3 ) in the C1 space

group and correspond to an “up-up-down” configuration
of the Co magnetic moments of the chains along the a

and c directions [see Fig. 4(b)]. This propagation vector
generates an antiferromagnetic structure with nonequivalent
moments on Co atoms along the a direction, i.e., Mup,
M/2down, M/2down, inconsistent with the ferrimagnetic state.
It is why a ninefold unit cell (3a, b, 3c) was used with no
propagation vector in the P 1 space group in which elementary
magnetic moments were manually placed and strained together
according to the sequence of spin orientations obtained using
the antiferromagnetic k = ( 2

3 ,0, 1
3 ) vector. This configuration

is in agreement with previous results7,10,12 and with the 1
3

of the saturation plateau observed by SQUID measurement
on the magnetically “aligned” powder. Note that although
at 2.5 T an oriented sample should be in a ferrimagnetic
state, a significant amount of antiferromagnetic [k = (1,0, 1

2 )]
powder is still observed in the neutron diffraction pattern. The
amount of each magnetic phase was quantified and shown in
Table I. 46% of the sample was found to be in ferrimagnetic
state suggesting that the sample magnetization is only about
15% of the saturation value. This is in agreement with the
MH measurement carried out on the magnetically random

TABLE III. Refined atomic coordinates in α-CoV2O6 as cal-
culated from the neutron diffraction data recorded at 300 K. The
coordinate of V was fixed to the value obtained from the refinement
of the XRD data.

Atom x y z

Co 0.0 0.0 0.0
V 0.194(3) 0.0 0.155(4)
O1 0.0356(1) 0.0 0.2237(2)
O2 0.3469(2) 0.0 0.3900(2)
O3 0.6924(1) 0.0 0.0653(2)

FIG. 4. (Color online) Magnetic structure of α-CoV2O6 (a) in
the antiferromagnetic ground state [propagation vector k = (1,0, 1

2 )],
(b) in the ferrimagnetic state [ninefold unit cell (3a, b, 3c)], and (c)
in the ferromagnetic state. The propagation vectors are considered
in the C1 space group. The interaction between the Co atoms is
ferromagnetic and the moments are always (almost) parallel along
the c axis. Co atoms are in blue and O1 and O2 are in red. O3 and V
atoms are not shown for visibility reasons. The blue arrows indicate
the direction of the magnetic moments.

sample (Fig. 2) which shows a smaller magnetization than
that of the “aligned” sample, i.e., about 15% of the saturation
value at H = 2.5 T. Rising the magnetic field up to 5 T,
further new contributions grow up on the nuclear Bragg
peaks [Fig. 3(d)], typical of a ferromagnetic structure. As
in the case of the pattern recorded at 2.5 T, the fit of the
pattern recorded at 5 T requires the concomitant presence of
the three antiferromagnetic, ferrimagnetic, and ferromagnetic
states defined above. Note that when progressively increasing
the field, the intensities of the lines corresponding to the
ground antiferromagnetic state decrease, leading to 20%,
14%, and 66% for the antiferromagnetic, ferrimagnetic, and
ferromagnetic fractions, respectively. This corresponds to
about 70% of the saturation magnetization. As in the case
of the SQUID MH curves on the magnetically random
samples, the sample magnetization is only at 40% of saturation.
This difference can be attributed to an overestimation of
the amount of the ferromagnetic phase due to preferred
orientation of the magnetic phases at larger fields. Moreover,
the presence of multiple magnetic phases can be explained
by the strong anisotropy of α-CoV2O6. The distribution of
the easy magnetization axes induces a different probability to
switch different crystallites from one magnetic state to another.
As a consequence, each magnetic phase has its own preferred
orientation and therefore it is difficult to accurately determine
the proportion of each magnetic phase using neutron powder
diffraction. For this purpose, measurement on single crystals
is necessary.

In order to have information on the position of the V atom,
x-ray diffraction patterns of α-CoV2O6 were recorded and
reported in Fig. 5. All peaks correspond to the α phase and
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FIG. 5. (Color online) X-ray diffraction pattern for α-CoV2O6

at room temperature (λ = 0.154 056 nm). Red: experimental data,
black: the calculated pattern, blue: the difference, and green: the
Bragg positions.

can be indexed using the C2/m (12) space group.7,17 As in the
case of neutron diffraction, no traces of spurious phases could
be detected. The pattern could be refined using the Rietveld
method. The values of the lattice parameters (similar to those
obtained by neutron diffraction) match the values previously
reported in literature. By keeping fixed the atomic positions
of Co and O, the refinement allowed obtaining information on
the position of the V ion, otherwise invisible to neutron due to
its low scattering length. This position [0.194(3), 0, 0.155(4)]
is reported in Table III.

In order to understand the origin of the plateaux in the MH
curve in α-CoV2O6, Yao12 developed a model using Wang-
Landau simulation and based on irregular triangle interactions.
The structure is assumed to be composed of CoO6 chains
ferromagnetically ordered along the b direction. In Yao’s
model, only positive interactions Ji between the chains are
considered. The interactions into competition are consequently
only considered in the irregular triangles in the ac plane
(Fig. 1). In such case, the distances between the chains are
equal to c = 6.621 Å along J3 and d = 6.532 Å along J2. For
this reason Yao takes J2 larger than J3 so that the arrangement
is antiferromagnetic along the J2 coupling and ferromagnetic
along the J3 one (J1 is the strongest interaction and corre-
sponds to the shortest distance of 4.948 Å). This configuration
corresponds to a k = (1,0,0) propagation vector in the C1
space group (antiferromagnetic relation between the two Co
atoms of the unit cell). However, if we consider the interaction
between the atoms j 1, j 2, and j 3 instead of the interactions
between chains (J i), the Co-Co distance corresponding to j 2

becomes 6.763 Å while that along j 3 does not change. If we
keep the assumption that the coupling values are proportional
to the Co-Co distances, j 2 coupling becomes weaker with
respect to j 3. Therefore, the Co atoms are antiferromagneti-
cally organized along c and ferromagnetically organized in the
direction of the j 2 coupling. This situation corresponds to the
one calculated from the neutron diffraction data.

To determine the j i couplings within the model considering
the interaction between atoms, we have calculated the total

(a) (b) (c) (d)

FIG. 6. Schematic representation of the (ac) plane magnetic
orderings considered: (a) AA where the j 2 coupling is frustrated,
(b) AF where the j 3 coupling is frustrated, (c) FA where the j 1

coupling is frustrated, and (d) FF where all couplings are frustrated.

energy of various magnetic configurations into a supercell
using a first-principles density functional theory method. For
the considered systems, the band structure is self-consistently
calculated using the full potential linearized augmented plane
wave (FLAPW) method in the FLEUR implementation18 using
the generalized gradient approximation (GGA) with the
Hubbard contribution (GGA + U ) and taking core, semicore,
and valence states into account. This well-established method
has been successfully used in the past for investigating such
kinds of oxides.19–21 For the GGA + U method, we set UCo

equal to 5 eV, which is the usual value found in the literature
and we set U = 0 for all other atoms. The present calculations
do not include the spin-orbit coupling and only spin magnetic
moments are considered. We have nevertheless checked that,
when the same quantization axis is used, the total-energy
differences between various magnetic solutions into the two
formula unit (f.u.) cells are not changed when taking the
spin-orbit coupling into account.22 All calculations are carried
out for a set of increasing k points (96 and 736) until no
variation into the main results is reached. Finally, the densities
of states (DOS) are calculated using also 736 k points. The used
supercell is built by doubling the C2/m unit cell (containing
two formula units) into the c direction. This supercell contains
four Co atoms into the ac plane and allows us to consider four
different magnetic orders which are identified by the nature of
the magnetic arrangement into the a and c directions: A for al-
ternating (positive and negative) successive magnetic moments
and F when all moments have the same sign (see Fig. 6).

Because the magnetic interactions between the Co atoms
are weak, the atom projected densities of states are very similar
and the magnitude of the Co magnetic moment is 2.70 μB for
all various magnetic configurations considered here (justifying
a posteriori the use of an Ising model). For the FF solution,
the total spin magnetic moment is equal to 3 μB per Co atom.
Figure 7 displays the densities of states obtained for this FF

configuration. Whatever the magnetic configuration is, these
DOS confirm (i) the weak overlap between the Co and the V
states and (ii) the insulating character of the system with a band
gap around 1.9 eV. A very satisfactory point is that the ground
state corresponds to the AA configuration in agreement with
experiment: this result is not trivial because the cell is large and
the interactions are weak. The AF and FA solutions have simi-
lar energies and, as expected, the FF solution is the less stable.

In order to determine the j i couplings, we use the equivalent
expression for the Ising Hamiltonian as that of Yao12:

H =
∑

(i,j )

jijSiSj − HM (1)
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(with H the applied field and M the total magnetization) where
we consider pairs (i,j ) of Co atoms and not chains. For H = 0,
the total energies calculated using the ab initio method can be
written as a function of the j i couplings introduced previously
(Table IV).

By solving the equations in j i we get j 1 = 0.356 meV,
j 2 = 0.051 meV, and j 3 = 0.463 meV. Surprisingly, j 1 and
j 3 are comparable and j 2 is seven to nine times smaller.
This confirms that the distance gives only an indication of
the strength of the couplings. The two critical magnetic fields
where the plateaux occur can be determined assuming that the
calculated couplings give the energy of the MS/3 state where
the magnetic moments are ordered up/up/down along the
three couplings [EIsing(MS/3) = −(2j1 + 2j2 + j3)/3]; with
the small supercell used in this work for the electronic-

TABLE IV. Total-energy differences relative to the ground state
obtained from the electronic-structure calculations EES-EES(AA)
and with the Ising model EIsing-EIsing(AA) for the four considered
configurations.

Order EES-EES(AA) (meV/f.u.) EIsing EIsing-EIsing(AA)

AA 0.00 −2j1 + 2j2 − j3 0
AF 0.72 −2j1 − 2j2 + j3 −4j2 + 2j3

FA 1.22 2j1 − 2j2 − j3 4j1 − 4j2

FF 2.35 2j1 + 2j2 + j3 4j1 + 2j3

structure calculations, it is not possible to build the MS/3
configuration in order to get EES(MS/3). We get the same
expressions as Yao12 where J1 = 2j1, J2 = 2j2, and J3 = j3:

Hc1 = 3[EIsing(MS/3) − EIsing(AA)] = 2(2j1 − 4j2 + j3),

(2)

Hc2 = 3[EIsing(FF ) − EIsing(MS/3)]/2 = 2(2j1 + 2j2 + j3),

(3)

and

Hc2/Hc1 = (1 + r)/(1 − 2r) (4)

with r = 2j2/(2j1 + j3). Using the couplings obtained pre-
viously, we get r = 0.087 and Hc2/Hc1 = 1.32. Within this
model, this ratio is significantly smaller with respect to the
experimental value of Hc2/Hc1 = 2.13 corresponding to a
value of 0.21 for r . This discrepancy finds probably its origin
into the too small used supercell which does not allow us to
determine explicitly the energy of the MS/3 configuration,
this energy being essential for an accurate description of the
plateau.

In a very recent paper, Kim et al.13 have done a similar inves-
tigation: they have found that J eff

2 /J eff
1 = J3/J1 = j3/(2j1) =

0.21 and J eff
2 /J eff

3 = J3/J2 = j3/(2j2) = 1, whereas we get
j3/(2j1) = 0.65 and j3/(2j2) = 4.5.23 Because they do not
give too much detail on the determination of the coupling
values and because the absolute values of Ji are not reported,
it is difficult to analyze the origin of this discrepancy.

In order to have information on the orientation of the Co
magnetic moments with respect to the axes of the α-CoV2O6

crystalline structure, we have analyzed, for the FF case into
the smallest cell, the angular dependence of the magnetic
moment into the ac plane by varying the angle βac of the
quantization axis relative to the a direction. This is done by
taking the spin-orbit coupling into account into the FLEUR
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FIG. 8. Orbital moment on the Co atoms (open symbol) and total
energy per formula unit (filled symbol) obtained for the ferromagnetic
solution as a function of the βac angle of the quantization axis relative
to the a direction.
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calculations in a self-consistent way. A large orbital moment
on the Co atoms is obtained reaching a value of 1.5 μB for
βac = 120◦ corresponding to the energy minimum (Fig. 8)
(the Co orbital moment being equal to 0.19 and 0.02 μB when
the quantization axis is, respectively, set along the a and b

directions). This direction is very close to the direction of the
axis of the octahedron surrounding the Co atoms which is
equal to 121◦ and agrees well with the value found by neutron
diffraction (121.4◦). These results lead us to the conclusion that
the ab initio investigation predicts a total magnetic moment of
4.5 μB per Co atom directed along its CoO6 octahedron axis
in very good agreement with our neutron diffraction results.

IV. CONCLUSION

In conclusion, we characterized the magnetic structure of
α-CoV2O6, in its ground and field-induced ordered states, and
successfully correlated it to ab initio calculations. The neutron
diffraction measurements indicated that in the ground state
the order is ferromagnetic inside the chains along the b axis
and antiferromagnetic between the chains (along the a and c

axes). The antiferromagnetic interaction is characterized by
a Néel temperature of about 14 K. The different distances
between Co atoms in the ac plane lead to triangular frustrations
responsible for the magnetization plateaux observed in the
MH curves. The field-induced ferrimagnetic and ferromag-
netic ordered states could be also characterized by neutron
diffraction. The ferrimagnetic state is described by the ( 2

3 ,0, 1
3 )

propagation vector in the C1 space group and corresponds to an

up-up-down configuration of the Co magnetic moments of
the chains along the a and c directions. For all structures,
the magnetic moments lie in the ac plane, along the axis of
the CoO6 octahedra, at an angle of 9.3◦ with respect to the
c direction. The magnetic order and the interactions between
the Co ions are in good agreement with the theoretical model.
The magnetic configuration is confirmed by the Ising model on
a triangular lattice with frustrated antiferromagnetic couplings
between neighbor pairs of sites. The explicit determination
of the total energy for various magnetic orders has allowed
determining the interactions between the Co ions and has
shown only a qualitative agreement with the data derived from
magnetization measurements. The orientation of the magnetic
moments was found close to the c direction, in agreement with
the neutron diffraction data, and was evidenced by introducing
the spin-orbit coupling in the model. This allowed us as well to
estimate the orbital magnetic moment per Co atom to 1.5 μB ,
very close to the experimental value. Finally, a complete
picture of the magnetic properties of α-CoV2O6 using both
neutron diffraction measurements and theoretical calculations
could be obtained.
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