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Unusual magnetic properties induced by local structure in a quasi-one-dimensional
Ising chain system: α-CoV2O6
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We have investigated the origins of large orbital magnetic moment (OM) and unique magnetic anisotropy in the
quasi-1D magnetic cobaltate, α-CoV2O6, employing both the ab initio band structure method and the microscopic
cluster model calculations. We have found that the peculiar crystal electric field effect in α-CoV2O6 combined
with the strong spin-orbit coupling induces the unusually large OM and other intriguing magnetic properties of
α-CoV2O6. The observed 1/3 magnetization plateau in the M-H curve is explained by the spin-flip mechanism
based on the MC simulation. Anomalous magnetic entropy behavior is attributed to the strong uniaxial magnetic
anisotropy in the quasi-1D Ising chain system.
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Cobaltate system containing one-dimensional (1D) mag-
netic chain structure exhibits various interesting features,
such as H -field induced spin order-disorder transition,1,2

magnetic steps in M-H curve,3–10 large anisotropy,1,7,11,12 and
quantum criticality behavior.13–15 The underlying physics of
the above features, however, has not been well understood
yet. CoV2O6 (CVO) provides a rare opportunity to explore
the roles of various pieces of physics playing out in 1D
cobaltate systems because there exist two types of CVO with
different local environments, α and γ phase.7,16–20 α-CVO
crystallizes in monoclinic structure,7,20,21 while γ -CVO in
triclinic structure.17,22 Both α-CVO and γ -CVO are anti-
ferromagnets having ferromagnetically ordered chains, with
TN = 14 and 6.3 K, respectively. In both CVOs, edge-shared
CoO6 octahedra form a 1D-like magnetic chain along the b

axis, and edge-shared VO5 square pyramids are located in
between the magnetic chains (see Fig. 1). Co is in the divalent
state (d7), while V is in the pentavalent (5+) state with no
occupied d electrons (d0). Hence the general electronic and
magnetic properties are determined mostly by Co-3d states.

The saturated magnetic moment of α-CVO was reported
to be as large as 4.5 μB .7 Considering the divalent state of
Co in α-CVO, the spin magnetic moment would be at most
3.0 μB in high-spin (HS) state of Co2+. Then the remaining
1.5 μB is thought to come from the orbital magnetic moment
(OM). Such large OM of Co is rather exceptional in cobaltates
with octahedral coordination. On the contrary, its poly-
morph γ -CVO has much smaller saturated magnetic moment,
2.9 μB . Furthermore, the magnetic anisotropy of α-CVO
is distinct from those of other vanadates AV2O6 (A = Mn,
Cu) including γ -CVO and CoNb2O6.16,23 α-CVO has an
anisotropic easy axis (c axis in Fig. 1) perpendicular to the
chain direction, while all the others have the anisotropic easy
axis along the chain direction.

Interestingly, both α-CVO and γ -CVO exhibit 1/3 plateau
in the M-H curve. Similar feature of 1/3 plateau has been
observed in Ca3Co2O6 and its doped relatives,3,4,6,24,25 and
also in cobaltate dihydrates (CoX2·2H2O).26–28 For those
linear chain systems, the plateau behavior is expected to arise
from its frustrated equilateral triangular magnetic structure. In
CVO, however, such structural frustration is not so obvious
since each edge in the triangular lattice has different length.

Moreover, anomalous magnetic entropy behavior was ob-
served in CVO.16–18 The entropy gain above TN is only 43%
of the expected value for HS Co2+ (S = 3/2). Such intriguing
feature of missing entropy was observed ubiquitously in other
edge-shared chain-type cobaltate systems,23,28,29 but the origin
has not been clarified yet. Furthermore, magnetodielectric
coupling was also found in α phase.20

In this Rapid Communication, we have addressed the
above mentioned issues of α-CVO : (i) unusually large OM,
(ii) unique magnetic anisotropy, (iii) 1/3 plateau in the M-H
curve, and (iv) missing magnetic entropy near TN . We have
found that the anomalous features of α-CVO originate from
the cooperative action of the crystal electric field (CEF) and
the spin-orbit coupling (SOC).

To understand the peculiar features of α-CVO, closer
inspection of the highly distorted CoO6 octahedron in α-CVO
is required. Co-O distance along the local z axis is 1.98 Å,
which is much shorter than those in the local xy plane, 2.18
and 2.29 Å [see Fig. 1(b)]. In addition, a rectangular distortion
is developed in the xy-plane, producing the O-Co-O angle φ

deviated much from 90◦ [see Fig. 1(c)]. Accordingly, the CEF
becomes much different from the case of ideal octahedron.
This is in contrast to the case of γ -CVO, which has almost
regular CoO6 octahedra. In γ -CVO, the maximum difference
in Co-O distances of CoO6 octahedron is less than 5%. Hence,
two eg and three t2g states are split under the octahedral
CEF in γ -CVO. The different CEF’s produce the fundamental
difference of the physical properties between α- and γ -CVO.

To identify the CEF levels of Co octahedron, we first
performed the nonmagnetic band calculations for both α-
CVO and γ -CVO. For the band calculation, we have em-
ployed the full-potential linearized augmented plane-wave
(FLAPW) band method30 implemented in WIEN2K package.31

Figures 2(a) and 2(b) provide the partial density of states
(DOS) of both phases CVO in the generalized gradient
approximation (GGA) scheme with the PBEsol functional.32

Corresponding schematic energy levels are also shown. For α-
CVO in Fig. 2(a), three lower states (yz, x2 − y2, xz) are fully
occupied, while the xy state is half filled and the 3z2 − r2 state
is almost empty, so as to have d7 occupation.38 On the other
hand, for γ -CVO, the ordering of the CEF levels is as usual as
for the ideal octahedron case. Three lower t2g states (yz, xy,
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(a) (b)
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FIG. 1. (Color online) (a) Monoclinic crystal structure of α-CVO.
CoO6 octahedra (blue) form the 1D chain, and VO5 pyramids (red)
sit in between chains. (b) Local axes (x,y,z) of the CoO6 octahedron.
(c) Local axes (x,y) of the CoO6 octahedron viewed from top.
Note that x2 − y2 state here corresponds to xy state for the normal
octahedron. Global axes (a, b, c) almost match the local axes (x,y,z)
with only small deviation.

xz) are fully occupied, while the hybridized x2 − y2/3z2 − r2

state is occupied by one, so as to have d7 occupation too.
The different order of CEF levels originates from the different
octahedron shape between two, as mentioned above. In the
case of α-CVO, two eg(3z2 − r2 and xy) states are split
greatly due to the shortened Co-O distance along the z

axis, and consequently the xy state becomes lowered much
closer to t2g states. This distortion is also responsible for
making x2 − y2 the most stable state among the t2g levels.
As shown in Fig. 2(a), however, the hybridization with oxygen
p states seems to induce the level reordering. In fact, when the
hybridization is small, the expected level ordering is brought
back, as will be discussed below with Fig. 2(c).

The large OM in α-CVO suggests a strong SOC. Thus we
have examined the effects of SOC in α-CVO systematically by
performing the spin-polarized band calculations incorporating
the SOC. The SOC is included in a second variational scheme
(GGA + SO). Also, we consider the orbital-polarization (OP)
term (GGA + SO + OP),33,34 which has been employed to ex-
plain the enhanced OM of the cobaltate systems.35–37 Figures
2(c) and 2(d) provide the partial-DOS (PDOS) obtained in the
GGA and the GGA + SO + OP, respectively. In the GGA of
Fig. 2(c), the CEF levels in the minority spin PDOS appear to
be ordered properly, namely, x2 − y2 state is the lowest, while
3z2 − r2 state is the highest. Also, we note that xy state is
separated much from 3z2 − r2 state and so becomes close to
lower t2g states. In the GGA, Co2+ in α-CVO is in the HS state
with spin magnetic moment of 2.5 μB .

When the SOC is turned on in the GGA + SO, the orbital
momentum is induced. Once the CEF in α-CVO pushes down
the xy orbital close to the three t2g states, then, due to the
SOC, two close pair states (xy and x2 − y2) and (xz and yz),
which are energetically close to each other, can be split in the
complex orbital momentum space, as follows: (dxz,dyz) ↔
(d1,d−1); (dxy,dx2−y2 ) ↔ (d2,d−2); d3z2−r2 ↔ d0. As shown in
the bottom of Fig. 2, this level splitting can provide the
maximal OM as large as 3 μB for α-CVO. However, the
SOC splitting would be incomplete for xy and x2 − y2, as

(b)

(c) (d)

(a)

FIG. 2. (Color online) Nonmagnetic PDOSs of Co d for (a) α-
CVO and (b) γ -CVO in the GGA. Spin-polarized PDOSs of Co d for
α-CVO (c) in the GGA and (d) in the GGA + SOC + OP. Schematic
CEF levels of Co are provided below DOSs.

compared to the case of xz and yz, because the former has finite
energy separation. The spin and orbital magnetic moments
in the GGA + SO are obtained to be 2.46 μB and 0.25 μB ,
respectively. The OM is large, but not enough to explain the
observed one. So we considered the additional OP term using
the GGA + SO + OP scheme. In Fig. 2(d), one can clearly
see the level splittings between d1 and d−1 and between d2

and d−2 due to the SOC. This level splitting is reminiscent
of that in Ca3Co2O6 under the CEF of trigonal prism type, in
which the SOC also splits the degenerate states.12 The OM in
the GGA + SO + OP is obtained to be as much as 1.8 μB for
α-CVO (see Table I).39

There exist Co2+ systems exhibiting such large orbital
magnetic moments.40–42 Those systems have one hole in the t2g

state. In an ideal octahedral CEF, the 10Dq separation between
the t2g and eg states is large, and the partially filled t2g levels

TABLE I. Spin and orbital magnetic moments (μB ) of α- and
γ -CVO. The chain is along the b axis for both α-CVO and γ -CVO.
The c axis in α-CVO corresponds to the highly contracted octahedron
direction.

α-CVO γ -CVO

Magnetic direction a axis b axis c axis a axis b axis c axis
Orbital moment 0.5 0.9 1.8 0.7 0.8 0.3
Spin moment 2.5 2.5 2.4 2.4 2.4 2.4
Total moment 3.0 3.4 4.3 3.1 3.2 2.7
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can be described by the pseudo-orbital moment of L̃ = 1, by
neglecting the effect of higher eg states. Accordingly, one hole
in the minority spin t2g states can produce the OM as large as
1 μB . To monitor the CEF effect on the OM, we performed
the calculation for hypothetical α-CVO having more ideal
CoO6 octahedra, which are generated lengthening the Co-O
distance along the z axis from 1.98 Å to 2.12 Å and reducing
φ from 106.2◦ to 95.2◦. Then the OM becomes much reduced
to 0.88 μB , which reflects the important role of the CEF in
α-CVO. Interestingly, tetragonally elongated Co-O distance
along the z direction, which is the opposite case of α-CVO, is
also found to enhance the OM in the Co2+ systems.43

Now let us analyze the multiplet states of Co2+ based on the
microscopic Hamiltonian for the distorted CoO6 octahedron,
which includes the intraorbital (U ), interorbital (U ′) Coulomb,
exchange (J ), pair hopping (J ′) interactions, and the SOC.44

In the case of ideal octahedron with Oh symmetry, 4T1g state
of S = 3/2 and L = 1 is stabilized. When the tetragonal
distortion with shortened Co-O bond length along the z axis
is considered to simulate the case of α-CVO, the ground state
becomes 4Eg . Then the SOC splits the eight degenerate 4Eg

levels into four Kramer’s doublets, the lowest two of which
are shown in Fig. 4(b). For given Co-O distances, the O-Co-O
angle φ is found to play a critical role in determining the
overall CEF level structure as well as the OM contribution.
When φ is near 90◦, the total magnetic moment obtained in
the multiplet calculation is ∼4.2 μB . As φ deviates from 90◦,
the degeneracy is broken, and the total magnetic moment is
reduced to 3.5 μB for φ = 116◦, which is somewhat different
from band calculation result. This suggests that the real ground
state of α-CVO cannot be described by a simple cluster model.
Still, this model calculation demonstrates the cooperative
effect of the CEF and the SOC on the OM.

The cooperative effect of the CEF and the SOC is also
responsible for the unique anisotropy of α-CVO. Distinctly
from other cobaltates and vanadates, α-CVO has an easy axis
along the z axis, which corresponds to the highly contracted
Co-O direction of CoO6 octahedron and is perpendicular to
the chain direction. This suggests that the unique anisotropy
is related to the CEF of local CoO6 octahedron, and can be
described by the single-ion anisotropy. The ab initio band
calculation also supports this idea. Calculated OM along
each axis in Table I shows that the OM is the largest along
the c axis, which corresponds to the anisotropy direction.7

The magnetocrystalline anisotropy energy (MAE) estimated
by using the force theorem37 also indicates that the c axis
is an easy axis with MAE of ∼2 meV/f.u. Due to such
large MAE, α-CVO has a unique anisotropy that is different
from other brannerites, and exhibits strong Ising-type nature.
The unique anisotropy in α-CVO was recently claimed
to originate from the competition between intrachain and
interchain interactions.19 But it is not likely because the former
dominates over the latter, as is discussed below.

In γ -CVO, the size of the OM is reduced with anisotropic
easy axis along the chain.16 As shown in Table I, the OM is the
largest along the b axis. In γ -CVO, two eg and three t2g states
remain separated, and so the OM is suppressed, as compared
to that of α-CVO. On top of it, the larger bandwidth of γ phase
[see Fig. 2(b)] also induces the reduced localized character and
the suppressed OM.

(b)(a)

FIG. 3. (Color online) (a) A real 3D lattice structure and inter-
chain interactions. There are twice more spin pairs with J1 and J3

than with J2, and so, in a simple triangular-type model, the effective
interactions of J eff

1 = 2J1, J eff
2 = J2, and J eff

3 = 2J3 were assumed.
(b) M-H curve from the MC simulation. M0 is the normalized
magnetization and H0 is in unit of |J0|/gμB . For a triangular-type
model, two cases are considered, estimated J eff

2 /J eff
1 = 0.21 and

larger J eff
2 /J eff

1 = 0.40. For a real 3D model, J2/2J1 = 0.40 is
considered.

The 1/3 plateau in the M-H curve is observed both
in α- and γ -CVO. The similar behavior in CoNb2O6 was
analyzed in terms of the spin-flip mechanism.8–11 In CoNb2O6,
its isosceles triangle structure effectively cancels a pair of
antiferromagnetic interactions and results in 1/3 plateau
behavior through spin-flipping. Similar idea has been adopted
for CVO.20,45 To analyze the spin-flip behavior in more detail,
we performed the MC simulation.46

We set up the classical spin Hamiltonian of Ising type, H =∑
i,j Jij SiSj , with Jij being the effective exchange interaction

parameter between two Co sites. As described in Fig. 3(a),
four different types of interaction parameters are expressed
as J0, J1, J2, and J3. Each parameter is estimated from the
total-energy differences among different spin configurations.47

Interestingly, the effective interaction strengths are estimated
to be almost equal (J2 = 2J3), even though the chain-chain
distances are different (6.54 and 6.63 Å). Then, in a simple
triangular-type model, the combination with stronger J1 inter-
action results in the isosceles-type interaction, and produces
the M-H curve in Fig. 3(b), which describes the spin-flip
metamagnetism scenario well, as in CoNb2O6. It is seen that,
with increasing J eff

2 /J eff
1 , the metamagnetic behavior begins

at the smaller fields and covers longer range, but the multistep
behavior is well established. Noteworthy is that, if we include

(b)

(c)

(a)

FIG. 4. (Color online) (a) Experimental magnetic entropy SM of
α-CVO obtained by integrating our measured specific heat data.16 The
green and blue dotted horizontal lines represent the entropy values of
S = 1/2 and S = 3/2 spin system, respectively. (b) The schematic
energy levels for the lowest two Kramer’s doublet of the system.
(c) Calculated magnetic entropy SM . The scales are the same as
those of (a).
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the effect of different sublattices of a real 3D structure, as in
Fig. 3(a), the extra magnetic step, which was not detected in
the experiment, is produced [blue line in Fig. 3(b)]. Whether
this additional step is due to the oversimplification of overall
interactions or it suggests more step behavior as in Ca3Co2O6

is of further experimental and theoretical studies.
The magnetic entropy shown in Fig. 4(a) indicates a low-

dimensional character of the CVO system. By subtracting the
lattice contribution, the magnetic entropy of the α-CVO was
obtained by integrating the measured specific heat. The entropy
gain above TN for the HS Co2+ (S = 3/2) is supposed to
be SM = R ln(2S + 1) = 11.5 J/mol K. However, as shown in
Fig. 4(a), the measured value corresponds to SM = 5 J/mol K,
which is rather close to SM = 5.76 J/mol K for S = 1/2.
Cobaltate dihydrate, Co(HCOO)2·2H2O, shows a similar
behavior, which was once attributed to the partially remained
paramagnetic Co2+ ions at low temperature.28 However, this is
not the case for α-CVO. Different magnetic energy scales are
expected to be the origin of the reduced entropy behavior. The
magnetic anisotropy mediated by the intrachain ferromagnetic
interaction is much stronger than the interchain spin-flip
interaction. Hence the intrachain spin degree of freedom is
frozen, and so the spins would act like Ising spins (S = 1/2)
to manifest the reduced entropy feature.

One can describe the missing entropy behavior on the basis
of the microscopic multiplet structure calculation. When the
total magnetic moment is 4.2 μB , the energy splitting between

two lowest doublets is EA ≈ 25 meV [see Fig. 4(b)], which is
responsible for the strong anisotropic character of the system.
Meanwhile, the energy splitting of the doublet due to long-
range magnetic order with TN = 14 K can be deduced to be
J = 1.2 meV, which is responsible for the spin flip. Due to
such a big difference between these two energy scales, the
contribution of the upper Kramer’s doublet to the entropy is
almost inert up to room temperature. Indeed, the calculated
entropy behavior in Fig. 4(c) is in good agreement with that of
the experiment. We think that the seemingly universal feature
of missing entropy observed in various edge-shared chain-
type cobaltate systems can be understood based on the same
analysis.

In conclusion, we have found that the large OM and
unique anisotropic behavior of quasi-1D Ising spin system
α-CVO arise from the cooperative effects of the CEF of
highly distorted CoO6 octahedron and the SOC. These effects
are much suppressed in the polymorph γ -CVO due to its
nearly ideal CoO6 octahedron. The 1/3 plateau behavior in
the M-H curve is described by the spin-flip mechanism in the
isosceles-type interactions, and the missing entropy feature
is explained based on the strong anisotropy of the 1D chain
character of α-CVO.
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