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We report on high magnetic field studies of magnetization, electric polarization, and specific heat on single
crystals of Ni3V2O8, which is an S = 1 kagome compound. The magnetization process exhibits multistep magnetic
transitions when the magnetic field is parallel to the magnetic easy axis. An apparent magnetization plateau was
observed at half the height of the saturation magnetization Ms ∼ 2.39μB/Ni. In addition, the magnetization
transitions at higher fields are quantized at 2/3, 3/4, and 8/9 of Ms. These results are unusual for the one-third
magnetization plateaus that theories have predicted for conventional kagome antiferromagnets. We find that the
high magnetic field suppresses the spontaneous polarization, leading to a different high-field phase where the
magnetic structure is collinear or coplanar with the underlying lattice. The resulting high-field phase diagram
explores several magnetic phases and sheds light on recent experimental findings. Analytical arguments have
been presented to discuss these high-field phases.
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In magnetic materials, geometrical frustration generates a
variety of nontrivial ordered states with peculiar spin corre-
lations. Typical frustrated systems are the two-dimensional
(2D) triangular and kagome (corner-sharing triangles) anti-
ferromagnets. Many interesting aspects have been extensively
studied in the past decade, such as the spin-liquid-like ground
state,1,2 magnetically driven ferroelectric state,3 supersolid
state,4 and magnetization plateaus.5

The problem of magnetization plateaus is more general
because it also exists in one-dimensional (1D) and three-
dimensional (3D) spin systems. The magnetization plateau
is due to a field-driven ordered ground state where the
magnetization shows field independence in a finite field
range. This plateau and the saturation magnetization Ms are
associated with a fractional value m = M/Ms, which satisfies
the necessary condition n(S − m) = integer,5 where S is the
spin and n is the magnetic periodicity. Note that not all the
values that satisfy the condition will appear as a magnetization
plateau. A well-known example is the appearance of a half-
(m = 1/2) magnetization plateau in 1D quantum spin systems
with n = 2. This plateau has been studied theoretically
and experimentally in bond-alternating chains,6 ladders,7 and
other spin chains.8 The 1/2 plateau has also been realized in
3D classical spin systems, for example, Cr-based pyrochlore
lattices where n = 4, with an “up-up-up-down” (uuud) spin
arrangement.9

For triangular and kagome lattices in which n is considered
to be 3, the 1/2 plateau is not expected due to the arguments
given above. Instead, one-third (m = 1/3) plateaus appeared in
triangular antiferromagnets.10–12 In the classical spin system,
this 1/3-plateau phase has a collinear “up-up-down” (uud)
spin arrangement for each triangle, while this state of the
quantum case has a related uud spin configuration with the
quantum fluctuation. This has been studied, for instance,
in the materials CuFeO2,10 RbFe(MoO4)2, CsFe(SO4)2,11

etc., and for a quantum case of Cs2CuBr4.12 All of these

exhibited 1/3 plateaus, as the theory predicted. In case of
the analogous kagome lattices, similar 1/3 plateaus have
been predicted for the S = 1 and 1/2 isotropic Heisenberg
antiferromagnets by methods of numerical diagonalization,13

and for the easy-axis S � 1 kagome antiferromagnets by
analytical arguments.14,15 Experimentally, however, to the best
of our knowledge, no clear evidence shows a 1/3 plateau in any
kagome compound so far, although a weak 1/3-plateau-like
anomaly was observed in the Cr-jarosite without saturation of
the magnetization.16 Very recently, high-field magnetization
studies of volborthite and vesignieite found plateaus toward
68 T at m = 0.4, higher than the predicted 1/3 plateau.17 More
surprisingly, a 1/2-plateau-like step was detected recently in
the quantum magnet m-N-methylpyridinium nitronylnitroxide
(m-MPYNN)·BF4.18 With a view to these results, it would
be desirable to uncover more unconventional features in
other kagome compounds in order to verify the theoretical
predictions. In this Rapid Communication, we performed
high-field magnetization studies on the Ni-based S = 1
kagome compound Ni3V2O8 (NVO). We found that the
magnetization process of NVO showed multistep transitions
when the magnetic field was parallel to the magnetic easy
axis, and finally saturated up to 48 T (Fig. 1). We observed
an apparent magnetization plateau at half the height of the
saturation magnetization Ms, together with other fractional
magnetization transitions at higher fields.

The magnetic behavior of NVO is dominated by S = 1 Ni2+
ions. Two nonequivalent Ni2+ sites called spine and cross-tie
spins form a special kagome-staircase geometry in the ac

plane and stack along the b axis with an orthorhombic structure
(Cmca), as illustrated in the inset of Fig. 1. The magnetic
kagome planes are separated by nonmagnetic VO4 tetrahedra,
while within the kagome planes the Ni2+ ions interact with
each other through Ni-O-O-Ni superexchange pathways. This
compound is very attractive due to the anisotropic phase
diagrams and complex magnetoelectric interactions.3,19–24 As
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FIG. 1. (Color online) High-field magnetization processes at
1.3 K. The curves for H ‖ b and H ‖ c are lifted by 0.5μB for
clarity. Triangle symbols indicate various magnetic transitions.
The dotted lines indicate the fractional values of M/Ms. The
corresponding dM/dH data (for H ‖ a) are shown in Fig. 2. Inset:
Kagome-staircase plane showing the spine (red/dark gray) and the
cross-tie (gray) Ni2+ ions.

temperature (T ) is lowered below 9.3 K, four magnetic ordered
states occur subsequently, known as two incommensurate
(called HTI and LTI) phases and two commensurate (called C
and C′) phases. These were explained as a competing result of
the nearest-neighbor and next-nearest-neighbor interactions,
anisotropy, Dzyaloshinskii-Moriya (DM) interactions, and
pseudodipolar interactions.19 The LTI phase was confirmed to
break the spatial inversion symmetry and generate spontaneous
electric polarization.3 Polarized magnetic neutron diffraction
demonstrated a strong coupling between magnetic and
ferroelectric domains by electrical control of the cycloidal
handedness.20 Nevertheless, recent works in the low-field
regions resulted in controversies and would imply different
types of magnetism in this system.21,22 This has provided
the motivation for using sufficiently high magnetic fields to
reveal possible unique interactions or transitions. A successful
example is that a different high-field state was revealed by a
magneto-optical study up to 30 T for H ‖ b.23 To the best of
our knowledge, there are no studies of the high magnetic field
of NVO, especially for the magnetic easy axis, i.e., H ‖ a.
For these reasons, we performed high-field magnetization and
electric polarization measurements up to 48 T on NVO single
crystals.

High-quality transparent NVO single crystals were grown
by the flux method.24 Suitable crystals were selected and
cut for the high-field magnetization, electric polarization, and
specific-heat measurements. The pulsed magnet employed for
the high-field studies has a short pulse duration of 7 ms. High-
field magnetization was detected by the induction method with
a coaxial pickup coil. The field-dependent electric polarization
was derived from integrating the polarization current that was
detected. Specific heat was measured using a commercial 14-T
physical properties measurement system (PPMS). Low-field
magnetization was measured by means of a 7-T supercon-
ducting quantum interference device (SQUID) magnetometer
[magnetic property measurement system (MPMS)] and a 16-T
[vibrating sample magnetometer (VSM)] PPMS.

Figure 1 displays the high-field magnetization data at 1.3 K.
The magnetization processes along the three crystallographic
axes are different due to the magnetic anisotropy. For H ‖ c,
the M-H curve shows a small jump at 2 T and a hysteresis
below 6 T. Then the slope decreases and the subsequent curve
is almost linear up to 48 T without going into saturation. The
hysteresis is supposed to arise from the weak ferromagnetic
moment along c. For H ‖ b, a similar jump at 3 T and
change of slope at ∼8 T are observed. With increasing field,
a robust saturation plateau appears above 37 T, indicative of
the low-dimensional character of NVO along b. The low-field
processes for the b and c axes can be understood as the
crossover from phase C′ to C according to previous phase
diagrams.19 It should be noted that the 24-T anomaly for
H ‖ b is rather complex; this will be investigated in a separate
paper. The most impressive observation in Fig. 1 is given
by the successive magnetic transitions for H ‖ a. Distinct
magnetization transitions are observed at Hc1 ∼ 3 T, Hc3 =
11 T, Hc4 = 18 T, and Hc5 = 22 T, respectively. Other small
transitions are sensitively detected in the dM/dH curve at
Hc2 = 7 T and Hc6 = 28 T (see Fig. 2).25 These transitions
are not expected from the previous phase diagram for H ‖ a,
implying the existence of different high-field states. A crucial
finding is that a magnetization plateau apparently appears at
Hc3<H<Hc4. The magnetization is exactly half the height of
the saturation magnetization Ms of ∼ 2.39μB/Ni, which is
close to the expected value using a g factor of 2.3.19 Moreover,
other magnetization transitions are visible at m = 2/3, 3/4,

FIG. 2. (Color online) (a) Temperature dependence of dM/dH

vs H for H ‖ a. The black (red or dark gray) curve is for increasing
(decreasing) field. The data are vertically offset for clarity. The arrows
indicate the small transitions at 1.3 K. (b) Magnetic specific heat for
H ‖ a.

220407-2



RAPID COMMUNICATIONS

HIGH MAGNETIC FIELD INDUCED PHASES AND HALF- . . . PHYSICAL REVIEW B 84, 220407(R) (2011)

and 8/9. To check the low-field values of M , we have carried
out steady field measurements up to 16 T and down to 2 K (not
shown here), and find good agreement with our pulsed field
data.

The appearance of a half-magnetization plateau is quite
puzzling. It is hard to imagine how three spins can result in
a 1/2-plateau phase on each triangle. Also, to the best of our
knowledge, there has been no reported theory that predicted a
1/2 plateau in any spin system based on the kagome lattice.
Since 1/2 plateaus may appear in 1D or 3D spin systems,
it is reasonable to compare these to reexamine the peculiar
kagome lattice of NVO. In the 1D case, the NVO kagome
lattice can be decomposed into the spine spin chains and the
cross-tie spin chains. The measurement of the incommensurate
wave vector in phases HTI and LTI by neutron-diffraction
experiments determined the ratio J1/J2 of nearest- and next-
nearest-neighbor interaction along the spine spin chains to be
2.55.19 The spine spin chains in this J1-J2 model can then be
regarded as bond-alternating or dimer spin chains, which can
yield a 1/2 plateau. However, because the cross-tie spins are
frustrated in zero mean field with isotropic interactions, we
could not expect them to contribute to a 1/2 plateau. For a 3D
case, the interlayer interactions have to be considered. A first-
principles calculation showed surprisingly strong interactions
between adjacent kagome planes.26 Thus we could expect a
uuud spin arrangement through adjacent kagome planes. Even
so, the magnetic transitions at m = 2/3, 3/4, and 8/9 are not
explained by this model.

Okamoto17 pointed out a way to explain the deviation of a
magnetization plateau from the theoretical prediction, which
means the preceding magnetic transitions before the plateau
significantly enhance the magnetization and therefore result in
excess magnetization. In fact, two other kagome compounds,
Nd3Ga5SiO14 and m-MPYNN·BF4, also exhibited features of
1/2 plateaus,2,18 although these have different kagome-lattice
geometries. We note that a 3/4-plateau-like anomaly was
found in m-MPYNN·BF4, which shows more similarity to our
result. We note that the 1/2 plateau of NVO involves a phe-
nomenon that is very similar to the so-called “magnetization
ramp,” which was predicted for the 1/3 plateau of the kagome
lattice by a recent numerical diagonalization study.27 These
facts provide evidence that the 1/2 plateau of NVO should
be intrinsic, probably reflecting an ordered state involving the
cross-tie spins. Hida28 presented a “hexagonal singlet solid
picture” for the ground state of S = 1 kagome Heisenberg anti-
ferromagnets and applied it to m-MPYNN·BF4. In this model,
the S = 1 spin was decomposed into two S = 1/2 spins which
form singlet states with neighbors on each triangle yielding
zero net moment, as expected from a VBS picture. Then, a
possible 1/2-plateau state of NVO will show that one half of
the number of triangles has these spin singlet states, while the
others remain as triplet S = 1 along the applied magnetic field,
alternately.

We now consider a magnon crystal state. The maximal
density of independent localized magnons on a kagome
lattice is Nmax = 1

9Nsites.29 The magnetization of a plateau
is

Mplateau = SNsites + (
1
9Nsites

)
(−1) = Nsites

(
S − 1

9

)
. (1)

FIG. 3. (Color online) H -T phase diagram for H ‖ a determined
from the high-field magnetization (HF-M), electrical polarization (P),
specific heat (C), and low-field magnetization (LF-M) measurements.
Open (solid) symbols are for increasing (decreasing) field. The red
(dark gray) circles are reproduced from Ref. 19 for comparison.
Several unique magnetic phases are explored in high magnetic
fields and are indicated here as F1–F3. For a better view, the
C ′-F1 transitions are shown by the LF-M data instead of the HF-M
results.

We then have

Mplateau

MS

= Nsites
(
S − 1

9

)

NsitesS
= 1 − 1

9S
. (2)

In the case of S = 1
2 , the magnon crystal yields a 7/9-

magnetization plateau.29 For S = 1, this will give a plateau of
8/9, which is in good agreement with our highest magnetiza-
tion transition. However, from this theory we could not expect
magnetization plateaus at m = 2/3 and 3/4. If the spins at m =
2/3 have collinear arrangements with fixed length, then an
“up-up-up-up-up-down” spin configuration will be expected to
yield 2/3Ms, which means the magnetic periodicity n should
be at least 6. Similarly, n should be 24 for m = 3/4 and 18 for
m= 8/9 in this case. This indicates that long-range interactions
beyond the next-nearest-neighbor interaction should also be
considered in this system.

Figure 2 shows the temperature dependence of the deriva-
tive of magnetization dM/dH [Fig. 2(a)] and the field
dependence of the specific heat C/T [Fig. 2(b)] for H ‖ a. It is
evident that the first transition Hc1 is of first order. It vanishes
at 3.5 K as T increases. Hc2 and Hc3 develop well with T and
converge at 5 K. Hc4 and Hc5 are almost T independent, while
Hc6 is T dependent. The H = 0 specific-heat data exhibit the
four phase (HTI, LTI, C, and C′) transitions at 9.3, 6.4, 3.6, and
2.3 K, which are in agreement with those in the literature.19

Magnetic-field-dependent anomalies are observed up to 12 T.
The resulting H -T phase diagram is summarized in Fig. 3.
It is found that our high-field phase diagram combines very
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FIG. 4. (Color online) Electrical polarization along the b axis (Pb)
at various temperatures measured with increasing H field. During the
experiments, an electric field (E) of 10 kV/cm was applied to align
the ferroelectric domains as follows: In the ferroelectric LTI phase,
E was applied as the sample was cooled down through the transition
temperature and removed before the measurement. In the paraelectric
phases, E was applied before and persisted during the pulse. The small
initial nonzero component and upward trend at high fields are caused
by insufficient compensation of background in pulsed fields.

well with previous low-field results. In particular, five unique
magnetic phase regions have been explored, including the
1/2-plateau phase. Since the three high-field phases have not
been clearly understood, we assign them as a single unknown
phase of F3 in the present work and label the other two
low-field phases as F1 and F2.

The phase diagrams of anisotropic antiferromagnets have a
common feature. The high- and low-field phases are usually
separated from a disordered phase by two second-order lines
which meet at a multicritical point. Below this point, the two
phases can meet at a first-order transition or go into an interme-
diate mixed phase.30 This multicritical phenomenon is clearly
seen in Fig. 3, namely, the F2 phase is an intermediate phase. In
other words, the appearance of this phase is due to competition
involving two magnetic order parameters. The HTI-LTI phase
transition has been determined by the early neutron diffraction
measurement corresponding to the ordering of cross-tie spins,3

which was later confirmed by a muon-spin relaxation study.31

In this respect, we assume that the LTI-F2 or HTI-F3 transitions
are due to the field induced magnetic order of the cross-tie
spins. This, in turn, confirms that the 1/2-plateau phase has
spin correlation with the cross-tie spins. This correlation must
be strong enough, otherwise the cross-tie spins would get easily
magnetized in a field which leads to a 1/3 plateau, assuming
the spine sites are still ordered as a spiral.

It was revealed that magnetic fields along a will improve
the spontaneous electric polarization along b (Pb) of the
LTI phase.3 To identify the magnetoelectric properties of the
high-field states, we measured Pb as a function of magnetic
field up to high fields and show the data in Fig. 4. Different
behavior is observed at various temperatures. In the HTI phase,
no polarization is detected. In the LTI phase, Pb is strongly
suppressed at a critical field, and then disappears. In phases
C and C′, field induced polarizations are detected in a finite

field range. As T varies, the observed polarizations have a
maximal value of 60 μC/m2 at 3 K. The transition fields
are found to coincide with the magnetic phase boundaries,
as seen by comparison with the phase diagram of Fig. 3,
confirming the coupling between magnetic and ferroelectric
order. These results demonstrate that the high-field phase of
F3 is paraelectric, which is different from the ferroelectric
states F1 and F2. An interesting observation in this study is the
unbalance of Pb at very low temperature, which is probably due
to the magnetoelectric interactions between the nonequivalent
spine and cross-tie spins. DM interactions would lead to further
to moments along the b or c axes on the spine sites and make
the spiral unstable.

The absence of polarization suggests that the 1/2-plateau
phase is not a spiral spin structure as in the LTI phase, but a
collinear or coplanar spin arrangement, analogous to that of
CuFeO2.10 This change in spin structure is accompanied by
a lattice distortion that breaks the spatial inversion symmetry,
although it could be very small. In the M-H curve, we see
a considerable hysteresis at Hc2<H<Hc4, covering the 1/2
plateau. This hysteresis vanishes at 5 K, corresponding to
the multicritical point. A similar magnetization hysteresis
was observed before the appearance of this plateau in a
static field.32 This scenario is reminiscent of the magnetiza-
tion plateaus induced by spin-lattice coupling in CuFeO2,10

CdCr2O4,9 and other frustrated magnets. This spin-lattice
coupling effect also exists in the C′-F1 transition because
this transition vanishes at TC−LTI, where the thermal expan-
sion study showed abrupt changes in three crystallographic
axes.33 These results confirm that the lattice of NVO is
very sensitive to the spin structures of these field induced
magnetic states. This conclusion is supported by a recent
magnetoelestic study on the four magnetic phases in zero
field.34

To summarize, we have performed comprehensive high
magnetic field studies on NVO single crystals by measure-
ments of magnetization, electric polarization, and specific heat,
and obtained an overall H -T phase diagram for the magnetic
easy axis. Many different magnetic phases have been explored
in the high magnetic fields. We experimentally observe a half-
magnetization plateau and fractional magnetization transitions
in this distorted kagome-lattice compound, and point out that
the effect of spin-lattice coupling plays an essential role in
this process. The obtained H -T phase diagram provides clues
for understanding the exchange interactions and the magneto-
electric coupling in this complex spin system; this contributes
to a better understanding of recent experimental results. This
Rapid Communication also brings a challenge for theoreticians
and calls for further neutron diffraction experiments under
high magnetic fields to clarify the magnetism of the unusual
half-magnetization plateau and other high-field states.
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