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Novel half-magnetization plateau and nematiclike transition in the S = 1 skew chain Ni2V2O7
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A quantized magnetization plateau is usually not expected when a classic spin-flop transition occurs in a
low-dimensional antiferromagnet. Here, we report an experimental observation of a spin-flop transition followed
by a wide half-magnetization plateau in the S = 1 skew-chain system Ni2V2O7. This plateau, which is stabilized
in fields of 8–30 T, is realized through an exotic nematiclike phase transition for magnetic fields applied along
all three crystallographic axes, resulting in rich anisotropic phase diagrams. We discuss a possible mechanism
whereby the magnetic frustration and interchain interactions may cause this half-magnetization plateau, which is
in agreement with our exact diagonalization result.
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I. INTRODUCTION

Quantum magnetization plateaus, in which the magnetiza-
tion is field independent in a finite field range and its value
is a fraction of saturation magnetization [1], are particularly
fascinating. For instance, a 1/3 magnetization plateau can
be observed in both classical and quantum magnets with the
spin number S varying from 1/2 to 5/2. The representative
examples include the kagome lattice Cu3V2O7(OH)2 · 2H2O
[2] and triangular lattices such as Cs2CuBr4 [3], CuFeO2 [4],
RbFe(MoO4)2 [5], and Ba3CoSb2O9 [6]. A 1/2 magnetization
plateau can occur in spin dimers [7], spinels [8], and pyrochlore
lattices [9] with strong geometrical frustration and spin-lattice
coupling.

For chainlike antiferromagnetic (AFM) systems, the ground
state generally corresponds to Néel-type ordering due to
interchain coupling so that a quantum magnetization plateau is
not expected. For instance, in Cu2A2O7 (A = P, As, V), sizable
interchain coupling leads to differences in the microscopic
magnetic model and enforces long-range AFM ordering, which
is associated with long-range superexchange [10]. However,
a magnetization plateau of pure quantum origin was indeed
observed and typical examples are the 1/3 plateau in the
frustrated diamond chain Cu3(CO3)2(OH)2 [11] and the 1/2
plateau in Ni (S = 1) bond-alternating chains [12]. In the
famous Ising chain Ca3Co2O6, a 1/3 plateau appears and it
is associated with frustrated interchain AFM exchanges [13].
Note that weakly coupled frustrated zigzag spin chains or spin
ladders can produce fractional magnetization plateaus [14–16].
Obviously, the role of geometrical frustration and interchain
coupling is essential for the magnetization plateau.
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S = 1 quantum spin systems are also very interesting
because of exotic states. In addition to a 1/2 magnetiza-
tion plateau in the bond-alternating chains [12] and a 1/3
plateau in the triangular lattice Ba3NiAb2O9 (A = Sb, Nb)
[17–19], the field dependence of magnetic ordering [20] and
an amazing quantum 1/2 plateau were also reported in the
S = 1 kagome lattice Ni3V2O8 [21]. This 1/2 plateau is not
expected for kagome lattices based on the necessary condition
for a magnetization plateau [1], n(S − m) = integer, where n

is the magnetic periodicity and m the height of the plateau.
The multisteps in Ni3V2O8 as well as the devil’s staircase in
S = 1/2 dimers [22,23] show the elusiveness of the plateau.

Here, we demonstrate a wide 1/2 magnetization plateau and
a nematiclike phase in the S = 1 skew chain Ni2V2O7, which
was not seen previously. The Ni2V2O7 compound crystallizes
in a monoclinic structure with space group P 21/c [24]. Two
types of edge-sharing octahedra, Ni1O6 and Ni2O6, form bond-
alternating skew chains along the c axis [Figs. 1(a) and 1(b)].
Corner-shared nonmagnetic tetrahedrons VO4 between the
skew chains make the compound have a quasi-one-dimensional
(1D) structure. He et al. [25] synthesized single crystals of
Ni2V2O7. The magnetization and specific heat data revealed
an AFM ordering at TN = 7 K, followed by extra magnetic
transitions. However, the M(T) curve does not exhibit a broad
peak, as seen in the other Ni spin chain SrNi2V2O8 [26], which
suggests the disappearance of 1D magnetism in Ni2V2O7. This
is because in Ni2V2O7 there are no Sr2+ layers located between
the Ni chains, resulting in an enhancement of the interchain
interaction and the occurrence of AFM ordering. When the
magnetic field is applied along the a axis, a field-induced
spin-flop-like transition occurs, and thus Ni2V2O7 behaves
as a classical three-dimensional (3D) antiferromagnet. The
spin-flop transition and large interchain couplings were further
supported by electron spin resonance (ESR) and first-principles
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FIG. 1. (a) Coupled skew chain with alternating Ni1O6 (red) and
Ni2O6 (megenta) octahedra along the c axis. (b) A view of the structure
along the c axis. In the coupled skew chain, the bond lengths and
Ni-O-Ni bond angles: J1 − 3.0095 Å (95.313° and 95.253°); J2 −
3.0493 Å (95.567° and 94.411°); and J3 − 2.9352 Å (98.696°). The
J4 represents the next-nearest-neighboring intrachain and interchain
exchanges, which are weak and assumed to be identical due to a small
difference in the bond length ranging from 5.0768 to 5.1978 Å. (c)
A crystal with a size of 1 mm × 1 mm × 0.3 mm and β = 99.67◦

between the a and c axes.

studies [27]. With significant interchain coupling and some
geometrical frustration (f = |θp|/TN = 4; θp ∼ −25 K) [25],
Ni2V2O7 provides a good platform to study the possible quan-
tum phenomenon in an S = 1 antiferromagnet with significant
interchain coupling. As a result, a 1/2 plateau and a nematiclike
phase are observed, in addition to the spin-flop transition.

II. EXPERIMENTAL DETAILS

Single crystals of Ni2V2O7 were grown at Fujian Institute
of Research on the Structure of Matter, Chinese Academy of
Sciences, China. Details of the characterization of the structure
and crystallographic axes can be found in Ref. [25]. As shown
in Fig. 1(c), the typical size of the crystal is 1 mm × 1 mm ×
0.3 mm with β = 99.67◦ between the cleavage directions a and
c. Details on the preparation of powder samples can be found
in Ref. [27]. Magnetization and specific heat were measured
using a commercial physical property measurement system
(16-T PPMS). Before each magnetization measurement, the
sample was zero-field cooled from the paramagnetic state at
300 K to the desired temperature. Pulsed-high-field magneti-
zation was detected by a standard inductive method employing
a couple of coaxial pickup coils. A pulsed magnetic field up to
55 T with a duration time of 24 ms was generated by using a
long-pulse magnet energized by two 0.8-MJ capacitor banks,
which are installed at Wuhan National High Magnetic Field
Center, China.

III. RESULTS AND DISCUSSION

Figure 2(a) displays the temperature dependence of mag-
netic susceptibility χ (T) measured at 0.1 T. A cusp char-
acterizing AFM ordering is clearly manifested at TN ∼ 7 K
when the magnetic field is applied along the a (H ‖ a) and

FIG. 2. (a) χ (T) curves measured at 0.1 T. (b)–(d) Specific heat
curves of a single crystal measured at different fields. Extra transitions
are marked by stars (*). In relation to the zero-field curve, the curves
for 1–7 T are shifted up by various magnitudes: 22, 50, 83, 105, 120,
135, and 150 J/mol K for H ‖ a; 20, 40, 60, 80, 110, 130, 145, and
160 J/mol K for H ‖ b; and 15, 30, 45, 65, 80, 90, 100, 110, and
120 J/mol K for H ‖ c.

b axes (H ‖ b), indicating that the a and b directions are the
easy magnetization directions. For H ‖ c, a slight decrease in
magnetization occurs below TN because the c axis is the hard
axis. Note that only an easy a axis was revealed in the previous
report [25]. Our recent high-field ESR data demonstrated AFM
resonance with uniaxial anisotropy [27].

Specific heat was measured in different fields. As shown
in Figs. 2(b)–2(d), the zero-field curve presents two λ-like
peaks at 5.7 and 6.7 K. The data are basically in line with
an earlier report [25], where the specific heat curve presents
two strong peaks at 4.7 and 5.8 K. The small difference in
transition temperature is probably because of the difference in
data quality. In Ref. [25], the curve does not present good λ-like
peaks. An extra weak peak at 8.8 K [25] was not seen along
all three axes and thus it may be not intrinsic. The observation
of multiple magnetic transitions at low temperatures implies
the presence of competing magnetic interactions. As expected
for a classical antiferromagnet, both peaks move towards a
lower field with an increase of the field. An extra peak marked
by stars appears at some fields. Above 7 T, all the peaks are
wiped out, signaling the disappearance of AFM ordering and
the emergence of a new spin state in the high field.

The M(H) measurements were conducted at 2 K on single
crystals with the PPMS magnetometer for a better characteri-
zation of the field-induced transitions. As shown in Fig. 3(a),
the M(H) curves are highly anisotropic. The curve is linear
in low fields due to the AFM ground state. A field-induced
spin-flop transition is well established at Hsf = 2.7 T for H ‖ a

and at 1.3 T for H ‖ b, but not for H ‖ c, again showing that
a and b are the easy axes. As the magnetic field increases,
the magnetization exhibits anomalies at Hc1 and Hc2, and then
tends towards “saturation” above Hc2 = 5.5, 8.0, and 7.1 T
for the a, b, and c axes, respectively. The magnetization is
unchanged above Hc2 and does not show magnetic anisotropy.
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FIG. 3. (a) M(H) curves at 2 K measured with PPMS. The dashed
lines are an extrapolation of the linear part between Hc1 and Hc2. (b)
High-field M(H) curves at 2 K calibrated with PPMS data. For clarity,
the curves for H ‖ b, H ‖ a, and the powder sample are shifted up
by 1.0, 2.0, and 3.0 μB/f.u., respectively, in relation to the curve
of H ‖ c. (c) The high-field M(H) curve for the easy a axis. The
blue dashed line is the calculated curve with g = 2.2, J1 = −9 K,
J2 = −38 K, J3 = −17 K, J3 = −6 K, and D = −6 K.

The “saturation” magnetization is about 2.23 μB/f.u., which is
one half of the expected saturation value of Ms = 4.4 μB/f.u.

with S = 1 and g = 2.2 [27]. This marks the presence of a 1/2
magnetization plateau.

High-field magnetization was measured to examine the field
range of the 1/2 plateau. Figure 3(b) shows the results at
2 K calibrated with the PPMS data. The powder curve, the
signal of which is better than the small single crystal at high
fields, is also plotted for a comparison. Besides the low-field
spin-flop transition, the high-field curve reveals a well-defined
1/2 magnetization plateau, which starts approximately at
Hc2 and ends at Hc3 = 30 T for all three directions. For the
single crystal, there is almost no contribution from Van Vleck
paramagnetism frequently existing in materials exhibiting
magnetization plateaus [6]. Above Hc3, the magnetization
starts to increase linearly up to 55 T with an identical slope
for all curves. Extrapolation of the linear part yields magnetic
saturation at ∼Hs = 86 T [see Fig. 3(c)], which is beyond our
experimental condition.

Based on the classical mean-field theory, a spin-flop transi-
tion occurs at Hsf when the magnetic field is applied along the
AFM easy axis (i.e., a and b axes), giving rise to a jump in mag-
netization. In the spin-flop state, the spins remain antiparallel
but their directions are perpendicular to the magnetic field di-
rection. This reflects the presence of large magnetic anisotropy
and an interchain interaction in the a-b plane. In a classical
picture, the magnetization process is usually simple. Assuming
that the AFM ground state is in an “up-down-up-down” type
of spin configuration along the skew chain, on application
of an external magnetic field, the 1/2 plateau seems to be a
natural consequence of flipping one of the four spins, forming
an “up-up-up-down” type of configuration. Above the spin-flop
field, the magnetization increases linearly by gradually canting

the spins away from collinearity until ferromagnetic (FM)
saturation, without additional intermediate processes.

The 1/2 magnetization plateau, in which the magnetization
is unchanged within a wide field range of 20 T, is far from being
trivial. As shown in Fig. 1, the Ni2V2O7 contains skew chains
along the c axis, in which two nonequivalent Ni ions (S = 1)
are alternatively aligned as Ni1-Ni2-Ni1-Ni2 with bond lengths
3.0493 and 3.0095 Å, respectively, quite resembling an S = 1
bond-alternating chain. A quantum 1/2 magnetization plateau
is therefore expected [12]. Tonegawa et al. [28] calculated the
phase diagram for a bond-alternating chain and concluded that
1/2 plateaus could occur if D/J � 0 and α �= 1, where D is
the single-ion anisotropy, J the nearest-neighboring interac-
tion, and α the bond-alternating ratio between two exchange
constants. However, our exact diagonalization results show that
such a simple bond-alternating model with the D term fails to
produce a well-defined 1/2 plateau.

As shown in Fig. 1(b), the nearest-neighboring Ni2-Ni2

distance is 4.9272 Å (the green bond), while the nearest-
neighboring Ni1-Ni1 distance is 2.9352 Å (the red bond), which
is slightly shorter than the bond length along the chain. The
interchain couplings should be comparable to the intrachain
interactions. These 3D interchain exchanges lead to AFM
ordering below 7 K [25], not favoring the occurrence of a
plateau. On the other hand, the coupled skew chains form
a network of triangularlike tetramers with two Ni1 and two
Ni2 ions [see sites (1, 2, 3, 7) and (2, 6, 7, 8) in Fig. 1(a)].
In each tetramer, the four Ni ions are coplanar and the
triangle with side lengths of 5.1978, 5.1853, and 5.1930 Å
is only slightly distorted, favoring a geometrical frustration.
Indeed, experimental TN = 6.7 K is low compared to the Weiss
temperature θp = −25 K [25], indicating the presence of some
geometrical frustration (f = 4). With geometrical frustration
and quantum fluctuations (S = 1), a 1/2 quantum plateau
is expected. Ni2V2O7 could be viewed as a frustrated spin-
chain antiferromagnet. It is the frustration and complicated
interchain couplings that stabilize the “up-up-up-down” spin
configuration, i.e., the 1/2 plateau.

The Hamiltonian for the coupled skew chain can be gener-
ally written as

H = −
∑

i,j

Jij Si ·Sij +
∑

i=1

(
DS2

iz + gμBSiz · H
)
, (1)

where Jij is the exchange interaction between two sites (i,j ).
We consider N = 8 sites and four types of different cou-
plings [see Fig. 1(a)]. J1 and J2 are the alternating intrachain
couplings. J3 is the nearest-neighbor interchain exchange.
J4 represents the next-nearest-neighbor intrachain exchange
and interchain exchange. These exchanges are assumed to
be identical [see Fig. 1(a)] due to a small difference in the
bond length, which varies from 5.0768 to 5.1978 Å. For
N = 8, the results of the exact diagnalization of Eq. (1)
show that the best parameters to describe the 1/2 plateau
are J1 = −9 K, J2 = −38 K, J3 = −17 K, J4 = −6 K, and
D = −6 K. Figure 3(c) manifests the calculated M(H) curve.
The D value is of typical magnitude for a Ni compound [29].
All interactions are AFM and the interchain J3 is comparable
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FIG. 4. Field-temperature (H-T) phase diagrams based on the specific heat (•), low-field (LF, �), and high-field (HF, �) M(H) data. The
diagram is composed of AFM, spin-flop (SF) AFM, 1/2 plateau, canted ferrimagnetic (C-FIM), and paramagnetic (PM) regions. The blue
region between Hc1 and Hc2 stands for the nematiclike phase (NM). The isolated data marked by stars (*) stand for extra transitions revealed
by the specific data. The arrows show the field direction and spin structures expected at various states.

to the intrachain J1 and J2. The averaged value of the dominant
exchanges (2J1 + J2 + J3)/4 is about −18.4 K, very close
to the effective interaction of J = −18.7 K derived after the
formula θp = 2S(S + 1)J/3 [30].

Recently [27], from a first-principles study, we obtained
the following exchange interactions: J1 = −33.5 K, J2 =
−37.4 K, and J3 = −470 K for general gradient approxi-
mation (GGA) calculations and J1 = −1.8 K, J2 = −6.0 K,
and J3 = −161 K for GGA + U (Ueff = 4.5 eV) calculations,
respectively. In the calculations, J4 is ignored for simplicity.
Theory indeed predicts a large interchain interaction, in quali-
tative accordance with the results of high-field magnetization.
However, J3 is too big and the calculated values strongly
depend on the Ueff term. Thus, the exchange interactions based
on the exact diagonalization of Eq. (1) are more reasonable.
Note that the difference between J1 and J2 is not anticipated
because they correspond to similar bond lengths and Ni-O-Ni
bond angles. We stress that our Hamiltonian model with
eight sites (two J1, one J2, and one J3) is only a simple
approximation. Theoretical calculations with more sites could
diminish the large J1-J2 difference and produce a smooth M(H)
curve above Hc3, meanwhile wiping out the small spin gap in
low fields.

In addition to the 1/2 plateau, the classical mean-field
theory cannot capture the linear feature between Hc1 and Hc2 in
the M(H) curves. As shown in Fig. 3(a), the extrapolation of the
linear region to zero field points to the same magnetic moment
of ∼0.7 μB/f.u., namely, 1/3Mplateau, independent of the field
direction. This might suggest the presence of nonclassical
spin nematic ordering, in which bound magnon pairs are
condensed in a high magnetic field near the saturation point.
This unconventional magnetic phase was theoretically pre-
dicted [31,32], but rarely observed in experiments. Recently,
the quasi-1D frustrated magnet LiCuVO4 and the distorted
kagome antiferromagnet Cu3V2O7(OH)2 · 2H2O presented a
sign of spin-nematic-like ordering, in which the magnetization

varies linearly with magnetic field before the saturation field
Hsat [2,33]. Especially in LiCuVO4, the M(H) curve along the
a and b axes exhibited a spin-flop transition and a strong inflec-
tion, followed by a linear region with a slope of ∼1/2Msat/Hsat,
quite similar to our case of Ni2V2O7. The field for the onset
of the 1/2 plateau, Hc2, could be analogous to a “saturation”
field. Thus, the linear M(H) curve between Hc1 and Hc2 in
Ni2V2O7 indeed resembles a macroscopic manifestation of a
nematiclike phase [33].

Based on the available magnetization and specific heat data,
we plot in Fig. 4 the magnetic field-temperature (H-T) phase
diagrams, in which the classical spin-flop transition coexists
with the quantum 1/2 magnetization plateau. In zero field,
the spins are aligned in the ab plane. Above Hsf , the spins
become perpendicular to the applied field direction. Between
Hc1 and Hc2 is the new nematiclike phase. The isolated data
marked by stars stand for extra transitions revealed by the
specific data, which might be associated with the formation
of nematiclike phases. In the quantum 1/2 magnetization
plateau, a collinear up-up-up-down configuration is formed
and stabilized by frustration and quantum fluctuations. Above
Hc3 is the canted ferrimagnetic (C-FIM) state, where the
magnetization starts growing linearly by gradually canting the
spins away from collinearity until FM saturation. This S = 1
spin system exhibits a spin-flop, magnetization plateau, and
nematiclike phase at the same time. As shown in Fig. 4, the
complicated anisotropic H-T diagram of Ni2V2O7 contains rich
physics, especially field-induced exotic phases. Our study is
expected to stimulate further theoretical investigations on spin
systems with significant interchain couplings.

IV. CONCLUSIONS

In summary, we have studied a novel type of stable mag-
netization plateau in the low-D spin-chain system Ni2V2O7,
where the spin-flop transition and accompanying nematiclike

144406-4



NOVEL HALF-MAGNETIZATION PLATEAU AND … PHYSICAL REVIEW B 97, 144406 (2018)

transition cooperatively induce a novel half-magnetization
plateau. Considering the interchain interactions and geometric
frustration, we propose a model of a triangularlike tetramer
with “up-up-up-down” spin arrangements, which is qualita-
tively consistent with our exact diagonalization result. The
study of quantized magnetization plateaus in low-dimensional
frustrated magnets has aroused continuous interests in the past
decade. We believe that the Ni2V2O7 compound is a good
candidate material for studying interchain-coupled spin-chain
systems and the exotic spin nematic state in quantum magnets.
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