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Abstract
Ni3V2O8 is one of several recently identified multiferroic materials in which ferroelectricity is
produced by long-range magnetic order. This staircase Kagome compound adopts a sequence of
distinct low temperature magnetic phases, which exhibit different optical, dielectric, and
transport properties, most notably ferroelectric order arising from a polar incommensurate
magnetic structure. We give an overview of the experimental results from the existing literature
on Ni3V2O8, and briefly discuss models that describe the coupling between magnetic and
ferroelectric properties. We show that the temperature dependence of the dielectric constant
provides evidence for spin–charge coupling in Ni3V2O8 away from the ferroelectric phase.
An anomaly in the thermal conductivity at the incommensurate–commensurate phase transition
suggests that spin scattering may limit thermal transport in the incommensurate phase. We
associate each of the two incommensurate phase transitions with one magnetic order parameter,
and we show that the temperature dependence of the ferroelectric polarization closely follows
the product of these two magnetic order parameters—corroborating the validity of the
phenomenological trilinear coupling model. Finally, we present inelastic powder neutron
scattering measurements that provide evidence of several weakly dispersive magnetic modes
that are typical for strongly frustrated antiferromagnets with large spin anisotropies.

1. Introduction

Many of the new functionalities envisioned for next generation
electronic devices, most notably the electric field control of
spin and other magnetic properties, require the development
of entirely new materials that exhibit a variety of strongly
coupled microscopic or macroscopic properties [1–3]. Some
of the applications envisioned for these novel devices include
voltage switchable magnetic memory [4, 5] and electric
field tuning of spin polarized currents [6]. Magnetoelectric
multiferroic materials, which express simultaneous magnetic
and ferroelectric order that are strongly coupled, are
particularly attractive for these types of applications. While

a handful of multiferroic materials had been identified by
the turn of the century [3, 7–9], it was recognized that the
characteristics typically responsible for driving magnetism,
namely unpaired electrons in d orbitals, were inimical
to a conventional requirement for producing ferroelectric
order, namely a d0 electronic structure [10]. However,
over the past several years, there has been considerable
interest in investigating materials in which the multiferroic
behavior arises through atypical mechanisms, including
ferroelectric order promoted by magnetic order [11–13], and
structural effects in both homogeneous and heterogeneous
systems [14, 15]. While some of these materials are not
immediately useful for device applications, this research has
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led to a deeper understanding of the physical mechanisms
underlying the development of multiferroic properties.
Within this broader framework, we discuss some of the
principle experimental results concerning the development of
magnetic and ferroelectric order in one specific multiferroic
oxide, Ni3V2O8 [12]. This geometrically frustrated magnet
adopts a number of different magnetic structures at low
temperatures [16], one of which creates a polar axis and leads
to ferroelectricity. In this context, Ni3V2O8 is a particularly
simple model system for investigating magnetically induced
ferroelectric order in atypical multiferroic materials [4, 17].

The magnetic characteristics of Ni3V2O8 descend from
the arrangement of Ni2+ ions on buckled Kagome lattices,
which are stacked along the b axis. The system crystallizes
in the orthorhombic space group Cmca and is structurally
anisotropic, with room temperature lattice parameters of
a = 5.92 Å, b = 11.37 Å, and c = 8.22 Å,
although there are significant distortions associated with the
low temperature magnetic phase transitions [18]. While
topologically equivalent to conventional Kagome lattices, the
staircase Kagome structure of Ni3V2O8 breaks the symmetry
of the pure Kagome web by introducing alternating bends
along the c axis. This results in the development of two
inequivalent Ni2+ sites, which we will refer to as spine
and cross-tie sites. The broken Kagome symmetry leads
to a number of inequivalent magnetic interactions, most
notably symmetric next nearest-neighbor and anisotropic
Dzyaloshinskii–Moriya (DM) interactions, and to strong spin
anisotropy with an easy axis along the a axis [16]. The crystal
structure for Ni3V2O8 is illustrated in figure 1, which shows
the crystal structure with views nearly along the b and a axes,
respectively. The spine sites form chains along the a axis,
consisting of slightly staggered oxygen octahedra with a Ni2+
at the center. The crystal structure is buckled, leading to two
different locations of theses chains along the b axis. There are
oxygen tetrahedra with non-magnetic V5+ ions in the center
that are attached to the oxygen octahedra. The figure also
shows that the crystal structure allows for sizeable magnetic
interactions between the buckled Kagome planes.

2. Synthesis

Polycrystalline Ni3V2O8 can be synthesized using a number of
standard solid-state techniques for producing oxide materials.
However, because of the anisotropic magnetic and ferroelectric
properties of this material, it is highly desirable to study
single crystal samples. High quality singly crystal Ni3V2O8

samples can be grown from a BaO–V2O5 flux [16]. The
Ni3V2O8 crystals prepared through this technique typically
consist of large platelets, having an area of up to several cm2

with a thickness of approximately 0.1 cm. These Ni3V2O8

crystals grow with the b axis perpendicular to the large face of
the crystal, making dielectric and ferroelectric measurements
along the b axis straightforward for the as-prepared samples.
Ni3V2O8 single crystals can also be prepared using a floating
zone technique in an optical furnace [19]. The single crystal
samples prepared using this technique are quite large, having
a diameter of roughly 0.8 cm and a length of well over 7 cm,

Figure 1. Ni3V2O8 crystal structure viewed (a) along nearly the
b axis and (b) along nearly the a axis. The spine Ni2+ sites are shown
in red, the cross-tie Ni2+ sites are shown in blue and the V5+ are
shown in pink. Also shown are the oxygen octahedra of the spine
sites in light and dark blue, and those of the spine sites in yellow. The
oxygen tetrahedra around the V5+ are shown in pink. Also shown as
red solid lines in (b) are the possible superexchange pathways along
the b axis between Ni2+.

and are suitable for studies that require detailed measurements
of the physical properties of Ni3V2O8 along all three principle
crystallographic directions.

3. Ni3V2O8 field-temperature phase diagram

The phase diagram of Ni3V2O8 as a function of magnetic
field (H ) and temperature (T ) has been determined through
thermodynamic, magnetic, dielectric, ferroelectric, optical,
and other measurements [12, 16, 18, 20–22]. This phase
diagram for magnetic fields along the a and c axes is plotted
in figure 2. At temperatures above approximately 12 K,
Ni3V2O8 is purely paramagnetic (P), with no magnetic or
electric long-range order. Short-range magnetic correlations
develop with decreasing temperature, with the onset of zero-
field long-range magnetic order at TH = 9.2 K. Neutron
measurements, discussed in detail in section 7.2, establish
that this spin structure has incommensurate modulation along
the a axis [16, 20]. We will refer to this as the high
temperature incommensurate phase (HTI). At TL = 6.4 K
there is a magnetic transition to another incommensurately
modulated magnetic structure, which we will refer to as the
low temperature incommensurate (LTI) phase. At TC =
4.2 K Ni3V2O8 undergoes a first order phase transition to
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Figure 2. (a) Phase diagram for Ni3V2O8 determined for the
magnetic field H applied along the a axis. (b) Phase diagram for
H along c. For both panels, the data points were determined using
specific heat measurements and the dashed lines are intended as a
guide-to-the-eye.

a canted antiferromagnetic (CAF) phase, in which the spins
are ordered antiferromagnetically along the a axis, with a
small spin canting along the c axis. There is one additional
zero-field magnetic transition occurring at TC′ = 2.5 K,
although the magnetic structure of Ni3V2O8 in this ground
state (C′) has yet to be determined. The most significant
feature of the phase diagram is the observation that the
LTI phase exhibits ferroelectric order, as demonstrated by a
spontaneous polarization along the b axis [12]. The fact
that Ni3V2O8 develops ferroelectric order in only one of the
distinctly different magnetic phases is a stringent restriction
for the development of a model for magnetically induced
ferroelectricity in this multiferroic system [4, 12, 17].

The H –T phase diagram of Ni3V2O8 depends strongly
on the direction of the applied magnetic field, reflecting its
anisotropic magnetic properties. In all cases, the P–HTI
and HTI–LTI phase boundaries are relatively insensitive to
small applied magnetic fields. These phase boundaries are
nearly constant in temperature as a function of magnetic field,
exhibiting shifts of less than 0.2 K in fields up to several Tesla.
Applying a magnetic field along the c axis favors the CAF
phase, as can be seen in figure 2(b), while the application
of a magnetic field along a suppresses the CAF phase and
promotes the LTI phase (figure 2(a)). There remains some
ambiguity concerning the low temperature phase of Ni3V2O8

in an applied magnetic field. Specific heat measurements
suggest the system remains in the C′ phase [16], while
spontaneous polarization measurements hint that there could
be another phase developing above an applied field of 2 T
applied along the a axis [12]. Recent magnetic measurements

also give evidence for an additional low temperature phase
above this 2 T threshold field [22], which strongly argues
that there is a field induced phase transition in Ni3V2O8

at low temperatures. High field optical measurements on
Ni3V2O8 [21] indicate additional phase transitions, suggesting
the existence of another phase of Ni3V2O8, which develops
above magnetic fields of roughly μ0 H = 10 T applied along
the b axis. Magnetization measurements also show evidence
for a high field phase developing in magnetic fields above
approximately μ0 H = 8 T applied along the a axis [22].

There are specific structural changes associated with
the magnetic transitions in Ni3V2O8. The LTI phase is
ferroelectric, and the presence of electric dipoles is necessarily
associated with a structural distortion. However, given
the very small magnitude of the ferroelectric polarization,
on the order of only 100 μC m−2 [12], the structural
modifications associated with ferroelectric order are also
expected to be very small and they have not yet been
observed microscopically. Based on a specific model for
spin–phonon mediated interactions, the oxygen displacement
associated with ferroelectricity is expected to be only on
the order of 0.0005 Å [17]. More significant structural
changes are observed at the LTI–CAF phase transition through
direct measurements of the lattice strain. There is significant
anisotropy in the thermal expansion of Ni3V2O8 at the CAF
transition, with the a and b axes expanding, by �a/a =
1.65 × 10−5 and �b/b = 3.97 × 10−5 respectively, and the
c axis showing a contraction of �c/c = −8.24 × 10−5 [18].
This magnetostriction leads to a relatively small reduction in
volume on the transition to the CAF phase.

4. Models for Ni3V2O8

The fascinating sequence of magnetic structures exhibited
by Ni3V2O8 results from the interplay of the inequivalent
interactions from spine Ni2+ ions on the buckled Kagome
lattice. The spin structures are the result of competing isotropic
nearest-neighbor (NN) and second nearest-neighbor (SNN)
interactions, together with the anisotropic DM interaction and
easy axis anisotropy [4, 16, 17]. In the presence of easy
axis anisotropy and sufficiently large SNN interactions, the
theoretically predicted phase is a longitudinally modulated
phase with the spins confined to the easy (a) axis [23],
consistent with the results of neutron studies of the HTI phase
in Ni3V2O8. An additional transverse modulated component is
expected as the temperature is further reduced, corresponding
to the LTI phase. The weak ferromagnetic moment in the CAF
phase can arise from DM interactions between the spine and
cross-tie spins, and a pseudodipolar interaction between the
spine and cross-tie spins. More complete discussions on the
models used to describe the magnetic phase in Ni3V2O8 can be
found in [4, 16, 20].

One of the most striking features of Ni3V2O8 is the de-
velopment of ferroelectric order in the LTI magnetic structure.
Ni3V2O8 exhibits a smoothly increasing spontaneous polariza-
tion below TL, which vanishes abruptly at the transition to the
CAF phase [12]. This polarization arises only along the b
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axis, and the development of ferroelectric order can be under-
stood using a model with a trilinear coupling between the fer-
roelectric order parameter (P), the HTI magnetic order param-
eter (σHTI), and the LTI magnetic order parameter (σLTI) [12].
Within this framework, and based on a mean field approxima-
tion, the only non-zero component of the polarization is given
by Pb = CχelσHTIσLTI, with C a constant and χel the electric
susceptibility. Spin–phonon interactions have been proposed
as a possible mechanism giving rise to the coupling between
magnetic and ferroelectric order in Ni3V2O8, either via DM
interactions or strain derivatives of the exchange tensors [17].

5. Thermodynamic properties

The cascade of phase transitions that define the magnetic and
ferroelectric properties of Ni3V2O8 at low temperatures are
most directly observable through thermodynamic measure-
ments [16]. The zero-field Ni3V2O8 specific heat, plotted as
C/T versus T in figure 3(a), shows distinct peaks at T = 9.2
and 6.4 K corresponding to second order phase transitions into
incommensurate magnetically ordered states. There is a very
large peak associated with a first order magnetic phase transi-
tion at T = 4.2 K, and a fourth, small second order peak at
T = 2.5 K. These specific heat peaks are superimposed on top
of a large background heat capacity of approximately C/T =
0.7 J/moleNi K2. This large background develops below ap-
proximately 10 K, and persists down to low temperatures. Such
behavior is characteristic for low-dimensional and geometri-
cally frustrated magnets and is associated with the develop-
ment of short-range magnetic correlations in the paramagnetic
state and with the presence of low lying magnetic excitations
in the ordered state [24]. For Ni3V2O8 the entropy difference
between 0 and 30K was estimated as 7.6 J/moleNi K [25]. This
value is not far from the total entropy associated with one mol
of completely disordered spin-1, so the magnetic ground state
of Ni3V2O8 may retain 16% of the R ln(3) entropy expected
for a spin-1 system.

Figure 3(b) shows the thermal conductivity of Ni3V2O8

measured along the b axis as a function of temperature at
zero magnetic field. While there are no obvious anomalies
in thermal conductivity associated with either the HTI or
LTI magnetic transitions, there is a clear feature at the CAF
transition temperature. This feature is indicated with an
arrow in figure 3(b). There is also some small scatter in
the thermal conductivity data close to T = 7 K, which
we attribute to noise in the measurement. Just above TC,
the thermal conductivity varies approximately like T 1.8, as
shown by the solid line in figure 3(b). While this deviates
somewhat from the T 2 temperature dependence expected for
phonon-defect scattering [26] (shown in figure 3(b) as a dashed
line), we believe that the thermal conductivity between TC

and T ≈ 10 K is heavily influenced by phonon scattering
from defects. It has been suggested that phonon scattering
from spin fluctuations may affect the thermal conductivity in
frustrated magnets [27]; a similar mechanism could be partially
responsible for the temperature dependence of the thermal
conductivity in Ni3V2O8. The thermal conductivity increases
slightly in the CAF phase, which could indicate a reduction

Figure 3. (a) Temperature dependent specific heat of Ni3V2O8

measured at H = 0 and plotted as C/T versus T . (b) Temperature
dependent thermal conductivity of Ni3V2O8 measured along the b
axis at H = 0. The arrow indicates TC, the solid line illustrates a T 1.8

dependence, and the dashed line shows a T 2 dependence, as
described in the text.

of scattering from spin fluctuations in this commensurately
ordered phase, but might also signal the onset of new
mechanisms for thermal conduction.

6. Ferroelectric properties

6.1. Dielectric constant

The onset of ferroelectric order in Ni3V2O8 leads to a large
dielectric anomaly at TL. The dielectric constant of Ni3V2O8

shows an increase of between 15% and 20%, for measuring
frequencies between ω/2π = 3 and 300 kHz, centered at
the transition temperature, as shown in figure 4(a). The
fact that the magnitude of this dielectric response increases
as the measuring frequency is reduced from 300 to 3 kHz
points to the existence of some relatively slow dynamics at
the transition. Because this frequency is much lower than
for typical intrinsic timescales for microscopic processes, we
believe this frequency dependence of the dielectric constant
may be associated with the formation of multiferroic domains
at the LTI phase transition.

Two other dielectric anomalies observed in Ni3V2O8 can
be associated with the development of magnetic order. The
dielectric constant shows a sharp decrease, on the order of 5%,
at the transition to the CAF phase. This is consistent with
observations of magnetodielectric coupling in other systems
with weak ferromagnetic order, where the onset of magnetic
order can lead to a hardening of optical phonon modes and a
corresponding decrease in dielectric constant [28]. A much
smaller feature in the dielectric constant can be seen at the
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(a)

(b)

Figure 4. (a) Temperature dependent dielectric constant of Ni3V2O8

measured at zero magnetic field at frequencies of ω/2π = 300 kHz
(lower curve), ω = 30 kHz (middle curve), and ω/2π = 3 kHz
(upper curve). (b) Dielectric constant for Ni3V2O8 measured at
H = 0 for a small range of temperatures close to THL, which is
indicated by an arrow.

onset of magnetic order in Ni3V2O8 at TH = 9.2 K. This very
small anomaly has a magnitude of less than 0.1%, but can be
seen in high-resolution dielectric measurements, as shown in
figure 4(b). For some other Ni3V2O8 samples, this very small
feature can only be observed after subtracting a background
contribution to the dielectric constant. The physics of this
anomaly is discussed briefly in [29]. This result is significant,
because it demonstrates that Ni3V2O8 features distinct changes
of the spin–charge coupling outside of the ferroelectric phase.

6.2. Ferroelectric measurements

The spontaneous polarization of Ni3V2O8 was determined
by measuring the pyrocurrent. For these measurements,
the Ni3V2O8 crystal is poled by applying a substantial
(≈2 kV cm−1) voltage across the sample while cooling
through the ferroelectric transition, removing this bias at
base temperature, and then measuring the current, which is
proportional to dP

dt upon heating through TC. The polarization
P is determined by integrating this pyrocurrent. It is found
that the direction of the spontaneous polarization depends
on the sign of the poling voltage [12], as expected for
ferroelectrics. One interesting point to note is that the base
temperature for ferroelectric measurements in Ni3V2O8 can
be below TC. The CAF phase does not exhibit ferroelectric
order, but nevertheless can be imprinted by the poling bias.
This may be caused by local regions with LTI magnetic

structure that remain present in the CAF phase due to the
first order phase transition between the LTI to CAF phases.
LTI magnetic correlations can be seen at low temperatures
using neutron scattering, but they can be suppressed by
magnetic annealing [20, 30]. The spontaneous polarization
in Ni3V2O8 is rather small, reaching only 100 μC m−2 at
zero field [12]. This increases to almost 150 μC m−2 with
a magnetic field applied along the a axis, but is strongly
suppressed by a magnetic field applied along c. As applying an
external magnetic field along a can promote the development
of ferroelectric order, the magnetoelectric coupling parameter
α = dP

dH reaches over 0.06 μC m−2 Oe close to the critical
field.

6.3. Optical characterization

The optical response of Ni3V2O8 has been studied in great
detail as a function of temperature and magnetic field [21].
The optical spectra show features corresponding to Ni d–d
excitations at 0.75 and 1.35 eV, associated with the cross-
tie and spine spins, respectively. A small splitting of the
cross-tie peak indicates that the low temperature magnetic
transitions in Ni3V2O8 may be heralded by a subtle local
structural distortion. The optical response of Ni3V2O8 is
also dramatically affected by an external magnetic field at
low temperatures. The high energy dielectric constant shows
shifts up to 15% at magnetic fields of μ0 H = 30 T near
the spine spin d–d excitation feature, demonstrating that the
strong magnetodielectric coupling observed at low frequencies
persists into the optical regime.

7. Magnetic properties

7.1. Magnetization

The dominant magnetic interactions in Ni3V2O8 are antifer-
romagnetic, as indicated by a Curie–Weiss temperature of
θW = −30 K [25]. Ni3V2O8 shows long-range magnetic order
only below TH = 9.2 K, corresponding to a relatively small
frustration index f = 	CW/THL = 3.2. Despite magnetic or-
dering transitions at TH = 9.2 K and TL = 6.4 K, the temper-
ature dependent magnetization of Ni3V2O8 shows no signifi-
cant features at these transitions [16]. Ni3V2O8 does, however,
show large and anisotropic magnetic anomalies associated at
the LTI–CAF phase transition. The magnetization along the
c axis shows a dramatic increase as Ni3V2O8 is cooled below
TC = 4.2 K, while the magnetization along the b axis is almost
constant and the magnetization measured along the a axis ex-
hibits a distinct drop. These observations are consistent with
the moments having antiferromagnetic order along the a axis
with some small ferromagnetic moment arising from spin cant-
ing along the c axis. The magnetization shows thermal hystere-
sis at this first order phase transition, with a shift of approxi-
mately 0.02 K observed between measurements on warming
and cooling at a time-average rate of less than 0.05 K min−1.
There is no clear magnetic anomaly associated with the transi-
tion into the C′ phase, making three out of the four magnetic
phase transitions in Ni3V2O8 difficult to discern using only
bulk magnetization measurements.
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Figure 5. Magnetic hysteresis loops for Ni3V2O8 with H applied
along the a (open squares), b (closed triangles), and c (closed circles)
axes measured at T = 2 K.

The strong magnetic anisotropy associated with the canted
antiferromagnetic phase can also be seen in low temperature
hysteresis measurements. We plot M(H ) loops for Ni3V2O8

measured at T = 2 K in figure 5. When measured along the
b axis, the magnetization is simply paramagnetic, exhibiting
linear behavior with no hysteresis. The magnetization
measured along the a axis shows a very broad hysteresis loop,

with a coercive field of approximately 3 kOe, but having a
net moment much smaller than that measured along the b axis
away from H = 0 T. Conversely, the magnetic hysteresis loop
measured parallel to the c axis shows a much smaller coercive
field, only 1 kOe, but a substantially larger magnetization
than along the other two crystallographic axes. At higher
magnetic fields, the slope of the magnetization curves for H
applied along the b and c axes are the same. This suggests
that, neglecting the component of the spins associated with the
spontaneous weak ferromagnetism in Ni3V2O8, the a axis is
an approximate uniaxial symmetry direction for the magnetic
anisotropy.

7.2. Neutron measurements

Neutron diffraction measurements were used to determine the
magnetic structure of Ni3V2O8 as a function of temperature
and field [16, 20]. At zero field, neutron scattering revealed that
Ni3V2O8 undergoes a transition to incommensurate magnetic
order at THL = 9.2 K, described by an ordering wavevector
Q = (q, 0, 0), where q indicates the temperature dependent
modulation along the a axis. The temperature dependence of
the magnetic Bragg peaks, shown in figure 6(a), provides clear
evidence of an additional magnetic transition at THL = 6.4 K
where Ni3V2O8 becomes ferroelectric. At temperatures near

Figure 6. (a) Neutron scattering intensity for two incommensurate satellite peaks as a function of temperature, for THL < T < TPH scaled as
I (T )/I (THL) and for TLC < T < THL scaled as [I (T ) − I (THL)]/I (TLC) + I (THL). The solid line represents σ 2

LTI + σ 2
HTI, assuming that

σLTI ∝ (T − THL)β and σHTI ∝ (T − TPH)β with β ∼ 0.25 (the data are however not of sufficient quality to determine critical exponents). (b)
Temperature dependence of the electric polarization, as determined form pyroelectric measurements, compared to the product of the two
magnetic order parameter σLTIσHTI. An arbitrary scale factor was adjusted to put the curve on top of the data. The data are shown using
slightly shifted temperatures scales for these two independent measurements (bottom and top temperature scales refer to the electric and
neutron measurements, respectively).
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THL the incommensurate modulation q reverses its temperature
dependence. The modulation indicated by q approaches a
roughly constant value as the temperature approaches TLC =
4 K where the incommensurate order gives way towards the
onset to commensurate order.

The symmetry of the magnetic structure was determined in
the paraelectric phase HTI at T = 7 K and in the ferroelectric
LTI phase at T = 5 K. In the HTI phase, the magnetic
structure is amplitude modulated along the a axis with the
magnetic moments on the spine and cross-tie sites along the
a and b axis, respectively. The temperature dependence of the
magnetic Bragg peak intensity in the HTI phase normalized to
the intensity at THL, I (T )/I (THL), is identical for two different
magnetic Bragg peaks. This shows that the magnetic order
in the HTI phase can be parameterized by a single magnetic
order parameter σHTI as shown in figure 6(a). In the LTI
phase, the magnetic structure is a cycloidal spiral modulated
along the a axis and with rotating moments in the ab plane.
Figure 6(a) shows that for TLC < T < THL, the temperature
dependence of the magnetic Bragg peaks intensity, scaled
as [I (T ) − I (THL)]/I (TLC) + I (THL), is identical for two
magnetic Bragg peaks. This shows that the LTI phase can be
described by σHTI and one additional magnetic order parameter
σLTI. Finally, in the commensurate phase below TLC, the
magnetic structure consists of an anti-parallel arrangements of
nearest-neighbor spin sites along the a-axis.

These neutron scattering measurements provide direct
evidence that the ferroelectric polarization in Ni3V2O8 is
induced by long-range magnetic order. Within a mean
field description, the trilinear coupling of electric and
incommensurate magnetic order parameters gives rise to an
electric polarization that is proportional to the product of
the symmetry breaking magnetic order parameters, which is
σHTI · σLTI for Ni3V2O8 [16, 31]. Details of the symmetry
properties of the magnetic order parameters in Ni3V2O8 for
T > 2.3 K can be found in [20]. Figure 6(b) shows that the
temperature dependence of the ferroelectric polarization and
of the product σLTI · σHTI are identical, providing a clear and
unambiguous confirmation that ferroelectricity in Ni3V2O8 is
induced by magnetism through the proposed trilinear coupling
term.

We explored the excitation spectrum of Ni3V2O8 using
inelastic neutron spectroscopy on a powder sample. The
ideal two-dimensional Kagome lattice is an example of a
heavily frustrated material with a low energy manifold of
states. To lowest order in spin wave theory, the excitation
spectrum contains zero-energy modes [32]. The inequivalence
of nearest-neighbor interactions, next nearest exchange paths
and spin anisotropy is likely to break the degeneracy of the
ground state, favoring some over others, lifting degeneracies
and shifting putative zero-energy modes to finite energies.
They also leads to the succession of the long-range ordered
magnetic structures observed for Ni3V2O8, each with their
distinct excitation spectra.

We determined the powder averaged imaginary compo-
nent of the dynamic magnetic susceptibility, χ ′′(Q, ω) mul-
tiplied by the form factor square of Ni2+ from time-of-flight
measurements performed using the DCS spectrometer at NIST.

We determined the dynamic structure factor S(Q, ω) on an
absolute scale, and used the following equation to determine
χ ′′(Q, ω) on an absolute scale:

S(Q, ω) = 1

1 − exp(−βh̄ω)

χ ′′(Q, ω)

π(gμB)2
. (1)

The results for χ ′′(Q, ω) are shown in figure 7 for two energy
windows and two temperatures. At T = 30 K, the magnetic
susceptibility does not contain any sharp features. The maxima
in intensity at around Q = 0.4 and 1.6 Å

−1
indicate short-

range spin correlations. The dynamic magnetic susceptibility
extends to about 4.5 meV. Because a powder inelastic
measurements integrates over all magnetic excitations, this
upper energy cutoff suggests that the most energetic magnetic
excitations are at around 4.5 meV—an energy scale that is not
too far from the Curie–Weiss temperature.

The dynamic magnetic susceptibility changes qualitatively
upon cooling to T = 1.5 K, where χ ′′(Q, ω) features several
well-defined modes. This is remarkable, as it is usually not
possible to discern such clear magnetic features in a powder
averaged neutron spectrum. The data indicate that there exist
very weakly dispersive excitations in Ni3V2O8. The weak
dispersion of the modes suggest that they are associated with
local excitations, and that they are possibly related to the zero-
energy excitations of the Heisenberg Kagome model. Previous
inelastic neutron measurements using a single crystal along the
[h, 3, 0] reciprocal direction are consistent with our results,
identifying at least two magnetic excitation branches below
4.5 meV: a low energy branch with a strong spectral weight
around 1 meV and a higher energy branch with a much weaker
spectral weight around 3.5 meV [33]. More single crystal
inelastic measurements are however needed to obtain an in-
depth understanding of exchange interactions and of the nature
of the magnetic excitations in Ni3V2O8.

7.3. Muon studies

Muon-spin relaxation studies have also been used to investigate
the local magnetic properties of the ordered phases in a single
crystal sample of Ni3V2O8 [34]. In the magnetically ordered
phases, the muon-spin precession indicates the presence of
internal magnetic fields at muon sites in Ni3V2O8. The authors
find evidence for two distinctly different signals in each of
the magnetically ordered phases, which is consistent with
different local fields associated with the spine and cross-tie
spins. In the LTI phase, having a finite moment on both the
spine and cross-tie spins, the μ+SR signal shows oscillations
at two frequencies. In the HTI phase, having long-range
order on the spine spins but not on the cross-tie spins, the
authors observe an oscillatory component together with a pure
relaxation component [34].

8. Modifications of the Ni3V2O8 phase diagram

There have been a number of studies probing the effects of
perturbations on the ferroelectric and magnetic properties of
Ni3V2O8. One particularly fruitful set of studies have inves-
tigated the effects of hydrostatic pressure [18]. This provides
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Figure 7. Imaginary part of the dynamic magnetic susceptibility, χ ′′(Q, h̄ω), as a function of powder averaged wavevector Q = |Q| and
energy transfer h̄ω, shown for the paramagnetic and commensurate magnetic phase. These data were obtained using the DCS cold-neutron
time-of-flight spectrometer at the NIST Center for Neutron Research. The measurements were performed using neutrons with a wavelength of
2.4 Å ((a) and (b)), and 4.8 Å ((c) and (d)), respectively, and were put an absolute scale using the elastic incoherent scattering. The sample
weight was approximately 10 g and was cooled in a 4He cryostat.

a method of determining how changing the lattice parameters
can promote magnetic structures over others. These measure-
ments found that the multiferroic transition temperature TL is
reduced with applied pressure, with an even larger reduction
in the magnitude of the spontaneous electric polarization. A
hydrostatic pressure of 1.588 GPa decreases TL to approx-
imately 6.2 K, while reducing the polarization to less than
Pb ≈ 5 μC m−2. While applied pressure reduces TL it in-
creases TC, promoting the CAF phase at the expense of the LTI
phase. At hydrostatic pressures above 1.64 GPa, the ferroelec-
tric phase is suppressed completely and Ni3V2O8 undergoes a
direct transition from the HTI phase to the CAF phase [18].
The phase diagram of Ni3V2O8 can be modified by a number
of other approaches, including Co substitution for Ni [35], and
applying an external electric field [36].

9. Conclusion

The detailed materials characterization available for Ni3V2O8

allows specific models for multiferroic transitions to be
tested quantitatively. Several of the different magnetic
phases in Ni3V2O8 display striking evidence for strong

interactions between spin, lattice, and electric degrees of
freedom. These include a significant magnetodielectric
coupling, ferroelectricity, strong magneto-optical response,
thermal conductivity anomalies, and the pressure dependence
of the phase diagram. Despite the large number of studies
investigating the properties of Ni3V2O8, there remain a number
of unanswered questions, including the magnetic structure of
C′ phase, and the possible existence of two or more additional
magnetic phases at high fields. The magnetic interactions
and the nature of the magnetic excitations are also poorly
understood in this system. Because of this array of different
materials properties, Ni3V2O8 is a multi-faceted system for
investigating the development of cooperative phenomena in
complex oxides. Exploration of this remarkably rich material
should help to elucidate the origin of multiferroic behaviors
in oxides and inform the search for technologically relevant
magnetoelectrics.
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