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Ferroelectricity and multiferroic quantum critical behaviors in Co2V2O7
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We present isothermal ferroelectric (FE) and quasiadiabatic phase diagrams for single-crystal Co2V2O7 with
magnetic fields (H ) along the c axis, obtained through magnetization, polarization (P), and magnetocaloric
effect measurements under pulsed magnetic fields up to 30 T. The FE diagram reveals two FE phases, denoted
as FE-I and FE-II, with overlapping boundaries at low temperatures (T ). At 2 K, the P signal along c exhibits
a positive value in FE-I, transitioning to a negative value in FE-II with increasing H . During the descending-
H process, P reverses, with FE-II displaying positive polarization and FE-I displaying negative, indicative of
dynamic ferroelectric behavior. Above 3 K, a paraelectric (PE) phase emerges, effectively separating the two
FE phases. This PE phase correlates with the 1/2 plateau observed in the magnetization curve. Simultaneously,
as T increases, the negative P signals of FE-I and FE-II sequentially reverse to positive, leading to the gradual
diminishment of the signal reversal of P along the c axis due to the history of H sweeping. The magnetic
Grüneisen parameter diverges near the field on both sides of the 1/2 plateau, providing evidence of multiferroic
quantum criticality. Employing symmetry analysis, we propose a chiral “water-strider” type spin configuration to
elucidate the origin of ferroelectricity and the magnetization process. The high-field FE phase may be associated
with the quintuplet excitation of the Co1 dimer in the presence of magnetic fields.
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I. INTRODUCTION

Multiferroic materials, particularly type II ones, are of
great interest in condensed-matter physics due to their po-
tential application of intrinsic cross magnetoelectric effects.
Abundant theoretical and experimental research on the subject
has proliferated over the past decades [1]. A consensus is
that the ferroelectric polarization for the type II originates
from the special spin orderings in compounds. Corresponding
theoretical mechanisms such as symmetric exchange striction
(P ∝ Si · S j) [2,3], inverse Dzyaloshinskii-Moriya interac-
tion or spin current theory [P ∝ ei j × (Si × S j)] [4,5], and
spin dependent d − p hybridization (P ∝ Si × S j ‖ ei j) [6,7]
have been proposed successively. However, there have been
occasional controversies over the applicability of these mech-
anisms in different systems [8–11]. To solve these problems
and achieve a unifying theory that includes multiferroicity, su-
perconductivity, and other exotic phenomena, cross research
between quantum magnetism and multiferroicity has gradu-
ally emerged as a hot topic [12–14]. For instance, the quantum
critical behaviors in doped SrTiO3 are regarded as the origin
of its superconductivity [15], which is closely related to their
dynamic ferroelectricity [16,17]. Particular spin configura-
tions or orders induced improper ferroelectricity, skyrmion
texture and Bose-Einstein condensation phenomena are
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summarized to propose advanced concepts such as ferro-
electric and multiferroic quantum criticality [18,19], dynamic
multiferroicity [13,20,21], etc.

Recently, a low-dimensional spin system T2V2O7 (T =
Ni, Co) has been discovered [22–24]. This system possesses
multiple metamagnetic phase transitions and abnormal elec-
tric polarization switches, and the field-induced ferroelectric
phases are distributed on both sides of the 1/2 and 3/4
quantum magnetization plateaus, which may be related to
the condensed state of the magneton. The compounds crys-
tallize in a monoclinic structure with the space group of
P21/c. The magnetic ions, Ni2+ or Co2+, form two types of
edge-sharing octahedra that compose bond-alternating skew
chains along the c axis as shown in the inset of Fig. 1(a).
High-field magnetization up to 120 T reveals an underlying
“dimer+monomer” spin configuration and possible super-
solid phases in Ni2V2O7 [25]. What is even more intriguing
are the successive field-induced polarization reversals and flop
behaviors, along with its anisotropic quantum magnetization
plateau in Co2V2O7 [26]. In particular, a 1/2 magnetization
plateau is observed after a spin-flop phase transition within
5.4–11.6 T, followed by a 3/4-like plateau at 15.7 T, when the
field is applied along the b axis. For both a and c axes, only
two anomalies in M(H ) are observed, signaling the existence
of a 1/2-like magnetization plateau, as illustrated in Fig. 1(a).
Those complex anisotropic magnetic and multiferroic phases
inevitably contain rich physics, making the system a typical
candidate for studying dynamic multiferroicity with quantum
criticality.
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FIG. 1. (a) High-field M(H ) curves for three crystalline axes
measured at 1.7 K reported in Ref. [33]. The inset is the crystal
structure of Co2V2O7 viewed along the a axis. The red and blue
spheres denote the Co1 and Co2 atoms, respectively. (b) Magnetic
susceptibility for H ‖ c under different field strengths up to 15 T.

Motivated by these considerations, the reinvestigation of
Co2V2O7 is carried out in this work. It is worth noting that
the previous studies mainly focused on the b axis. Signif-
icant magnetization plateaus and ferroelectric (FE) phases
have been observed along the b axis. However, we recognized
untapped potential in examining P reversals induced by as-
cending and descending magnetic fields along the c axis. This
exploration promises insights into dynamic multiferroicity
and opens up a spectrum of possibilities. To unravel the un-
derlying physics, we have employed high-field magnetization,
electric polarization, and magnetocaloric effect measurement
techniques mainly for the c axis, and constructed the magne-
toelectric phase diagrams under isothermal and quasiadiabatic
environments. Clearly defined multiferroic quantum critical
phase boundaries and critical points have been experimen-
tally observed. The P along the c axis exhibits reversible
positive-to-negative or negative-to-positive phenomena at the
finite low temperature in different field-sweep histories,
demonstrating dynamic multiferroic behavior, which can be
modulated by parameters such as T , H , or the sweeping
direction of H .

II. EXPERIMENTAL DETAILS

Single crystals of Co2V2O7 were grown by a flux method.
Details of crystal growth and characterization can be found
elsewhere [27,28]. Magnetic susceptibility (χ = M/H) was
measured during warming in different magnetic fields within
a physical property measurement system (PPMS). High-field
experiments involving magnetization, polarization, and mag-
netocaloric effects were performed at the Wuhan National
High Magnetic Field Center (WHMFC), utilizing pulsed
high magnetic fields up to 30 T. The pulsed magnetic fields
were generated by using a 10.5 ms short-pulse magnet
and the high-field M(H ) was detected by a standard in-
ductive method using a well-compensated pickup coil. The
pulsed high-field polarization was achieved by integrating
the magnetoelectric current dP/dt over time, which was
detected by observing the voltage change across a series-
connected shunt resistor (10 K�) in the measurement circuit
[29–31]. In the P measurements, we applied and main-
tained a bias electric field of E = 650 kV/m to achieve

complete polarization of the ferroelectric (FE) domains
induced by the magnetic field. The change in electric polariza-
tion �P(H ) = P(H ) − P(H = 0) is obtained by numerically
integrating dP/dt . For the magnetocaloric effect experiments,
a chip thermistor made of RuO2 was employed to deter-
mine changes in temperature for the sample by measuring
the resistance using standard ac lock-in techniques. Further
details on the MCE measurement methodology can be found
in Ref. [32].

III. RESULTS AND DISCUSSIONS

A. High-field magnetization and polarization

Figure 1(a) shows the M(H ) curves of a single crystal
Co2V2O7 under pulsed high magnetic field. Before saturation,
the a and c axes exhibit similar magnetization anomalies,
which are distinct from the behavior observed for the b axis.
In the latter case, full spin polarization is achieved after
undergoing several processes including spin-flop transition
(Hb

SF), half (Hb
P1, Hb

P2), and 3/4 (Hb
F ) magnetization plateaus

[26,33]. When H < Hb
P1, the M(H ) of H ‖ c and H ‖ a do not

exhibit significant phase transition anomalies. For H ‖ c, the
inflection point of the M(H ) curve, which is a potential phase
transition signal, is close to Hb

P1, corresponding to the starting
point of the 1/2 plateau for the b axis. Above Hb

P1, the M even-
tually saturates, with the slope of the M(H ) curve gradually
increasing as the field increases, implying complex and possi-
bly competitive interactions for H ‖ c. Figure 1(b) shows the
χ (T ) curves of H ‖ c. At 0.1 T, the χ shows an increase dur-
ing cooling, gradually forming an antiferromagnetic anomaly.
As the H is increased, this anomaly shifts towards lower
temperatures below 8 T, which is in line with expectations
for ordinary antiferromagnets. However, with further increase
in H , a broad antiferromagnetic peak emerges, exhibiting a
tendency towards higher temperatures within a limited range
of H (10 T to 15 T), as evident from the χ (T ) curves. Ad-
ditionally, the χ values appear to approach a stable value at
low temperatures in these fields. The anomalous evolution
of the antiferromagnetic peaks suggests that the compound
may adopt a distinct magnetic ordering state under low-T
conditions and within a restricted range of magnetic field
intensities.

Figure 2 shows the results of high-field magnetization and
the change in polarization, �P(H ), measured at temperatures
near 2 K and 4.2 K. The M(H ) curves in Fig. 2(a) are
adjusted by subtracting the Van Vleck effect as described
in Ref. [33]. It can be observed that the M(H ) curve of
4.2 K exhibits a linear region with a small slope in the mid-
dle magnetic field ranges while H increases. Two obvious
inflection points, defined as Hc

P1 and Hc
P2, can be observed

through its differential curve as shown in the lower right area
of Fig. 2(a). By analyzing the linear region of the epitaxial
curve as shown by the black dashed lines, we find that the
saturation magnetization of 4.2 K is ∼1.5 µB/Co2+ and the
middle linear region is ∼0.8 µB/Co2+. The ratio of the two
values is close to a half, indicating that a 1/2 magnetization
plateau occurs in the field region between Hc

P1 and Hc
P2. How-

ever, this phenomenon cannot be observed in both M(H ) and
its differential curve dM/dH at 1.7 K. These observations
imply the relatively intricate nature of the magnetic
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FIG. 2. (a) High-field magnetization processes of Co2V2O7 mea-
sured at 1.7 K and 4.2 K for H ‖ c. The insets in the lower right area
are the corresponding dM/dH curves. The symbols represent the
different phase transition critical fields marked as Hc

P ( �), Hc
P1( �),

Hc
P2( �), and Hc

F (∗), respectively. (b) The H dependence of electric
polarization along the a axis, �Pa, for H ‖ c at 2 K and 4.2 K.
(c) The H dependence of electric polarization along the c axis, �Pc,
for H ‖ c at 2 K, 3 K, and 4.5 K. The solid (dashed) curve denotes
the field-ascending (descending) sweep, also as seen by the solid
(dashed) arrow.

interactions within Co2V2O7, which can be modulated by
thermal effects and magnetic fields. The increase of tempera-
ture enhances the thermal fluctuations, which, to some extent,
suppress the strong exchange interaction between spins lead-
ing to a new equilibrium. When subjected to a finite magnetic
field along the c axis, the phenomenon of a 1/2 quantum
plateau occurs.

Figures 2(b) and 2(c) show the polarization P ‖ a and P ‖ c
in the pulsed high magnetic fields. As shown in Fig. 2(b), the
�Pa(H ) curve appears as two broad bulges with the increase
of H ‖ a at 4.2 K, similar to a camel’s bimodal. The bulges
are divided into two regions—the ferroelectric phase-I (FE-I)
and the ferroelectric phase-II (FE-II), by a paraelectric (PE)
phase with the critical fields of Hc

P1 and Hc
P2 marked by the

triangle symbols. As the temperature decreases, Hc
P1 and Hc

P2
gradually approach and converge near Hc

P at 2 K, as shown

by the �Pa(H ) curves, indicating the eventual merging of the
two FE phases. The detailed field profiles of �Pa at vari-
ous temperatures are shown in Fig. S1 of the Supplemental
Material [34]. The disappearance of the PE phase coincides
with the vanishing of the 1/2 magnetization plateau during
cooling, suggesting that electric polarization is suppressed
by the commensurate quantum ordering plateau. In addition,
�Pa(H ) reveals that �Pa exhibits good overlap in the high-
field FE-II phase during both ascending and descending field
sweeps, whereas the behavior differs in the low-field FE-I
phase. At 2 K and H < Hc

P , the curve at the asterisk posi-
tion displays a concave shape during an H-ascending sweep,
whereas it exhibits bulging at the same location during de-
scent. Initially, the absence of overlap in �Pa of FE-I may
be attributed to the presence of residual electrical domains
within the sample during measurements, resulting in incom-
plete polarization during the ascending field process. This
scenario shows similarities to domain wall pinning or depin-
ning processes observed in distinct histories of sweeping H
such as in Ni3V2O8 [35] and CuFeO2 [36]. However, this
behavior persistently manifests itself across successive and
multiple polarization measurements, indicating its intrinsic
physical nature.

Figure 2(c) illustrates the polarization along the c axis for
H ‖ c, �Pc(H ), at temperatures of 2 K, 3 K, and 4.5 K.
For the detailed �Pc(H ) curves at different temperatures,
please consult Fig. S2 of the Supplemental Material [34]. The
�Pc(H ) curves reveal two FE phases above 3 K, with a PE
phase between them, as shown in Fig. 2(c). As the temperature
decreases, gradual convergence and merging of the two FE
phases are observed, reminiscent of �Pa. Notably, distinctive
reversal phenomena are observed in the polarization signals
of FE-I and FE-II in �Pc(H ). Particularly noteworthy is the
complete reversal of polarization behavior at 2 K exhibited
by the �Pc(H ) curves for H ‖ P ‖ c in both ascending and
descending H sweeps. The following summarizes some de-
tailed features. (1) There is only one FE phase, FE-I, at 5 K.
When the temperature drops to 4.5 K, both signals of �Pc

in FE-I and FE-II phases exhibit positive values. Additionally,
the �Pc in the descending field surpasses that in the ascending
field, implying the existence of hysteresis in the polarization
during the descending- and ascending-H processes. (2) When
the temperature is lowered to 3 K, the signal of �Pc in the
FE-I phase demonstrates a positive value, whereas the sig-
nal in the FE-II phase exhibits a negative value during the
process of magnetic field ascent. This behavior suggests that
an H induces a reversal of P. However, during the descent
of H , the signal in the FE-II phase becomes positive, while
the �Pc in FE-I remains unchanged, signifying that another
type of polarization reversal occurs when subjected to dif-
ferent scanning directions in the ascending and descending
fields. (3) For further temperature reduction to 2 K, during
the field increase process, the signal of �Pc in the FE-I phase
is positive, but the signal in the FE-II phase becomes nega-
tive. During the field descent, the signal in the FE-II phase
becomes positive first, followed by the signal in the FE-I
phase becoming negative. These observations confirm that the
system exhibits both field-induced P reversal from FE-I to
FE-II and P reversal due to the sweep history of H , i.e., H
ascending and descending. In addition, cooling can also cause
P reversal phenomenon in the system [22]. This is an instance
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FIG. 3. H -T phase diagrams of (a) P‖a and (b) P‖c for H‖c
mapped by plotting the strength of polarization using �P(H ) curves
for H ascending at different temperatures. The symbols denote
the phase-transition points extracted from magnetization and spe-
cific heat Cp(T ) curves. Dashed lines are provided as guides for
the eye.

of such a phenomenon occurring concurrently within the same
sample.

To facilitate further research, we have established FE map-
ping H-T phase diagrams for P ‖ a and P ‖ c using detailed
polarization data obtained during ascending field sweeps
along the c axis. These diagrams are depicted in Fig. 3. At
low temperatures (T < 3 K), it is apparent that the FE-I and
FE-II phases of H ‖ c exhibit a partial overlap, while the PE
phase, formed by the 1/2 plateau state at relatively higher
temperatures, serves as a separator between them. With the
temperature increasing, the high-field FE-II phase ceases to
exist at approximately 5 K, whereas the low-field FE-I phase
gradually diminishes above 6.5 K. The polarization reversal
between FE-I and FE-II, as well as the T -dependent polariza-
tion inversion behavior in FE-II, are also clearly depicted in
Fig. 3(b).

To gain insight into the intricate quantum magnetism
and polarization reversal phenomena in Co2V2O7, our study

considered the zero-field magnetic structure [37] and took into
account considerations of symmetry and spin-orbit coupling
effects to predict the spin configuration of each phase under an
applied magnetic field. Three superexchange interactions can
be obtained based on the different distances between magnetic
atoms, represented by bond length as two next nearest neigh-
bors (J1 = 3.033 Å, J2 = 3.053 Å) and one nearest neighbor
interaction (J3 = 2.97 Å). Previous studies have regarded the
compound system as the magnetic chains along the c di-
rection from a structural perspective [23,37], where adjacent
magnetic chains are linked through the nearest neighbor in-
teraction J3. However, the non-negligible nature of J3 poses
difficulties when analyzing physical problems and conducting
theoretical calculations [23,33]. Recently, Matsuda et al. stud-
ied the magnetization behavior of Ni2V2O7 using a superhigh
magnetic field up to 120 T and proposed a theoretical ex-
planation model involving “dimer+monomer” configuration,
which enhanced our understanding of the material system
[25]. On the basis of this research result, we conducted further
analysis of Co2V2O7. The material has a space group of P21/c
and its symmetry principal axis is the b axis. Considering the
two atoms Co1 close to each other as dimers, the magnetic
structural units in this compound comprise one dimeric body
connected to four neighboring monomer Co2 atoms, resem-
bling a water strider. This configuration is depicted within
the blue or dashed boxes in Figs. 1(a) and 4(a). Along the b
direction, two water stride units with different orientations are
connected alternately by their left and right legs, giving rise
to a chiral structure along the b axis, as depicted in Fig. 4(a).
According to the figures, the smallest translational symmetric
unit consists of adjacent water strider, i.e. the red and blue
boxes in Fig. 1(a), together containing eight atoms. Of these
atoms, five are internal, while the remaining six between adja-
cent units are statistically treated as contributing 1/2. Thus an
eight-spin system, with chiral-symmetric water striders units,
is constructed for explaining the magnetization and electric
polarization behavior of Co2V2O7 combined with the spin
current theory.

Figure 4(a) illustrates spatial arrangement of units in
a water-strider configuration, where two skew chains are
formed and distributed on both sides of the b axis. These
chains can be classified as chiral left (Learus) and chiral right
(Dexter), labeled with light red and light blue backgrounds,
respectively. By deriving the spin-connected wave vectors ei j

from both chains and subsequently applying a translational
symmetry operation, perfectly symmetrical left and right parts
can be generated along the b mirror surface as shown in the
bottom of Fig. 4(a). The application of a magnetic field to this
chiral symmetric mode offers a more precise elucidation of
the processes of magnetization and polarization in Co2V2O7.
Figures 4(b)–4(f) present the proposed spin evolution in
different states. The analysis of powder neutron diffraction
reveals that the primary antiferromagnetic spins in Co2V2O7

are predominantly arranged on the (bc) plane under zero-
field conditions [37]. When an applied magnetic field H ‖
b is present, the material exhibits three FE phases (FEb-I,
FEb-II, FEb-III) and one PE phase (1/2 plateau) [26,33].
As the magnetic field increases, only the monomer in the
FEb-I phase experiences spin variations, leading to the dis-
ruption of glide symmetry and the generation of an electric
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FIG. 4. (a) Arrangement of magnetic Co atoms at two sites resembles “water strider” structure, with alternating links in the form of
dimers (red spheres, Co1) and monomers (blue spheres, Co2). The resulting water striders exhibit helical symmetry and form chiral chains by
interconnected feet that helical symmetrically along the b direction. The bottom is a simplified representation of the chiral symmetric chains, in
which the spin propagation vectors of the left-hand (L) and right-hand (D) chains are derived and translated along the b axis. (b)–(g) The spin
configurations proposed in different states. (b) H ‖ b, �P ‖ b in FEb-I state; (c) H ‖ b, 1/2 magnetization plateau phase; (d) H ‖ b, �P ‖ b in
FEb-II state; (e) H ‖ b, �P ‖ (ac) in FEb-III state; (f) H ‖ c, �P ‖ (ac) in FE-I state; (g) H ‖ c, �P ‖ (ac) in FE-II state

polarization along the b direction. In the 1/2 plateau phase,
four effective monomer spins become fully polarized, result-
ing in a PE quantum magnetization state with a configuration
of spins (↑↓↑↓↑↑↑↑). Subsequently, the dimers in the FEb-II
phase begin to break under the influence of a higher magnetic
field, exhibiting an electric polarization direction similar to the
observed FEb-I phase. As the spins progressively align with
the direction of H , a twofold helical symmetry is disrupted,
leading to the FEb-III phase with an electric polarization in
the (ac) plane. This water-strider spin image can provide
a qualitative explanation for the magnetization and electric
polarization reversal observed for H ‖ c.

In Co2V2O7, the magnetization exhibits a plateau state at
4.2 K, but not at 1.7 K. We propose that the difference in
this behavior is due to variations in the interactions between
the dimer and monomer (J1 and J2), as well as within the
dimer (J3), which changes with temperature. At 1.7 K, the
correlations of these three interactions are relatively strong.
When the magnetic field completely aligns the monomers,
it is strong enough to cause a break in the bonds within
the dimers, resulting in only a bend in the middle mag-
netic field region (∼8 T) of the magnetization curve. As
the T increases, thermal fluctuations enhance, leading to a
relatively stronger J3 interaction and Co1 dimerization. Con-
sequently, applying an external H can drive the system into a

quantum state similar to the observed 1/2 magnetization
plateau at low temperatures for H ‖ b. This behavior rep-
resents a quantum critical phenomenon, with the vanishing
point of the plateau corresponding to the multiferroic quantum
critical point. Throughout the magnetization process, only
chiral vector [(Si × S j ) ‖ a] produces a nonzero polarization
in the system. The positive and negative polarizations along
the b axis cancel out each other due to the mirror symmetrical
eL

i j and eD
i j as shown in Figs. 4(f) and 4(g). As a result, the

macroscopic polarization appears in the (ac) plane for the two
FE phases with H ‖ c. The unique water-strider structure can
be attributed to the polarization reversal behavior of H ‖ P ‖ c
at low T . The direction of P is determined by vector (Si × S j )
and the chirality (left-hand or right-hand) of the spin chain.
It is worth noting that changes in the P signal can occur
during different sweep-field histories, depending on whether
the chains are arranged as eL

i j or eD
i j . From this special water-

strider model, we speculate that, when H is applied along a
specific chiral chain in Co2V2O7, a wider 1/2 magnetization
plateau and more intense FE phases occur. The appearance
of an angle-dependent electric polarization signal from b to c
direction at a 30◦ angle provides important evidence [26], with
a strong value of P ‖ b in the low-field FE phase and P ‖ c in
the high-field FE-II phase. Furthermore, the physical phenom-
ena observed in Co2V2O7 indicate that multiferroic quantum
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FIG. 5. (a) Magnetocaloric effect in Co2V2O7 measured at var-
ious initial temperatures in pulsed magnetic fields (H ‖ c). The red
symbol denotes the multiferroic quantum critical point (QCP). Gray
shadow shows the half magnetization plateau evolved from QCP.
The light yellow and light blue backgrounds represent FE and PE
phases, respectively. The dashed arrows are the evolution of phase
transition points provided as guides for the eye and separate the
half plateau in magnetization, FE-II, and PM phases. (b) Magnetic
Grüneisen parameter obtained from the MCE curves. The color of
curves corresponds to that in (a).

critical points can be achieved by manipulating temperature,
angle, and magnetic field.

B. High-field magnetocaloric effects

Figure 5(a) shows the results of magnetocaloric effect
measurements at different initial temperatures under pulsed
magnetic fields. Note that MCE measurements are performed
under quasiadiabatic conditions during fast changing field
pulses, which enables the detection of magnetic entropy
changes occurring within the sample, unlike magnetiza-
tion and electric polarization measurements conducted under
isothermal conditions. In the provided figure, it can be ob-
served that, at an initial temperature of 3.5 K, the T (H )
exhibits intriguing behavior as the magnetic field increases.
Initially, a significant downward trend is observed, indicating
a negative magnetocaloric effect. However, after a certain
point, the T of the sample gradually increases, reaching its
maximum value at around 8 T. Subsequently, the T decreases
again, forming a minimum point near the saturation field Hc

S ,
followed by a rapid rise. During this process, there are two
instances where the T drops, indicating a magnetic entropy
reduction process and realignment of the two magnetic orders:
the monomer of Co2 and the dimer of Co1. As the initial

T increases, the inflection points of T (H ) curves display an
arched feature in the middle magnetic field region, which
corresponds to the PE state of the half plateau in M(H ).
The T (H ) curves can be divided into four regions: FE-I, half
plateau, FE-II, and the saturated ferromagnetic state, as indi-
cated by the red curve in Fig. 5(a). Observable dips in T (H )
are present at Hc

P1, Hc
P2, and Hc

S , resembling MCE phenomena
observed in various quantum critical phenomena [38–40]. The
phenomenon occurring between Hc

P2 and Hc
S exhibits simi-

larities with Bose-Einstein condensation (BEC) in quantum
magnets [41,42]. The plateau resembles a triplet state with
Sz = 1, while the saturated state is analogous to a quintuplet
state with Sz = 2, consistent with the experiments’ findings
in Ba3Mn2O8 [43,44]. The intermediate state, considered as
a field induced BEC region, generates a significant amount
of S±, inducing electric polarization and increasing the mag-
netic entropy in FE-II. Similar ferroelectric phenomena are
reported in Ref. [45]. Consequently, the vanishing point of
the 1/2 plateau phase during cooling can be identified as a
multiferroic QCP.

The divergence of the magnetic Grüneisen parameter, ΓH ,
at a QCP is a highly sensitive tool for investigating quantum
phase transitions [46]. ΓH exhibits a different sign on each
side of the QCP, allowing for the mapping of the entropy
landscape in the vicinity of the critical point. In Fig. 5(b), we
present the plot of ΓH (H ) based on the selected MCE data,
utilizing the equation as follows [47]:

�H (H ) = − (∂M/∂T )H

CH
= 1

T

∂T

∂H

∣
∣
∣
∣
s

.

For an initial T of 4.2 K, the ΓH (H ) curve (black line) exhibits
three distinct signal changes near Hc

P1, Hc
P2, and Hc

S . However,
only one significant change is observed near Hc

S for 3.5 K.
The values of the prefactor Gr at each boundary field Hc

P1,
Hc

P2, and Hc
S are seen to be divergent, supporting the proposed

“monomer+dimer” model in Co2V2O7 and providing experi-
mental evidence for quantum boundaries, as predicted by the
formula �H = −Gr (H − Hc)−1 [47].

IV. CONCLUSIONS

In conclusion, we have successfully constructed the
c-axis H-T phase diagrams of Co2V2O7 under isothermal
and quasiadiabatic conditions by utilizing pulse field
magnetization, electric polarization, and magnetocaloric
effect measurements. Our investigations reveal two FE phases,
denoted as FE-I and FE-II, manifesting above 3 K. The two
phases are separated by a 1/2 magnetization plateau, referred
to as the PE phase and induced by heating. Additionally,
with rising temperature, we observe a progressive vanishing
of FE-II and FE-I. At temperatures T < 3 K, the two FE
phases in P ‖ a and P ‖ c gradually converge. The signal
of P ‖ c undergoes a noteworthy reversal from positive to
negative during the transition from FE-I to FE-II phase,
driven by an increasing magnetic field. Furthermore, at low
temperatures, specifically at 2 K, FE-II and FE-I exhibit
polarizations of opposite directions in a descending-sweep
magnetic field, underscoring the remarkable presence of
dynamic ferroelectricity in Co2V2O7. The magnetic
Grüneisen parameter exhibits divergence at Hc

P1, Hc
P2, and

224405-6
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Hc
S , suggesting the existence of a quantum critical region

at the phase transitions where the half plateau appears and
disappears, as well as near the critical field of saturation.
This behavior characterizes the boundaries of multiferroic
quantum criticality. Through symmetry analysis, we propose
a chiral symmetric water-strider type spin configuration,
elucidating the origin of dynamic ferroelectricity and the
reversal of the P signal during the magnetization process. The
electric polarization observed in the FE-II phase may arise
from the breaking of bonds in H-driven dimers, analogous to
the quintuplet excitation.
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