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Metamagnetic transitions and magnetoelectric coupling in acentric and nonpolar Pb2MnO4
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Acentric and nonpolar Pb2MnO4 was predicted to exhibit unique multipiezo induced magnetoelectric (ME)
phenomena. In this paper, we present the results of magnetization as well as dielectric properties as a function
of temperature (T), magnetic field (H), pressure (P), and electric field (E) primarily to address the ME coupling
and identify the underlying mechanism behind this phenomenon. Magnetization and specific-heat measurements
reveal the antiferromagnetic ordering of Mn4+ spins at temperature TN = 17 K. Metamagnetic transitions at three
critical magnetic fields (Hc1, Hc2, and Hc3) are observed for T < TN and H > 3.5 T. Further, the influences of
pressure and magnetic field on Hc1 and Hc2 are investigated. The TN , Hc1, and Hc2 all decrease with increasing
external pressure. The dielectric anomaly observed at TN is influenced by applying a magnetic field of H >

3.5 T. However, the electric field has minimal influence on the metamagnetic transition. The scaling between
dielectric constant and magnetization meaningfully resolves the existence of magnetic-field-induced higher-
order ME coupling in Pb2MnO4 at T < TN and H > 3.5 T.
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I. INTRODUCTION

Magnetoelectric (ME) materials manifest a magnetic (elec-
tric) polarization with the application of an external electric
(magnetic) field and have been anticipated to create multi-
functional devices in the field of spintronics as well as the
data storage industry [1,2]. Their uniqueness comes from the
coupling between the magnetic and electronic degrees of free-
dom, which has also increased fundamental physics research
[3]. Therefore, an in-depth understanding of the mechanism(s)
behind such an exotic phenomenon has considerable implica-
tions, especially from a device perspective.

To date, several materials have proven to possess spin
induced multiferroicity, and many diverse mechanisms have
been proposed to justify the origin of the observed effects
[4–10]. Among them, Dzyaloshinskii-Moriya interaction ac-
counts for the origin of ferroelectricity in spiral magnetic
systems [5]. On the other hand, exchange striction adequately
explains the ferroelectricity in the quasicollinear spin ar-
rangement [11]. Extensive research efforts have led to the
discovery of many novel materials such as skyrmions, oxy-
halides, organic-inorganic compounds, two-dimensional layer
materials, and simple binary oxides [12–17]. ME coupling by
spin-lattice interaction is a widespread mechanism in the field
of multiferroics, where the spin-lattice coupling results in a
higher-order ME, which was investigated by magnetodielec-
tric (MD) measurements [12,18–25]. It is well known that
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several antiferromagnetic (AFM) materials such as MnO,
MnF2, and BaMnF4 display significant change of dielec-
tric constant associated with the AFM magnetic ordering
[12,20,26,27]. Interestingly, the existence of ME coupling has
been established in the simple binary perovskite α−Mn2O3,
where magnetoelastic coupling connects the local lattice dis-
tortions with the magnetic sublattice and drives the ME cou-
pling in this system [14].

The phase diagram of the PbO-MnO-O system has re-
ceived much interest recently due to the lone pair electric
dipole of Pb2+ ions along with the magnetism of Mn4+
ions [28]. Hosting of lone pair ions in the magnetic lattice
is a prerequisite to the ME effect. Pb2MnO4 is believed to
be a promising system because of its crystal structure [29].
Pb2MnO4 belongs to the multipiezo crystal class with the
space group P421c, which provides a unique platform to ex-
plore the unusual ME phenomenon by external perturbations
like magnetic and electric fields and pressures, while the stress
induced multiferroic mechanism has yet to be validated with
the support of experimental results. The magnetic structure is
known to consist of an antiparallel alignment of zigzag chains
of the edge-shared Mn octahedra running along the crystal-
lographic c axis [29]. A long-range three-dimensional (3D)
AFM ordering is established despite its one-dimensional Mn
spin chain [29]. However, to date, no direct evidence of ME
coupling has been reported. In this paper we report promising
evidence of the higher-order ME nature of Pb2MnO4, ob-
served through magnetic and dielectric measurements under
external pressures and magnetic and electric fields.
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FIG. 1. (a) Schematic view of the crystal structure at room temperature in the ab plane. Bridging of Mn ions via (b) Pb(1) and (c) Pb(2)
atoms, respectively. Crystal structure was drawn from the refinement .cif file using the VESTA software.

II. EXPERIMENTAL DETAILS

Polycrystalline Pb2MnO4 was prepared by the conven-
tional solid-state reaction method [29]. Powder x-ray diffrac-
tion (XRD) measurements were done at room temperature
using a Bruker D8 diffractometer equipped with the
monochromator for Cu−Kα radiation. X-ray absorption spec-
troscopy (XAS) measurements were performed at the 20A
beamline of National Synchrotron Radiation Research Center
(NSRRC)-Taiwan. The dc and ac magnetic measurements
utilized a commercially available Quantum Design MPMS-
XL7 magnetometer, over the temperature (T) range of 2 to
300 K. High-pressure measurements were conducted in a
piston-cylinder-type high-pressure apparatus designed for the
MPMS-XL7 magnetometer with Daphne-7373 oil used as a
pressure medium and a tin manometer. Specific-heat measure-
ments were conducted on a physical property measurement
system (PPMS, Quantum Design) and used the 2τ relaxation
method. Both sides of the pellet were coated with conducting
silver epoxy for transport measurements (pyro and dielectric).
Complex dielectric permittivity was measured using an Ag-
ilent 4294A impedance analyzer with a home-made sample
holder integrated to work with the PPMS. Dielectric measure-
ments were conducted for the frequency window from 10 kHz
to 1 MHz with the ac excitation voltage of 1 V. Isothermal
ε′ vs H was measured below and above TN at 1 MHz.
The polarization hysteresis (P-E) loops were obtained using
the commercially available Radiant precision multiferroic II
instrument. Field-dependent pyrocurrent measurements were
acquired using the Keithley 6517B electrometer (shown in
Supplemental Material, Fig. S4 [30]). A pulsed-field magnet
was used for the high-field magnetization at the Megagauss
Laboratory of the Institute for Solid State Physics of the Uni-
versity of Tokyo. Electric-field effects on the magnetization

data were performed with a home-made sample holder inte-
grated to work with the MPMS-XL7 magnetometer. Magne-
tization data were collected by simultaneously applying the
electric field using the Keithley 6517B electrometer.

III. RESULTS AND ANALYSES

A. Structural analysis

Rietveld refinement of the room-temperature XRD data
(shown in Supplemental Material, Fig. S1 [30]) confirms the
tetragonal crystal structure with the P421c space group and
is consistent with previously published literature [29]. The
room-temperature XAS spectrum reveals the Mn4+ oxidation
state (shown in Supplemental Material, Fig. S2 [30]). The

FIG. 2. M/H vs T curves for different applied fields for the
temperature interval of 2 to 60 K.
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FIG. 3. (a) Isothermal M-H curve at 2 K; the inset shows the differential curves of virgin data. (b) Isothermal M-H curves at different
temperatures and note that the hysteresis (denoted as a metamagnetic transition) only occurs at T < TN and H > Hc. (c) High field M-H
curves at different temperatures up to 32 T; for clarity, data were stacked vertically with a shift of 0.2 μB/f.u. (d) dM/dH vs H curves derived
from Fig. 3(c); peaks at Hc1, Hc2, and Hc3 indicate the multiple metamagnetic transitions.

crystal structure was drawn from the Rietveld refinement
pattern using VESTA software. The crystal structure [shown in
Fig. 1(a)] consists of spin chains aligned along the c direction,
formed by edge-sharing MnO6 octahedra. Stereographically
active lone pair Pb2+ ions have two crystallographic positions
Pb(1) and Pb(2) in the lattice and contain two types of
polyhedrons Pb(1)O5 and Pb(2)O4 with the tunnel structure
along the c axis. Chemically inactive lone pair Pb2+ ions are
projected in the tunnels, and Pb(2) is centered around (1/2,
0, z), forming the larger diameter of 4.3 Å, whereas Pb(1)
tunnels center at (1/2,1/2, z) and form the smaller tunnel
with a diameter of 3.7 Å. The Mn4+ (d3; S = 3/2) ions are
magnetically coupled via several intrachain and interchain
magnetic interactions. The edge-shared Mn4+ ions in the
intrachain have the shortest distance of 2.93 Å which favors
the direct exchange interactions for Mn-Mn, whereas Mn4+
octahedral chains in the ab plane are isolated by the lone pair
Pb2+ ions [as shown in Figs. 1(b) and 1(c)] with the Mn-Mn
interchain distance ranging between 6.41 and 6.56 Å. Mn
ions in the ab plane favor the super-superexchange interaction
mediated via the Pb and oxygen ions.

B. Magnetic measurements

Dc magnetization measurements observed a sharp param-
agnetic (PM) to AFM transition at TN = 17 K and the obtained
effective PM moment is consistent with published literature

[29] (shown in Supplemental Material, Fig. S3 [30]). Figure 2
illustrates the temperature-dependent zero field-cooled (ZFC)
magnetization for several different magnetic fields. Magneti-
zation data under 1 T resemble those of 0.1 T magnetic data;

FIG. 4. C vs T curves with applied magnetic fields from 0 to 7
T; the inset shows the �C/T = [C(0)−C(H )]/T vs T curves for the
applied fields from 0 to 7 T.
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FIG. 5. (a) M-T curves measured at H = 0.1 T in ZFC protocol under different applied pressures up to 12.28 kbars. (b) Isothermal M-H
curves at 5 K under different applied pressure up to 12.28 kbars; for clarity data are vertically shifted along the y axis. (c) Variation of Hc1 and
Hc2 with respect to applied pressure; the inset shows the TN vs P curve.

however, above 4 T there is an enhancement of susceptibility.
With increasing field, the magnetization is trending to satu-
rated, as seen for 7 T below TN . All these features suggest the
metamagnetic nature. Field-dependent magnetization (M-H)
curves were performed at 2 K and are displayed in Fig. 3(a),
to clarify the nature of the metamagnetic transition. Low-field
M-H measurements observed a linear variation followed by a
jump at a critical magnetic field for H > 3.5 T. In general, the
jump in the isothermal magnetization indicates a metamag-
netic transition. To gain further insight into the metamagnetic
transitions, we also plotted the dM/dH vs H curves in the
inset of Fig. 3(a). Two peaks are observed in the dM/dH vs
H with one around 3.73 T and another at 4.65 T, which can
be designed as Hc1 and Hc2, respectively. The critical fields
(Hc1 and Hc2) decrease and eventually disappear as T > TN .
The AFM to metamagnetic transition has not been reported
in literature until now. The polycrystalline sample orders as
a 3D AFM, where the only magnetic ion responsible for the
metamagnetic transition is the Mn4+. To further understand
the microscopic mechanism of the metamagnetic transition,
a single crystal is required. Furthermore, the M-H curves
show a pronounced double hysteresis and the width of the

hysteresis decreases with increasing temperature [as seen in
Fig. 3(b)], and this might be attributed to the domain-wall
effect.

The highest achieved magnetization value at 2 K is
0.44 μB/f.u. within our available experimental fields of 7 T;
this is only ∼16% of the total magnetization value of the
Mn4+ ion. The magnetization might continue to grow mono-
tonically with increasing magnetic field, or it might show
additional metamagnetic transitions at higher fields. To fur-
ther clarify this possibility, high-field magnetic measurements
were conducted, as shown in Fig. 3(c). The characteristic
feature at low fields is consistent with that of the low-field su-
perconducting quantum interference device measurements. It
is noted that the dM/dH vs H curve in Fig. 3(d) reveals a weak
and broad transition at 13.5 T indicated as Hc3, which dis-
appears with increasing temperatures. Further studies are re-
quired to understand these complex metamagnetic transitions.

C. Magnetic-field-dependent specific-heat measurements

Specific-heat measurements between 2 and 30 K at zero
field and in applied fields are shown in Fig. 4. A prominent
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λ-shaped anomaly was observed at zero field at TN in the C vs
T plot. This peak in C(T) gives clear evidence of long-range
order. Furthermore, the peak at zero field is sharp, indicating
a high quality of the sample. With the increasing dc magnetic
field, the peak in the C vs T is gradually suppressed and
shifts toward lower temperatures, which is a generic feature
for AFM materials. At temperatures below 12 K (also see
the inset of Fig. 4), the C(T) data of 0 and 7 T are nearly
identical, which indicates that there is no excess entropy under
the application of magnetic field up to H = 7 T. The �C/T
vs T curves for various applied fields shown in the inset of
Fig. 4 exhibit a dip anomaly for T � TN . The dip feature
below TN shows a rapid shift towards lower temperatures
with increasing H, while it increases in temperature as H >

Hc. With a further increase in H, this dip feature begins to
diminish. This nonmonotonic change matches the existence
of metamagnetic transitions as shown in Fig. 3.

D. Effects of external pressure on magnetic properties

As mentioned, Pb2MnO4 belongs to the multipiezo family
with piezoelectric (P421c) and piezomagnetic (P421c′) space
groups [29], which makes Pb2MnO4 an excellent candidate to
investigate the influence of external perturbations on the mag-
netic and magnetoelectric phenomena. The effects of external
pressure on the TN and the metamagnetic transitions have been
illustrated in Figs. 5(a) and 5(b). The TN [∼4.8%; see inset of
Fig. 5(c)] is decreased with increasing pressure. The critical
fields Hc1 and Hc2 to induce metamagnetic transitions are
decreased by ∼21.6 and 25.5% with pressure up to 12.2 kbars.
Unfortunately, the detailed directional dependent piezomag-
netic response cannot be specified by these polycrystalline
measurements.

E. Magnetic-field-dependent dielectric properties

The ε′ vs T curves for the different frequencies (10 kHz to
1 MHz) are illustrated in Fig. 6(a) for the temperature ranges
of 7–300 K. As shown in Fig. 6(a), a frequency dispersion
is observed for ε′ near room temperature. With decreasing
temperature, ε′ decreases drastically till a steplike drop occurs
followed by a plateau; however, with increasing frequency,
there is an observed softening of the steplike transition. The
observed ε′ (∼18) and tanδ (∼10−1, not shown here) values
are low, which excludes the extrinsic parasitic contribution to
the observed dielectric variations. An interesting phenomenon
was observed in Fig. 6(b) at low temperature, where a clear ε′
anomaly is observed at TE = 17 K. This anomaly occurs at
the onset of AFM transition and suggests that the magnetic
interactions might be responsible for the dielectric response.
The frequency independent dielectric anomaly further indi-
cates the intrinsic nature of the dielectric ordering. It is also
interesting to mention that temperature-dependent neutron-
diffraction measurements down to 1.5 K did not observe any
crystal-structural transitions; this then rules out the possibility
of a structure-induced dielectric anomaly at TE [29]. The
nature of the dielectric anomaly at TE can be described by
an Einstein-type lattice dielectric polarizability distribution

FIG. 6. (a) ε′ vs T with different frequencies and (b) in the low-
temperature (7–30-K) region.

function and is given by Refs. [20,21,26,31,32]:

(T ) = (0) + A

[exp(T ∗/T ) − 1]

where A is a constant and T ∗ = hυT /kB represents the
characteristic temperature associated with transverse phonon
mode frequency (υT ). The above equation has a limitation:
it considers only a single transverse optical phonon, and it
is valid for the specific crystallographic axis that depends
on the symmetry of that particular crystal lattice. Despite
this limitation, the equation was fitted to several polycrys-
talline samples [24,33]. In that case, the obtained υT rep-
resents the average phonon frequency weighted over all the
possible phonons. A satisfactory fit of the equation to the
experimental data above TE can be seen in Fig. 7(a) and
the observed lattice dielectric constant deviates near TN . The
obtained fitting parameters lead to the υT of 26.5 cm−1, and
this value is one order of magnitude smaller than the well-
known AFM MnO and MnF2 piezomagnetic systems [20]
and can be attributed to the polycrystalline nature of the
sample. A similar dielectric anomaly is observed in many ME
materials, e.g., RMnO3, Y2Cu2O5, BiMnO3, MnO, MnF2,
BaMnF4, GeCo2O4, TbFe3(BO3)4, binary α − Mn2O3, and
hybrid Cr(II) phosphonate [12–14,18,21,23,24,27,31,32,34],
where the magnetoelastic coupling between the spin and
lattice results in higher-order ME coupling. The effects of
the magnetic field on the TE ε′ vs T curves under different
magnetic fields (0–9 T) are plotted in Fig. 7(b). There is
no change of ε′ vs T data up to 2 T; however, there is a
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FIG. 7. (a) ε′ vs T data for 1-MHz data; the solid line indicates the fit to the Einstein-type distribution; the inset shows the �ε′ vs T data.
(b) ε′ vs T curves for different applied magnetic fields under the frequency of 1 MHz. (c) Isothermal ε′ vs H curve for T = 7.5 K. (d) Isothermal
ε′ vs H curves at different temperatures.

noticeable change at 4 T as seen in ε′ vs T curves, and
the droplike feature of ε′ near TN appears to be moving
towards lower temperatures as the applied field increases.
For the 9-T data, it has almost disappeared and a linear
decrease of ε′ was observed down to the lowest measured
temperature. The features of ε′ vs T curves resemble those
of the magnetization data. To further address this behavior,
isothermal MD data were measured at different temperatures
[Figs. 7(c) and 7(d)]. The ε′ is unresponsive for fields up to
4.3 T, but with the increasing field a rapid upturn denoted
as ε′

c is noticed coupled with finite hysteresis with respect
to the field sweeping directions. Moreover, the ε′

c transition
temperature shifts to lower fields with increasing temperature
and eventually vanishes near TN . It is interesting that the
field at which the dielectric anomaly occurred matches with
the onset of the metamagnetic transitions, which signifies the
existence of a coupling between the magnetic and dielectric
response via a magnetoelastic coupling.

F. Effects of electric field on magnetoelectric properties

The measurements from Fig. 7 indirectly establish the
existence of the MD effect that was mediated by the mag-
netoelastic coupling. However, direct coupling between the
magnetic and electric entities was investigated by studying
the electric-field influence on the metamagnetic transition

and has been illustrated in Fig. 8(a). At first glance, no
influence of the external electric field on the metamagnetic
transition can be observed. However, by plotting �M% =
[(ME−M0)/M0] × 100 as seen in the inset of Fig. 8(a) a clear
drop at the critical field denoted as �Mc can be seen and is
enhanced by increasing the external poling field. This result
indicates that the electric field can undoubtedly influence the
metamagnetic transition in Pb2MnO4. However, no induced
ferroelectricity was observed when an external magnetic field
was applied as shown as P-E loops in Fig. 8(b). Usually,
for piezo systems, external perturbations result in noticeable
effects of the sample’s properties. The deviation between
theoretical predictions and the experimental data might be
accounted for by the powder nature of the samples, as the
directional piezo properties might be averaged out over the
randomness.

IV. DISCUSSIONS

The ME phenomenon of the Pb2MnO4 sample is summa-
rized in Fig. 9(a), where the Hc1, Hc2, Hc3, ε′

c, and �Mc data
points have been selected from Figs. 3, 7, and 8, respectively.
As demonstrated by the ME phase diagram, the dielectric
response appears below TN and is nicely coupled with the
metamagnetic transitions. The simultaneous appearance of the
dielectric transition, as well as the magnetic ordering, reflects
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FIG. 8. (a) M-H curves at 5 K under the electric fields for
0 and 4 kV/cm, respectively; the inset shows the �M% =
[M(E )−M(0)]/M(0) × 100 vs H curves for 2.5 and 4 kV/cm,
respectively. (b) P vs H curves for the applied magnetic field of 0 and
5 T, respectively; the inset shows the M/H vs T curves for different
electric fields.

the coupling between the crystal lattice and magnetism in
this system. From a structural point of view, the asymmetric
coordination of oxygen ions at the Pb(1) and Pb(2) sites due
to stereographically project lone pair electrons creates the
electric dipoles. Kimber and Attfield suggested that the elec-
trical dipoles lie parallel to the ab plane [29]. Within the ab
plane, the antiparallel orientations of the electrical dipoles
cancel each other and result in a net zero electrical dipole
moment. On the other hand, the magnetic structure from
temperature-dependent neutron refinements suggests that the
Mn magnetic moments orient in the ab plane with AFM
interactions along the c direction. The dominant magnetic
interactions happen between the Mn ions within the Mn spin
chain. However, in the ab plane, the magnetic dipoles at
Mn sites are bridged by the super-superexchange interaction
mediated via lone pair Pb2+ ions, which are the source for the

FIG. 9. (a) Magnetoelectric phase diagram of Pb2MnO4 deter-
mined by M vs H, ε′ vs T, and �M% vs H, respectively; the arrow
at 17 K indicates the magnetic (TN ) and dielectric ordering (TE )
temperature. (b) ε′ (in black) and M2 (in red) vs H curve measured
at 7.5 K; the scaling between ε′ with M2 signifies the spin-lattice
coupling.

electric dipole moments. The intimate link between the mag-
netic and electrical dipoles in the ab plane via magnetoelastic
coupling might trigger a weak higher-order ME coupling
in this material. Recently published neutron-diffraction data
support the existence of the magnetoelastic coupling, where
the magnetic exchange interactions below TN are enhanced
with a decrease of the bond length and the bond angle between
the magnetic Mn ions [35]. A similar ME response has also
been observed in the hexagonal RMnO3 systems, where the
AFM interaction in the hexagonal basal planes invokes the
spin-lattice coupling that is reflected in the ME measurements
[18]. Terahertz and infrared spectroscopic studies have further
confirmed the significant coupling of the phonon and magnon
branches that are responsible for the higher-order ME cou-
pling observed in the piezomagnetic YMnO3 system [36].

Although the nonpolar symmetry restricts the multiferroic
mechanism in Pb2MnO4, an occurrence of weak higher-order
ME coupling has been predicted in the multipiezo systems.
From the mean-field approximation, the magnetic exchange
striction in such a system is invoked to yield the εm ∝ spin
pair-correlation function, where εm is the magnetic contri-
bution of dielectric response. Several polar and nonpolar
magnetoelectric systems have already been found to exhibit
this higher-order ME coupling. The magnetoelastic couplings
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in piezomagnetic MF2 (M = Mn, Fe, and Ni) and MnO
systems show the phonon spectrum renormalization near TN

induced by AFM ordering [37]. Further neutron-diffraction
studies reveal the coupling of lattice strains with the square
of the order parameter of the AFM phase transition [22]. The
evidence of higher-order ME effect (�ε ∝ M2) in the present
system shown in Fig. 9(b) implies that the exchange striction
might be the responsible mechanism for the ME properties.
Exchange striction stretches or elongates the bond between
the Mn-O-Pb-O-Mn in the ab plane during the AFM ordering,
which results in a shifting of the phonon frequency and a
change in the dielectric constant near TN . Additional enhance-
ment at metamagnetic transitions is also observed for this ME
coupling, where the external field forces the metamagnetic
transition, which then alters the lattice polarizability of the
Pb2MnO4. Although external pressures and electric fields
both exhibited a noticeable response near the metamagnetic
transition, a clear picture of stress-mediated coupling between
the piezo coefficients deserves further study. Either single-
crystal or thin-film samples are necessary to quantify the
directional dependent multipiezo response.

V. SUMMARY

The critical findings on Pb2MnO4 in this paper are summa-
rized as follows:

(1) The 3D antiferromagnetic ordering transition occurs at
TN ∼ 17 K, and below TN the magnetic-field-induced multiple
metamagnetic transitions appear for H > 3.5 T.

(2) TN decreases with the application of external pressure,
whereas much stronger pressure influence is noticed at both
Hc1 and Hc2.

(3) A dielectric anomaly is observed near TN under H =
0 and is clearly affected by applying magnetic field as H >

3.5 T, indicating the coupling between magnetic-field-induced
metamagnetic transition and MD effect.

(4) The electric field shows a noticeable effect on the
metamagnetic transition.

(5) The scaling of �ε ∝ M2 supports the evidence of
weak higher-order ME coupling in the acentric and nonpolar
Pb2MnO4.
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