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The magnetic structure of Hg0.7Na0.3Mn3Mn4O12, a quadruple manganite perovskite that exhibits a unique
G-type charge- and orbital-ordered state distinct to other A2+Mn3Mn4O12 equivalents (A = Ca, Sr, Cd, Pb), has
been solved using powder neutron diffraction and symmetry-motivated analysis. A G-type-like antiferromagnetic
(AFM) ordering of Mn on the A′ sites and a “up-up–down-down” AFM moment configuration of Mn spins on the
B sites is found to occur. The mechanism for the onset and stabilization of B-site up-up–down-down AFM order
is explored in terms of coupling between structural and magnetic distortions. The results presented here provide
evidence of the exotic charge, orbital, electronic, and magnetic orderings that quadruple manganite perovskites
demonstrate, and further highlighting the distinct chemistry that Hg2+ plays in stabilizing novel states compared
to other divalent A-site cation equivalents.
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I. INTRODUCTION

The emergence of intricate couplings between structural,
electronic, and magnetic degrees of freedom is ubiquitously
observed in the AMnO3 manganite perovskites (A = A-site
cation), notably resulting in the formation of functionally im-
portant properties such as colossal magnetoresistance (CMR)
[1,2] and magnetoelectric multiferroism [3]. Quadruple man-
ganite perovskites AMn3Mn4O12, of the structural form
AA′

3B4O12, are unique derivatives of the ABO3 perovskites
that have had recent significant research interest due to their
ability to stabilize additional exotic charge, orbital, magnetic,
and electronic orderings compared to their ABO3 counter-
parts [4–10]. These different orders and systems then provide
alternative avenues through which the coupling between dif-
ferent degrees of freedom may occur by in perovskite-related
systems, and hence the ability to design and optimize novel
functional materials.

One particular subset of quadruple manganite per-
ovskites includes those with a divalent A-site cation (A =
Ca, Sr, Cd, Pb, Hg) [4,11,12]. In these, Mn in the square
planar A′ site is generally robust to adopt a +3 valence
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state, and Mn in the octahedral B sites in general adopt a
3:1 +3 : +4 valence state ratio, giving an average Mn B-
site oxidation state, 〈MnB〉, of +3.25. At high temperatures
each of these adopt the Im3̄ space group, fully charge- and
orbital-disordered structure. Upon cooling each undergoes a
phase transition to an R3̄ space group, charge-ordered but
orbital-disordered state referred to as “disordered C-type” [6]
structure. A successive low-temperature structural phase tran-
sition occurs in each. For A = Ca and Sr, an incommensurate
R3̄(00γ )0 orbital density wave (ODW) ground state occurs,
and for A = Cd the ODW is commensurate and a P3̄ space
group forms instead [9]. A = Pb is more complex in com-
parison as an initial incommensurate R3̄(00γ )0 ODW state
forms, followed by a quasicommensurate structural modula-
tion transition, and then a reentrant transition occurs back
to the incommensurate R3̄(00γ )0 ODW state upon cooling
[13]. However, for A = Hg the incommensurate R3̄(00γ )0
state does not form, but instead the polar P2 (with Pnn2
pseudosymmetry) space-group structure forms, exhibiting a
G-type charge-and orbital-ordered state not observed before
in any manganite perovskites known to date [4,6]. Due to
intersite charge transfer, the valence states are best described
as being 1:2 +2:+3 on the A′ site and 1:1 +3:+4 on the B site.
The effect of electronic hole hopping via substitution of the
divalent A-site cation for Na+, notably observed in the solid
solution Ca1−xNaxMn3Mn4O12, also influences the ground-
state charge and orbital order these quadruple perovskites
adopt [5,14]. This is illustrated by the formation of the orbital
order:charge disorder (OO:CD) type state at optimal doping
with x ≈ 0.5, corresponding to 〈MnB〉 ≈ +3.375 [5]. Here,
a monoclinic C2/m space-group structure is adopted, which
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again is distinctly different to the incommensurate R3̄(00γ )0
states that the majority of divalent quadruple manganite per-
ovskites adopt.

The stark differences between the space-group symmetries
and charge and orbital orderings of these systems may also
be demonstrated in the differences of the magnetic structures
they adopt. For quadruple manganite perovskites with A = Ca,
Sr, Cd, and Pb the magnetic structures have been well studied
[9,15]. For A = Ca, Sr, and Pb an initial antiferromagnetic
(AFM) transition occurs which produces an incommensurate
spin density wave where orbital and magnetic modulations
lock together through a commensurate magneto-orbital cou-
pling. At lower temperatures a second AFM transition occurs
which delocks the orbital and magnetic modulations from
each other, resulting in an incommensurate magneto-orbital
coupling. In this state the magnetic moments form a chiral and
polar constant moment helix with a modulated spin helicity.
For A = Cd this same incommensurate magneto-orbital cou-
pling ground state occurs, but the higher-temperature AFM
transition instead forms a commensurate magnetic structure
[9]. The magnetic structures of hole-doped variants of these
quadruple perovskites are also subject to change as well. For
example, hole-doped Ca1−xNaxMn3Mn4O12 for x ≈ 0.5 are
shown to exhibit a unique incommensurate pseudo-CE -type
AFM structure [14], closely related to the commensurate
pseudo-CE -type AFM structures exhibited by Pr1−xCaxMnO3

in the same nominal 〈MnB〉 range [16,17].
With these points in mind, we aim to solve the mag-

netic structure of Hg-based A-site quadruple manganite
perovskites that adopt the G-type charge- and orbital-ordered
ground state. For this study we investigate the composition
Hg0.7Na0.3Mn3Mn4O12 since in our previous work on our
samples of Hg1−xNaxMn3Mn4O12 it is this composition that
contains the lowest amount of a secondary R3̄ phase, contain-
ing minimal phase coexistence, which otherwise precludes an
accurate determination of the magnetic structure attributed to
the G-type charge- and orbital-ordered state. We note that the
light doping of Hg for Na does not appear to substantially
effect the character of the G-type charge and orbital ordering
on the B site, and it is assumed there is a small amount of
charge compensation on the A′ which, as previously stated,
adopts a nominal 1:2 +2:+3 charge ordering in the parent
compound [6].

We find that Hg0.7Na0.3Mn3Mn4O12 exhibits two AFM
transitions at TN ≈ 80 and 60 K due to ordering of the B
and A′ sites, respectively. The resulting magnetic unit cell is
found to be double that of the P2 crystal structure, with a
doubling of the Jahn-Teller (JT) long axis direction in which
G-type orbital order, tetragonal strain with respect to the
Im3̄AA′

3B4O12 aristotype and ferroelectric polar distortions
occur along. By testing different symmetry-allowed magnetic
structure models we find that only a model in P2′

1 symmetry
[in Belov-Neronova-Smirnova (BNS) notation] can satisfac-
torily provide a physically sensible model. This magnetic
structure is found to demonstrate a G-type-like AFM order
of A′-site moments, and an “up-up–down-down” AFM or-
der configuration of B-site moments aligned perpendicular to
A′-site moments. A slight canting of B-site moments is also
found to occur along a concomitant direction with that of the
predisposed BO6 octahedral rotations.

II. EXPERIMENT AND DATA ANALYSIS

Synthesis details of Hg0.7Na0.3Mn3Mn4O12 can be found
in our previous work [6]. The ∼3% Mn2O3 impurity phase
likely originates from a small amount of unreacted starting
material, and further optimization of the preparation proce-
dure is not practical due to the challenges associated with
high-pressure synthesis. Although, as noted below, this does
give rise to a weak inflection in the magnetic susceptibility
data at T ≈ 15 K, it is unlikely to make a substantial con-
tribution to any of the magnetic Bragg peaks observed in the
powder neutron diffraction data.

Magnetic susceptibility data were collected over a tem-
perature range 5 K � T � 300 K under field cooled (FC),
at 1000 Oe, and zero field cooled (ZFC) conditions using
a Quantum Design MPMS3 magnetometer. Time-of-flight
powder neutron diffraction (PND) data were collected on a
combined ∼40 mg sample on the WISH [18] beamline at the
ISIS Neutron and Muon Source (UK). Data were collected
on warming at T = 1.5 K, 10 K � T � 100] K in 10 K incre-
ments, 250 K. Data at T = 1.5, 40, and 100 K were collected
for 3.75 h (140 µA) and all other data were collected for 30
mins (20 µA).

The generation of all symmetry-allowed magnetic struc-
ture models, and all symmetry analysis, was performed using
the software ISODISTORT [19] and INVARIANTS [20] con-
tained within the ISOTROPY suite [21]. For symmetry analysis,
structural and magnetic distortions of each model transform
as irreducible representations (irreps) with respect to an
Im3̄ AA′

3B4O12 quadruple perovskite aristotype with the A site
placed at the origin. Structural models generated throughout
this work use the standard setting of monoclinic space groups
(unique b axis, cell choice 1) compared to the nonstandard
setting (unique c axis, cell choice 2) used for the crystal
structure previously given [6]. Hence, with respect to the P2
structure, in this work the direction of the long Mn-O JT
bond in Mn3+O6 octahedra lies along b rather than c. This
was chosen to prevent additional complications in solving
a magnetic structure using nonstandard settings. All Pawley
and Rietveld refinements of magnetic structure models against
PND data, using the software TOPAS ACADEMIC V7 [22], refine
magnetic moment amplitudes directly as imposed and guided
by the symmetry analysis outlined prior.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

Magnetic susceptibility data in Fig. 1(a) under ZFC and
FC conditions demonstrate the presence of two inflections
corresponding to AFM transitions at temperatures TN,1 ≈ 80 K
and TN,2 ≈ 60 K. We attribute these transitions to a separate
ordering of B and A′ sites of Hg0.7Na0.3Mn3Mn4O12. Mod-
eling powder neutron diffraction in Sec. III B will corroborate
this. It is noted that a third inflection occurs at T ≈ 15 K which
we attribute to α-Mn2O3 impurities, present in our sample of
only ∼3% weight fraction by Rietveld refinement. At higher
temperatures, hysteresis is observed upon cooling and heating
between 220 and 250 K, indicative of, and consistent with,
the first-order phase transition between R3̄ and P2 phases
observed for all Hg1−xNaxMn3Mn4O12 samples studied
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FIG. 1. (a) Magnetic susceptibility (χ ) measurements under ZFC
and FC conditions at 1000 Oe. The inset indicates the presence of
hysteresis consistent with the R3̄ to P2 structural phase transition.
(b) Curie-Weiss fit to χ−1 ZFC data within the paramagnetic temper-
ature range 80 K � T � 240 K.

previously [6]. An inverse Curie-Weiss equation was fit to the
paramagnetic regime in the range 80 K � T � 240 K, shown
in Fig. 1(b). This gives a Curie-Weiss temperature θCW =
−128.1(9) K indicating predominant AFM moment interac-
tions, and a Curie constant C = 1.196(4) emu K mol−1 Oe−1

corresponding to an effective average Mn magnetic moment
μeff = 3.093(15) μB. This value will encompass the range
of Mn oxidation states Mn2+, Mn3+, and Mn4+ as each of
these are present in Hg0.7Na0.3Mn3Mn4O12 across both the
magnetically active A′- and B-site sublattices.

B. Powder neutron diffraction

Pawley refinements were performed against PND data col-
lected at 1.5 K to determine the propagation vector(s) of the
magnetic ground state. These refinements demonstrate that
two magnetic propagation vectors, k1 = (1,1,1) and k2 =
(0,0.5,0), with respect to the Im3̄ quadruple perovskite struc-
ture, are required to index all the magnetic peaks (Fig. 2).
These correspond to km,1 = (0,0,0) and km,2 = (0,0.5,0) with
respect to the monoclinic P2 cell, described in the standard

FIG. 2. Pawley refinements of models against (a) 100 K PND
data and 1.5 K PND data with propagation vectors (b) k1 = (1,1,1)
and (c) k1 = (1,1,1) and k2 (0,0.5,0) with respect to the Im3̄
quadruple perovskite structure. Arrows denote magnetic peaks due
to Hg0.7Na0.3Mn3Mn4O12. The asterisks in (b) and (c) indicate the
presence of a magnetic impurity, attributed to α-Mn2O3. Purple ticks
are peak positions of the Pawley refined structural model.

setting of the monoclinic space group. Models using (0.5,0,0)
and (0,0,0.5) clearly show that not all magnetic peaks are fit
(see Fig. S1 in Supplemental Material [23] and references [6]
therein). Therefore, k2 is found to lie along the direction of
the long JT bond in the Mn3+O6 octahedra, and hence along
the same direction where the G-type orbital order, tetragonal
strain with respect to the Im3̄ AA′

3B4O12 aristotype and fer-
roelectric polarization distortions act. The magnetic peak at
d = 6.7 Å is not fit by any of these models and is considered
to be a magnetic impurity due to α-Mn2O3.

By systematically testing models derived from the P2 nu-
clear structure and adding magnetic distortions with the km,1
= (0,0,0) and km,2 = (0,0.5,0) propagation vectors [21], it is
found that only a model with a P2′

1 magnetic space group,
defined in a unit cell obtained through the transformation
matrix {(1,0,0),(0,2,0),(0,0,1)} and origin (0,0,0), is able to
give a good fit of the data with physical values of the ordered
moments on the Mn sites. Figure 3 gives the Rietveld refine-
ment of the P2′

1 magnetic structure model against PND data
at 1.5 K. The resulting magnetic moment values for each site
and direction are given in Table I.

For this magnetic structure model, magnetic peaks due
to A′-site ordering are fit well by refining a single magnetic
moment where magnitudes along a and c are fixed to be
equal to each other, as given in Table I. Models that allow for
different moment magnitudes along a and c produce values
that are within error of each other (i.e., within 3σ ) and do
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FIG. 3. Rietveld refinement of the resulting P2′
1 magnetic struc-

ture model of Hg0.7Na0.3Mn3Mn4O12 against PND data at 1.5 K.
Purple ticks are crystal structural and magnetic peak positions of the
fitted model. Pink and blue ticks are crystal structural peak positions
due to small amounts of the higher temperature R3̄ phase (∼3%)
and Mn2O3 (∼3%), respectively. Fitting statistics and goodness of
fit (gof) are given. (b) The resulting magnetic structure model from
refinements in (a). Schematics of the crystal structure, magnetic mo-
ments of the A′ sites, and magnetic moments of the B sites are given
separately for clarity. Red spheres are oxygen, A sites are omitted for
clarity, and magnetic moments are given as blue arrows.

not significantly improve the quality of the fit. The moment
direction configuration was determined from the symmetry
analysis and Rietveld refinements of different models as men-
tioned above, resulting in a G-type-like AFM alignment of
moment directions lying within the a-c plane. By comparison,
quadruple manganite perovskites with trivalent A-site cations
(A = La, Ce, Nd, Sm, Eu, Y) exhibit magnetic structures
where A′-site moments align in the a-c plane in a similar
manner, but the magnetic ordering is ferrimagnetic instead
of G-type-like compared to the model reported here [24,25].
Hence, some similarities may be observed between the A′-site
ordering between these two cases. A mode decomposition of
the final model with respect to the aristotype Im3̄ structure

TABLE I. Magnetic moment direction and total magnitudes of
the Mn A′ and B sites in Hg1−xNaxMn3Mn4O12 at 1.5 K from refine-
ments given in Fig. 3. Estimated standard deviations (1σ ) are given
in parentheses.

Site Moment direction Magnetic moment (μB)

MnA′
a = c 1.857(11)

MnA′
Magnitude 2.626(16)

MnB a = c 0.40(2)
MnB b 2.649(12)
MnB Magnitude 2.71(3)

indicates that the A′ orders only using mH+
4 modes corre-

sponding to the k1 = (1,1,1) propagation vector with order
parameter direction (OPD) (δ1, δ2, 0).

The magnetic peaks due to B-site ordering are fit well
using only two different components, given in Table I: one
describing moment magnitudes along the b axis, and a sec-
ond describing a canting of moments of equal magnitude
along a and c. Here we fixed the moment on the symmetry-
inequivalent B sites to be constant, however, we note that other
options, for example a nonphysical-like zero moment on one
site and double on the other, will fit against the data in the
same way. This is to say that we cannot determine the OPD of
the magnetic distortion from PND data. The moment align-
ment along b produces an up-up–down-down configuration
which is responsible for the doubling of the magnetic unit
cell compared to the P2 crystal structure unit cell. As well
as this up-up–down-down configuration, the second canting
moment is required to fit the data adequately since models
that refine only a single or two different moments along b do
not fit the magnetic peak appearing at d ≈ 6.55 Å (see Fig.
S2 [23]), conclusively indicating that this canting occurs in
Hg0.7Na0.3Mn3Mn4O12. This canting is coincident with the
direction in which the JT long bond of Mn3+O6 octahedra
tilt about (see Fig. 3), giving a possible physical origin of the
canting observed. The mode decomposition indicates for the
B site that the ordering transforms as the irrep m�1 with an
OPD (μ1, μ2; 0, 0; 0, 0). Similar to the E -type AFM order,
this ground-state magnetic moment configuration on the B
site is observed in a number of different perovskite systems
including R3+

2 MnCoO6 (R = Yb, Lu) [26,27], HoMnO3 [28]
and various R3+NiO3 (R �= La) [29–31]. In these systems
it is generally discussed that the E -type AFM order breaks
inversion symmetry and results in potential ferroelectric po-
larization [32]. For the RMnO3 manganites, the crossover
from A-type to E -type magnetic order as the size of the R3+
cation decreases from La3+ to Lu3+ has been attributed to
an increased degree of octahedral rotations, leading to a frus-
tration between 180° AFM and 90° FM superexchange [33].
The octahedral rotation angle in Hg0.7Na0.3Mn3Mn4O12 is on
average 138°, compared to 144° in HoMnO3, suggesting that
this may be a factor here too in stabilizing the up-up–down-
down magnetic structure. Indeed, a spin-induced polarization
may be observed in Hg0.7Na0.3Mn3Mn4O12, similar to that
observed in our previous measurements on HgMn3Mn4O12

which demonstrate switchable pyrocurrent and polarization
signatures at a temperature coincident with the onset of mag-
netic order [4]. We will show later that the coupling of these
magnetic modes to the improper polarization could explain its
stabilization.

Figure 4 illustrates the temperature evolution (see Fig. S3
for raw data [23]) of each magnetic moment component, and
total moment, for both A′ and B sites. The temperature onset
for B-site ordering (�80 K) is shown to occur at a higher
temperature compared to A′-site ordering (�70 K), consis-
tent with magnetic susceptibility data in Fig. 1. The fact that
the two sublattices order at different temperatures with two
different propagation vectors and perpendicular direction of
the spins strongly indicates that the intersublattice interactions
are weak, effectively making the two independent from each
other.
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FIG. 4. Temperature dependence of the magnetic moments for
A′ (upper) and B (lower) sites for the P2′

1 magnetic structure model.
Estimated standard deviations (1σ ) are smaller than the size for each
data point, and so they are not given here.

C. Symmetry consideration on the B-site magnetic ordering

While a G-type magnetic structure on the B site can be
understood in terms of a strong AFM near-neighbor inter-
action, the observed up-up–down-down configuration is less
straightforward to understand given the G-type charge and
orbital ordering present. Indeed, by examining the magnetic
model shown in Fig. 3 one can appreciate that the double
exchange along the b axis should result in a FM alignment
of Mn3+ and Mn4+ moments, mediated by the G-type or-
bital order and tetragonal strain acting along this direction.
However, considering this interaction, it appears that every
other Mn3+ Mn4+ exchange interaction is frustrated in sign
(i.e., it is FM). One could expect that this frustration could be
alleviated through a Peierls distortion where the FM coupled
Mn B-site cations displace towards each other, resulting in
a Zener polaronlike behavior. This kind of Peierls distortion
would then be expected to produce a slight perturbation of

the site-centered rocksalt charge order on the B sites and
promote some bond-centered charge-order character, similar
to previously proposed models of Zener polaron order in some
Pr1−xCaxMnO3 compositions for x < 0.5 [34,35].

In our previous structural characterization of
Hg1−xNaxMn3Mn4O12 our refinements were performed
allowing degrees of freedom related to the site-centered
B-site rocksalt charge order of P2 G-type charge- and
orbital-ordered states to refine freely down to 10 K [6].
The structural distortion that results in this G-type charge
and orbital order transforms as the irrep H−

2 H−
3 with an

OPD (ρ1, ρ2), with respect to the Im3̄ AA′
3B4O12 quadruple

perovskite aristotype. This irrep describes oxygen-based
displacements, and the corresponding modes were refined
in our previous refinements. On the other hand, the Zener
polaronlike Peierls distortions of Mn B sites that occur
along the b axis, and collectively transform as the irreps
H+

1 with OPD (χ ) and H+
2 H+

3 with OPD (φ1, φ2), were
fixed as zero in our original refinements. Here, by revisiting
our synchrotron high-resolution powder x-ray diffraction
(PXRD) data [6] we perform a series of refinements of
models against these data at temperatures T = 10 and 100 K,
capturing temperatures both above and below the onset of
magnetic order. In these refinements, mode amplitudes of
H+

1 and H+
2 H+

3 are systematically increased, but fixed, by
small and equal increments while the mode amplitudes of
all other crystal structure distortion modes are allowed to
freely refine. This refinement procedure then allows the
determination of whether the quality of fits is improved as a
function of H+

1 and H+
2 H+

3 . In other words, whether forcing
additional Peierls-type distortion modes to our structural
models provides a mechanism through which the magnetic
structure forms in Hg0.7Na0.3Mn3Mn4O12. The quality of fits
of these refinements is measured by percentage changes in the
goodness of fit (gof) in systematically tuning the magnitude
of H+

1 and H+
2 H+

3 modes, |Q(H+
1 )| and |Q(H+

2 H+
3 )|, from zero

to nonzero values. The results from this analysis are given in
Fig. 5.

It is observed from these refinements that at tempera-
tures both above and below magnetic ordering there exists
a consistent but small (∼0.4%) minima for the percent-
age difference in gof for nonzero |Q(H+

1 )| and |Q(H+
2 H+

3 )|.
These minima occur for these Zener polaronlike distortion
mode values of ∼0.03 Å, however, this is ∼3 to 6× smaller
than the refined G-type charge- and orbital-order distortion
mode values (Figs. S4 and S5 [23]). This means that while
these Zener polaronlike distortions are allowed by symmetry
in the P2 crystal structure, their small amplitudes suggest
that they arise due to an improper coupling to other dis-
tortion modes active in G-type charge- and orbital-ordered
Hg1−xNaxMn3Mn4O12. Furthermore, since these minima are
observed both above and below magnetic ordering, this sug-
gests that these Zener polaronlike distortions are not induced
by the magnetic order parameter. Nevertheless, it is possible
to derive a free-energy invariant between the H+

2 H+
3 and m�1

modes, A(φ1μ
2
1 − φ1μ

2
2) + B(φ2μ

2
1 − φ2μ

2
2), where A and B

are phenomenological constants, which could explain the sta-
bilization of the up-up–down-down magnetic structure. As
highlighted before, the amplitudes of the H+

2 H+
3 modes are
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FIG. 5. Percentage changes in the goodness of fit (gof) for re-
finements of models against previously collected synchrotron PXRD
data, collected at 10 and 100 K, as a function of tuning Zener
polaronlike Peierls structural distortion modes H+

1 and H+
2 H+

3 . The
bottom figure illustrates schematically the action of both H+

1 and
H+

2 H+
3 on the B sites. Here, purple and green circles illustrate the

rocksalt charge order of Mn3+ and Mn4+ occurring in the crystal
structure. All other sites are omitted for clarity.

very small, meaning that the energy gain from this coupling is
also very small.

Due to this small energy gain offered from the coupling to
the Zener polaronlike distortion we investigated other possible
coupling terms between the magnetic order parameter and
the displacive distortions present in the paramagnetic state.
To summarize, the nuclear P2 structure is obtained from the
parent Im3̄ aristotype by the action of two main primary dis-
tortions transforming as the irreps H+

4 with an OPD (0, 0, σ )
and H−

2 H−
3 with an OPD (ρ1, ρ2). These two primary order

parameters induce the electrical polarization, transforming
as �−

4 with an OPD (0, τ, 0), through the trilinear coupling
A(στρ1) + B(στρ2) where A and B are phenomenological
constants. While a direct coupling between the magnetic order
parameter and any of the H point primary displacive distor-
tions is not allowed by symmetry, it is possible to find a
direct coupling between the m�1 magnetic order parameter

and the induced electrical polarization. This coupling term is
a fifth degree invariant of the form τ (μ3

1μ2 − μ1μ
3
2) and acts

as a lock-in invariant which locks the k2 propagation vector
to the (0,0.5,0) value since this is not a special point of the
Brillouin zone for the Im3̄ space group. A similar effect of
the electrical polarization in selecting the magnetic ground
state has been observed in BiMn7O12 where the proper Bi
polarization selects the up-up–down-down magnetic structure
through the inverse exchange striction mechanism [36]. For
BiMn7O12, the proper Bi polarization with its large amplitude
and the low degree of the coupling invariant will provide a
large stabilization factor, whereas in Hg0.7Na0.3Mn3Mn4O12

the polarization is improper in nature with a higher degree
coupling invariant.

In this section, we showed that two different coupling
mechanisms between the magnetic order parameters and two
secondary nuclear distortions exist by symmetry in the free
energy of the system. Since the nuclear distortion amplitudes
involved in the couplings are small, and due to their im-
proper nature, it is unlikely that these can be considered the
main driving mechanism for the up-up–down-down structure.
Nevertheless, we speculate that these terms could tip the
energy balance in favor of such a structure. Indeed, if we
consider a simple Heisenberg toy model on a one-dimensional
(1D) chain along the cell b axis with a FM near-neighbor
interaction, as expected from the G-type charge and orbital
ordering, and a AFM next-near neighbor we will obtain a
frustrated system. The solution of the Hamiltonian will de-
pend on the J1/J2 ratio and could stabilize an incommensurate
noncollinear phase. In this situation the free energy terms we
described above could push the system to lock the propagation
vector to the (0,0.5,0) position and in this way obtain the up-
up–down-down ground state. More theoretical investigations
are needed to either confirm or disprove this speculation, but
these are beyond the scope of this work.

IV. CONCLUSION

We present the ground-state magnetic structure of the
quadruple manganite perovskite Hg0.7Na0.3Mn3Mn4O12, ex-
hibiting the G-type charge- and orbital-ordered state in
comparison to other A2+Mn3Mn4O12 (A = Ca, Sr, Cd, Pb)
systems. The magnetic structure is found to exhibit two
magnetic transition temperatures on decreasing temperature
attributed to ordering of Mn on the B and A′ sites. The A′ sites
demonstrate a G-type-like AFM order constrained within the
a-c plane, and the B sites demonstrate a canted up-up–down-
down AFM order with primary moment alignments along the
b axis. We investigate the mechanisms driving the magnetic
ordering of the B sites from a symmetry perspective high-
lighting two possible coupling mechanisms with improper
nuclear distortions. We speculate that these two terms could
push the system from an incommensurate state, resulting from
the frustration between near and next-near neighbor, to the
commensurate up-up–down-down structure.

The differences in the magnetic structure of
Hg0.7Na0.3Mn3Mn4O12 compared to magnetic structures
reported for other A2+Mn3Mn4O12 systems further highlight
the intriguing and distinct properties of Hg-quadruple-
manganite perovskites in comparison, attributable to the
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unique chemistry of Hg2+ residing on the A site. The results
presented here will be of significant interest to those who
wish to study the complex interplay between exotic charge,
orbital, electronic, and magnetic orders in strongly correlated
systems.

ACKNOWLEDGMENTS

B.R.M.T. thanks the University of Warwick and the EP-
SRC for studentship and funding (Grant No. EP/R513374/1)
and M.S.S. acknowledges the Royal Society for a fellow-
ship (Grants No. UF160265 and No. URFR231012). W.-T.C.
thanks the support from National Science and Technology
Council in Taiwan (Grants No. 111–2112-M-002–044-MY3,

No. 113–2124-M-002–006, and No. 114-2112-M-002-030),
the Featured Research Center Program within the framework
of the Higher Education Sprout Project by the Ministry of
Education in Taiwan (Grant No. 113L9008), and Academia
Sinica (Project No. AS-iMATE-115-14). Experiments at the
ISIS Neutron and Muon Source were supported by beamtime
allocation RB2400051 from the Science and Technology Fa-
cilities Council [37].

DATA AVAILABILITY

The data that support the findings of this article are openly
available [37], embargo periods may apply.

[1] S. Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R.
Ramesh, and L. H. Chen, Thousandfold change in resistivity in
magnetoresistive La-Ca-Mn-O films, Science 264, 413 (1994).

[2] M. Uehara, S. Mori, C. Chen, and S.-W. Cheong, Percola-
tive phase separation underlies colossal magnetoresistance in
mixed-valent manganites, Nature (London) 399, 560 (1999).

[3] T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and Y.
Tokura, Magnetic control of ferroelectric polarization, Nature
(London) 426, 55 (2003).

[4] W.-T. Chen, C.-W. Wang, H.-C. Wu, F.-C. Chou, H.-D. Yang, A.
Simonov, and M. S. Senn, Improper ferroelectric polarization
in a perovskite driven by intersite charge transfer and ordering,
Phys. Rev. B 97, 144102 (2018).

[5] W.-T. Chen, C.-W. Wang, C.-C. Cheng, Y.-C. Chuang, A.
Simonov, N. C. Bristowe, and M. S. Senn, Striping of orbital-
order with charge-disorder in optimally doped manganites, Nat.
Commun. 12, 6319 (2021).

[6] B. R. M. Tragheim, S. Simpson, E.-P. Liu, M. S. Senn, and
W.-T. Chen, Intrinsic electronic phase separation and competi-
tion between G-type, C-type, and CE -type charge and orbital
ordering modes in Hg1−xNaxMn3Mn4O12, Phys. Rev. B 110,
245123 (2024).

[7] N. J. Perks, R. D. Johnson, C. Martin, L. C. Chapon, and
P. G. Radaelli, Magneto-orbital helices as a route to coupling
magnetism and ferroelectricity in multiferroic CaMn7O12, Nat.
Commun. 3, 1277 (2012).

[8] D. D. Khalyavin, R. D. Johnson, F. Orlandi, P. G. Radaelli, P.
Manuel, and A. A. Belik, Emergent helical texture of electric
dipoles, Science 369, 680 (2020).

[9] R. D. Johnson, D. D. Khalyavin, P. Manuel, P. G. Radaelli,
I. S. Glazkova, N. Terada, and A. A. Belik, Magneto-orbital
ordering in the divalent A-site quadruple perovskite mangan-
ites AMn7O12 (A = Sr, Cd, and Pb), Phys. Rev. B 96, 054448
(2017).

[10] D. Lu, J. Yang, J. Zhang, H. Zhao, M. Pi, X. Ye, X. Wang,
Z. Pan, C. Dong, L. He, F. Shen, C.-Y. Kuo, C.-T. Chen, Z.
Hu, P. Yu, Y. Shen, and Y. Long, Giant spin-induced electric
polarization in absence of orbital order in (Bi0.5Ag0.5)Mn7O12,
Phys. Rev. B 109, 174417 (2024).

[11] B. Bochu, J. Chenavas, J. Joubert, and M. Marezio, High
pressure synthesis and crystal structure of a new series of

perovskite-like compounds CMn7O12 (C = Na, Ca, Cd, Sr, La,
Nd), J. Solid State Chem. 11, 88 (1974).

[12] T. Locherer, R. Dinnebier, R. Kremer, M. Greenblatt, and M.
Jansen, Synthesis and properties of a new quadruple perovskite:
A-site ordered PbMn3Mn4O12, J. Solid State Chem. 190, 277
(2012).

[13] R. D. Johnson, D. D. Khalyavin, P. Manuel, and A. A. Belik,
Competing electronic instabilities in the quadruple perovskite
manganite PbMn7O12, Phys. Rev. B 103, 134115 (2021).

[14] R. D. Johnson, F. Mezzadri, P. Manuel, D. D. Khalyavin, E.
Gilioli, and P. G. Radaelli, Evolution of magneto-orbital order
upon B-site electron doping in Na1−xCaxMn7O12 quadruple per-
ovskite manganites, Phys. Rev. Lett. 120, 257202 (2018).

[15] R. D. Johnson, D. D. Khalyavin, P. Manuel, A. Bombardi,
C. Martin, L. C. Chapon, and P. G. Radaelli, Modulated spin
helicity stabilized by incommensurate orbital density waves in
a quadruple perovskite manganite, Phys. Rev. B 93, 180403(R)
(2016).
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