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ABSTRACT: An A-site-ordered AA′3B4O12-type quadruple per-
ovskite oxide LaHg3Mn4O12 was prepared by using high-pressure
and high-temperature methods. The compound crystallizes in cubic
Im3̅ symmetry with a lattice parameter a = 7.5949(2) Å. The
introduction of Hg2+ at the A′ site leads to a significant increase in
the Mn−O−Mn bond angle, up to 159.5°. A ferromagnetic phase
transition is found to occur at the Curie temperature: TC ≈ 280 K,
accompanied by a large saturation magnetic moment of 13.0 μB/f.u.
A corresponding anomaly in the electrical resistivity is observed
near TC. First-principles calculations reveal a half-metallic
electronic band structure with a wide minority-spin energy gap of
∼2.0 eV, while the majority-spin states contribute to metallic
electrical transport. The current sample, LaHg3Mn4O12 thus provides the first example of A’-site nonmagnetic quadruple perovskite
oxide with half-metallic behavior. Moreover, compared with other isostructural RCu3Mn4O12 (R = rare earth and Bi) half-metals with
magnetic Cu2+ at the A’ site, LaHg3Mn4O12 exhibits significant enhancement in both the minority-spin energy gap and saturation
magnetization, making it promising for potential spintronic applications.

1. INTRODUCTION
A-site-ordered quadruple perovskite oxides with the chemical
formula AA′3B4O12 show many interesting physical properties,
since both A′ and B sites can accommodate transition metals
with intersite and/or intrasite electronic interactions. For
example, a giant dielectric constant is reported in Ca-
Cu3Ti4O12,

1−3 spin-driven multiferroicity and topological
magnetoelectricity are found to occur in La/Bi/
TbMn3Cr4O12,

4−6 heavy Fermion behavior is observed in
CaCu3Ru4O12,

7,8 and charge transfer and charge disproportio-
nation are observed in RCu3Fe4O12 (R = rare earth and
Bi).9−11 Most AA′3B4O12 perovskites have a cubic Im3̅
symmetry. In this structure, the strong Jahn−Teller magnetic
ions like Cu2+ and Mn3+ usually occupy the A′ site, forming
square-coordination A′O4 units, which connect with the BO6
octahedra by corner-sharing O atoms. The presence of A′-site
magnetic ions with smaller size leads to heavy tilting of BO6
octahedra, so that the typical B−O−B bond angle is reduced to
about 140°.12
RCu3Mn4O12 quadruple perovskite oxides have been widely

studied due to their high ferrimagnetic order temperatures, as
well as their half-metallic electronic properties with completely
spin-polarized carriers in principle.13−16 However, since the A′-
site Cu contributes to the band structure near the Fermi level,

a reduced minority-spin half-metallic energy gap (typically only
about 0.3 eV) emerges.15,17,18 Such a narrow gap is prone to
spin-flip scattering caused by thermal excitation at finite
temperatures, and thereby severely suppresses the spin
polarization rate. In addition, the Cu ions at the A′ site are
antiferromagnetically coupled with the Mn ions at the B site in
RCu3Mn4O12, which greatly decreases the net magnetic
moment.19,20 Therefore, it is highly desirable to enhance the
half-metallic band gap and the total spin moment as well for
possible applications of these Mn-based quadruple perovskite
half-metals.
In perovskite oxides, the ionic size and electronic

configuration of the constituent cations play a crucial role in
determining the magnetic and electrical properties.21,22 If Cu2+
can be replaced by a larger-sized and nonmagnetic cation in
RCu3Mn4O12, the spin interactions and electronic band
structure will be changed significantly. It is thus possible to
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enhance the half-metallic band gap as well as the total spin
moment simultaneously. In this paper, by using a larger-sized
nonmagnetic Hg2+ to replace the magnetic Cu2+ at the A′ site,
a novel A-site ordered quadruple perovskite oxide
LaHg3Mn4O12 was synthesized. Different from the ferrimag-
netic RCu3Mn4O12, LaHg3Mn4O12 shows ferromagnetic (FM)
ordering near room temperature with a considerably enhanced
saturation magnetization up to 13.0 μB/f.u. Moreover, the
minority-spin half-metallic gap substantially increases to 2.0
eV, making LaHg3Mn4O12 a promising half-metal for potential
applications in advanced spintronic devices.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

Highly pure (≥99.9%) La2O3, HgO, Mn2O3 and MnO2 powders were
mixed in a 1:6:1:6 mol ratio and ground thoroughly in an agate
mortar within an argon-filled glovebox. The La2O3 powder was
presintered at 1373 K for 24 h to remove any adsorbed H2O and CO2.
Then the mixture was sealed into a platinum capsule 2 mm in
diameter and 4 mm in height and treated at 15 GPa and 1373 K for
20 min in a Walker-type two-stage high-pressure apparatus. Once the
heating time was finished, the sample was quenched to room
temperature and the pressure was slowly released to ambient pressure
within 15 h. It is worth noting that high-pressure and high-
temperature conditions are necessary to synthesize LaHg3Mn4O12.
Conventional ambient-pressure solid-state reactions failed completely
due to Hg volatilization, while attempts at 9 GPa and high
temperatures still yielded considerable impurity phases. We thus
believe that a pressure well above 10 GPa is essential to prepare high-
quality LaHg3Mn4O12, as reported for the synthesis of other Hg-
included perovskite oxides.23−25 The room-temperature synchrotron
powder X-ray diffraction (SXRD) pattern at a wavelength of 0.420 Å
was collected using a large Debye−Scherrer camera installed at the
BL02B2 beamline of SPring-8. The Rietveld refinement for the SXRD
data was performed using the GSAS program.26 The selected area
electron diffraction (SAED) was performed at room temperature by
using a JEOL ARM200F transmission electron microscope equipped
with double Cs correctors for the condenser and objective lens along
the [001], [110], and [111] zone axes, respectively. The soft X-ray
absorption spectroscopy (XAS) measurements were performed in
total electron yield mode at the TLS11A beamline of the National
Synchrotron Radiation Research Center in Taiwan. The magnetic
susceptibility and magnetization were measured with a super-
conducting quantum interference device (SQUID) magnetometer
(Quantum Design, MPMS 3). The specific heat data and the
resistivity and magnetoresistance measurements, were collected by
using a physical property measurement system (Quantum Design,
PPMS-9T).

The projector augment-wave (PAW) implementation of the Vienna
ab initio simulation package (VASP)27 using the GGA+U method in
the rotationally invariant form,28 was used with Perdew−Burke−
Ernzerhof version of the exchange-correlation functional.29 The cutoff
energy for the plane-wave basis set was 500 eV. For all the
calculations, a 4 × 4 × 4 k-point mesh was chosen. It has previously
been shown that the choice of the U value can affect the ground
magnetic state of the parent compound.30 Therefore, the effective
Hubbard parameter U was taken to be 3.0 and 4.5 eV, and Hund’s
parameter JH was chosen as 1.0 eV.

3. RESULTS AND DISCUSSION
Figure 1a displays the SXRD pattern of LaHg3Mn4O12
measured at room temperature. All diffraction peaks can be
successfully indexed to the cubic Im3̅ (No. 204) space group.
The superlattice reflections (111) and (130) are clearly visible
in the pattern, which are characteristic features of A-site
ordering in quadruple perovskites. Further evidence for the
ordering is provided by the SAED pattern along the [001]

direction [inset of Figure 1a], where pronounced (110) and
(130) diffraction spots are observed. In Im3̅ symmetry, La and
Hg are arranged in a 1:3 order at the specific Wyckoff positions
2a (0, 0, 0) and 6b (0, 0.5, 0.5), respectively. The Mn atoms at
the B-site occupy the 8c (0.25, 0.25, 0.25) Wyckoff site, while
the O atoms are located at the 24g (0, y, z) site. The SXRD
pattern of LaHg3Mn4O12 can be well-fitted based on the

Figure 1. (a) SXRD and refined patterns of LaHg3Mn4O12 at room
temperature with the space group Im3̅. The observed (black dot),
calculated (red line), and difference (blue line) profiles are shown.
The green ticks indicate the nuclear peaks. The peaks pointed out by
the black arrows correspond to the (110) and (130) reflections, which
are signatures of the A-site-ordered quadruple perovskite structure.
The inset shows the SAED pattern along the [100] zone axis. The
diffraction spots highlighted by the blue lines correspond to the (110)
and (130) reflections. (b) ∠Mn−O−Mn as a function of the average
A/A′-site ionic radius < rA/A′> for LaHg3Mn4O12 and RCu3Mn4O12.
(c) Crystal structure of LaHg3Mn4O12. The B-site MnO6 octahedra
and A’-site HgO8 units connect with each other by corner-sharing of
the O atoms.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.6c00539
Inorg. Chem. 2026, 65, 7451−7458

7452

https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00539?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00539?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00539?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c00539?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c00539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Rietveld method using the Im3̅ structural model. The refined
structural parameters are presented in Table 1. The lattice

parameter is 7.5949(2) Å, which is apparently larger than those
of RCu3Mn4O12 (∼7.3 Å).14 Notably, the Mn−O−Mn bond
angle of LaHg3Mn4O12 reaches 159.5°. To the best of our
knowledge, this is the largest B−O−B bond angle among all
reported AA′3B4O12 quadruple perovskites. In comparison,
RCu3Mn4O12 series typically display Mn−O−Mn angles of
about 141°.14 Figure 1b shows the evolution of ∠Mn−O−Mn
as a function of the average A/A′-site ionic radius for
LaHg3Mn4O12 and RCu3Mn4O12. One finds that the large
Hg2+ ions at the A′ site effectively expand the crystal lattice and
reduce the MnO6 octahedral tilting, giving rise to a sharply
enhanced Mn−O−Mn bond angle in LaHg3Mn4O12. Figure 1c
shows the schematic crystal structure of LaHg3Mn4O12.
Different from the 4-fold coordination CuO4 squares observed
in RCu3Mn4O12, the larger-size Hg at the A′ site in
LaHg3Mn4O12 forms an 8-fold coordination unit, as reported
in the isostructural compound PbHg3Ti4O12.

31 The structure
of LaHg3Mn4O12 is thus composed of corner-sharing MnO6
octahedra interconnected with distorted HgO8 square-
prismatic units.
To determine the valence state of Mn ions, we performed

XAS measurements at the Mn-L3 edge, which is highly
sensitive to the valence state and local environment of 3d
elements.32,33 Figure 2 shows the Mn-L3 edge XAS spectrum of
LaHg3Mn4O12, together with HgMnO3 as a Mn4+ reference23

with octahedral coordination, LaMnO3 as a Mn3+ reference34

with octahedral coordination, and BiMn3Cr4O12 as a Mn3+
reference at the A′ site.6 The detailed multiplet spectral feature
of LaHg3Mn4O12 spectrum can be well reproduced by the
superposition of the HgMnO3 spectrum and LaMnO3
spectrum with a 3:1 ratio, suggesting the presence of an
average valence state of Mn3.75+, fulfilling the charge balance
requirement (La3+Hg2+3Mn3.75+4O2−

12) considering La3+ and
Hg2+. In addition, the good consistency of our simulation
indicates that the Mn ions in LaHg3Mn4O12 exclusively occupy
the B-site with an octahedral environment.

Figure 3a presents the temperature-dependent magnetic
susceptibility of LaHg3Mn4O12. With decreasing temperature,
the susceptibility exhibits a sharp increase at a critical
temperature TC ≈ 280 K, suggesting the occurrence of a
paramagnetic to FM phase transition. Above TC, e.g., in 300−
370 K, the inverse susceptibility can be well fitted using the
Curie−Weiss (CW) law with the function 1/χ = (T − θCW)/C
[see the inset of Figure 3a]. The fitting yields the Curie
constant C = 10.82 emu·K·mol−1·Oe−1 and a Weiss temper-
ature of 281 K, which is consistent with the observed TC. The
effective magnetic moment calculated from the Curie constant
is μeff = 9.30 μB/f.u. This value is slightly larger than the
theoretical value of 8.30 μB/f.u. based on the spin-only model
for the average Mn3.75+ in LaHg3Mn4O12. The deviation may
originate from dynamic short-range FM correlations present in
the paramagnetic phase, as observed in La0.7Ca0.3MnO3 and
(Nd1−xGdx)0.55Sr0.45MnO3.

35−37

The field-dependent isothermal magnetization (MH)
depicted in Figure 3b shows linear behavior at 350 K, as
expected from the paramagnetic state. In comparison, the
magnetization curve at 300 K displays an S-shaped feature at
lower fields, implying the presence of some short-range FM
correlations near TC. Below TC, e.g., at 200 and 2 K, canonical
FM hysteresis loops are found to occur, in accordance with the
long-range FM state. The saturation magnetic moment
measured at 2 K is 13 μB/f.u., which is in good agreement
with the spin-only value expected for an average Mn3.75+
valence state. Note that the FM transition can also be
identified by a specific heat measurement. As shown Figure 3c,
a λ-type anomaly is observed around TC in the specific heat
curve, further confirming the formation of FM ordering in
LaHg3Mn4O12.
Figure 4a shows the temperature-dependent resistivity of

LaHg3Mn4O12 measured at zero field and 8 T. As the
temperature decreases, the zero-field resistivity slightly
increases, and a dome-like feature forms around TC. Further
cooling leads to a decrease in resistivity below TC, suggesting
the presence of metallic-like electrical transport behavior.
Upon the application of an external magnetic field of 8 T, the
electrical resistivity is significantly suppressed across the entire
temperature range measured. As depicted in Figure 4a, the

Table 1. Structure Parameters of LaHg3Mn4O12 with the
Space Group Im3 ̅ Refined from the SXRD Pattern at 300 Ka

parameter value

a (Å) 7.5949(2)
V (Å3) 438.103(2)
Z 2
Oy 0.265(1)
Oz 0.207(1)
Uiso for La (× 100 Å2) 0.94(7)
Uiso for Hg (× 100 Å2) 1.34(2)
Uiso for Mn (× 100 Å2) 0.36(2)
Uiso for O (× 100 Å2) 3.32(3)
dLa−O (× 12) 2.56(1)
dHg−O (×4) 2.38(1)
dHg−O (× 4) 2.85(4)
dMn−O (× 6) 1.930(2)
∠Mn−O−Mn (°) 159.5(6)
Rwp (%) 9.39
Rp (%) 7.45

aAtomic Sites: La 2a (0, 0, 0), Hg 6b (0, 0.5, 0.5), Mn 8c (0.25, 0.25,
0.25), and O 24g (0, y, z).

Figure 2. Mn-L3 XAS spectra of LaHg3Mn4O12 and of LaMnO3,
HgMnO3, and BiMn3Cr4O12, as presented for references. The green
curve stands for the superposition of HgMnO3 and LaMnO3 in a ratio
of 3:1.
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magnetoresistance (MR), defined as 100% × [ρ(H) − ρ(0)]/
ρ(0), exhibits a kink near TC, and the absolute value of MR
gradually increases with decreasing temperature.
Isothermal field-dependent resistivity measurements were

performed to investigate the magnetotransport behavior. As
shown in Figure 4b, in the paramagnetic region at 320 K, the
resistivity decreases gradually with the applied magnetic field,
reaching an MR of −9.2% at 8 T. This is mainly attributed to
the suppression of spin fluctuations, where external fields can
reduce spin-disorder scattering, promote the hopping of eg
electrons, and thereby increase the conductivity.38,39 Below TC,
the MR of LaHg3Mn4O12 displays two distinct features. A
remarkably sharp drop in resistivity occurs at lower fields (<1
T). At 2 K, this low-field MR reaches −28.5%, a value that
su rpa s se s those obse rved in the i so s t ruc tu ra l
RCu3Mn4O12.

13,15,16 In the high-field regime, the MR
continues to decrease moderately to a maximum of −38.0%
at 2 K and shows no sign of saturation even at the highest

applied field of 8 T. The pronounced drop in resistivity at low
fields can be driven by spin-polarized tunneling across grain
boundaries and the alignment of magnetic domains, which
facilitates intergrain electron transport.
The magnetic ground state and electronic structure of

LaHg3Mn4O12 were further investigated by spin-polarized first-
principles calculations. Three antiferromagnetic (AFM)
configurations typical for perovskites (AFM-G, AFM-C, and
AFM-A), as well as the FM configuration, were considered to
determine the magnetic ground state. As summarized in Table
2, the FM state exhibits the lowest total energy in the entire
considered U region, confirming the FM ground state of
LaHg3Mn4O12. To investigate the magnetic properties of the
compound in detail, the isotropic exchange interaction
parameters Jij were calculated based on the classical Heisenberg
model = <H J S Si j ij i j using the Green’s function approach

Figure 3. (a) Temperature dependence of the magnetic susceptibility
measured at 0.1 T with zero-field-cooling (ZFC) and field-cooling
(FC) modes. The blue lines mark the Curie temperature TC ≈ 280 K,
determined using tangent construction. The inset shows the inverse
susceptibility with CW fitting between 300 and 370 K. (b) Field-
dependent magnetization (MH) measured at different temperatures.
(c) Temperature dependence of the specific heat down to 2 K in zero
field.

Figure 4. (a) Temperature dependence of resistivity measured at 0
(black) and 8 T (red) for LaHg3Mn4O12. The blue line shows the
temperature-dependent MR curve. (b) Field dependence of MR
effects at four selected temperatures.

Table 2. Calculated Total Energies of Various Magnetic
Configurations and Isotropic Exchange Parameters
Obtained within the GGA+U Approximation for Two
Hubbard U Values (JH = 1 eV)a

Parameters U = 3.0 eV U = 4.5 eV

FM (meV/f.u.) 0 0
AFM-A (meV/f.u.) 80 125
AFM-C (meV/f.u.) 169 258
AFM-G (meV/f.u.) 316 540
J1 (meV) −5.2 −11.4
J2 (meV) −1.0 −1.5
J3 (meV) −0.3 −0.3

aJ1, J2, and J3 denote the nearest neighbor, next nearest neighbor, and
third nearest neighbor exchange interactions, respectively.
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and assuming that spins are unit vectors.40 The results listed in
Table 2 reveal that the nearest-neighbor (J1), next-nearest-
neighbor (J2), and third-nearest-neighbor (J3) interactions are
all FM, as shown in Figure 5a. This robust FM coupling,
particularly the dominant J1, provides strong theoretical
support for the near-room-temperature FM phase observed
experimentally.

At least several different mechanisms of exchange
interactions in LaHg3Mn4O12 should be considered. First,
since the Mn−O−Mn bond angle is rather large, an FM
superexchange can occur due to the overlap between half-filled
and empty eg orbitals; this interaction scales as ∼1/U.41

Additionally, an AFM superexchange between half-filled t2g
electrons compensates for this FM term (it is also inversely
proportional to Hubbard U). Hopping between eg orbitals is
larger, but there are more channels for the AFM t2g−t2g
exchange. The interplay of these terms, the Jahn−Teller effect,
and the tendency to change disproportion often result in the
so-called CE-type antiferromagnetism as e.g., in such
quadruple perovskites as NaMn7O12.

42 LaHg3Mn4O12 is in a
metallic regime in which one can expect a substantial FM
double exchange instead, with Mn eg electrons acting as
itinerant carriers and t2g electrons providing localized spins.
Finally, an FM indirect exchange interaction via Hg-s states
was shown to be essential for explaining the magnetic

properties of HgMnO3.
30 Both double and indirect exchange

are, to a first approximation, independent of Hubbard U. One
can clearly see from Table 2 that the total exchange interaction
decreases with U. This is because on-site correlation effects
suppress the AFM superexchange, leaving the double and
indirect exchanges nearly intact.
Figure 5b displays the density of states (DOS) calculated for

the FM ground state. A distinct half-metallic electronic
structure is observed: the minority-spin channel exhibits a
substantial energy band gap of approximately 2.0 eV, whereas
the Fermi level (EF) crosses the majority-spin bands, resulting
in metallic behavior. The conducting majority-spin states
primarily have strongly hybridized Mn-3d and O-2p charac-
ter.43,44 Such a wide band gap in the insulating channel is
crucial for spintronic applications, as it effectively suppresses
thermally activated spin-flip transitions, thereby preserving
high spin polarization.45

Compared to the isostructural RCu3Mn4O12 family,13−16 the
enhanced half-metallic performance of LaHg3Mn4O12 can be
primarily attributed to the unique role of the nonmagnetic A′
site Hg2+ ions and their modulation of the electronic band
structure. In RCu3Mn4O12, the AFM coupling between the
magnetic Cu2+ at the A′ site and Mn3.75+ at the B site leads to a
ferrimagnetic order with a reduced net moment. In contrast,
the introduction of nonmagnetic Hg2+ in LaHg3Mn4O12 allows
the FM moment of the Mn sublattice to be fully released,
achieving a large saturation magnetization as high as 13.0 μB/
f.u., which is approximately 40% higher than that of
RCu3Mn4O12 (∼9 μB/f.u.). In addition, the introduction of
large-sized Hg2+ ions significantly expands the lattice and
increases the Mn−O−Mn bond angle to 159.5°, which is
considerably larger than those observed in RCu3Mn4O12
(∼140°). The reduction of MnO6 octahedral tilting favors p-
d orbital overlap as well as double-exchange interaction.
Moreover, the elimination of the Cu2+ contribution near the
Fermi level leads to strong localization of spin-up electrons and
a widening of the minority-spin gap up to ∼2.0 eV, which is
approximately 600% larger than the ∼0.3 eV gap reported in
RCu3Mn4O12.

15,17,18 Note that the nonmagnetic substitution
of Cu2+ by Hg2+ reduces the Curie temperature from ∼360 K
in RCu3Mn4O12 to 280 K in the current LaHg3Mn4O12,
suggesting that the Cu2+(↑)Mn3.75+(↓) ferrimagnetic cou-
pling in the former is somewhat stronger than the FM double-
exchange interaction in the latter.

4. CONCLUSIONS
In summary, a new A-site-ordered quadruple perovskite
LaHg3Mn4O12 was successfully synthesized at 15 GPa and
1373 K. Synchrotron X-ray diffraction and SAED results
confirmed that the compound crystallizes in the cubic Im3̅
space group. XAS measurements determined the charge
combination to be LaHg3Mn3.75+4O12. An FM phase transition
was observed at TC ≈ 280 K, accompanied by an electrical
transition. Notably, unlike the isostructural RCu3Mn4O12
compounds, where A′-site magnetic Cu2+ ions induce
ferrimagnetic coupling with reduced moments, the introduc-
tion of nonmagnetic Hg2+ in LaHg3Mn4O12 eliminates the
AFM coupling. As a result, a large saturation magnetization of
13.0 μB/f.u. is achieved. First-principles calculations indicate
that LaHg3Mn4O12 exhibits a half-metallic electronic structure
with a remarkably wide minority-spin energy gap of about 2.0
eV. The combination of high saturation magnetization and a

Figure 5. (a) Schematic diagram of the isotropic exchange interaction
paths among Mn ions in LaHg3Mn4O12. The interaction parameters
for nearest-neighbor (J1), next-nearest-neighbor (J2), and third-
nearest-neighbor (J3) are represented by orange, pink, and cyan
colors, respectively. (b) Total and partial density of electronic states
(DOS) of LaHg3Mn4O12 in the FM state obtained in the GGA+U
calculations (U = 4.5 eV and JH = 1.0 eV). The Fermi level is set to 0
eV.
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wide half-metallic gap makes LaHg3Mn4O12 a promising
material for potential applications in spintronic devices.
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