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A-site Mn2+ tuned magnetism and electrical transport properties in the transition-metal-only
perovskite oxide MnCu3Mn4O12
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An AA′
3B4O12-type transition-metal-only quadruple perovskite oxide MnCu3Mn4O12 was prepared by high-

pressure and high-temperature methods. The compound has a cubic Im-3 symmetry with charge distribution of
Mn2+Cu2+

3 Mn4+
4 O12. A long-range ferrimagnetic phase transition caused by Cu2+(↑)Mn4+(↓) spin interaction

is found to occur at a Curie temperature TC ≈ 365 K . Different from the isostructural compound CaCu3Mn4O12,
the susceptibility of MnCu3Mn4O12 experiences a second anomaly ∼200 K due to the effects of A-site Mn2+ spin
ordering. Moreover, the A-site Mn2+ spins also considerably decrease the magnitude of resistivity. Theoretical
calculations reveal that the A-site Mn 3d orbitals locate near the Fermi level and hybridize with the Cu 3d and O
2p orbitals, playing a crucial role on the magnetic and electrical transport properties of MnCu3Mn4O12. In this
paper, we provide an interesting example using A-site magnetic ions to significantly tune the physical properties
in AA′

3B4O12-type quadruple perovskite oxides.

DOI: 10.1103/PhysRevB.105.054409

I. INTRODUCTION

A-site-ordered quadruple perovskite oxides with the chem-
ical formula AA′

3B4O12 have been attracting remarkable
interest due to fascinating structural and physical properties,
such as intermetallic charge transfer [1–4], charge dispropor-
tionation [5–7], giant dielectric constant [8], magnetoelectric
multiferroicity [9,10], negative thermal expansion [1,4], and
highly efficient catalysis [11–13]. In this ordered structure,
three quarters of the A site is usually filled with a transi-
tion metal (TM) ion A′ with strong Jahn-Teller effect like
Cu2+ or Mn3+. Owing to the smaller A′-site ionic size,
the BO6 octahedra must heavily tilt to stabilize the per-
ovskite structure [14]. A typical B-O-B bond angle is about
140 ° in AA′

3B4O12 perovskites. Since these compounds con-
tain TM ions at both A′ and B sites, there exist A′-A′ and
A′-B interactions in addition to the conventional B-B inter-
actions as seen in simple ABO3 perovskites, giving rise to
striking magnetic and electrical behaviors. For example, the
A′-A′ spin interactions in CaCu3Ge4/Sn4O12 lead to rare
ferromagnetic (FM) ordering of Cu2+ ions [15]. The A′-B
interactions in LaCu3Fe4O12 cause intermetallic charge trans-
fer with sharp structural, magnetic, and electrical variations
[1]. In CaCu3Mn4O12 (CCMO), the A′-B interactions result
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in a long-range ferrimagnetic (FiM) ordering at TC ≈ 355 K.
Moreover, a large room-temperature (RT) low-field magne-
toresistance (MR) response without double exchange is found
to occur due to the Cu(↑)Mn(↓) FiM coupling [16]. Chemical
substitutions either at A/A′ or B sites in AA′

3B4O12 perovskites
can effectively modify the structural, magnetic, and transport
properties. Specifically, A-site substitutions of rare earth for
Ca2+ in RCu3Mn4O12 (R = rare earth) can enhance the TC as
well as induce the MR response at low magnetic fields [17].
The divalent A-site cation for ACu3Mn4O12 has been explored
only in CCMO and CdCu3Mn4O12 [18]. Different from the
semiconducting conductivity of CCMO, metallic behavior is
observed in CdCu3Mn4O12 due to the increment of density of
states (DOS) near the Fermi level.

Recently, it was revealed that not only the A′ and B sites but
also the A site can accommodate TM ions in A-site-ordered
quadruple perovskite oxides, resulting in the formation of
TM-only perovskites. Moreover, the A-site TM ions can also
take part in the magnetism and electrical transport. To date,
only a few TM-only quadruple perovskite oxides such as
Mn/CuCu3V4O12 and MnMn3Mn4O12 (i.e., the ζ -Mn2O3)
have been reported [19–22]. CuCu3V4O12 demonstrates the
rattling of the 12-coordinated loosely bound Cu2+ at the A
site. For MnMn3Mn4O12, it exhibits spin-induced ferroelec-
tricity with a strong magnetoelectric effect. In this paper,
a TM-only quadruple perovskite MnCu3Mn4O12 (MCMO)
with the charge combination of Mn2+Cu2+

3Mn4+
4O12

was prepared under high-pressure and high-temperature
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conditions. The crystal structure, charge states of cations,
magnetic, magnetotransport, and specific heat properties were
investigated in detail. By comparison with the counterpart
CCMO, we found that the A-site Mn2+ ions play an important
role in the magnetic and electrical properties in MCMO.

II. EXPERIMENTAL METHODS

Reagent-grade (>99.9%) MnO, CuO, and MnO2 powders
were used as starting materials to prepare the black poly-
crystalline sample of MCMO. These reactants at a 1:3:4 mol
ratio were finely mixed and ground in an agate mortar and
then charged into a gold capsule 2.0 mm in diameter and
3.0 mm in length. The capsule was compressed to 17 GPa
and heated to 1373 K for 30 min using a Walker-type double-
stage high-pressure apparatus. The powder x-ray diffraction
(XRD) was performed at RT on a Huber diffractometer with
Cu-Kα1 (λ = 1.5406 Å) radiation at 40 kV and 30 mA to
identify sample quality and crystal structure. The XRD data
were collected in the 2θ range from 10 ° to 100 ° with a step
interval of 0.005 °. For structural refinement, the data were
analyzed by the Rietveld method through the GSAS program
[23]. The valence states of Cu and Mn were investigated
by soft x-ray absorption spectroscopy (XAS) measurements
at the National Synchrotron Radiation Research Center in
Taiwan. The Cu-L2,3 and Mn-L2,3 XAS were recorded at
beamline 11A using total electron yield mode at RT. CuO and
MnO single crystals were measured simultaneously for energy
calibrations at the Cu- and Mn-L2,3 edges, respectively. Mag-
netic susceptibility and magnetization measurements were
conducted using a commercial superconducting quantum in-
terference device magnetometer (MPMS3, Quantum Design).
The dc magnetic susceptibility data were recorded under
zero-field-cooled (ZFC) and field-cooled (FC) modes over
the temperature range of 2−380 K with an applied field of
0.1 T. The field-dependent isothermal magnetization at dif-
ferent temperatures of 380, 300, 150, and 2 K were obtained
under fields varying from −7 to +7 T. The heat capacity,
resistance, and MR were measured using a physical property
measurement system (PPMS-9T, Quantum Design). The ap-
plied magnetic field was perpendicular to the electric current
for MR measurement.

The first-principles calculations were performed with the
plane-wave code VASP [24,25] using the projector-augmented-
wave method [26]. The exchange and correlation effects were
described within the generalized gradient approximation with
Perdew-Burke-Ernzerhof parametrization [27]. A cutoff en-
ergy of 520 eV for MCMO was adopted for the plane-wave
expansion of the electronic wave function. The Brillouin
zone integration using the �-center scheme was sampled
with 7×7×7 k-point grids during the geometry optimizations
and static electronic structure calculations for MCMO. The
lattice constant was fixed as the experimental data, and all
atoms were fully relaxed, with residual forces < 0.005 eV/Å
per atom and the electron energy convergence criteria of
1×10–6 eV. Furthermore, due to the well-known limitations
of standard density functional theory (DFT) in describing
the electronic structure of strongly correlated compounds, the
hybrid functional method of HSE06 (suitable mixing between
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FIG. 1. (a) X-ray diffraction (XRD) pattern and the Rietveld
refinement results of MCMO obtained at room temperature (RT).
The observed (circles), calculated (pink line), and difference (bottom
line) profiles are shown. The blue ticks indicate the allowed Bragg
reflections with space group Im-3. (b) Crystal structure of A-site
ordered quadruple perovskite MCMO. The corner-sharing MnO6 oc-
tahedral connections and spatially isolated CuO4 squares are shown.

DFT and Hartree-Fock theory) was adopted to more accu-
rately describe the energy and electronic structure of MCMO.

III. RESULTS AND DISCUSSION

Figure 1(a) displays the XRD pattern and the structural re-
finements of MCMO. All the diffraction peaks can be indexed
based on a cubic lattice. The Rietveld analysis demon-
strates that the compound crystallizes in an AA′

3B4O12-type
A-site-ordered quadruple perovskite structure with a space
group Im-3 [see Fig. 1(b)], which is isotypic to that of
CCMO [16]. As shown later, the charge format of MCMO is
Mn2+Cu2+

3 Mn4+
4 O12. In the determined Im-3 symmetry, the

A-site magnetic Mn2+ ion locates at the Wyckoff position
2a (0, 0, 0) with 12-coordinated oxygen atoms, the A′-site
Cu2+ at the position 6b (0, 0.5, 0.5) with square-planar CuO4

coordination, the B-site Mn4+ at the position 8c (0.25, 0.25,
0.25) with MnO6 octahedral coordination, and the oxygen at
the position 24g (0, y, z). For comparison, we also prepared
CCMO and measured the structure and physical properties.
Table I lists the refined crystallographic parameters, selected
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TABLE I. Refined structure parameters and BVS calculations for MCMO and CCMO. Space group: Im-3; atomic sites: Ca/Mn 2a (0, 0,
0), Mn 6b (0, 0.5, 0.5), Mn 8c (0.25, 0.25, 0.25), and O 24g (0, y, z). The BVS values (Vi) were calculated using the formula Vi = ∑

jSi j , and
Si j = exp[(r0 − ri j )/0.37]. The value of r0 = 1.790 for Mn2a, r0 = 1.679 for Cu and r0 = 1.753 for Mn8c. For Mn2a, 12-coordinated oxygen
atoms were used. For Cu, 12-coordinated oxygen atoms were used. For Mn8c, 6-coordinated oxygen atoms were used.

Parameter CCMO Parameter MCMO

a (Å) 7.21946(1) a (Å) 7.19716(1)
Oy 0.182(2) Oy 0.183(5)
Oz 0.304(2) Oz 0.297(6)
Uiso (Ca) (100 × Å2) 0.02(6) Uiso (Mn) (100 × Å2) 3.50(5)
Uiso (Cu) (100 × Å2) 1.18(1) Uiso (Cu) (100 × Å2) 0.83(2)
Uiso (Mn) (100 × Å2) 0.99(1) Uiso (Mn) (100 × Å2) 0.72(2)
Uiso (O) (100 × Å2) 0.61(4) Uiso (O) (100 × Å2) 0.92(7)
Cu-O (×4 Å) 1.930(4) Cu-O (×4 Å) 1.967(2)
BVS (Cu) 2.31 BVS (Cu) 2.16

Mn-O (×6 Å) 1.911(5) Mn8c-O (×6 Å) 1.891(6)
BVS (Mn) 3.91 BVS (Mn8c ) 4.13
�Mn-O-Mn (deg) 141.7(2) ∠Mn8c-O-Mn8c (deg) 143.8(1)
�Cu-O-Mn (deg) 109.0(7) ∠Cu-O-Mn8c (deg) 107.7(2)
Rwp (%) 2.54 Rwp (%) 2.30
Rp (%) 1.52 Rp (%) 1.51

bond lengths, and bond angles, etc., for these two isostructural
compounds. The lattice parameter of MCMO (7.19716 Å) is
slightly smaller than that of CCMO (7.21946 Å), in agreement
with the reduced ionic size of Mn2+ related to Ca2+ [28].
According to the refined bond lengths of MCMO, the bond
valence sum (BVS) calculations suggest the valence states
to be +1.66 for the A-site Mn, +2.16 for the A′-site Cu,
and +4.13 for the B-site Mn, implying the formation of a
Mn2+Cu2+

3 Mn4+
4 O12 charge combination, as will be further

confirmed by XAS measurement. As shown in Table I, the
BVS values for Cu and B-site Mn are similar in MCMO and
CCMO. However, the calculated BVS value for the A-site Mn
is somewhat less than an expected Mn2+ state because of the
underbonded effect of Mn2+ in the oversized AO12 icosahe-
dral cages. As a result, the A-site Mn atom in MCMO exhibits
a huge thermal displacement parameter (Uiso ≈ 0.035 Å2),
which is larger than that of the Ca atom in CCMO by two
orders of magnitude at RT. This observation reveals the ac-
tive thermal oscillation of the small Mn2+ in the oversized
icosahedral cages, as observed for the A-site magnetic ions
in TM-only quadruple perovskite oxides MnCu3V4O12 and
CuCu3V4O12 [19,20].

To accurately identify the valence states of Cu and Mn in
MCMO, the soft XAS at the L2,3 edge of 3d TM ions was
performed, which is widely known to be element specific and
sensitive to the valence states [29,30] and the coordination en-
vironments [31,32] of 3d TM elements. Figure 2(a) shows the
Cu-L2,3 XAS of MCMO together with CaCu3Ti4O12 (CCTO)
as a Cu2+ reference in square-planar coordination [33]. The
Cu-L2,3 spectrum of MCMO has almost identical energy po-
sition and spectral profile as those of CCTO, indicating the
presence of a Cu2+ state. Figure 2(b) shows the Mn-L2,3

XAS of MCMO, along with MnO and SrMnO3 as Mn2+ and
Mn4+ references, respectively [34]. The MCMO spectrum can
be well reproduced by a simple superposition of MnO and
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FIG. 2. (a) The Cu-L2,3 x-ray absorption spectroscopy (XAS)
spectra of MCMO (red) together with related reference CCTO from
Ref. [33]. (b) The Mn-L2,3 XAS spectra of MCMO (red) together
with related references Mn2+O and SrMn4+O3 for comparison. The
green line stands for a simple superposition of MnO and SrMnO3

with a 1:4 ratio.
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FIG. 3. Temperature dependence of (a) magnetic susceptibility
measured at 0.1 T, and (b) specific heat of MCMO and CCMO
measured in the temperature range of 2−380 K. The inset shows the
low-temperature fitting result for MCMO between 4.5 and 9 K using
the formula Cp = βT 3 + αT 3/2.

SrMnO3 spectra at a ratio of 1:4. Consequently, the XAS
results indicate that the appropriate charge configuration of
MCMO is Mn2+Cu2+

3 Mn4+
4 O12, as suggested by BVS calcu-

lations. The current MCMO provides a rare example where
Mn2+ and Mn4+ are orderly distributed at the A and B sites in
a perovskite-type oxide, respectively.

Figure 3(a) shows the temperature-dependent magnetic
susceptibility of CCMO and MCMO measured at 0.1 T. As
reported previously, CCMO shows a sharp FiM phase transi-
tion at TC ≈ 355 K. A similar transition is also found to occur
in MCMO, but the TC is enhanced up to ∼365 K. The semiem-
pirical Goodenough-Kanamori-Anderson (GKA) rules pre-
dict an antiferromagnetic (AFM) interaction via a 180 °
Mn4+(3d3)-O-Mn4+(3d3) or a 90 ° Cu2+(3d9)-O-Mn4+(3d3)
superexchange pathway [35–37]. Compared with CCMO
which possesses the Cu2+-O-Mn4+ bond angle of ∼109.0 °,
the Cu2+-O-Mn4+ bond angle observed in the current MCMO
is reduced to 107.7 °. Although the Mn4+-O-Mn4+ superex-
change pathway in CCMO (141.7 °) is more bent than that
in MCMO (143.8 °), the latter shows a higher spin order
temperature than the former. This behavior indicates that the
Cu2+(↑)Mn4+(↓) AFM (or FiM) interactions should domi-
nate the magnetic ordering temperature at TC. Different from
the single magnetic transition observed in CCMO, where
the susceptibility tends to be saturated below the TC with a
small separation between ZFC and FC curves at low temper-
ature, the susceptibility of MCMO shows a broadening dome
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FIG. 4. Field-dependent isothermal magnetization curves mea-
sured at (a) some selected temperatures from −7 to 7 T for MCMO,
and (b) 2 and 300 K from 0 to 7 T for MCMO and CCMO.

∼200 K, below which the susceptibility starts to gradually
decrease and a saturated plateau emerges at the temperatures
<∼ 10 K [see Fig. 3(a)]. Moreover, the ZFC and FC suscep-
tibility curves of MCMO almost overlap with each other in
the whole temperature region we measured. These observa-
tions indicate that the A-site Mn2+ magnetic ions may start
to participate in spin interactions with temperature down to
∼200 K.

Figure 4(a) shows the field-dependent isothermal mag-
netization behaviors measured at some representative tem-
peratures for MCMO. Below TC, there exist clear magnetic
hysteresis features with very small coercive fields (e.g., only
10 Oe at 2 K), suggesting soft ferromagnetism. Correspond-
ing to the dome-type magnetic susceptibility, the saturated
moment observed at 150 K (7.0 μB/f.u.) is larger than that
at 2 K (6.0 μB/f.u.), demonstrating that the participation of
A-site Mn2+ spins decreases the total saturated moment. As
is well known, a Cu2+(↑)Mn4+(↓) FiM coupling is deter-
mined in CCMO. As presented in Fig. 3(a), MCMO and
CCMO display similar high-temperature magnetic phase tran-
sitions. As shown in Fig. 4(b), both compounds possess
nearly identical saturated moment at 300 K (4.65 μB/f.u.).
These results illustrate that a similar Cu2+(↑)Mn4+(↓)
FiM phase transition would take place at TC ≈ 365 K in
MCMO without the contribution of A-site Mn2+ spins. How-
ever, the saturated moment of MCMO measured at 2 K
(6.0 μB/f.u.) is much less than that of CCMO (10.0 μB/f.u.)
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by ∼4.0 μB/f.u. [see Fig. 4(b)]. This difference is com-
parable with the theoretical spin moment for a localized
high-spin Mn2+ ion (5.0 μB/f.u.). Considering the A-site
Mn2+ magnetic contribution, the spin ground state of MCMO
most probably is a FiM Mn2+(↑)Cu2+(↑)Mn4+(↓). Note that
a collinear Mn2+(↑)Cu2+(↑)Mn4+(↓) FiM alignment gives
rise to the saturated moment to be 4.0 μB/f.u., which is
somewhat less than the experimental value measured at 2 K
(6.0 μB/f.u.). This result may mean that some spins are
canting. Anyway, the current MCMO displays double mag-
netic transitions. One is a sharp Cu2+(↑)Mn4+(↓) FiM phase
transition occurring between the A′-site Cu2+ and the B-site
Mn4+ ions at TC ≈ 365 K. The other is a sluggish spin or-
dering of the A-site Mn2+ ions in a broadening temperature
region. The presence of a low-temperature plateau observed in
the susceptibility <10 K might be indicative of the complete
development for the A-site spin ordering. Based on the GKA
rules, a FM interaction is predicted to occur between the
A-site Mn2+ and the A′-site Cu2+ with 3d5(t5

2g) and 3d9(t6
2ge3

g)
electronic configurations, respectively, via the Mn2+-O-Cu2+

superexchange pathways. In contrast, an AFM interaction is
expected to occur between the A-site Mn2+ (t5

2g) and the
B-site Mn4+ (t3

2g) via the Mn2+-O-Mn4+ superexchange path-
ways. The formation of dome-type susceptibility behavior in
MCMO may arise from the competing coupling between the
Mn2+-O-Cu2+ FM and the Mn2+-O-Mn4+ AFM interactions.
The magnetism of MCMO is reminiscent of the magnetic
properties observed in Nd/Ho/Er/TbCu3(Mn3Fe)O12 [38,39],
where similar broadening dome-type susceptibility features
are also found to occur since the A-site rare-earth ions undergo
long-range magnetic orderings and antiferromagnetically cou-
ple with the B-site Mn4+ magnetic moments.

Figure 3(b) shows the temperature dependence of specific
heat of MCMO and CCMO in the temperature range of 2–
380 K. Corresponding to the FiM transitions, one can also
find the related λ-type anomalies near the Curie temperatures.
Since the A-site Mn2+ spins order sluggishly in a wide tem-
perature region (∼10–200 K), there is no apparent anomaly
occurring in the specific heat of MCMO. However, when we
compare the specific heat data between CCMO and MCMO,
the latter are slightly larger than the former in 10–200 K,
in coherence with the sluggish spin ordering of A-site Mn2+

spins. Below 10 K, the specific heat data of MCMO can be
well fitted by the formula Cp = βT 3 + αT 3/2 [see the inset
of Fig. 3(b)]. Here, the T 3 term originates from the phonon
and AFM contributions, while the T 3/2 term represents the
contribution of FM excitation, as expected from the pos-
sible Mn2+(↑)Cu2+(↑)Mn4+(↓) FiM ground state. The fit-
ting yields the coefficients β = 1.31(2) × 10–3 J/mol K4 and
α = 1.41(5) × 10–3 J/mol K5/2.

A-site Mn2+ ions play a striking role on the magnetism
of MCMO. We now present their effects on electrical trans-
port. Figure 5(a) shows the temperature dependence of
electrical resistivity ρ measured at 0 T for MCMO and
CCMO. Both compounds have comparable ρ values at higher
temperatures (e.g., >250 K), when the A-site Mn2+ spins
do not take part in a long-range spin ordering. Once the
Mn2+ spins start to become ordering, however, the resistiv-
ity of MCMO is significantly suppressed. Specifically, the
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FIG. 5. Temperature dependence of (a) resistivity at 0 T for
MCMO and CCMO, and (b) resistivity measured at 0 and 8 T for
MCMO and the calculated magnetoresistance (MR) between these
two fields. (c) Field-dependent MR effects measured at fixed tem-
peratures for MCMO. The solid circles in (b) show the MR values
obtained at 8 T and fixed temperatures from (c).

resistivity of CCMO monotonously increases with decreasing
temperature. In contrast, a kink is found to occur ∼200 K
in MCMO, and the magnitude of ρ is nearly constant be-
low the onset ordering temperature for A-site Mn2+ spins.
Note that there is no resistivity anomaly occurring around
the FiM Curie temperatures in both CCMO and MCMO.
Just like CCMO, the present MCMO also exhibits consider-
able MR behavior without introducing Mn3+-O-Mn4+ double
exchange interactions. Figure 5(b) depicts the temperature-
dependent resistivity measured at 0 and 8 T for MCMO.
Obviously, the magnetic field can suppress the resistivity and
lead to negative MR {= 100% × [ρ(H )-ρ(0)]/ρ(0)} behav-
ior. As shown in Fig. 5(b), the calculated MR values between 0
and 8 T are negligible above TC, while they start to sharply de-
crease below this FiM critical temperature with the occurrence
of a clear kink ∼200 K due to the A-site Mn2+ spin ordering.
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Furthermore, Fig. 5(c) shows the magnetic-field-dependent
negative MR values of MCMO measured at some fixed tem-
peratures (300, 100, and 2 K) below TC. The MR sharply
decreases with the magnetic field in ±2 T, suggesting signif-
icant low-field MR effects. The calculated absolute value of
MR is ∼18% at 2 K and 2 T and increases to 22% with the
field up to 8 T. It is worth noting that the MR values measured
by field- and temperature-scan methods are comparable, as
demonstrated in Fig. 5(b).

To gain a deeper insight into the A-site spin tuned
magnetic and electronic properties of MCMO, the hy-
brid density functional of HSE06 calculations were car-
ried out for different collinear magnetic configurations,
i.e., the FM Mn2+(↑)Cu2+(↑)Mn4+(↑) and the FiM
Mn2+(↑)Cu2+(↑)Mn4+(↓), Mn2+(↑)Cu2+(↓)Mn4+(↑), and
Mn2+(↑)Cu2+(↓)Mn4+(↓). The calculations always converge
to the FiM Mn2+(↑)Cu2+(↑)Mn4+(↓) ground state irrespec-
tive of the initial configuration. The calculated magnetic
moments inside the muffin tin spheres are 4.51, 0.49, −2.63,
and 0.046 μB/f.u. for Mn2+, Cu2+, Mn4+, and O2–ions, re-
spectively. The reduction from the ideal value results from
hybridization with the O 2p state. The total magnetic moment
is −3.99 μB/f.u., which is comparable with the experimentally
observed saturated magnetic moment at 2 K.

Figure 6 shows the calculated electronic band structures
and DOS with the HSE06 to MCMO. The calculated energy
gaps are 0.48 eV for spin-up and 0.85 eV for spin-down chan-
nels. Note that the major contributions to the total DOS around
the Fermi level are attributed to the Cu 3d orbitals in spin-up
channels, which strongly hybridize with the A-site Mn 3d and
O 2p orbitals. This is very different from the case in CCMO,
where the Ca contributions emerge >6 eV above the Fermi

level and O 2p orbitals have little contribution in this energy
zone [40]. However, in the current MCMO, because the A-
site Mn 3d orbitals locate near the Fermi energy and have a
considerable hybridization with the Cu 3d and O 2p orbitals,
the A-site Mn2+ spins can participate in the Mn2+-O-Cu2+

and Mn2+-O-Mn4+ spin and electrical transport pathways. As
a result, the magnetism and transport properties of MCMO
can be well tuned by the A-site TM ions.

IV. CONCLUSIONS

In summary, we have succeeded in preparing a TM-
only quadruple perovskite MCMO at 17 GPa and 1373
K. The charge combination based on the BVS and XAS
measurements is confirmed to be Mn2+Cu2+

3 Mn4+
4 O12. Due

to the underbonded effect of Mn2+ in the oversized AO12

icosahedral cages, an unusually large thermal displacement
parameter is observed. As revealed by magnetization and
heat capacity measurements, MCMO undergoes a long-
range FiM transition around TC ≈ 365 K arising from the
Cu2+(↑)Mn4+(↓) spin coupling. As the temperature de-
creases to ∼200 K, the A-site Mn2+ spins start to experience a
sluggish spin ordering, leading to the formation of a possible
Mn2+(↑)Cu2+(↑)Mn4+(↓) FiM ground state. The A-site spin
ordering causes a broadening dome in magnetic susceptibil-
ity and suppresses the magnitude of resistivity significantly.
First-principles calculations reveal that the A-site Mn2+ 3d
orbitals locate near the Fermi energy and have a consider-
able hybridization with the Cu 3d and O 2p orbitals. As
a result, the A-site TM ions play an important role in the
magnetism and electrical transport properties in the current
MCMO.
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