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SPECIAL TOPIC — Structures and properties of materials under high pressure

Insights to unusual antiferromagnetic behavior and exchange
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We report the structural, mechanical and electromagnetic properties of the intermetallic compound Mn23C6. The bulk
Mn23C6 sample was synthesized using high temperature high pressure quenching method (HTHPQM), and investigated in
detail by x-ray diffraction, electron microscope, magnetization and electrical resistivity measurements, etc. First-principles
calculation based on density functional theory ab intio simulation was carried out to calculate the bonding and electromag-
netic properties of Mn23C6. Based on our experimental and simulated results, the Mn23C6 in this work is single phase of a
faced-centered cubic structure with space group Fm-3m (No. 225). Determined by SEM and TEM, the bulk sample consists
of monocrystal Mn23C6 crystals with 2–15 µm grain sizes, it is the quick quenching method in the synthesizing process
that brings such small crystal grain size. Archimedes method gives its density of 7.14 g/cm3, 95.74% of its theoretically
calculated density 7.458 g/cm3. Owing to the abundant Mn 3d electrons and a framework of strongly linked Mn atoms
in Mn23C6, the electrical conductivity is up to 8.47× 10−4 Ω·m, which shows that Mn23C6 is a good conductor. Our
magnetic susceptibility analyses reveal a magnetization peak in the M–T curve at 104 K, combined with the M–H curve
and Curie–Weiss law, this peak usually means the transformation between paramagnetic and antiferromagnetic orders. To
gain an insight into the mechanism of the magnetic phase transition, we calculated the magnetic properties, and the results
show that different from normal antiferromagnetic order, the magnetic orders in Mn23C6 consist of three parts, the direct
ferromagnetic and antiferromagnetic exchange coupling interactions between Mn atoms, and the indirect antiferromagnetic
super-exchange interaction between Mn and C atoms. Therefore, we reveal that the Mn23C6 is a complex magnetic com-
petition system including different magnetic orders and interactions, instead of the normal long-range antiferromagnetic
order.

Keywords: intermetallic compound (IMC), magnetism, high temperature high pressure (HTHP), density func-
tional theory (DFT)
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1. Introduction
The precipitation of intermetallic compound (IMC) in

magnet steels or other wear and corrosion resistance steels is
of great technological importance as the IMC dramatically in-
fluences several mechanical properties of these materials.[1–3]

Owing to their specific atomic radius ratio, Mn elements and
C elements can form abundant binary IMCs with a series of
specific Mn/C coordination numbers.[4] In the family of bi-
nary IMCs, the precipitation order of binary carbides usually
follows the rule that M3C→ M7C3 → M23C6 (M: transition
metal elements, such as Ti, V, Cr, Mn and Fe),[5] and M23C6

is confirmed to be the most stable carbide.[6–8] As a typical
IMC and has been found in different magnet steels and Ni-
base superalloys,[9,10] Mn23C6 has received a lot of attention,
especially to the electromagnetic properties. Comprehending
the properties and mechanisms of Mn23C6 is important for rel-

evant material applications.
The pioneer of systematic research Mn23C6 in steels is

Morgan,[11] who found that Mn23C6 is non-magnetic order at
ambient temperature. It appears very weak ferromagnetism
in manganese-rich alloy Mn79In1C20, and the ferromagnetism
gradually enhances with the increase of indium from 0 to
20 pts. These indicate that the magnetic orders of Mn23C6

are intricate and complex. To figure out the magnetic order,
Benz, Elliot, and Chipman[12,13] calculated the dynamic phe-
nomena and thermodynamics of all potential manganese car-
bides, and Karen et al.[14] measured their magnetic proper-
ties in experiments. These works indicate that only Mn23C6,
Mn5C3 and Mn7C3 are thermodynamically stable at ambient
temperatures, among them, measured by a Faraday balance
and neutron diffraction, only Mn23C6 has magnetic order in all
stable manganese carbides from 16 K to 300 K, and the mag-
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netic susceptibility of Mn23C6 is weak paramagnetic at am-
bient temperature, instead of non-magnetic order like before.
With temperature decreases to 104 K, a Curie–Weiss behavior
is observed with Θp = 38± 3 K, and µeff = 1.46± 0.02 µB,
means that the magnetic order is antiferromagnetic. These
results confirm that the magnetism of Mn23C6 is antiferro-
magnetism in macroscopic, however, it is also unable to ex-
plain the mechanism for the occurrence of ferromagnetism
in manganese-rich alloy like Mn80−xInxC20,[11] thus it is still
lack of observation in microscopic. Until the recent decades,
with the rapid development of highly sensitive magnetic de-
tection equipment represented by superconducting quantum
interference device (SQUID)[15] and x-ray magnetic circular
dichroism (XMCD),[16] it is possible to analyze magnetism
with high precision in microscopic. With the help of sophis-
ticated equipments, Guchhait et al.[17] measured the magnetic
order of Mn23C6 both in macro and micro scopes. The results
show that Mn23C6 ought to be antiferromagnetic with a Néel
temperature TN of about 105 K, which is the same as the re-
sults of Karen et al.[4] before, but they also found a very weak
ferromagnetic signal when temperature was below 100 K. It
is worth noting that this weak ferromagnetic signal indicates
that only about 1 pts of Mn atoms are in ferromagnetic order
in Mn23C6.

Based on the above researches, the magnetic orders of
Mn23C6 include at least two magnetic exchange interactions,
the strong antiferromagnetic exchange interactions and the
weak ferromagnetic exchange interactions. This means that
Mn23C6 is not antiferromagnetic in the traditional sense.
While the crystallography and magnetism of Mn23C6 were
studied in many works,[11–14,17] there is still quite much in-
sufficient information and incomplete understanding on the
mechanisms. Due to that the magnetic measurements usu-
ally require a large number of samples, this is partly related to
the difficulty to synthesize bulk monolithic Mn23C6. To figure
out the magnetic properties and the underlying physics thor-
oughly, through a combination of experimental measurements
and ab intio density functional theory (DFT) calculations,[18]

we studied the structural, mechanical, and electromagnetic
properties of Mn23C6 systematically. Our work resolves the
long-standing question of the magnetic exchange interactions
in Mn23C6, and this work would also provide a guidance in
underlying physics and broaden understanding of Mn23C6.

2. Sample synthesis
2.1. High temperature and high pressure quenching

method

The high temperature and high pressure quenching
method (HTHPQM) is based on the large volume–high static
pressure (LVP). Compared with other normal synthetic meth-
ods, due to the introduction of high pressure and quick quench-

ing techniques, HTHPQM can provide relatively higher hy-
drostatic pressure environment in material synthesis and inter-
cept the metastable phase of material from extreme conditions,
therefore it has great influence in the high pressure areas of sci-
entific and technological researches. The LVP we used in this
work is a cubic-anvil high pressure apparatus (model: SPD
6× 14400 N, G. Y. MACHINERY Co., Ltd.), the main com-
ponents of the cubic-anvil high pressure apparatus include two
basic parts: anvil and cubic sample cell, and Fig. S1 of the sup-
plementary material illustrates the structure of the cubic-anvil
high pressure apparatus, which consists of six anvils coupled
to independent hydraulic cylinders surrounding a cubic sam-
ple cell. The anvil is cobalt-cemented tungsten carbide with a
square anvil face size of 23.5× 23.5 mm, and each anvil has
a water-cooling system to prevent thermal dissipation damage
from heating the sample. All anvils are driven by a hydraulic
pump to generate high pressure and heating sample through a
few hundred Amperes of current. The detailed compositions
of the cubic sample cell are shown in Fig. S2 of the supple-
mentary material.

2.2. Sample preparation and fabrication

We synthesized polycrystalline bulk Mn23C6 by using
HTHPQM in the six-anvil press (SPD 6×14400 N). The sam-
ple precursor was pre-processed by mixing the Mn powder
(Alpha Co., Ltd., CAS: 7439-96-5; APS 50–100 µm, purity
99.6%) and C powder (Aladdin Scientific Corp., CAS: 7782-
42-5; APS 1–5 µm, purity 99.95%) with its stoichiometric
molar ratio and grinding those powders in an agate mortar
(Φ50 mm) for 4 hours. We then weighed 18 mg precursor
powder approximately and poured this mixing powder into a
vertical cylindrical die with a diameter and height of 4.0 mm
and 2.5 mm, respectively. Thereafter, squeezed the die on
1 MPa pressure and held for 60 s so that the precursor pow-
der became a wafer. Assembled this wafer with a series of
parts, and put those into the six-anvil press and carried out the
synthesis. The temperature and pressure for synthesis were
1200 K and 5.0 GPa, respectively. The sample was holden
under these conditions for 30 min and then quenched to room
temperature at an approximate cooling rate of 200 K/s.

3. Experiment and simulation details
3.1. Experimental proceeding

X-ray diffraction was conducted using the XtaLAB syn-
ergy custom system (Rigaku Corp. Inc.). Mn23C6 emitted
strong secondary radiation when using a Cu target, so spec-
tra were acquired using a Mo target. The sample was tested by
using a high-flux rotating anode x-ray source (FR-X) with a
power of 2.97 kW and integration time of 60 s at room temper-
ature and ambient pressure. Data refinement was conducted
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using the Rietveld method and Le Bail method in the Gen-
eral Structure Analysis System (GSAS)[19] software package.
The crystal structure parameters were obtained from the Inor-
ganic Crystal Structure Database (ICSD) with collection code
69536. Density data were obtained by Archimedes method.

Structural and morphological characterizations were car-
ried out using the Magellan 400 (XHR) SEM (Field Electron
and Ion Co.), with EDS microanalysis using an Ultim Max
silicon drift detector and Aztec system (Oxford Instruments
Plc.). The acquisition parameters were as follows: spot size,
3 nm; accelerating voltage, 3.00 kV; current, 25 pA; working
distance, 3.8 mm; and detector mode, ETD.

The temperature dependent magnetic susceptibility and
hysteresis loops were measured using physical property mea-
surement system and superconducting quantum interference
device-vibrating sample magnetometer (Quantum Design Co.,
Ltd.). Electronic conductivity measurements were carried out
on a source measure unit (Tektronix, Inc., 2450 Source Meter)
based on the Kelvin method.

3.2. DFT simulation

The ab initio structural relaxations and electromagnetic
property calculations were performed within the framework
of spin-polarized density functional theory (DFT)[18] using
the Vienna Ab-initio Simulation Package (VASP).[20–22] The
electron–ion interaction was described by applying the projec-
tor augmented wave (PAW)[23] method, which was adopted
with 3s23p63d64s1 and 2s22p1 as the valance electrons for
Mn and C atoms, respectively. The Perdew–Burke–Ernzerhof
(PBE) functional within the generalized gradient approxima-
tion (GGA)[24] was implemented for the exchange–correlation
functional. An energy cut-off 600 eV for the plane-wave ba-
sis, a dense Mokhorst–Pack[25] k-points grids of 7× 5× 3
and Monkhorst–Pack k-mesh spacing of 2π × 0.03 Å−1 were
used in the calculations, which ensures that the total ener-
gies are well converged to better than 1 meV per formula
unit (f.u.). The forces between the atoms converged to within
0.01 eV/Å in the relaxation. To calculate the magnetic mo-
ments, the parallel state as the representative magnetic config-
uration was considered. The parallel state used the wavefunc-
tion 〈χ1〉i,i+1 = 〈ψ〉i + 〈ψ〉i+1,i = 1,3, . . . ,13. Based on all
above, we studied density of states (DOS), electron localiza-
tion function (ELF), spin–polarized electron (SPe), projected
crystal orbital Hamilton population (pCOHP), etc., and ana-
lyzed them with experimental results to deeply understand the
material properties.

3.3. Drafting and illustration

As citing request and policy from the institutions about
relative software packages, here we list the data processing
and drafting softwares used in this paper. Among these soft-

wares, EXPGUI[26] developed by Toby is used in crystallo-
graphic structure refinement process, VESTA[27] development
by Momma and Izumi is used in 3D visualization of crystalline
and electronic structures plots.

4. Results and discussion
In this paper, we synthesized bulk sample Mn23C6 by

means of HTHPQM at 5.0 GPa and 1200 K in a cubic-
anvil high pressure apparatus using Mn and C powders as
the precursors, the detailed preparation process is shown
in the sample preparation and fabrication section of sup-
plementary material. Figure 1(a) showcases powder x-ray
diffraction (XRD) and its Rietveld refinement, these con-
firmed that the single phase polycrystalline Mn23C6 has a
faced-centered cubic (FCC) structure with space group Fm-
3m (No. 225) and the strukturbericht symbolism is the D84

structure, the diffraction pattern matches well with the exist-
ing reference from the inorganic crystal structure database
(ICSD, Coll. code: 69536) (see Table S1 in the supple-
mentary material). The lattice parameter we calculated is
a = b = c = 1.0415 nm, an Mn23C6 unit cell contains 116
atoms, including 92 Mn atoms in four different Wyckoff
positions and 24 C atoms in only one Wyckoff position.
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Fig. 1. (a) Powder x-ray diffraction and Rietveld refinement of Mn23C6
polycrystalline produced by HTHPQM: black cross symbol, red line, blue
line and pink main string are observed result, calculated result, difference
and Bragg position, respectively. (b) The crystal structure of Mn23C6,
smaller blue balls are C atoms, other bigger balls with different colors
represent Mn atoms at different Wyckoff positions.

037101-3

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adaadd
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adaadd
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adaadd
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adaadd


Chin. Phys. B 34, 037101 (2025)

The three-dimensional crystal structure of Mn23C6 is pre-
sented in Fig. 1(b), it has a typical crystal structure of the
M23C6-type (M: transition metal elements) based on the FCC
lattice (the cF116 crystallography notation in the Pearson
symbol). Mn23C6 as a typical IMC, its crystal structure is of-
ten described as made up of the packing of some coordination
polyhedral, cubo-octahedra and cubes. The cubo-octahedron
(orange polyhedrons in Fig. 1(b)) is formed by 12 MnII atoms
in 48h sites and one central MnI atom in the 4a site, while the
cube (green polyhedrons in Fig. 1(b)) is formed by 8 MnIV

atoms in 32 f sites. In addition, cubo-octahedra are allocated
to the face-centered cubic lattice points (i.e., 4e sites) while
cubes are allocated to the centers of octahedral gaps formed
by six cubo-octahedra (i.e., to mid-points of the cube edge and
the body center of the lattice). Such complex structure and
many atoms in a unit cell bring a great challenge to synthesis
and analysis, especially in DFT ab intio simulations.

To investigate the micro-morphology, we separate the
sample and carry out the typical scanning electron microscopy
(SEM) on the sliver fracture surface of polycrystalline Mn23C6

specimen. In Fig. 2(a), the average Mn23C6 crystal grain size
is 2–15 µm, such small crystal grain is due to the fast quench-
ing speed in the synthesizing process of HTHPQM. In the
fast quenching process, the precursor quickly cools from high
temperature, therefore there is not enough time for the crystal
nucleus to grow large.[28] Besides, high pressure also limits
the atomic average free path and further restricts crystal nu-
cleus growth.[29–31] All above factors hold the atoms to form
millimeter-scale long-range orders, which finally leads to the
small crystal grain size of Mn23C6. These general grain refine-
ment processes are like hardening and quenching processes in
steels, which usually improve the mechanical properties of
steels, but due to the presence of grain boundary gaps in grain
refinement processes, the density of the material is usually re-
duced. But different from the above general grain refinement
processes, our density measurement shows that the specimen
density is about 7.14 g·cm−3 with the Archimedes method,
which is 95.74% of the theoretical density of 7.458 g·cm−3.
Compared with other quenching processes,[9,32] the high rel-
ative density is due to the influence of high pressure reducing
the distance between different atoms in the synthesizing pro-
cess, therefore HTHPQM could natively reduce grain bound-
ary gaps and enhance the density of Mn23C6. Such high den-
sity also agrees with the HRSEM image results in Figs. 2(b)
and 2(d), the specimen fracture surface of Mn23C6 is homoge-
neous and it is almost free of visible micro-cracks and pores.
In Fig. 2(c), the energy-dispersive x-ray spectroscopy (EDS)
shows that Mn and C atoms are uniformly distributed on the

Fig. 2. The solid micro-morphology of Mn23C6 under magnification
field-emission scanning electron microscope: (a) the low magnification
image of a Mn23C6 single crystal; (b) and (d) the selected area high mag-
nification images with different areas of (a); (c) the linear SEM-EDS re-
sults of Mn and C atoms in the area (a), the insets are the individual
distribution patterns of Mn and C atoms, respectively.

Fig. 3. Micro-morphology of Mn23C6 under transmission electron mi-
croscopy: (a) the bright-field image of Mn23C6; (b) the SAED image; (c)
and (d) the HRTEM images.

surface of the Mn23C6 specimen without any significant aggre-
gation and absence, which means that the sample is homoge-
neous and uniform. Besides that, we also study the transmis-
sion electron microscopy (TEM) images of nano-size speci-
mens, and the results are presented in Fig. 3. To ensure elec-
trons penetrate the specimen, we choose the suspension of
Mn23C6 as the specimen, the nano-size specimen bright-field
image is shown in Fig. 3(a). We take the edge of the nano-size
specimen to get selected area electron diffraction (SAED) and
high-resolution transmission electron microscope (HRTEM)
images, the test point is marked in Fig. 3(a). Figure 3(b) shows
the SAED image at the same scan area with Figs. 3(c) and
3(d). Different from the crystal diffraction spectra in Fig. 1(a),
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figure 3(b) shows a typical quasi-crystal diffraction ring in-
stead of a polycrystalline ring, this is due to the tiny spot size
on the scale of nanometers and the minority nano-size speci-
mens from Mn23C6 suspension. Figures 3(c) and 3(d) are the
HRTEM images and their fast Fourier transform (FFT), which
show that the lattice fringes are regular and neat, and means
that Mn23C6 has good crystallization, almost without any vis-
ible dislocations or defects. Owing to the same scan area, the
lattice plane in Figs. 3(c) and 3(d) also corresponds one-to-one
to the lattice plane of the diffraction rings in Fig. 3(b). Com-
bined with SEM, TEM and the previous powder XRD, these
results demonstrate that the Mn23C6 synthesized by HTHPQM
is single-phase, homogeneous and uniform. A high-quality
Mn23C6 sample also ensures the reliability of subsequent mea-
surements of electromagnetic properties.
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Fig. 4. The magnetizing process of Mn23C6: (a) the DC magnetization
of moment versus temperature from 50 K to 300 K, the blue line and red
line are field cooled (FC) and zero field cooled (ZFC) temperature de-
pendence curves, respectively; (b) the hysteresis loops of moment versus
magnetic field at 5 K, 10 K and 200 K.

Next, we investigate the magnetism of Mn23C6. Combin-
ing with the temperature dependence of the magnetic suscepti-
bility (the M–T curve in Fig. 4(a)) and the temperature depen-
dence hysteresis loops (the M–H curveint Fig. 4(b)), we reveal
the magnetic properties at different temperatures and cooling
conditions. In Fig. 4(a), the zero-field cooling (ZFC) and field
cooling (FC) curves both increase monotonically with temper-
ature decreasing from 300 K to 14 K, and show a magnetic
transition peak at 14 K. Meanwhile, in Fig. 4(b), the slope

of the M–H curve corresponding to 100 K is also the high-
est, according to the magnetism curves in Fig. 4 and previous
research results,[14,17] we confirm that this is an antiferromag-
netic phase transition, and 104 K is the Néel temperature of
Mn23C6. Beyond that, there is a phenomenon here that has
never been reported before, the ZFC and FC curves bifurcate
when the temperature continuously decreases below 100 K.
With temperature decreasing, the slopes of ZFC and FC are
zero and positive, respectively. This bifurcated phenomenon
in ZFC and FC usually means the existence of ferromagnetic–
antiferromagnetic competition, magnetic cluster, spin frustra-
tion or fluctuations in this system.[33–36] Besides that, the resis-
tivity test based on the Kelvin method shows that the resistiv-
ity of Mn23C6 at room temperature is about 8.47×10−4 Ω·m,
which indicates that Mn23C6 is also an excellent electrical con-
ductor among metallic carbides.

To gain an in-depth understanding of the electromagnetic
properties, especially the unusual magnetic behavior, and fig-
ure out the inside exchange coupling interaction mechanisms
of Mn23C6, we simulate the electromagnetic properties with
ab intio DFT calculations. However, since the Mn atoms in
Mn23C6 have four different Wyckoff positions and there are to-
tal 116 atoms in a unit cell, the crystal structure becomes very
complicated. We take the initial lattice constants of Mn23C6

from our Rietveld refinement data in Table S1 of the supple-
mentary material for simplified calculation. The electronic
band structure, corresponding total density of states (TDOS)
and partial density of states (PDOS) with spin polarized are
shown in Fig. 5. Figure 5(a) gives the conduction band and
the valence band overlap at the Fermi level (EF), which indi-
cates that Mn23C6 is metallic. The spin-up and spin-down both
exist and noncoincidence, this implies that the magnetic order
in the Mn23C6 system is complex. From the TDOS and PDOS
in Fig. 5(b) and combined with the electronic band structures,
the DOS around EF are mostly contributed by Mn 3d electrons,
similar to the result of the low resistivity in our experiment,
the non-zero states at EF in DOS also indicate the metallicity
of Mn23C6. The upper and lower spins of Mn and C elec-
trons both exist and are asymmetric, corresponding to the re-
sults of the previous M–T measurements, which indicates that
the magnetic order comes from the coexistence of antiferro-
magnetism and ferromagnetism, and this is consistent with the
previous research. Furthermore, there is a peculiar orbital hy-
bridization between Mn 3d and C 2p orbitals within the range
of −7.5 eV to −5.2 eV in Fig. 5(b), which suggests the ex-
istence of magnetic exchange interaction between Mn and C
atoms. Figure 6 shows the electron localization function (ELF)
for a unit cell and the (001) crystallographic plane of Mn23C6.
The areas between Mn and C atoms are full of free electrons
in Figs. 6(a) and 6(b), combined with DOS, these electrons
are mostly contributed by Mn 3d and are also the source of
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electrical conduction in Mn23C6. There are no covalent bonds
observed between Mn–C or C–C atoms, which means that it
lacks the common covalent bond network like other carbides.
Combined with the calculated Bader charge, each C atom re-
ceives 0.24 electrons on average from MnII and MnIV atoms,
therefore, the Mn–C bond is ionic and specific only in MnII–C
and MnIV–C. The Mn–Mn bond is metallic, and there are no
electrons transfer within the Mn–Mn bonds, which also proves
that the Mn 3d electron is the source of electrical conduction
in Mn23C6.
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Fig. 5. Calculated energy band structure and density of states of Mn23C6:
(a) energy band structure in a series of high order symmetry points, the red
line and blue line are spin-up and spin-down bands, respectively; (b) par-
tial density of states, cyan solid line, blue and red dashed lines are TDOS,
Mn 3d PDOS and C 2p PDOS, respectively. The positive and negative
represent the upper and lower spins of Mn 3d and C 2p electrons.

(b)(a)

0

0.6

C
Mn

a

b

c

Fig. 6. Calculated electron localization function of Mn23C6. (a) The exte-
rior and (b) 2D plots of a Mn23C6 unit cell and its (001) crystallographic
plane.

To investigate the orbital hybridization and bonding situ-
ation between Mn and C atoms, in Fig. 7(a), the bonding infor-
mation of Mn23C6 can be obtained by the calculated projected
crystal orbital Hamilton population (COHP). In Mn23C6, the
interatomic bonding within the crystal structure can be catego-
rized into three types: Mn–Mn, C–C and Mn–C. In Fig. 7(a),
the spin-up and spin-down of Mn–Mn bonds are both stabi-
lized from 0 to −5 eV, meanwhile, the spin-up and spin-down
are separate, these means the coexist of ferromagnetism and
antiferromagnetism between Mn and Mn atoms, and this con-
clusion is the same as the M–T measurements in the experi-
ment. The spin-up and spin-down pCOHP of Mn–Mn bonds
around the Fermi level are both destabilized, which means that
the Mn–Mn bonding electrons at the Fermi level are itinerant,

these itinerant electrons also contribute to the high state den-
sity of Mn atoms in DOS near the Fermi level. Compared with
Mn–Mn and Mn–C, the spin-up and spin-down pCOHP of C–
C bonds are both very weak in the whole energy range, which
is the same as the ICOHP results (see Table S3 in the supple-
mentary material). This is due to the natural crystal structure
character of Mn23C6, C atoms are dispersive in Mn23C6 crys-
tal, thus C–C bonds cannot form interactions. The spin-up and
spin-down pCOHP of Mn–C bonds are both stabilized from
−5 eV to −8 eV, this energy range is the same as the p–d or-
bital hybridization in DOS. In addition, the Mn–C bonds have
the highest ICOHP in Table S3, which proves that the p–d or-
bital hybridization in Mn–C is the main bonds in Mn23C6. The
spin-up curve and spin-down curve of Mn–C bonds are similar
from−5 eV to−8 eV, this means the magnetic order of Mn–C
is antiferromagnetic coupling. Combining with the above cal-
culated results, we could draw a conclusion that owing to that
the Mn 3d is approximately half-filled and it provides abun-
dant DOS around EF, Mn 3d electrons have a great influence
on the electromagnetic properties of Mn23C6. In addition, we
also should not ignore the influence of p–d orbital hybridiza-
tion between Mn and C atoms, because C 2p influences Mn
3d by bonding and electron transfer. To figure out the inside
magnetic order and its mechanism in Mn23C6, we calculate
the spin-polarized electrons of the (110) and (011̄) crystal-
lographic planes in an Mn23C6 unit cell and the results are
shown in Figs. 7(b) and 7(c), respectively. In Fig. 7(b), Mn and
C atoms are typical antiferromagnetic coupling based on the
indirect super-exchange interaction, the calculated magnetic
moment (see Table S2 in the supplementary material) of Mn
atoms is 1.56µB, close to the experimental magnetic moment
µeff = 1.46± 0.02 µB as measured by neutron diffraction.[17]

The calculated value is slightly higher than the experimental
one because the initial magnetic structure in calculation is fer-
romagnetic. However, both the experimental measurements
in this paper and previous works confirm that the magnetic
order of Mn23C6 should not be so simple as an antiferromag-
netism. We should note that Mn atoms are not spin-up and
their magnetic moments are variational in Table S2. Thus,
we also study the magnetic order of different crystallographic
planes and find that there is another magnetic order. As shown
in Fig. 7(c), except the above Mn–C antiferromagnetic indi-
rect super-exchange interaction, there is also Mn–Mn antifer-
romagnetic direct exchange interaction along the [011̄] zone
axis, the two spin-down Mn atoms in Fig. 7(c) correspond to
the only two spin-down Mn atoms (Mn2 and Mn3) in Table S2,
and these spin-down Mn atoms show the strongest magnetic
moment about −3.250µB. Combining with the random distri-
bution of each Mn atomic magnetic moment and the above re-
search results, we conclude that the reason for this is the com-
petition between the two magnetic interactions in Mn23C6. In
this work, we have also solved the decades-old problem of the
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true magnetic order of Mn23C6, the magnetic order of Mn23C6

is actually composed of both Mn–C antiferromagnetic indirect
super-exchange interaction and Mn–Mn antiferromagnetic di-
rect exchange interaction, the competition between these two
interactions also leads to the spin frustration, the net magnetic
moment and M–T curves bifurcation at low temperature.
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Fig. 7. Calculated bonds characteristic and spin-polarized electron of
Mn23C6: (a) projected crystal orbital Hamilton population for Mn–Mn
bonds, C–C bonds and Mn–C bonds, positive COHP values denote bond-
ing and negative COHP values denote antibonding; (b) and (c) the spin-
polarized electron plots of (110) and (011̄) crystallographic planes, re-
spectively. Red and blue areas mean spin-up and spin-down electrons.

5. Concluding remarks and perspectives
In summary, we synthesized high-quality bulk Mn23C6 at

5.0 GPa and 1200 K using HTHPQM and demonstrated its
structural, mechanical and electromagnetic properties in this

work. The bulk Mn23C6 is polycrystalline, single-phase and
has an FCC structure with space group Fm-3m (No. 225),
D84 strukturbericht symbolism structure. Our characteriza-
tion shows that the sample is of high density (95.74%), good
conductivity (8.47× 10−4 Ω·m), antiferromagnetism with its
Néel temperature TN = 104 K, homogeneous and its aver-
age grain sizes are 2–15 µm. Moreover, we confirmed and
solved the long-standing question of the actual magnetic or-
der of Mn23C6. According to our results, the antiferromag-
netic Mn23C6 sample has two different antiferromagnetic ex-
change interactions simultaneously, one is the super-exchange
interaction between Mn (except MnIII) and C atoms, and the
other one is the direct exchange interaction between MnIII and
the surrounding Mn atoms along the [011̄] zone axis. Sim-
ilar to the magnetic cluster or spin frustration system, this
ferromagnetic–antiferromagnetic competition between these
two interactions leads to the net magnetic moment and M–
T curves bifurcation at low temperature. These conclusions
not only apply to Mn23C6, as a typical IMC, but also help
understanding the magnetic mechanisms of other carbides of
Mn23C6-type.
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