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Two-dimensional (2D) materials with robust ferromagnetism have played a key role in realizing next-
generation spin-electronic devices, but many challenges remain, especially the lack of intrinsic ferro-
magnetic behavior in almost all 2D materials. Here, we highlight ultrathin Mn3O,4 nanosheets as a
new 2D ferromagnetic material with strong magnetocrystalline anisotropy. Magnetic measurements
along the in-plane and out-of-plane directions confirm that the out-of-plane direction is the easy axis.
The 2D-confined environment and Rashba-type spin-orbit coupling are thought to be responsible for
the magnetocrystalline anisotropy. The robust ferromagnetism in 2D Mn3O,4 nanosheets with magne-
tocrystalline anisotropy not only paves a new way for realizing the intrinsic ferromagnetic behavior in
2D materials but also provides a novel candidate for building next-generation spin-electronic devices.
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PACS numbers 75.70.Ak, 81.10.St, 75.30.Gw

1 Introduction

Since the discovery of graphene, the family of two-
dimensional (2D) materials has greatly expanded, ex-
hibiting a broad range of novel physics properties and
potential applications. High carrier mobility and on/off
ratio have been realized in graphene and transition-metal
chalcogenide (TMC)-based field-effect transistors, mak-
ing them a bright prospect for next-generation flexible
devices [1-3]. Even so, the lack of long-range ferromag-
netic order because of the strong thermal fluctuations in
the 2D flat plane according to the Mermin—Wagner the-
orem hinders long-range spin ordering, impeding their
further application in spin-electronic devices [4]. Vari-
ous methods, including surface modification, defect en-
gineering, and doping with magnetic atoms were adopted
as attempts to induce ordered magnetism in 2D materi-
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als [6-8]. However, with these approaches, it is difficult
to introduce long-range correlations between exotic local
magnetic moments by solid exchange interactions. Re-
cently, 2D Crlg and CrGeTes nanosheets were found to
be ferromagnetic within a 2D limit [9, 10]. Magnetic
anisotropy was highlighted as a factor crucial for realiz-
ing 2D ferromagnetism, thereby guiding the search for
more 2D magnetic materials [11]. However, the 2D io-
dide and telluride nanosheets suffered from poor stabil-
ity even in the bulk form, hampering their development
in practical devices. Therefore, stable ferromagnetism in
2D materials is highly desirable and leaves plenty of room
for further exploring new magnetic material systems.
Spinel structural transition metal oxides (TMOs) are
a series of classical soft ferromagnets with excellent ther-
modynamic stability, and most of them exhibit strong
magnetocrystalline anisotropy due to the intercoupling
among the electronic orbits, crystal fields, and spins [12—
14]. Space confinement in one crystal orientation with a
special spin orientation is expected to result in 2D fer-
romagnetism in the spinel TMOs. Unfortunately, it is
difficult to obtain ultrathin freestanding nanosheets with
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Fig. 1 (a) Crystal structure of bulk Mn3zOy4. (b) Side-view
of Mn3Oy4 along b axis. (c) Schematic diagram of topochem-
ical conversion from 2D MnO> nanosheets to 2D Mn3Oy4
nanosheets.

traditional top-down methods because the bulk spinel
structure crystallizes into a highly solid 3D chemical
bonding network. Herein, we developed a topochemical
conversion strategy for the synthesis of 2D spinel Mn3zOy4
nanosheets with strong magnetic anisotropy and intrinsic
long-range ferromagnetic order. The crystal structure of
Mn30Oy is shown in Fig. 1(a). Notably, Mn3zO,4 contains
two types of Mn-O layers in the (101) crystalline facet.
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One contains the MnOg octahedrons and the other con-
tains both MnQOg octahedrons and MnQOy4 tetrahedrons.
As shown in Fig. A1, the former is highly similar to a sin-
gle 6-MnOs layer formed by all the MnOg octahedrons,
and the latter could form by a partial distortion of the
MnOs, layer structure [15]. During a low-oxygen-pressure
thermo-annealing process, the 6-MnOs nanosheets could
transform to MnzO4 nanosheets by forming disordered
layers sandwiched between the unchanging MnOs lay-
ers, as shown in Fig. 1(b). The topochemical conversion
process to layered Mn3QOy4 from layered §-MnQOs is shown
in Fig. 1(c). It is notable that by the topochemical con-
version process, the crystalline facet of the freestanding
Mn3O4 nanosheets can be spontaneously controlled to be
(101), which is helpful for the research on magnetocrys-
talline anisotropy.

2 Experiments and analysis

The Mn3O,4 nanosheets were achieved by topological
conversion through the low-oxygen pressure thermo-
annealing of the §-MnOy nanosheets at 300°C. The ex-
perimental details are given in Supplemental Materials.
The phases of the as-obtained product and purchased
Mn3O4 powder were confirmed by X-ray diffraction
(XRD) analysis. As shown in Fig. 2(a), the XRD pattern
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Fig. 2 (a) XRD patterns of the 2D MnsO4 nanosheets and 3D MnsO4 powder. Mn K-edge (b) XANES spectra, (c)
EXAFS oscillation function k?x (k) and (d) the corresponding Fourier transformations FT(k*x(k)) for 2D MnzO4 nanosheets

and 3D Mn3sO4 powder.
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of the as-obtained sample can be indexed to hausmannite
Mn304 (space group 141, JCPDS card No. 24-0734), in-
dicating that the as-obtained Mn3;O4 nanosheets are suc-
cessfully transformed by the J-MnOy nanosheets. Pos-
sible impurities (e.g., MnOg, MnO, and MnyO3) were
excluded by carefully contrasting the XRD results with
the standard patterns that include those of Mn3zQOy,
MnO3, MnO, and Mny0O3, as shown in Fig. A2. Com-
pared to the 3D Mn3O,4 powder, 2D Mn3O,4 nanosheets
present broadened diffraction peaks without any obvi-
ous peak shifts. The same diffraction peaks imply the
2D Mn30Oy4 retains the same lattice symmetry or long-
range structure of 3D Mn3O,4. The increased full width
at half maximum (FWHM) suggests the short-range lo-
cal distortion exits and reduces the crystallinity. The re-
markably enhanced intensity of the (101) peak suggests
[101] to be the preferential orientation, agreeing with
our topochemical design. X-ray absorption fine structure
(XAFS), which is usually used for detecting the elec-
tronic structure and fine local atomic structure, was uti-
lized to explore the local structure around the Mn atoms.
A standard pure Mn3O4 powder was used as a compari-
son. The XAFS data were carefully normalized for semi-
quantitative analysis. The white line peak experiences
a distinct red shift in 2D MngQOy, verifying a reduced
chemical valence due to the 2D confined environment,
as shown in Fig. 2(b). The similar radial pair distribu-
tion functions, with decreased amplitudes in the k space,
suggest no large Mn3QOy4 lattice framework change, but
a decreased coordination number around the Mn atoms
in the 2D nanosheets, as shown in Fig. 2(c). The differ-
ences in the coordination environment became clear after
the Fourier transform of the k space into the R space.
As shown in Fig. 2(d), all the peaks of 3D Mn3Oy4 re-
main in 2D Mn3Oy, suggesting the form of coordination
does not change with dimensional reduction. The peaks
at 1.53 A and 2.36 A correspond to two types of Mn-O
shell shift to 1.48 A and 2.35 A, implying a shortened
Mn-O distance in the 2D Mn3O4 nanosheets because of
dimensional confinement. In addition, the peak at 3.13
A corresponds to the Mn-Mn shell, the amplitudes of
which for 2D and 3D Mn3O4 are about 3.54 and 6.26,
respectively. The intensity of the Mn-Mn shell decreases
by 43% compared with 3D Mn3O,4, which is consistent
with the decreased coordination number and structural
distortion of the 2D Mn3QOy lattice. The deficiency in co-
ordination structure and atomic distortion has also been
found in other classical 2D oxide nanosheets with non-
layered crystal structures and revealed novel chemical
and physical properties [16-18].

To verify the 2D morphology of Mn3O,4 nanosheets af-
ter topological conversion, a series of microscopic char-
acterizations were carried out. The field-emission scan-
ning electron microscopy (FE-SEM) image presented in
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Fig. 3 (a) SEM image of the Mn3O4 nanosheets, scale bar:
1 pum. (b) AFM image of Mn3O4 nanosheets, scale bar: 2
pm. (c) HRTEM image of the Mn3O4 nanosheets, scale bar:
10 nm. (d) Edge-area HRTEM image of MnzO4 nanosheets,
scale bar: 10 nm.

Fig. 3(a) clearly shows the 2D morphology of Mn3Oy4
nanomaterial with sporadic nanoholes after thermo-
annealing at 300°C. At a higher annealing temperature,
the 2D morphology starts to become broken with visi-
ble aggregation, as shown in the SEM image in Fig. A3.
Moreover, the height of a single nanosheet was evalu-
ated to be approximately 5.3 nm by the atomic force
microscopy (AFM) image in Fig. 3(b). In the HRTEM
image in Fig. 3(c), the contrast of nanosheets suggests
an ultrathin 2D situation of Mn3zO4 nanosheets. Further-
more, the edge-area HRTEM image in Fig. 3(d) shows
the 6-nm thickness of a nanosheet, further confirm-
ing the nanometer-size thickness of 2D Mn3O, sheets.
These experimental results clearly confirm the thermo-
annealing product of 2D MnOs nanosheets to be 2D
Mn30O,4 nanosheets with ultrathin thickness.

In order to investigate the intrinsic magnetism of
the 2D Mn3O,4 nanosheets, especially the magnetocrys-
talline anisotropy, the detailed magnetic properties
were recorded using a vibrating sample magnetometer-
superconducting quantum interference device (VSM-
SQUID). By a vacuum filtration process, a compact
Mn3Oy4 film with consistent crystalline facets was self-
assembled and stacked with a consistent crystal orienta-
tion of [101]. The magnetic hysteresis loops measured
at 10 K with the magnetic field parallel (in-plane mag-
netic field) and perpendicular to the film (out-of-plane
magnetic field) are shown in Fig. 4(a). The results ex-
hibit two completely different hysteresis behaviors for
the in-plane and out-of-plane magnetic fields. In detail,
the curve measured in the out-of-plane direction shows

138110-3

»
&
o
7
>
-
[~
[y
(=)
w
o
*]
.5
=
=)
R
o




»
9
o
7
>
=
="
[
=]
»
R
2]
.5
=
e
R
=

RESEARCH ARTICLE

@ 2
—=— Out of plane
H e m plane
5
< 0
m

=
=

-1 T=10K

_2 T T | T T

-50 =25 0 25 50
H (kOe)

(b)
—~ 0.8 - FC Out of plane
2 067
EN — ZFC  H=1000 Oe
£
s 029
0.0 — : : ‘
0 100 p gy 200 300
© 0025
S 0.020 —FC In plane
“:3:50.01& \\{FC H=1000 O¢
S 0.0104 ‘
0.005 L— : ‘ ‘
0 100 p gy 200 300

Fig. 4 (a) M-H curves for 2D Mn3O4 measured at 10 K with anisotropy behavior. Temperature dependence of ZFC and
FC magnetization of 2D Mn3Oy4 in (b) out-of-plane and (c) in-plane magnetic field.

a distinct looped behavior with large saturation magne-
tization, whereas the magnetic susceptibility measured
in the in-plane magnetic field exhibits an almost linear
function of an exotic magnetic field, except for a slight
magnetization behavior in the small field. In addition,
the coercivity and remnant magnetization in the out-of-
plane magnetic field direction are much larger than that
in the in-plane magnetic field direction, demonstrating
robust anisotropic ferromagnetism. The larger satura-
tion magnetization, coercivity, and remnant magnetiza-
tion suggest the out-of-plane direction to be the easy-axis
direction.

To further comprehend the magnetic properties of 2D
Mn30y4, the temperature dependence of magnetization
was measured from 10 K to 300 K in a magnetic field of
1000 Oe along the in-plane and out-of-plane directions.
As shown in Fig. 4(b), when the magnetic field is con-
trolled along the out-of-plane direction, the zero-field-
cooling (ZFC) curve increases gradually at low temper-
atures until it reaches a maximum at approximately 39
K, before decreasing continually. Meanwhile, the field-
cooling (FC) curve decreases within the whole temper-
ature region, and at approximately 45 K, the FC curve
merges with the ZFC curve. The results prove that a
transition from the paramagnetic phase to the ferrimag-
netic phase with a triangular spin arrangement occurs in
2D Mn3QOy. Similarly, the magnetic phase transition also
emerges in an in-plane magnetic field at 39 K. However,
the magnetization is quite weak, less than one-tenth of
magnetization in an out-of-plane magnetic field of 1000
Oe.

These experimental results strongly confirm the mag-
netocrystalline anisotropy of 2D MnzO,4, with the easy
axis along the [101] direction. However, it has been re-
ported that in 3D Mn3QOy4 single crystals or 2D Mn3Oy,
thin films, the [100] direction is the easy axis and the
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[001] direction is the hard axis [19, 20]. The abnormal
easy axis tilt when the dimensionality of Mn3O, is re-
duced to the 2D limit is extraordinary. Fundamentally,
the magnetocrystalline anisotropy in bulk MnzO,4 origi-
nates from elongated Mn-O bonds in MnOg octahedrons
along the [001] direction because of the Jahn—Teller ef-
fect on Mn3+ according to Vafet—Kittel theory [21]. Sev-
eral studies on Mn30, films grown on special substrates
found that the hard axis could soften and the soft axis
could harden when the thickness decreased, suggesting
that 2D confinement could influence magnetocrystalline
anisotropy to some extent [22, 23]. It is notable that all
previous studies focused on certain crystalline orienta-
tions, such as [100], [110], and [001], to match with the
substrate. Here, our unique topochemical approach en-
ables us to obtain freestanding MnsO4 nanosheets with
the [101] orientation. The long-range period along [100]
or [001] would be destroyed and lead to a tilting of the
easy axis away from the [100] direction, with a tilt angle
of approximately 32°.

From the perspective of structure, the 2D Mn3QOy is
stacked by two types of MnO, layers along the [101]
direction, which is inherited by 2D Mn3Q4, as shown
in Fig. A4. The alternatively stacked structure provides
unique symmetry breaking in 2D Mn3zOy4. As shown in
Fig. A5, the mirror symmetry does not exist along the
[101] direction in 3D Mn3QOy, and is absent in 2D Mn30y4
as well. Furthermore, the 2D Mn3O, is not equal to
its counterpart after an inversion operation, implying
a space inversion asymmetry. The asymmetry environ-
ment will induce a Rashba type spin-orbit coupling and
force the electronic spin point along the out-of-plane di-
rection, then give rise to a strong 2D magnetic character
[24, 25]. Therefore, the asymmetry environment in 2D
Mn30y is considered the primary cause of easy axis tilt-
ing.

Jun-Chi Wu, et al., Front. Phys. 13(3), 138110 (2018)
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3 Conclusion

In summary, by a topochemical strategy, freestanding
2D Mn30,4 nanosheets with the [101] orientation were
successfully synthesized and exhibited strong ferromag-
netism with magnetocrystalline anisotropy. Robust fer-
romagnetism with large saturated magnetization, coer-
civity, and remnant magnetization was found in the di-
rection of the magnetic field perpendicular to the film,
but a weak ferromagnetism was observed in the field di-
rection parallel to the film. An unexpected tilt of the easy
axis was observed because of strong Rashba-type spin-
orbit coupling. The 2D ferromagnetic Mn3O,4 nanosheet
provides a new candidate for flexible spin-electronic ma-
terials.
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Appendix A Supplementary information

A.1 Experimental section

Materials. Manganese chloride (MnCly4H50), ammo-
nium persulfate ((NHy)2S20s), and tetramethylam-
monium hydroxide (TMAOH) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). All chemicals were used directly without fur-
ther purification.

Fig. A1 Scheme of topochemical similarity between MnQOx
and Mn3QOy.

Jun-Chi Wu, et al., Front. Phys. 13(8), 138110 (2018)

Synthesis of §-MnO;. §-MnO; was synthesized ac-
cording to our previous work (Ref. [15]). In a typical
experiment, 0.6 g MnCl;4H>0 was dissolved in 10 mL
H50, denoted as “solution A.” Then, 4.0 g (NH,4)2S50s
and 4.375 ¢ TMAOH (25% wt) were added to 10 mL
H>0 in two steps, denoted as “solution B.” Then “solu-
tion B” was dropwise added into “solution A” under vig-
orous stirring. The mixed solution was vigorously stirred
overnight at room temperature to generate 5-MnQO,. The

@ 2D Mns0,
(b) \ MH304
| |I‘ | | ||||||||I|||
© MnO,
|
(d)
MnO
A e T
(e) Mn203
10 20 30 40 50 60 70

2 Theta (°)

Fig. A2 (a) XRD pattern of 2D Mn3O4 and standard
XRD patterns of (b) Mn3Ou, (¢) MnO2, (d) MnO, and (e)
Mn203.

Fig. A3 SEM image of product under annealing temper-
ature of 320°C, in which distinguished nanoparticles are em-
phasized by dotted red lines. Scale bar: 50 nm.
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Fig. A4 Scheme of dimension reduction process of Mn3O4. The green and yellow stripes represent two types of MnOx

layers, respectively.
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XX\

[001] [100]

(d)
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Fig. A5 Schemes of 3D Mn3O4 along (a) [001], (b) [100], and (c) [101] directions. (d) 2D Mn3O4 and its broken space

inversion asymmetry.

product was collected by centrifugation and washed with
methanol and water several times; then, the precipitate
was dried in vacuum at 60°C.

Synthesis of 2D Mn30,4 by a topochemical ap-
proach. The §-MnOs product was allowed to thermo-
anneal at 300°C for 2 h in a Ny atmosphere to obtain
stacked Mn3Oy4. The stacked Mn3O4 was dispersed in
water and sonicated for 1 h at room temperature to ob-
tain 2D Mn3QOy4. The unexfoliated bulk Mn3O4 was sep-
arated as dispersions after centrifugation under a low
rotation speed. The Mn3O,4 nanosheets were collected
by vacuum filtered over a cellulose membrane.

Characterization. X-ray diffraction (XRD) was mea-
sured using a Philips X’ Pert Pro Super diffractometer
with Cu Ka radiation (A = 1.54178 A) with a scanning
speed of 8°/min. The field emission scanning electron
microscopy images were obtained on a Zeiss Gemini300
scanning electron microscope. Atomic-force microscope
(AFM) images were acquired by a Veeco DI Nano-scope
Multi-Mode V system. High-resolution transmission elec-
tron microscopy images were performed in a JEOL-
2010TEM with an acceleration voltage of 200 kV.

X-ray absorption spectroscopy (XAS) measure-
ments. The X-ray absorption spectra at the Mn K-edge
of the samples were collected at the beam line BL14W1
of the Shanghai Synchrotron Radiation Facility (SSRF,
China) at room temperature in the transmission mode,

138110-6

operated with a Si(111) double crystal monochromator.
The storage ring was operated at an energy of 3.5 GeV
and a current between 150 and 210 mA during the mea-
surement process. The photon energy was verified by
calibrating the first inflection point of the Mn K-edge in
a Mn metal foil. The X-ray absorption spectra (EXAFS)
data were fitted in the R space using the IFEFFIT code
[1], and the scattering amplitudes and the phase shifts
were generated by the Feff8 code [2]. All FT curves of
the 2D and 3D MnsO,4 nanosheets were reconstructed
successfully with the X-ray crystalline data of the local
structure of the octahedral site of Mn3Oy4 (Ia3) as the
initial models.

Magnetic property measurements. A film consti-
tuted by freestanding Mn3QO4 nanosheets by vacuum fil-
ter was prepared for the magnetic measurements. The
magnetization was characterized using a SQUID (quan-
tum design MPMS XL-7) magnetometer with temper-
ature ranging from 10 to 300 K and the applied field
varying between —50 and 50 kOe.
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