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We have reported new magnetic and optical properties of MnaOg nanostructures. The nanostructures have been
synthesized by the hydrothermal method combined with the adjustment of pH values in the reaction system. The
particular characteristics of the nanostructures have been analyzed by employing X-Ray diffraction (XRD), scanning
electron microscopy (SEM), energy dispersive X-ray (EDX) analysis, transmission electron microscopy (TEM), high
resolution transmission electron microscopy (HRTEM), Raman spectroscopy (RS), UV-visible spectroscopy, and the
vibrating sample magnetometer (VSM). Structural investigation manifests that the synthesized Mn2O3s nanostructures
are orthorhombic crystal. Magnetic investigation indicates that the Mn2Os nanostructures are antiferromagnetic and
the antiferromagnetic transition temperature is at Ty = 83 K. Furthermore, the MnsO3 nanostructures possess canted
antiferromagnetic order below the Neel temperature due to spin frustration, resulting in hysteresis with large coercivity
(1580 Oe) and remnant magnetization (1.52 emu/g). The UV-visible spectrophotometry was used to determine the
transmittance behaviour of MnaOg3 nanostructures. A direct optical band gap of 1.2 eV was acquired by using the
Davis—Mott model. The UV-visible spectrum indicates that the absorption is prominent in the visible region, and
transparency is more than 80% in the UV region.
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1. Introduction

Among the transition metals, manganese, because
of its flexible variations in its local bonding configura-
tion (24, 3+, 4+) giving rise to a variety of manganese
oxide as diverse as MnO, MnyO3, Mn3O4, Mn;5Osg,
and MnO,, has attracted significant research efforts.[!!
Manganese oxides are non-toxic, abundant, cost effec-
tive, and have a wide range of technical applications,
including catalytic,[?! electrochemical,®! magnetic,!*!

5] and electrocatalytic biosensors.[ In partic-

optical,
ular, Mn,Os3 has attracted much interest as an anode
material in the lithium ion battery. Moreover, Mn,O3
can also be used for preparing soft magnetic materials
such as manganese zinc ferrite.[”]

Different types of nanostructures of a-MnyOg,
such as three-dimensional (3D) sponge-like porous hol-
low nanostructures,8 spheres, dumbbell, and peanut-

shaped microstructure, have already been reported.
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These microstructures mainly comprise wires/rods
and particles have novel properties.[9:10]

The crystal structure of a-MnyOg3 is an undis-
torted cubic bixbyite above 302 K with Ia3 symme-
try. Below this temperature, it has an orthorhombic
crystal structure, which is distorted bixbyite as de-
scribed by the space group Ia3.'Y The pure a-Mn,O3
bulk material has been found to be antiferromagnetic
with a transition temperature of 80 K.'2-14 The
second-order transition was also observed at T' = 40 K
in a sample prepared by solid-state reaction.4] To-
keer et al. reported two transitions, one at T =
80 K, and the other at 25 K in nanostructures of a-
MnyO3 prepared by thermal decomposition of man-
ganese oxalate nano particles.[!5] The neutron diffrac-
tion study on the magnetic structure of a-MnyOs3
by Regulski™ showed the antiferromagnetic order
from 80 to 100 K and a broad maximum of the

magnetic susceptibility in this region. Canted anti-
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ferromagnetism plays an important role in the un-
derstanding of the physical properties of magnetic
nanostructures and in the fabrications of new mag-
netic devices. Therefore, many studies on canted
antiferromagnetic behaviour have been reported for
different materials such as FesNiy,[1 porous metal-
organic framework,'”l and MY[N(CN)y], (M=Co,
Ni)H,0.[*8] Antiferromegnatic behaviour has been re-
ported in undistorted cubic bixbyite a-MnsO3, but
few research ventures have been reported for the
bixbyite orthorhombic phase of MnyOg. In this paper,
we have reported the synthesis of MnyOg nanostruc-
tures through the template-free hydrothermal route,
and first reported the canted antiferromagnetic prop-
erty and the UV transparency in the nanostructures

of MHQOg_

2. Experimental details

2.1. Sample preparation

Nanostructures of highly pure single-phase
MnyO3 were prepared by the hydrothermal method.
In a typical procedure, pure MnzOy4 (3 gm) was added
to 40-ml deionized water and stirred for 15 min. While
stirring, a few drops of HNO3 and ZrO» (0.003 gm)
were added. The solution was magnetically stirred for
another 15 min and a few more drops of HNO3 were
added. The pH value of the solution was 1.0. The so-
lution was calcined in a stainless autoclave at 240 °C
for 12 h. After the reaction was complete, the pre-
pared product was filtered and dried at 70 °C for 6 h
in an oven. The dried product was ground and mixed
thoroughly using a pestle and mortar. ZrO5 was used

as a catalyst and filtered out.

2.2. Characterizations

Characterizations of the product were performed
by X’Pert MPD (XRD) with Cu Ka radiation (A =
0.154 nm), EDX (Hitachi S-3500 from 100 to 500 cps
with 32-eV beam resolution), SEM (Hitachi S-3500),
Raman spectroscopy (Horiba Jobin Yvon HR 800 Ra-
man spectrometer with a 532-nm wavelength excita-
tion), TEM (JEM-2010), HRTEM (JEM-2010), UV—
visble spectroscopy (TU-1901), and VSM (QD Versa
Lab).

3. Results and discussion

3.1. Morphology and structural proper-
ties

Figure 1 shows the XRD pattern of the as-
synthesized product. All of the reflection in this pat-
tern can be readily indexed to a bixbyite orthorhombic
phase of MnyO3 with the calculated lattice constant
a = 0.941 nm, b = 0.942 nm, and ¢ = 0.940 nm, re-
spectively, which are in good agreement with the liter-
ature results (JCPS No 24-0508). From this pattern,
it can be seen that the product has a high crystallinity.
The plane (222) has the maximum intensity with the
d-spacing of about 0.27 nm. The crystal size of the
MnyO3 nanostructures has been calculated according
to the following Debye—Scherer formula:

De = KM\37 ! cosb,

where K = 0.9 is the shape factor for tetragonal, A is
the X-ray wavelength (for CuKe), § is the full-width
at half-maximum (FWHM) in radians, and 6 is the
position of the maximum of diffraction peak. By us-
ing the above equation, the average crystallite size was
estimated to be about 39.17 nm.
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Fig. 1. X-ray diffraction pattern of Mn2Os3.

Raman spectroscopy is a very functional tech-
nique used to investigate the microstructure of nano
crystalline materials. Figure 2 shows the Raman spec-
trum of the nanostructures of MnyO3, and five fun-
damental Raman modes at 651, 691, 367, 312, and
177 cm™!
orthorhombic MnyOj3 is similar to a-MnyQOg3, which

are observed. The Raman spectrum of the

is coincident with the structural proximity of the two
crystal phases.
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Fig. 2. Raman spectrum of the nanostructures of Mn2O3.

The morphology of the synthesized nanostruc-
tures was initially examined using SEM, as shown in
Figs. 3(a) and 3(b). SEM results reveal a remarkable
nanostructure of a MnyO3z sample. Further exami-
nation reveals a more prominent nanostructure of the
Mn O3 sample, as shown in Fig. 3(b). From Fig. 3(b),
it can be seen that the MnyO3 exhibits layer-by-layer
nanostructures, and the layers are interlinked with

each other.

Fig. 3. SEM images of nanostructures of Mn2O3 at (a)
low and (b) high magnification.

The elemental chemical composition of the nanos-
tructures is investigated by EDX, as indicated in

Fig. 4. The EDX spectrum shows the presence of
Mn and O elements in the sample, while the signal
of Cu peaks comes from the copper tape used for
SEM measurements. The atomic percentage of Mn
and O elements in the MnyO3 sample is 13.44% and
86.56%, respectively. However, the actual stoichio-
metrical atomic percentage of MnyQO3 is 40% for Mn
and 60% for O, which shows a deficiency of Mn in the

sample.
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Fig. 4. (colour online) EDX analysis of the nanostruc-
tures of MnsOs3s.

Mn deficiency may be due to the following re-
action mechanism in the synthesis process of MnsOg

nanostructures.

Mn304 T} MHQOg + MHO, (1)
MnO + 2HN03 E— MH(NOQ,)Q + HQO (2)

In Eq. (1), the initial reagent Mn3O,4 decomposes into
Mny0O3 and MnO in the presence of strong acidic
medium and high temperature. The resultant MnO
reacts with HNOj in the solution, and Mn(NOj3), and
water are created and then washed out, which results
in large Mn deficiency in the MnyOs nanostructures
synthesized by the hydrothermal method.

Figure 5(a) presents a TEM image of a single
nanostructure of MnyO3 with a scale of 100 nm and
an average width of about 40 nm for an individual
nanostructure, which is comparable with the calcu-
lated crystallite size from the XRD by the Debye—
Scherrer formula. Figure 5(b) shows that the nanos-
tructure of MnyOg is structurally a uniform assembly
in a single crystalline structure. The interlayer spacing
was 0.27 nm, which is consistent with the correspond-
ing 222 plane in XRD. The composition-determined
growth of nanostructures into single-crystalline archi-
tectures is usually realized upon two factors: the con-
trolled removal of appropriate additives (salt, ZrOs,,
etc.) at interfaces, oriented attachment of nanostruc-
tures by re-organization of adjacent nanostructures,
that ensures that they share an identical crystallo-

graphic orientation.*
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Fig. 5. (a) TEM image. (b) HRETM results of nanos-
tructure of Mn2Os3.

3.2. Magnetic properties

The magnetic properties of the MnsO3 nanostruc-
tures are investigated. The field dependence of the
magnetization M—H curve at room temperature ex-
To fur-
ther investigate the magnetic behaviour of MnsOg, we

hibits the paramagnetic nature (Fig. 6(a)).

measured its magnetization as a function of the tem-
perature. The M-T curve (Fig. 6(b)) shows that mag-
netization decreases linearly with temperature from
105 to 400 K, manifesting a paramagnetic nature.
Moreover, the M—T curve shows a peak at the temper-
ature of 83 K, which reveals an antiferromagnetic tran-
sition at T = 83 K. The temperature dependence of
the reciprocal magnetic susceptibility ¥ ! is shown by
Fig. 6(c). It confirms the antiferromagnetic transition
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temperature at 83 K. The y~! obeys the Curie-Weiss
law: x = C/T — O,, and x~! is proportional to tem-
perature at high temperatures. By fitting the curve
for the linear region and extrapolating, the extracted
constants are C' = 0.0427 emuK/g and 6, = —370 K.

The slight difference of the Neel temperature be-
tween our result and the results previously reported
may be attributed to either the nanostructure or the
difference in the crystal structure, as the XRD result
shows an orthorhombic crystalline structure rather
than a-MnyOs in our sample. Ponpandian et al. ob-
served that the Neel temperature of Nig 5Zng sFesOy
increases due to the reduction of nano grain sizes.?"!
We consider that spin frustration on the surface of
nanostructure strengthens the magnetic interaction,
resulting in the enhancement of Neel temperatures.
In order to investigate the magnetic properties fur-
ther, the field dependence of the magnetization M—H
curve is measured at low temperature of 7' = 65 K, as
shown in Fig. 6(d).
T = 65 K shows large hysteresis, hence suggesting the

Surprisingly, the M—H curve at

ferromagnetic behaviour. Ferromagnetic parameters
were calculated for remanence My = 1.52 emu/g and
coercivity Ho = 1580 Oe at T = 65 K, respectively.
Moreover, the magnetization will exceed 10 kOe. This
peculiar phenomenon can be explained based on the
ferromagnetism theory.
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Fig. 6. (a) M—H curve at room temperature. (b) M-T curve under 100 Oe. (c¢) Temperature dependence of
x~'. (d) M—H curve of nanostructure of Mny03 at 65 K.
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The weak ferromagnetism and enhancement of
magnetization below the Neel temperature in anti-
ferromagnetic nano particles of CoRhsOy is reported.
The core shell model was used to explain the meg-
natic results of CoRhyOy.
consists of antiferromagnetic spins, while the shell

In this model, the core

has a frustrated surface spin.[?!) Similarly, the bulk
NiO is an antiferromagnetic oxide. However, at nano
scale, NiO was ferromagnetic with large magnetiza-
tion of 100 emu/g, and with spin glass behaviours.??
Makhlouf et al. showed that NiO nano particles also
exhibit remarkable hysteresis at low temperatures,
having remnant magnetization of 2 emu/g, coerciv-
ity of 4 kOe, and the hysteresis loop is open up to
55 kOe.[?3] They suggested that uncompensated sur-
face spin and exchange interaction between the AF
core and uncompensated surface spin are responsible
for this kind of peculiar behaviour. Therefore, in this
context we can say that the ferromagnetic behaviour
of the prepared MnyO3 below the Neel temperature is
due to nano-scale morphology effects.

Due to the nanostructures and Mn deficiency in
the sample, the spin on the surface and edges of the
chain may be uncompensated, resulting in canted anti-
ferromagnetic rather than absolute AF on the surface.
This point is illustrated in Fig. 7(a). In the antiferro-
magnetic (AF) structure where two sub-lattices have
spin S; and S; (S; = —S;). The elimination of an
isolated spin (e.g., S;) will cause a series of magnetic
frustration events in the vicinity of missing .S; spin.
The first effect is the direct reduction of the exchange
field Hex, as the removal of S; reduces the number of
S nearest neighbours of spin S; (z?j) and numbers of
S;j nearest neighbours of spin S; (29;), hence reducing
a component of an exchange field. The reduction of
a component of the exchange field causes canted S;
spin in the vicinity of the S; vacancy,* as shown by
two red arrows enclosed in the circle in Fig. 7(a). An-
other effect is intersub-lattice spin canting, the domi-
nant antiferromagnetic interaction between S; and \S;
intersub-lattice establishes the antiparallel spin align-
ments between them. The removal of spins from the
j-th sub-lattice would have the indirect effect of caus-
ing the partial frustration of neighbouring spins of the
i-th sub-lattice by spin canting, as indicated by the
S; (small) ring in Fig. 7(a). The third frustration ef-
fect occurs in the ring of S; (large) nearest neighbours
surrounding S;o in the i-th sub-lattice. These three
frustrations cause the construction of canted spin in
the lattice which builds the hysteresis loop. The over-

all effect with these frustration effects is shown in
Fig. 7(b), which shows that spin on the surface of the
nanostructure becomes canted by surface vacancies of
Mn and the core is antiferromagnetic, resulting in a
net magnetic moment. Below the Neel temperature,
when magnetic ordering occurs in the nanostructures
of Mn3O3, the uncompensated surface spin, cause the
canted antiferromagnetic structure resulting in the net
magnetic moment and hysteresis. It may be supposed
that the canted antiferromagnetic structure is the ori-
gin of ferromagnetic behaviour for nano-scale materi-
als. Canted antiferromagnetic behaviour of MnsOgs
nanoparticles conduit towards different applications
such as spin valves, reading head for magnetic storage
media, and the memory element in magnetic random

access memaory.
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Fig. 7.
canted spin by vacancies. (b) Illustration of magnetic spin

(colour online) (a) Two-dimensional model of

arrangement in nanostructures of Mn2Os3.

3.3. Optical properties

Absorption spectrum of the MnyO3 nanostructure
in the range of 200-800 nm is shown in Fig. 8. It can
be seen that the prepared sample of MnsO3 absorbs
photons strongly in the visible region and is highly
transparent in the UV region. The absorption is more
than 90% in the range of 440-725 nm, which forms
an absorption band. As the wavelength decreases,
the absorption decreases and transmission increases
abruptly. The transmission spectrum is used to deter-
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mine the absorption coefficient « as described below

1
T Ama/T) 3)

where d is the path length and equal to 1 mm. The
value of band gap and nature of optical interband
transition is determined by Tauc and Davis—-Mott
models.

(ahv)" = A(hv — Ey), (4)

where Ej is the band gap energy, A is constant, n = 2
for direct interband transition, and n = 1/2 for in-
direct transition. The straight line is only observed
for n = 2, as shown in Fig. 8(b).[?”l Therefore, the
direct band gap is 1.2 eV which is obtained by ex-
trapolating the linear part of the curve in Fig. 8(b)
to the energy axis at &« = 0. The nanostructure
shows prominent absorption in the visible region (400
800 nm). The absorption is more than 99% at the
wavelength of 508 nm, and is 97% at the wavelength
of 665 nm. The absorption of the nanostructures
decreases with the increasing wavelength. On the
other hand, transmission is more than 81% in the UV
region (355-200 nm), as shown in Fig. 8(a). Addition-
ally, the dips at 275 nm and 337 nm in the absorption

1.0
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0.4r1
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0 . .
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1 /' 1
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Energy/eV

Fig. 8. UV-visible spectrum (a) Absorption. (b) Absorp-
tion coefficient versus energy.

spectrum may be due to the Mn deficiency in the com-
pound. For wavelengths longer than 725 nm, absorp-
tion begins to decrease and transmission begins to in-
crease. However, at the highest wavelength of 800 nm,
the absorption is 62%, while the transmission is about
18%. Based on the above innovative results, we de-
duced that the nanostructures of Mn,O3 can be used
for the applications where the absorption of visible
light such as solar cells and photo-catalysts is required.
It can also be used in applications where the transmis-
sion of UV light is required, such as UV filters and UV
lasers.

4. Conclusions

Nanostructures with an average width of 40 nm
were synthesized by a hydrothermal route at 240 °C.
Structural analysis by XRD, Raman spectroscopy,
TEM, and HRTEM confirms that the synthesized
Mn;Og is orthorhombic bixbyite.
tra reveal that the absorption is more prominent in

UV-visible spec-

the visible region, while the transmission is more sig-
nificant in the UV region. UV-visible spectra also
demonstrate the direct band gap of 1.2 eV for MnyOg
nanostructures. The nanostructures of MnsO3 exhib-
ited an antiferromagnetic transition at 83 K. Below
the Neel temperature, large hysteresis is observed,
which manifests the ferromagnetic behaviour. Based
on the canted antiferromagnetism, the ferromagnetic
behaviour is explained according to the spin frustra-
tion of nanostructures.
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