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The nanoclusters of metal oxides have been a great interest
because they have shown a ferromagnetic behavior even though
they are antiferromagnetic in the bulk phase.1-7 In the same way,
MnO nanoclusters are predicted to be ferromagnetic by theory1 even
though their bulk phase is antiferromagnetic.8,9 In this communica-
tion, we experimentally report, for the first time, that MnO
nanoclusters with cluster diameters of 5-10 nm show a ferromag-
netic behavior with a phase transition from ferromagnetic to
paramagnetic phases at 27 K. We observed large coercivities up to
9500 Oe and a remanence of 1.72 emu/g at 2 K, which are typically
observed values for ferromagnetic materials. Although it is not clear,
this abnormal ferromagnetic behavior of MnO nanoclusters may
arise from particle size effects.

The similar unusual magnetic behavior in several other metallic
oxide nanoclusters such as NiO4-7 and MnO(OH)2 nanoclusters
had been observed by other researchers. Nayak and Jena recently
calculated magnetic properties of (MnO)n)1-9 molecular clusters
and obtained unusually high magnetic moments of 4-5 µB per MnO
molecule.1 Kodama et al. also observed large coercivities and large
magnetic moments in NiO nanoclusters.4 They, by using a multi-
sublattice model, speculated that the unexpected high magnetic
moments of NiO nanoclusters might be related to reduced coordina-
tion of surface spins which eventually induced the change in the
magnetic order throughout the nanoclusters.

MnO nanoclusters were synthesized by thermally decomposing
Mn2(CO)8 vapors with a resistive heater. The details regarding the
experimental setup had been described elsewhere.10 Briefly, about
1-2 mg of Mn2(CO)8 sample was loaded into the reaction chamber.
The reaction chamber was heated to 200°C to vaporize the solid
Mn2(CO)8 sample. The Mn2(CO)8 vapors were then thermally
decomposed by using a resistive heater made of Nichrome wire at
a temperature of 400-450 °C. The reaction was completed in a
few minutes. The final product was black and was kept in a vacuum
until it was characterized by using an X-ray diffraction (XRD)
spectrometer with Cu KR radiation of 0.15418 nm (Philips,
model: X-PERT), a transmission electron microscope (TEM)
operating at an acceleration voltage of 300 keV (JEOL, model: JEM
3010), and a magnetic property measurement system (MPMS)
(Quantum Design, model: MPMS 7).

Figure 1 represents an XRD pattern which shows that MnO
nanoclusters have the same face-centered-cubic (fcc) structure as
the bulk phase. The lattice constant was determined to bea )
0.4427 nm, which is consistent with the bulk value.11 The two tiny
peaks below the (111) peak in the XRD pattern (i.e., 2θ ) 29.0°
(112) and 32.4° (103)) seem to arise from tetragonalγ-Mn2O3

nanoclusters with lattice constants ofa ) 0.57 andc ) 0.94 nm,

as is consistent with the bulk values.12 With the measured full-
width at half-maximums (fwhms) of the peaks13 and Scherrer’s
formula,14 the average cluster diameter was estimated to be 4.2
nm, which is well consistent with the roughly estimated value of
5-10 nm from the TEM micrograph (Figure 2). Here, the individual
cluster diameter in the TEM micrograph is not clearly visible due
to aggregation between MnO nanoclusters.

The magnetic properties were characterized by recording both
magnetization curves as a function of temperature (Figure 3) and
hysteresis loops at various temperatures (Figure 4). The zero field
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Figure 1. XRD pattern of MnO nanoclusters. The structure corresponds
to a fcc structure. The two tiny peaks before the (111) peak originate from
tetragonalγ-Mn2O3 nanoclusters. The assignments are the Miller indices
(hkl).

Figure 2. TEM micrograph of MnO nanoclusters taken at an acceleration
voltage of 300 keV.
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cooled (ZFC)/field cooled (FC) magnetization curves at an applied
field (H) of 100 as well as the ZFC magnetization curves at applied
fields of 100, 200, 500, and 5000 Oe (i.e., the inserted figures in
Figure 3) clearly show that there exists a phase transition from
ferromagnetic to paramagnetic phases at the corresponding low
temperatures (Tc) of 27, 27, 25, and 22 K, respectively. The
hysteresis loops recorded at lower temperatures thanTc (i.e., at 2
and 10 K) show large coercivities and large remanences, which
are typically observed values for ferromagnetic materials. The
temperature dependences of both coercivity and remanence are
represented in Figure 5, showing nearly zero values for both
coercivity and remanence aboveT ) 50 K, confirming paramagnet-
ism above this temperature, as is consistent with the magnetization
curve. Here, it seems that there exists another phase transition from
ferromagnetic to paramagnetic phases around 40-41 K, as is
indicated in the inserted figures in Figure 3. Although it is not clear,
this phase transition may be due toγ-Mn2O3 nanoclusters existing
as tiny impurities in the sample because the two tiny peaks from
γ-Mn2O3 nanoclusters were observed in the XRD pattern (Figure
1), implying thatγ-Mn2O3 nanoclusters are also ferromagnetic at
a low temperature as are MnO nanoclusters.

The ferromagnetic behavior of MnO nanoclusters is not clearly
understood. However, one possibility for this ferromagnetism may
be related to cluster size effects or surface spin effects. For
nanoclusters, the surface-to-volume ratio is very large, and surface
atoms possess reduced coordination, which may alter spin con-
figurations throughout the nanoclusters. To more clearly understand
this ferromagnetic behavior, however, more extended works via
either experiments (for instance, the measurement of magnetic
properties as a function of cluster diameter, ranging from 0.5 to 50
nm, which may allow us to know about cluster size dependence
and, thus, cluster size effects of ferromagnetic properties of MnO
nanoclusters) or theoretical calculations will be necessary.
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Figure 3. Magnetization curve of MnO nanoclusters versus temperature
at an applied field of 100 Oe. Inserted are the short-range scans at applied
fields of 100, 200, 500, and 5000 Oe.

Figure 4. Hysteresis loops of MnO nanoclusters at 2, 10, 30, 39, 50, and
300 K.

Figure 5. Coercivity (b) and remanence (Mr, O) of MnO nanoclusters
versus temperature.
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