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Size-driven magnetic transitions in monodisperse MnO nanocrystals
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We report the observation of weak ferromagnetism up to Tc=250 K and a spin-glass-like behavior
at temperatures below Tgg=~30 K in nanoscale MnO particles. Ty is considerably lower and T¢ is
much higher than the Néel temperature (Ty=122 K) of bulk MnO. While the dominant low
temperature behavior (below 30 K) may be attributed to the effects studied in this system before,
such as uncompensated surface spins in antiferromagnetic particles, no manganese oxides have been
observed with the Curie temperature as high as 250 K. We explain the magnetic ordering below T¢
as due to indirect exchange of the type observed in dilute magnetic oxides, which can be mediated
by crystal defects and/or surfaces. © 2010 American Institute of Physics. [doi:10.1063/1.3366611]

Magnetic properties of nanoparticles and thin films of
ferromagnetic (FM) and antiferromagnetic (AFM) metals
and oxides are known to differ from those in the bulk. Ex-
amples include Co, Fe;O,, NiO, and MnO nanoparticle
systems,l_5 where decreased magnetic transition tempera-
tures, spin glass features, and biased hysteresis loops due to
disorder and the effects of uncompensated surface spins have
been discussed,”® in addition to possible spurious effects
from secondary phases.7 On the other hand, recent experi-
ments on transition metal-doped nonmagnetic oxides, e.g.,
Co-doped TiO, or Cr-doped ZnO show that ferromagnetic
ordering can be induced between dopant ion spins mediated
by structural defects,®'° including surface and interface'’
(dilute magnetic oxides or DMOs). It is natural to suggest
that similar indirect ordering can be also revealed in a tran-
sition metal oxide in paramagnetic state, provided the mate-
rial is highly defected or has reduced dimensionality. In this
work, the existence of such additional ferromagnetism up to
250 K is demonstrated in MnO nanoparticles.

Bulk MnO with the rock salt structure is antiferromag-
netic with the Néel temperature, Ty=122 K. It has been
reported that nanoscale MnO particles can show FM or spin-
glass-like behavior at low temperatures, attributed to uncom-
pensated surface spin effects,’* ™ or possible formation of
Mn;0, with T¢ (=43 K) on the surface of the MnO core.’
Our single-phase, pure, monosized MnO nanoparticles
~10 nm in diameter also show anomalous behavior at low
temperature. Scaling analyses point at a spin-glass-like state
with the freezing temperature of ~30 K, which is consistent
with interpretations discussed in the literature.'> 7 However,
none of the mechanisms proposed for MnO before can ex-
plain the observed high temperature ordering with T¢
~250 K. The possibility of material contamination being
responsible for the FM signal was practically eliminated by
comparison of samples prepared in six different syntheses
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runs. All resulting samples showed high temperature FM.
Crystallographic phase purity was checked with x-ray dif-
fraction (XRD) and transmission electron microscopy (TEM)
characterization, which does not completely exclude the
presence of tiny quantities of secondary phases. However, no
Mn-O phase has been reported FM or AFM in the bulk at
temperatures as high as 250 K. Hence the observed ferro-
magnetic behavior cannot be attributed to secondary Mn—-O
phases.

Monodispersed MnO nanoparticles were prepared by
thermal decomposition of a Mn-oleate complex in an organic
solvent."® A Mn-oleate complex was prepared by mixing 0.2
g of Mn,(CO),, in 2 ml of oleylamine at 100 °C. The com-
plex solution was cooled to room temperature and then 10 ml
of trioctylphosphine was added. For the growth of nanocrys-
tals, the mixed solution was heated up to 280 °C under ar-
gon atmosphere and kept under vigorous stirring for 1 h. The
reaction was then cooled to room temperature and the nano-
particles were obtained by adding ethanol, followed by cen-
trifugation. They were then redispersed in nonpolar solvents
such as hexane or toluene. TEM imaging (Fig. 1 inset) con-
firms that the particles are monosized with diameter
~10 nm. The peaks of the XRD 6-26 scans (Fig. 1) are
indexed as single-phase MnO. Comparison with the peaks
obtained for a commercial powder (Sigma-Aldrich ~60
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FIG. 1. XRD scan of the nanocrystals (solid line) in comparison to com-
mercial 60-mesh MnO powders (dashed line). Inset: TEM image of manga-
nese oxide nanocrystals. The scale bar indicates 30 nm.

© 2010 American Institute of Physics

Downloaded 03 Jul 2010 to 128.95.104.109. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.3366611
http://dx.doi.org/10.1063/1.3366611

09E124-2 Lee, Pakhomov, and Krishnan

g oK
15{3
g9
pa— 104 =10
g
S 5] 45 8015
£
0 00
O, “[80-60- 20 40 60 80 =
= -5 -—0.0ESE
10 L 0.13
15 L 0.19
(a) H (kOe)
5 0.06
Ll
4 \ 0.05
—— \. —
D3 § 0.04C
E || =
G2 ¢ 0.03 =
%) . i
S 1 Meeereamonn, 0.01=
... *e,
L ]
0 **es |0 00
0 50 100 150 200 250 300 350
(b) T (K)

FIG. 2. (Color online) (a) Hysteresis loops of MnO nanoparticles measured
at 10 and 205 K. The inset shows the enlarged part of the 10 K curve at high
positive fields. (b) The temperature dependence of spontaneous magnetiza-
tion of MnO nanoparticles.

mesh) shows that the lattice constant in our nanoparticles is
decreased by 1.05%, apparently due to surface relaxation.

DC and AC (100 Hz=f=10 kHz) magnetic moments
were measured in the Quantum Design physical properties
measurement system. Magnetization curves were measured
in fields up to 90 kOe over the temperature range from 10 to
330 K and showed spontaneous magnetization and hysteresis
up to ~250 K. Figure 2(a) shows the hysteresis loops at 10
and 205 K and Fig. 2(b) shows the temperature dependence
of spontaneous magnetization (M), where M, has been de-
termined by extrapolating the high-field magnetization back
to H=0. Spontaneous magnetization [Fig. 2(b)] reduces
sharply near 30 K, but remains at the level of ~0.2 M, (10
K) in the range ~50-250 K. In Fig. 2, magnetization is
shown both in emu/g and wg/Mn atom. Taking into account
that the moment of Mn?* is 5u, we notice that only a small
fraction of Mn atoms contribute to M,: ~1% at T<30 K
and ~0.2% at 50 K<T<250 K.

The data shown in Fig. 2 reveal ferromagnetism up to
250 K, with two distinctly different types of behavior below
and above ~30-40 K. The low temperature hysteresis has
been observed in MnO nanoparticles before’ and is analyzed
in some details below. However, the magnetic state in the
temperature range ~50-250 K is puzzling, as no bulk man-
ganese oxide phase has magnetic ordering temperature as
high as 250 K. We suggest that this ferromagnetism may be
analogous to that observed in dilute magnetic oxides. In
other words, part of the Mn spins are ferromagnetically
aligned in the paramagnetic matrix. The difference with the
conventional DMO is that in DMO the aligned moments are
those of the dopant ions, while in the case of MnO nanopar-
ticles, Mn ions themselves possess moments, and part of
them are ordered even at high temperature. One point of
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FIG. 3. (Color online) (a) The temperature dependences of the real part of
AC moment at varying frequency. Inset: Vogel-Fulcher scaling plot. (b)
ZFC-FC magnetization curves at varying applied fields. Inset: de AT scaling
analysis, Fig. 1.

view on ferromagnetism in DMO is that it is mediated by
crystal defects,* 192 qurface being one important case.'!
Extending this concept to MnO allows to explain why FM
can be observed in nanoparticles and is absent in bulk MnO.

In the hysteresis loop measured at 10 K, after field cool-
ing in 90 kOe, shown in Fig. 2(a) the coercivity is large—
about 6.8 kOe—and the loop is displaced by about 1310 Oe
along the ordinate. The hysteresis loop is not closed at +9 T
[Fig. 2(a) inset]. Similar features can be observed in spin
glasses; so we performed a more detailed study showing that
the low temperature properties of MnO nanoparticles indeed
fit the spin glass models. Figure 3(a) shows the temperature
dependences of AC susceptibility (100 Hz=f=10 kHz). In
the Ising model of a spin glass, the relaxation time follows
the relation: 7=17[(T;—Tsg)/ Tsgl ™, where 7o¢f™! and the
critical exponent zv typically ranges from 7 to 10. 2123 Ty is
the critical temperature for spin glass ordering which is
equivalent to the freezing temperature T¢(f) at f—0, and 7,
is the characteristic time scale for spin dynamics. In our case,
the Vogel-Fulcher scaling analysis24 gives Tg5=29.5 K, the
scaling exponent zv~9.2 and 7,~ 10~'? [Fig. 3(a) inset], in
reasonable agreement with the model and prior experimental
results for spin glasses. Further evidence in favor of the spin
glass behavior below Tgg~30 K in MnO nanoparticles fol-
lows from the de Almeida—Thouless (AT) scaling analysis on
the zero-field-cooled and field-cooled (ZFC-FC) DC magne-
tization measurements at varying applied fields [Fig. 3(b)].
The data fits well [Fig. 3(b) inset] to the AT equation25 H
=Aar(1-{[TAH)J/[T{0)])¥? where T¢(H) is the field-
dependent freezing temperature, with T¢0)=30.92 K, close
to the Vogel-Fulcher scaling result. Yet another indication of
spin-glass dynamics could be the value of relative shift of the
freezing  temperature per decade of  frequency,
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AT;/[T(A log f)], which varies in the range of 0.004-0.018
for spin-glass systems, while for superparamagnets it is of
the order of 0.3.2*?7 The result for our samples (0.023) does
not provide additional conclusive evidence. However, with a
high degree of reliability, we do observe spin-glass-like be-
havior in this temperature range. Whether it is a true spin
glass state of uncompensated surface spins, or spin-glass-like
behavior due to dipolar interactions between ferromagnetic
nanoscale particles remains unclear.

In conclusion, the main result of this work is the obser-
vation of a ferromagnetic state with the Curie temperature
Tc~250 K, considerably higher than the Néel temperature
of bulk MnO. This observation is explained using a hypoth-
esis that defect-(surface-)mediated indirect exchange, similar
to that found in dilute magnetic oxides, is possible in transi-
tion metal oxide nanoparticles. The second property of this
system—Ilow temperature hysteretic magnetization which
has been reported before—is found to have features of a spin
glass with the transition temperature Tgg=30 K. The small
size of the particles is responsible for both the low tempera-
ture spin-glass and high temperature ferromagnetic effects in
MnO.
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