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Abstract: Core-shell nanoparticles of MnO|Mn3O4 with average particle sizes of 5-60 nm, composed of
an antiferromagnetic (AFM) core and a ferrimagnetic (FiM) shell, have been synthesized and their magnetic
properties investigated. The core-shell structure has been generated by the passivation of the MnO cores,
yielding an inverted AFM-core|FiM-shell system, as opposed to the typical FM-core|AFM-shell. The
exchange-coupling between AFM and FiM gives rise to an enhanced coercivity of ∼8 kOe and a loop shift
of ∼2 kOe at 10 K, i.e., exchange bias. The coercivity and loop shift show a non-monotonic variation with
the core diameter. The large coercivity and the loop shift are ascribed to the highly anisotropic Mn3O4 and
size effects of the AFM (i.e., uncompensated spins, AFM domains, and size-dependent transition
temperature).

Introduction

Magnetic nanoparticles have attracted the interest of research-
ers and industry in recent years due to the large number of
current and foreseen applications, including catalytic, magnetic,
electronic, and biomedical types.1 Particularly, since the report
on the use of exchange bias to overcome the superparamagnetic
limit,2 the amount of experimental and theoretical work on
core-shell exchange-coupled nanoparticles has increased
considerably.3-5 Exchange coupling, or exchange bias, occurs
typically when a ferromagnetic (FM) material (or ferrimagnetic,
FiM) in physical contact with an antiferromagnetic (AFM)
material is cooled below the Curie temperature,TC, and above
the Néel temperature,TN, such thatTN < T < TC, under a static
magnetic field,HFC, to aT < TN. Hence, when cooling through
TN, the interface spins in the AFM tend to couple to the spins
in the FM. This interface coupling brings about a range of new

phenomena, such as a shift of the hysteresis loop along the
direction of the field axis due to an induced unidirectional
anisotropy or an increase of the coercivity due to an enhanced
anisotropy.3,6,7Most of the studied exchange-biased nanoparticle
systems prepared by soft chemical methods are composed of
transition metal ferromagnetic cores and the corresponding
passivation shell, such as Co|CoO,8 Ni|NiO,9 (Co,Ni)|(Co,-
Ni)O,10 Fe|FexOy,11 or Mn|MnxOy,12 or oxides with different
oxidation states, as in CrO2|Cr2O3

13 or Fe3O4|R-Fe2O3 and
Fe3O4|FeO.14 Recently, controlled core-shell nanoparticles such
as SrFe12O19|CoO,15 CoFe2O4|MnO,16 or FePt|MnO17 have also
been reported. In this regard, manganese oxide nanoparticles
have been studied as model magnetic systems due to their spin-
only contribution to the magnetic anisotropy.18 There are a
number of manganese bulk compounds arising from the various
oxidation states of manganese, where among the most relevant
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are the antiferromagnetic MnO and MnO2 and the ferrimagnetic
Mn3O4 and γ-Mn2O3. Manganese oxide nanoparticles (and
nanowires) have been prepared by a number of methods,
including aqueous and organic syntheses, thermal evaporation,
thermolysis, sol-gel, etc.19,20 Special interest has been paid to
the synthetic methods which yield such nanoparticles with a
narrow size distribution and controlled sizes or shapes.20 Despite
the recent efforts in the magnetic characterization of these novel
materials, the exchange-coupling between the AFM MnO and
its passivation compound, FiM Mn3O4, has been largely
overlooked.

In this work, we systematically study the variation of
magnetic properties of MnO|Mn3O4 antiferromagnetic-ferri-
magnetic core-shell nanoparticles with a narrow size distribu-
tion as a function of the diameter of the antiferromagnetic core,
as opposed to the typical core-shell ferromagnetic-antiferro-
magnetic case, where the size of the FM core is varied.

Experimental Section

The particles with tailored sizes were prepared by adding 1.5 mmol
of manganese(II) acetylacetonate (Mn(acac)2, Aldrich) and 1.5 mmol
of 1,2-hexadecanediol (HDD, Aldrich) (unless otherwise stated) to 30
dm3 of dibenzyl ether (DBE, Aldrich) in a 100 dm3 Schlenk flask under
an inert argon atmosphere, followed by the addition of oleylamine, to
achieve a surfactant-to-metal molar ratio, [S]:[M], of either 2 or 20.
The slurry was mechanically stirred and heated to a given temperature,
T, in the range 150-290°C. The reaction was allowed to proceed under
reflux with a residence time,τ, of 10-60 min and then removed from
the heating source and quenched by the addition of cold solvent. The
exact values for the synthesis of particles with different sizes are given
in Table 1. The reaction vessel was removed from the heating source
and allowed to cool to room temperature before being exposed to air,
where the passivation occurred. The particles were washed from the
reaction media by subsequent steps of precipitation under ethanol,
centrifugation, and re-dispersion in hexane. The global microstructure
of the particles was characterized by X-ray diffraction (XRD) using a
Philips 3050 diffractometer with Cu KR radiation. The measurements
were carried out in the range 30-120°, with a step size of 0.04° and
a collection time of 40 s. Quantitative analysis of the XRD data was
undertaken with a full pattern fitting procedure based on the Rietveld21

method using the program MAUD.22 The particles were imaged with
a high-resolution transmission electron microscope (HRTEM, JEOL-
2011) operating at an accelerating voltage of 200 kV. Particle size,

DP, and its standard deviation,σP, were obtained by calculating the
number average by manually measuring the equivalent diameter of
>200 particles from TEM micrographs. Selected-area electron diffrac-
tion (SAED), in conjunction with HRTEM analyses, was used to
determine the local crystallographic phases. The magnetic properties
of the samples were measured with a superconducting quantum
interference device (SQUID) magnetometer using a maximum applied
field of 70 kOe. In the case of the field-cooling procedures, the samples
were cooled from 150 K under an applied static field of 50 kOe (unless
otherwise stated). X-ray photoelectron spectroscopy (XPS) analyses
were performed in a PHI 5500 multitechnique system (Physical
Electronics Division, Perkin-Elmer Inc.) with a monochromatic X-ray
source (Al KR line of 1486.6 eV and 350 W), placed perpendicular to
the analyzer axis and calibrated using the Ag 3d5/2 line with a full width
at half-maximum (fwhm) of 0.8 eV. The charging effect on the spectra
was corrected by setting the signal of adventitious carbon to 285 eV.

Results

Figure 1 shows the experimental and calculated diffracto-
grams obtained for the samples indicated in Table 1. The
diffractograms reveal that there is a gradual intensity increase
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Figure 1. (a) XRD diffractograms of all the samples, S1-S5. The lines
below show the position of the reflections corresponding to cubic MnO
phase (JCPDS Card No. 07-0230) and the tetragonal Mn3O4 phase (JCPDS
Card No. 24-0734). (b) Detailed view of the experimental (symbols) and
fitted pattern (line) of sample S3. The line below corresponds to the
difference between the two patterns.

Table 1. Description of the Synthesis Conditions for the Studied
Samples and Some of Their Structural Parameters As Determined
by XRDa

sample
[S]:[M]

(mol/mol)
[MnII]

(mol/dm3)
T

(°C)
τ

(min) φMn3O4 φMnO

tMn3O4
(nm)

DMnO
(nm)

S1 20 0.05 150 10 1 0 4.8 0
S2 20 0.05 200 30 0.994 0.006 5.9 2.2
S3 20 0.05 290 60 0.870 0.130 5.7 12
S4 2 0.03 290 60 0.754 0.246 5.7 18
S5 2 0.05 290 60 0.263 0.737 5.7 50

a φMn3O4 and φMnO represent the volume fraction of Mn3O4 and MnO,
respectively.tMn3O4 andDMnO are the crystallite sizes of Mn3O4 and MnO,
respectively.
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and narrowing of the peaks corresponding to the cubic MnO
phase which is associated with an increase of the volume fraction
and size of the cubic phase,φMnO, and a decrease of the
tetragonal Mn3O4 volume fraction,φMn3O4, when going from
sample S1 to S5. The data obtained from the XRD analysis are
presented in Table 1, together with the particle (crystallite) sizes
determined from the Lorentzian contribution to the peak
broadening. The table shows that the crystallite size of the

tetragonal Mn3O4 phase, tMn3O4, is 5-6 nm and remains
practically the same for all the samples. Analysis of the surface
composition of the particles with XPS showed the presence of
Mn(II) and Mn(III)23 (see Supporting Information). These results
are consistent with the passivation of the particles in air;12,20a

namely, Mn3O4 forms a shell with a thickness of abouttMn3O4

≈ 6 nm on the MnO nanoparticle cores. Hence, since the
thickness of the Mn3O4 phase remains constant, we will express
the results in terms of the crystallite diameter of the MnO phase,
DMnO. Note that some of the measurements were repeated
several months after the initial study, rendering virtually the
same results, which confirms the stability of the samples, in
contrast with metallic core-shell nanoparticles.24

Due to the contact between the two crystallographic phases
with very different lattice parameters, it is expected that there
is certain strain at the interface. Figure 2a shows that the cubic
lattice cell parameter for MnO,aMnO, increases with the core
size, DMnO, until it reaches the value reported for the bulk
(JCPDS Card No. 07-0230). The contraction of the cell
parameteraMnO for small DMnO resulted in an increase of the
lattice microstrain, reaching values in excess of 1%. Similarly,
the lattice cell parameters corresponding to the Mn3O4 tetragonal
phase,aMn3O4 andcMn3O4, varied dramatically (ca. 3%) with the
volume fraction,φMn3O4, as shown in Figure 2b. The values also
tend to stabilize as the particle becomes mainly Mn3O4, with
values similar to those found in the bulk (JCPDS Card No. 24-
0734). The effect of such changes in the Mn3O4 lattice
parameters is also reflected in the microstrain,〈ε2〉1/2

Mn3O4, which
decayed rapidly with increasingφMn3O4 from about 1.2% to less
than 0.6%. Note that the observed values for〈ε2〉1/2

Mn3O4

remained somewhat larger that those obtained for〈ε2〉1/2
MnO due

to the much smaller crystallite size.

Figure 3a-e shows TEM micrographs of the as-synthesized
core-shell particles with average sizes ranging from about 5

Figure 2. (a) Variation of the MnO cubic crystal lattice parameter,aMnO,
and its microstrain,〈ε2〉1/2

MnO, with the MnO particle diameter,DMnO. (b)
Variation of the Mn3O4 lattice cell parameters,aMn3O4 (0) andcMn3O4 (O),
and its microstrain,〈ε2〉1/2

Mn3O4, with the Mn3O4 volume fraction,φMn3O4.
The dashed lines show the values found in bulk, while the solid lines are
guides to the eye.

Figure 3. TEM micrographs of samples (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5, as described in Table 1, and (f) a HRTEM image of S2. The lattice fringes
of 0.16 and 0.25 nm correspond to either the reflections (220) and (111) of MnO or (224) and (211) of the Mn3O4, respectively. Note that the scale bar in
(a)-(c) is 50 nm, whereas that in (d) and (e) is 100 nm.
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to 60 nm. The synthesized particles were spheroidal, with a
narrow size distribution (i.e.,σP < 20%). The spacing between
the particles of about 1 nm is due to the coating of the particles
with oleylamine. The similar electronic density of the two
different manganese oxide phases did not allow clear dif-
ferentiation of the core-shell structure of the nanoparticles.
High-resolution electron microscopy did not show strong
differences either, probably due to the similarity in the lower
lattice fringes of the cubic and tetragonal phases (Figure 3f).
However, since the passivation of the particle occurs from the
surface inward, we can assume that the crystallographic domains
observed near the edges of the particles correspond to the Mn3O4

tetragonal phase. The particle sizes obtained with TEM,DP,
correspond roughly to the sum of the core diameter and twice
the shell thickness, i.e.,DP ≈ DMnO + 2tMn3O4 (for sample S1,
DP ≡ tMn3O4), confirming the passivation shell structure.

Figure 4 shows the hysteresis loops recorded at 10 K for the
different samples cooled from 150 K under an applied static
field HFC ) 50 kOe. The high-field susceptibility has been
subtracted from all the hysteresis loops. The enhanced coercivity
values,HC (relative to the sample with no MnO core), and the
loop shift along the field axis,HE, displayed by all the loops
are indicative of the exchange coupling between the ferrimag-
netic shell, composed of Mn3O4, and the antiferromagnetic core,
composed of MnO. Note that the vertical shift detected in all
the samples is negligibly small. Moreover, when the samples
are zero-field-cooled (not shown), the loops are centered about
the origin.

From the analysis of the hysteresis loops, it can be seen that
there is a non-monotonic behavior ofHC andHE, as shown in

Figure 5. The coercivity,HC, of the particles increases dramati-
cally between the sample with no MnO core (sample S1,HC )
2.8 kOe) and the sample with the smallest core (S2,DMnO )
2.2 nm, with a maximum of nearlyHC ) 7.2 kOe).HC then
decreases as the core size is further increased. Similarly, the
loop shift (exchange bias) also exhibits a peak as a function of
DMnO. However, in this case, the maximum appears for a core
size ofDMnO ) 18 nm, withHE ) 1.8 kOe. As the measuring
temperature is increased, bothHC and HE quickly decrease,
vanishing in all cases toward 50 K (see Supporting Information).

Discussion

Controlling the reaction conditions allows for the synthesis
of MnO nanocrystals in a wide size range with average
diameters from∼5 to ∼60 nm. The growth of spherical
nanoparticles can be modeled20a using the Lifshitz-Slyozov-
Wagner approach.25 It is assumed that the growth is the slowest
step, and it is determined by the diffusion of solute occurring
from particles smaller than a critical sizeD0 to the larger
particles:26

whereD is the particle diameter at timeτ, γ is the surface energy
of the solid, Λ is the diffusion of solute across the grain
boundary,Vh is the molar volume,c∞ is the solubility at a flat
surface, andR is the universal gas constant. From (1) it can be
seen that, for a given system, the radius (diameter) of a particle
will increase as the residence time at a given temperature
increases. This can be seen in samples S1-S3, which were
prepared under similar [S]:[M] conditions, albeit with increasing
temperature and time. Particles larger than those obtained in
sample S3 could not be prepared under [S]:[M]) 20 conditions
by mere use of longer residence times, which resulted in highly
faceted particles (not shown). However, the last condition to
be adjusted was the surfactant-to-metal molar ratio. Samples
S4 and S5 were prepared with a [S]:[M] 10 times lower than
that of sample S3. The particle size was shown to be dominated
by the growth (Ostwald ripening) of the particles, so use of a
larger concentration of solute allowed for the preparation of
particles with the largest size (sample S5), which was prepared
using a∼70% increase of metal precursor with respect to that
used for sample S4. The subsequent exposure to air resulted in
surface passivation of the particles to generate the core-shell
structure.

With regard to the magnetic properties of the pure Mn3O4

nanoparticles, interestingly, they exhibit a rather large coercivity,
HC ) 2.8 kOe. Actually, large coercivities have been already
observed in Mn3O4 bulk, thin films, nanoparticles, and
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Figure 4. Hysteresis loops atT ) 10 K for samples S1 (0), S2 (O), S3
(4), S4 (3), and S5 (]) cooled under a static field,HFC ) 50 kOe, from
150 K. The insets show magnified views of the central portion of the loops.

Figure 5. Variation of the coercivity,HC (O), and the loop shift,HE (b),
measured at 10K after field cooling (HFC ) 50 kOe) with the core diameter,
DMnO. The lines are guides to the eye.

D3 - D0
3 )

64γΛVh 2c∞

9RT
τ (1)
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nanowires19e,g,27-29 and are expected due to the rather strong
anisotropy of Mn3O4, KMn3O4 ) 1.4× 106 erg/cm3.27 The Mn3O4

nanoparticles also exhibit a moderate exchange bias,HE ) 160
Oe. This is actually the first report of loop shifts in Mn3O4,
which arise from the exchange coupling of the disordered
surface spins (spin-glass-like) to the ferrimagnetically ordered
core spins.3 In fact, due to its large anisotropy, Mn3O4 is
expected to display small exchange bias that is only observable
for very small nanoparticles (note that 4.8 nm is among the
smallest Mn3O4 nanoparticles reported so far19f,20f), since the
large bulk anisotropy overwhelms any surface effect. This effect
is similar to what is observed for nanoparticles of CoFe2O4 with
a high anisotropy, which exhibit weaker surface effects30 (and
only observable for very small nanoparticles) than, for example,
nanoparticles ofγ-Fe2O3 with a low anisotropy, which show
large surface canting or large exchange bias.20g,31,32

In relation to the MnO-Mn3O4 nanoparticles, it is noteworthy
that the unusual magnetic structure AFM-core|FiM-shell, con-
trary to the common FM-core|AFM-shell, actually allows us to
systematically address the effect of the size of AFM counterpart
(rather than the FM size, as is typically studied3). Another
unusual feature of the MnO-Mn3O4 system is the fact that
TC(Mn3O4) ≈ 43 K < TN(MnO) ≈ 122 K.27,33 Although in
exchange-biased systems it is commonly assumed thatTC of
the FM layer has to be larger thanTN during the field-cooling
procedure,6 it has been demonstrated in thin-film systems that
exchange bias can be induced in systems withTC < TN. Namely,
the magnetization in the paramagnetic (PM) state induced by
the cooling field, and probably some local ordering of the PM
at the interface due to the AFM, are sufficient to induce
exchange bias.34 However, our system with a high-anisotropy
FiM and a low-anisotropy AFM35 (KMnO ) 3.2× 104 erg/cm3),
cannot be directly compared with systems such as amorphous
FeNiB-CoO (low KFM, high KAFM).34 In fact, some bilayer
systems which contain MnO as the antiferromagnet exhibit
exchange bias.36 However, the loop shift observed in bilayer
systems,36 in ball-milled FM-MnO materials,37 or in MnO
embedded in a Co matrix38 is considerably smaller than the one
observed in MnO-Mn3O4 core-shell particles. Actually, if the
interface energy,∆E (for thin films ∆E ) HEtFMMS, wheretFM

andMS are the FM thickness and the saturation magnetization,
respectively), is calculated, the apparent large difference between
the two types of systems becomes smaller; i.e., for films,∆E
≈ 0.002-0.009 erg/cm2 (at 10 K), while for nanoparticles with
〈D〉MnO ) 18 nm,∆E ≈ 0.05 erg/cm2 (at 10 K). Note that, for
core-shell nanoparticles, the expression used for thin films has
to be modified to represent the effective geometrical thickness
of the ferromagnetic component,t′FM ) VS/AC, whereVS and
AC represent the volume of the ferromagnetic shell and the
interface area, respectively. The volume of the shell is calculated
asVS ) (π/6)(DP

3 - DC
3), and assuming the particle sizeDP )

DC + 2tS, thenVS ) (π/6)[(DC + 2tS)3 - DC
3]. Hence, using

an interface areaAC ) πDC
2, the effective thickness is

Exchange bias has also been observed in nominally pure MnO
nanoparticles, withHE values in the range of 500 Oe.39 However,
although this effect probably still exists to some extent in the
core-shell nanoparticles, the surface of the MnO cores is now
covered by Mn3O4, and thus the nature of the surface disordered
spins, i.e., the origin of exchange bias in AFM nanoparticles,
is different since they are strongly exchange-coupled to the FiM
Mn3O4.

Further evidence for a “true” FiM-AFM exchange coupling
(rather than only surface effects) arises from the dependence
of HE on the cooling field,HFC. As can be seen in Figure 6,HE

increases withHFC, saturating forHFC larger than∼30-50 kOe.
This behavior is reminiscent of that observed for FM-AFM
bilayers withTC < TN

34 and is in contrast to that observed for
systems involving spin-glass types of phases, which typically
show a decrease ofHE for large HFC.40 Similarly, as can be
seen in Figure 7, when the maximum applied field,Hmax, during
the hysteresis loop is exceedingly low, the loops exhibit large
horizontal and vertical (Vshift) shifts. However, for largeHmax,
HE stabilizes whileVshift virtually vanishes. These results are
consistent with minor loop effects and are opposite to those
observed for systems with spin-glass phases, which exhibit large
Vshift. Moreover, the training effect (i.e., the reduction ofHE
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Figure 6. Variation of loop shift,HE, at 10 K with field cooling,HFC, for
sample S4 (withDMnO ) 18 nm). The line is a guide to the eye.
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with the measurement of consecutive hysteresis loops41) is rather
weak after a relative large change between the first and second
loops. This effect is expected for FM-AFM coupling,6 although
it is commonly larger for systems with spin-glass layers.32

Finally, note that the AFM nature of the MnO core has been
confirmed by neutron diffraction.42

Concerning the non-monotonic dependence ofHE on DMnO,
although in bilayers the dependence ofHE on the thickness of
the AFM usually exhibits a sharp increase above a critical
thickness as the AFM becomes thicker, saturating for larger
thickness,43 some systems exhibit a gradual decrease ofHE (after
the sharp increase) with increasing AFM thickness44 (similar
to what is observed in our case). This behavior is commonly
ascribed to the role of AFM domains,44,45 where as the AFM
becomes thicker the number of domains decreases. Namely, for
thicker AFMs, the larger energy necessary to create longer
domain walls is not compensated by the gain in entropy of
having more domains, and thus the number of domains
decreases, reducing the number of uncompensated spins linked
to such AFM domains. The decrease in uncompensated spins
leads to a reduction ofHE.44 For the core-shell nanoparticles,
due to the cubic character of the anisotropy of MnO,33 S- or
T-type domains could be created in the AFM core,33b despite
the low AFM anisotropy of MnO. Thus, the presence of AFM
domains in the core could explain some of the features observed

in the MnO-Mn3O4 nanoparticles, using an argument analogous
to the one developed for bilayer systems. As domains are created
in the core,HE should increase, since more uncompensated spins
would be available. However, as the core becomes larger, the
energy needed to create domain walls becomes unfavorable,
and thus the number of domains would decrease with the
concomitant reduction ofHE.

In fact, in antiferromagnetic nanoparticles, it is well known
that, due to finite size effects, defects, or thermally induced spin
waves, there is always certain uncompensation of the magnetic
lattice, also giving rise to uncompensated spins.46-48 It is
noteworthy that it has been demonstrated in thin films and core-
shell nanoparticles that uncompensated spins, from either AFM
domains49 or structural effects,50 are closely linked to exchange
bias.51,52 Based on the simplest model to explain exchange
bias,6,53one gets∆E ) JInt SFM SAFM, whereJInt is the exchange
coupling at the interface andSAFM andSFM are the spins of the
AFM and the FM, respectively.6 However, if we assume that
only the uncompensated spins contribute to the bias,50 the above
formula has to be corrected by the amount of uncompensated
spins,n, yielding∆E ) nJInt SFM SAFM. In our system, since the
FiM shell is kept roughly constant and the nature of the core
remains unchanged,JInt, SFM, andSAFM will be unaltered in the
different nanoparticles, and onlyn will come into play.
Assuming only finite size effects, the amount of uncompensated
spins distributed over the whole nanoparticle,n, per total number
of magnetic ions in the nanoparticle,N, is n ) 1/N1/2.46 Thus,
since the total number of atoms in a nanoparticle scales with
D3, the number of available uncompensated spins decreases
drastically as the size increases, going fromn ) 6.2× 10-2 for
〈D〉MnO ) 2.2 nm (∼256 Mn(II) ions) ton ) 0.06× 10-2 for
〈D〉MnO ) 50 nm (∼3 × 106 Mn(II) ions). Moreover, assuming
that only the interface uncompensated spins contribute toHE,
the effect would be even more severe. Consequently, one would
expect a reduction inHE as the size of the core increases, as is
indeed observed experimentally for large cores. Interestingly,
by using realistic values, e.g.,JInt similar to the exchange
interactions between Mn atoms in MnO54 or Mn3O4, i.e.,JInt ≈
JMn-Mn/(aMnO)2 ) 1.44 erg/cm2, SFM ) 2.5, SAFM ) 2, MFM ≈
120 emu/cm3 andt′FM ≈ 98 nm, and using then value obtained
for 〈D〉MnO ) 2.2 nm, corrected for the number of interface spins,
a value ofHE ) nJInt SFM SAFM/MFM t′FM ≈ 0.3 kOe is obtained,
which leads to the correct order of magnitude forHE. However,
although this effect could explain the reduction ofHE for large
DMnO, the initial increase ofHE for small DMnO must have
another origin. In this case, the nanoparticles should exhibit an
effect similar to that observed in bilayer films; i.e., when the
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Figure 7. (a) Hysteresis (minor) loops for sample S4 (withDMnO ) 18
nm) measured at 10K and (b) the corresponding horizontal (0) and vertical
(b) loop shifts after field cooling (HFC ) 10 kOe) using various maximum
fields, Hmax. Note that the hysteresis loops have not been corrected for the
high-field susceptibility. The lines are guides to the eye.
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anisotropy energy of the AFM, i.e.,KMnOVMnO (whereVMnO is
the volume of the core) becomes exceedingly small for reduced
DMnO, the AFM spins can no longer remain pinned and are
dragged by the FiM as its magnetization reverses, leading to a
reduction ofHE.6 However, due to the intrinsicHE of the Mn3O4

shell, the transition ofHE(DMnO) becomes broader than what is
usually observed in bilayers43,44 and actually does not reach
HE(DMnOf0) ) 0. Surprisingly, despite the low anisotropy of
MnO, a core ofDMnO ) 2.2 nm is still capable of inducing
exchange bias, probably due to the magnetic stabilization of
MnO by the highly anisotropic Mn3O4 shell.

Regarding the dependence of the coercivity onDMnO, argu-
ments similar to the ones put forward for the dependence of
HE on DMnO can be applied. However, the change of coercivity
is somewhat more complex, since the drastic change ofHC has
two main origins: (i) the AFM-FiM exchange coupling and
(ii) a change in geometry of the FiM. Namely, Mn3O4 goes
from being a spherical particle to being a spherical crown (i.e.,
a shell); thus, the magnetization reversal modes will inevitably
change, which could affect the coercivity of the system.55 In
any case, it is expected that, asHE starts to rise with increasing
DMnO, HC should have a peak at lowDMnO (low KMnOVMnO),
since the dragging of the AFM spins by the FiM shell should
dramatically increaseHC,6,56 as is observed experimentally.
Then, as the spins of the AFM become increasingly pinned
(higherKMnOVMnO for largerDMnO) and fewer spins are dragged
by the FiM shell, the coercivity should decrease, in qualitative
agreement with the experimental results. It is noteworthy that
the existence of the surfactant covering the MnO|Mn3O4

nanoparticle avoids spurious effects originating from possible
shell-shell interactions.57 Note also that the presence of domains
in the core could also have a strong effect onHC.42,58

It should be taken into account that other effects could play
some role in the magnetic properties of the core-shell nano-
particles. Explicitly, one has to recall the fact that the Ne´el
temperature of MnO (TN ) 122 K)33 is higher than the Curie
temperature of Mn3O4 (TC ) 43 K).27 If MnO particles are large
enough, their transition temperature will thus be higher than
the transition temperature of Mn3O4 shells. In this case, during
the field-cooling process, the antiferromagnetic order in MnO
will be set before Mn3O4 becomes ferrimagnetic. It has been
shown for thin films that, typically in this case, the obtained
HE is smaller than for the commonTN < TC case.34 Conversely,
when the MnO cores are reduced in size, the blocking

temperature of MnO is progressively shifted toward lower
values, and eventually the antiferromagnetic order will be set
in a temperature range similar to (or lower than) that of the
ferrimagnetic order in Mn3O4. In this case, the spins in Mn3O4

will be oriented with the field when the AFM order in MnO is
set, and a larger coupling will appear. Actually, the microscopic
origin of the exchange bias effect in this system should be rather
complex and probably involves more than one of the above-
described processes.

As for the temperature dependence ofHE and HC, both
quantities vanish much below the bulkTN of MnO. Actually,
HE andHC become zero close to theTC of Mn3O4. This is in
contrast with what is observed in bilayers withTC < TN, where
HE * 0 is observed even aboveTC.34 However, as discussed
earlier, these systems are composed of largeKAFM and small
KFM. In our case, since the FiM layer has a much larger
anisotropy than the AFM, it is the former that dictates the
temperature dependence of the exchange bias temperatures, as
is indeed observed for FM-MnO bilayers.36

Conclusions

Summarizing, MnO-core|Mn3O4-shell nanoparticles with a
narrow size distribution were prepared with average sizes in a
wide range by the thermal decomposition of metal salts in
organic precursors to fabricate the MnO cores and their
corresponding passivation to render the Mn3O4 shell. The inverse
core-shell structure, namely antiferromagnetic core-ferrimag-
netic shell, allowed their magnetic properties to be investigated
as a function of the core (antiferromagnet) size,DMnO. The
coercivity of the particles showed a non-monotonic dependence
onDMnO. Furthermore, upon field cooling, the particles displayed
a loop shift along the field axis, i.e., exchange bias due to the
coupling of the weakly anisotropic MnO antiferromagnetic core
and the highly anisotropic Mn3O4 ferrimagnetic shell with aTC

< TN. The dependence of the magnetic properties on the core
size was explained in terms of the magnetic coupling of the
highly anisotropic Mn3O4 shell and the antiferromagnetic MnO
core and size effects in the latter.

Acknowledgment. This work is supported by the Spanish
CICYT (MAT2004-01679 and MAT2007-66302-C02), MEC
(CSD2006-00012 Consolider-Ingenio 2010), the Catalan DGR
(2005-SGR-00401), and the Institut Catala` de Nanotecnologia.
The authors thank the Serveis de Microsco`pia and d’Anàlisi
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