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Abstract: The magnetic properties of bimagnetic core/shell nanoparticles consisting of an antiferromagnetic
MnO core and a ferrimagnetic passivation shell have been investigated. It is found that the phase of the
passivation shell (y-Mn,O3 or Mn;O,4) depends on the size of the nanoparticles. Structural and magnetic
characterizations concur that while the smallest nanopatrticles have a predominantly y-Mn,O3 shell, larger
ones have increasing amounts of Mn;O,4. A considerable enhancement of the Néel temperature, Ty, and
the magnetic anisotropy of the MnO core for decreasing core sizes has been observed. The size reduction
also leads to other phenomena such as persistent magnetic moment in MnO up to high temperatures and
an unusual temperature behavior of the magnetic domains.

Introduction

Magnetic nanoparticles are attracting a great deal of interest
from both fundamental and applied points of view.' * Magnetic
recording media, catalysis, ferrofluids, pigments, hyperthermia,
medical diagnostics, and drug delivery are among the increasing
number of applications of magnetic nanoparticles. Due to their
small size and, particularly, their large surface-to-volume ratio
magnetic nanoparticles exhibit properties different from those
of their bulk counterparts, which can be exploited to obtain new
functionalities. Although ferromagnetic (FM) and ferrimagnetic
(FiM) nanoparticles have been extensively studied, antiferro-
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magnetic (AFM) nanoparticles have been far less investigated
and are thus less understood.” Nevertheless, antiferromagnetic
nanoparticles and nanostructures play an important role in
spintronic devices® and have been proposed as means to
overcome the superparamagnetic limit in recording media or
to enhance the coercivity of ferromagnets.”® Although finite
size effects in antiferromagnetic nanoparticles are similar to
those of FM or FiM materials (e.g., superparamagnetism or
reduced blocking temperatures), some effects are specific to
AFMs (e.g., the appearance of finite magnetization due to
sublattice uncompensation).' >

Special types of magnetic nanoparticles are core/shell nano-
particles. Although in most cases the shell serves just for
protection purposes, the study of bimagnetic nanoparticles,
where both the shell and the core are magnetic, is steadily
increasing.® " In fact, the shell properties and exchange
coupling between the core and the shell open new degrees of
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freedom to tailor the overall properties of the nanoparticles,
leading to novel applications (such as enhanced coercivity and
energy products, tunable blocking temperatures, improved
electromagneticradiation absorption, andhyperthermiatreatment). >3~
Core/shell nanoparticles with a FM (or FiM) core and a AFM
(or FiM) shell have been widely investigated.®?~'' Recently,
“inverse” core/shell nanoparticles, with AFM cores and FiM
or spin-glass shells, have been synthesized, leading to a number
of novel magnetic properties.>* *® In particular, the magnetic
properties of inverse core/shell nanoparticles based on the
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passivation of AFM MnO nanoparticles have beeninvestigated
These materials exhibit novel properties at low temperatures
such as very large exchange bias and coercivity with a
nonmonotonic dependence on the core diameter** and spontane-
ous magnetization and ferrimagnetic order above the Curie
temperature of the shell.* 3’ However, in these nanoparticles,
although the shell material is usually identified as MnO,,>*3¢ 3840
it has been recently shown that y-Mn,0; can also be formed as
a result of MnO passivation.*®

In this article we present the study of MnO (AFM)—y-Mn,0;
or Mn;0,4 (FiM) core/shell nanoparticles by diverse techniques
(i.e., neutron diffraction, TEM, EELS, ac susceptibility, mag-
netometry, and electron spin resonance). The magnetic and
structural results indicate that the structure of the passivation
shell of the MnO nanoparticles depends on the core size, being
primarily y-Mn,O; for small cores and progressively transform-
ing to Mn;O, for larger cores. Moreover, the core/shell
nanoparticles exhibit a range of interesting properties such as
large coercivities, exchange bias or enhanced anisotropy, and
Néel temperatures of the core.

Experimental Section

Nanoparticles with different sizes were obtained by adding 7.5
mmol of manganese(II) acetylacetonate (Mn(acac), purum, Aldrich)
and 7.5 mmol of 1,2-hexadecanediol (HDD 90%, Aldrich) to 150
mL of dibenzyl ether (DBE analytical, Aldrich) in a 250 mL round-
bottomed flask under an inert argon atmosphere followed by the
addition of a surfactant, oleylamine (OA 70%, Aldrich), in a
surfactant-to-metal ratio, [S]:[M] (mol/mol), from 1 to 40. The
solution was mechanically stirred and heated, at a heating rate of
8—10 °C/min, to a given temperature, in the range of 190—240 °C
with reflux and a residence time of 30—60 min. The flask was
removed from the heating source, cooled in argon to 80 °C, and
subsequently exposed to air and cooled to room temperature to
obtain the passivated shell. The particles were washed from the
reaction media by subsequent steps of precipitation under ethanol,
centrifugation, and redispersion in hexane. The synthesis parameters
are summarized in Table 1.

Neutron diffraction measurements were carried out at different
temperatures, in the range 10—250 K, at the D20 diffractometer of
the Institute Laue-Langevin with a neutron wavelength of 1.305
A7 Typical neutron diffraction patterns are shown in Figure 1
and Figure S1 (Supporting Information). All diffraction patterns
were analyzed using the FullProf code*® based on the known crystal
structures of MnO and y-Mn,O;3 (or Mn3;0y). This method, in
contrast with the so-called “matching mode”, provides more stable
refinement (see curve c¢ in Figure 1 and Figure S1) in the present
case due to the strong overlapping of the principal peaks and the
presence of small parasitic reflections (see arrows in Figure 1). Note
that the rather large diffuse background is due to the remains of
surfactants used in the synthesis.

Transmission electron microscopy (TEM) images were obtained
using a JEM-2010 instrument with a LaB¢ filament and a JEM-
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Table 1. Summary of the Synthesis Conditions and the Structural Parameters Obtained from Neutron Diffraction and TEM Analyses

synthesis params neutron analysis TEM
sample [S]:[M] (mol/mol) [Mn2*] (mol/mL) T (°C) t (min) Do (nm) awno (A) Dgpeir (nm) fsher (M) Dot (nm) Dyno (nm) fsner (M)
M1 1.03 0.05 240 30 19(2) 4.4200(8) 2.8(3) 1.5 25(6) 21 4-5
M2 41.3 0.03 205 60 17.0(5) 4.4424(2) 5.0(2) 0.15 15(5) 14 2-3
M3 4.1 0.05 220 30 15.7(5) 4.4431(6) 5.0(2) 0.5 13(5) 10 3—4
M4 20 0.04 190 30 4.7(3) 4.374(2) 4.9(3) 2 5(1) 3 2-3
44
(a)
34
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Figure 1. Neutron diffraction patterns measured at (a) 20 K and (b) 250
K for sample M2. The small reflections shown by the arrows are due to the
cryostat and the sample holder. (c) Difference pattern (calculated —
observed) at 250 K. (d) Calculated pattern from the shell y-Mn,O3—Mn;30s,
showing its contribution to the total patterns (a) and (b). The stripes mark
the positions of the Bragg reflections from the MnO core: upper and lower
rows correspond to the magnetic and nuclear reflections, respectively.

2010F instrument with a field-emission gun operating at 200 kV,
the latter equipped with a postcolumn Gatan Image Filter (GIF)
energy spectrometer. The particle size, Dy,o, and its standard
deviation were obtained by calculating the number average by
manually measuring the equivalent diameters of >200 particles from
TEM micrographs (Figure 2).

Electron energy loss spectra (EELS) were acquired at about every
0.5 nm along the diameter of the nanoparticles (as schematically
shown in Figure 3a) at an energy range containing the Mn-L, 3
and the O-K edges, with an energy resolution of 0.8 eV (see Figure
3b). Mn/O quantification was carried out using Gatan Digital
Micrograph commercial software. The Mn oxidation state was
obtained from the Mn-L; peak onset and Ls/L, intensity ratios**->°
using the homemade software package MANGANITAS.>'~ The
L4/L, intensity ratio for all samples is subject to a relative error of
about 5% except for sample M1, where the nanoparticles are

(49) Kurata, H.; Colliex, C. Phys. Rev. B 1993, 48, 2102-2108.

(50) Egerton, R. F. Electron Energy-Loss Spectroscopy in the Electron
Microscope, 2nd ed.; Kluwer: Dordrecht, The Netherlands, 1996.

(51) Estradé, S.; Arbiol, J.; Peird, F.; Abad, Ll.; Laukhin, V.; Balcells,
Ll.; Marti'nez, B. Appl. Phys. Lett. 2007, 91, 252503.

(52) Estradé, S.; Arbiol, J.; Peir6, F.; Infante, I. C.; Sdnchez, F.; Fontcuberta,
J.; de la Pena, F.; Walls, M.; Colliex, C. Appl. Phys. Lett. 2008, 93,
112505.

(53) Estradé, S.; Rebled, J. M.; Arbiol, J.; Peir6, F.; Infante, I. C.; Herranz,
G.; Sanchez, F.; Fontcuberta, J.; Cérdoba, R.; Mendis, B. G.; Bleloch,
A. L. Appl. Phys. Lett. 2009, 95, 072507.

Figure 2. Transmission electron micrographs of samples (a) M1, (b) M2,
(¢) M3 and (d) M4 (note the different magnification). Shown in the
respective insets are the corresponding particle size distributions with a fit
to a log-norm function. (e) High-resolution image of an M2 nanoparticle.
(f) Schematic representation of the morphological and magnetic structures
of the nanoparticles.

exceedingly large, leading to a weaker EELS signal and conse-
quently to larger errors. Note that several particles were measured
for each sample.

dc magnetic measurements were carried out on loosely packed
powdered samples using a superconducting quantum interference
device (SQUID, Quantum Design) magnetometer with 70 kOe
maximum field. The magnetization measurements were carried out
at 50 Oe. The hysteresis loops were measured at 7 = 10 K after
field cooling in Hgc = 20 kOe from 7' = 200 K.

The ac susceptibility measurements were performed at different
frequencies, between 10 Hz and 10 kHz, applying an ac field of 10
Oe using physical properties measurement system (PPMS, Quantum
Design) equipment.

The temperature dependence of the electron spin resonance (ESR)
spectra were recorded by a Bruker ESP300 spectrometer at 9.5 GHz.
The parameters that characterize the resonance signal are the
resonance field H,, the line width AH, and the spectrum intensity,
Igsg. From the H, value, at room temperature, we derived the
gyromagnetic factor g through the resonance condition hv = gugpH,,
where i and up are Planck’s constant and Bohr magneton,
respectively. The line width is a measurement of the spin-relaxation
mechanism, and it is measured as the distance between the peaks
in the derivative of the absorption spectrum. The spectrum intensity

(54) Schmid, H. K.; Mader, W. Micron 2006, 37, 426-432.
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Figure 3. (a) High-angle annular dark field (HAADF) image of M4
nanoparticles, where the approximate positions at which spectra were taken
are indicated by dots. (b) Typical background-subtracted EEL spectrum of
the shell part for M4. (c) Mn-L4/L, intensity ratio along the diameter of the
M1—M4 nanoparticles. The lines joining the data points are guides to the
eye. The dotted lines in the figure are the expected Li/L, ratios for Mn>",
Mn®*, and Mn** ions, respectively.**>* The thick solid lines in (c) indicate
the diameter of the core as estimated from the position dependence of the
Mn-L;/L, intensity ratio.

is the area under the absorption curve and is proportional to the
concentration of resonant magnetic ions.

Results and Discussion

Structural and Morphological Characterization. As can be
seen from the high-temperature neutron diffraction (shown in
curve b in Figure 1 and Figure S1 for samples M2 and M4,
respectively), the MnO core exhibits the expected rock salt
crystal structure. However, although samples M1—M3 show a
stoichiometric structure, sample M4 has defects on the Mn sites
with a 0.74(2) occupancy ratio.*® Concerning the shell structure
sample, M4 does not exhibit the expected hausmannite, Mn;0y,
structure®***7 but a spinel type tetragonal y-Mn,Oj structure.*>>
For samples M1—M3 the neutron diffraction signal is over-
whelmed by the MnO spectrum (see curve d in Figure 1); thus,
it is impossible to distinguish between the y-Mn,0; and the
Mn;0, structures for the shell.

(56) Goodenough, J. B.; Loeb, A. L. Phys. Rev. 1955, 98, 391-408.
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All the studied samples show a similar temperature depen-
dence of the lattice parameter for MnO, which displays a distinct
feature around 125 K: i.e., at the MnO Néel temperature.35 This
is similar to the behavior observed in the bulk,”” implying a
rather well structured MnO core. Interestingly, the lattice
parameter of MnO is contracted with respect to the bulk and
becomes smaller as the core size decreases (see Table 1), in
contrast with most oxide nanoparticle systems which show a
lattice expansion for reduced particle sizes.’® The smaller lattice
parameter is likely caused by the presence of a large number
of defects, since no stresses due to the outer passivation layer
were detected. In most of the samples the contribution from
the MnO core dominates in the diffraction patterns; therefore,
the lattice parameters of the shell were determined with lower
accuracy. We did not observe any essential difference in the
temperature dependence of the lattice parameters of the different
samples, which were evaluated as a = 5.844(5) A and ¢ =
9.13(1) A.

From the fitting of the different patterns at diverse temper-
atures the structural and magnetic characteristic sizes and
structures can be readily obtained. The diffraction peak broaden-
ing comprises two contributions, which have different ¢
dependencies: internal stresses (i.e., microstrains) and crystallite
size effect. The profile analysis of the diffraction patterns shows
that the stresses are negligible within experimental error.
Therefore, from the peak broadening one can easily obtain the
volume-averaged crystallite size and the magnetic domain size.

The volume-averaged diameter of the MnO core, Dy,0, and
the characteristic sizes of ferrimagnetic nanoparticles forming
the shell, Dy, are shown in Table 1. Interestingly, while Do
ranges from 5 to 19 nm on adjusting the synthesis conditions,
Dy remains rather constant at around 3—5 nm. Note that due
to the limited statistics it is not possible to directly evaluate
any anisotropy in the particle shape, from the peak profile
analysis. However, from the core/shell volume ratios obtained
from the fit, indirect information can be inferred. Taking into
account the volume ratios and the measured diameters of the
cores and assuming a uniform core/shell structure, the corre-
sponding averaged effective thickness of the shell, #y.;, can be
estimated (see Table 1). Hence, on comparison of the effective
shell thickness and the shell crystallite sizes obtained from the
profile refinement it can be concluded that the nanoparticles
forming the ferrimagnetic shell layer are strongly anisotropic
(e.g., pancakelike).

In order to confirm this feature, TEM images of the samples
were obtained, and the results are summarized in Table 1. All
the samples exhibit a clear core/shell structure with average
overall particle sizes, Dy, of 25(6) nm for M1, 15(5) nm for
M2, 13(5) nm for M3, and 5(1) nm for M4 (where the value in
parentheses is the log-norm standard deviation; see insets in
Figure 2). The shell thicknesses, #.y, remain rather homoge-
neous, in the range of ~2—5 nm (see Table 1). Note that the
shells are more difficult to image, since each individual particle
needs a specific imaging tilt to allow the shell to be clearly
observed (see Figure 2e). Thus, the statistics are not sufficient
to evaluate standard deviations and only estimates are given.
The values of the core diameter obtained from TEM and neutron
diffraction follow a similar trend, where the small discrepancies
probably arise from the different averaging methods (number

(57) Morosin, B. Phys. Rev. B 1970, 1, 236-243.
(58) Zheng, X. G.; Kubozono, H.; Yamada, H.; Kato, K.; Ishiwata, Y.;
Xu, C. N. Nat. Nanotechnol. 2008, 3, 724-726.
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average vs volume average).’>*® As for the shell thicknesses,
the TEM values follow a trend similar to the effective thickness.

To further evaluate the structure of the particles, a detailed
EELS study was carried out by indirectly evaluating the Mn
oxidation state from the Mn/O ratio, the Mn-L; onset, and the
Mn-Ls/L, intensity ratios. Importantly, data obtained for different
particles belonging to the same sample showed no relevant
differences. The dependence of the Mn-Ls/L, ratio on the
position for the four samples, M1—M4, is given in Figure 3c.
For all the analyzed nanoparticles an MnO core is observed
and its radius increases from M4 to M1 (see the solid lines at
the bottom of Figure 3c), in agreement with TEM and neutron
diffraction analyses shown in Table 1. Note that when an EELS
signal is obtained from the center of a nanoparticle, the signal
arises from both the core and the enveloping shell, making it
thereby impossible to obtain the Mn-Ls/L, values reported in
the literature for MnO.*->* However, a quantitative simulation
taking into account the core—shell structure confirms the MnO
character of the core. Concerning the shell part, the L/L, values
for M4 almost reach those corresponding to a Mn** oxidation
state indicating a Mn,Oj structure, in agreement with the neutron
diffraction results. A noticeable increase of the Ls/L, values
toward the value for a Mn?" oxidation state can be observed
for the rest of the samples, thus indicating the presence of Mn;O,
in the shell for the larger particles (M1—M3). Additionally, a
very thin (less than 1 nm) MnO superficial layer was observed
in all the studied particles. The origin of this effect is unclear.
It could be attributed to either an artifact resulting from the
reduction of some outer Mn®* ions to Mn*" by the electron
beam,>® although it is not possible to rule out an increase of
the reducing power of the surfactant due to some external
parameters (e.g., electron or neutron beams).

Magnetic Properties. From the low-temperature neutron
diffraction pattern (curve a in Figure 1 and Figure S1 for M2
and M4, respectively) it is found that for all samples the MnO
cores exhibit the expected AFM structure observed in the bulk.®'
However, for sample M4, the y-Mn,0Oj3 shell has a simple Néel
type FiM structure® rather than the more complex structure
observed in Mn3;0y (see Figure S2b in the Supporting Informa-
tion).®? For samples M1—M3, due to the large MnO scattering
caused by the large core/shell volume ratio, no magnetic signal
from the shell can be detected within the limits of our accuracy
(about 0.5 ug) (see Figure S2a).

Remarkably, 7y of the nanoparticles appears to be higher than
that in the bulk and increases for smaller MnO cores. To further
confirm this 7y enhancement, the temperature dependence of
the neutron diffraction pattern was analyzed in detail. In Figure
4a the magnetic moment derived from the temperature depen-
dence of the integral intensity of the ('/, '/, '/;) magnetic
reflection of MnO is shown for sample M2. The value of the
magnetic moment in saturation was defined from the profile
analysis of the pattern measured at 10 K. In this calculation we
used the known magnetic order for MnO, observed in the bulk

(59) Allen, T. Particle Size Measurements, 5th ed.; Chapman & Hall:
London, 1997.

(60) Chen, D. X.; Sanchez, A.; Taboada, E.; Roig, A.; Sun, N.; Gu, H. C.
J. Appl. Phys. 2009, 105, 083924.

(55) Pan, Y.; Sader, K.; Powell, J. J.; Bleloch, A.; Gass, M.; Trinick, J.;
Warley, A.; Brydson, A. L.; Brown, A. J. Struct. Biol. 2009, 166,
22-31.

(61) Roth, W. L. Phys. Rev. 1958, 110, 1333-1341.

(62) Jensen, G. B.; Nielsen, O. V. J. Phys. C 1974, 7, 409-424.
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Figure 4. (a) Temperature dependence of the magnetic moment/ion in the
MnO core for sample M2. The solid lines correspond to a fit with a power
law. (b) Temperature dependence of the angle of trigonal distortion.

)
100

Table 2. Summary of the Effective Néel Temperature and
Sublattice Magnetization for the MnO Core, Myno

sample T (K) Mo (us)
Ml 123(1) 4.25(7)
M2 120.9(2) 421(2)
M3 126.0(2) 3.83(8)
M4 139(10) 4.3(5)

as well as in “restricted geometry”,°*%* taking into account the

trigonal distortion due to magnetostriction® shown in Figure
4b. As expected, the value of the saturated magnetic moment
appears smaller than the 5 ug for the free Mn?" ion (see Table
2). This is a known effect and is readily explained by the spin
disordering at the core surface (i.e., at the interface in our case),®?
although some spin canting in the core®® or partial oxidation of
the Mn ions cannot be ruled out. Assuming the temperature
dependence of the magnetic moment follows a power law in
the temperature range of the main drop of magnetic moment
(note the “tail” in m for higher temperatures), the effective Néel
temperature of the MnO cores was evaluated as 120.9(2) K for
M2 (Figure 4a). Similar analyses for the other samples lead to
Tn = 120.9(2)—139(10) for M1—M4 (see Figure 5 and Table
2). Note that a Ty enhancement has been also observed in MnO
confined in different porous templates®*** (see Figure 5) and
in other manganese oxides,%”®® although it is not present in
MnF; films.®® The origin of this effect has been proposed to
arise from size and surface effects, where the broken symmetry
at the surface and the concomitant local disorder may lead to
(i) enhancement of the exchange interaction between surface

(63) Golosovsky, I. V.; Mirebeau, I.; André, G.; Kurdyukov, D. A
Kumzerov, Y. A.; Vakhrushev, S. B. Phys. Rev. Lett. 2001, 86, 5783—
1786.

(64) Golosovsky, I. V.; Mirebeau, 1.; Sakhnenko, V. P.; Kurdyukov, D. A.;
Kumzerov, Y. A. Phys. Rev. B 2005, 72, 144409.

(65) Lines, M. E.; Jones, E. D. Phys. Rev. 1965, 113, A1313.

(66) Theil Kuhn, L.; Bojesen, A.; Timmermann, L.; Meedom Nielsen, M.;
Mgrup, S. J. Phys.: Condens. Matter 2002, 14, 13551-13567.

(67) Tang, Z. X.; Sorensen, C. M.; Klabunde, K. J.; Hadjipanayis, G. C.
Phys. Rev. Lett. 1991, 67, 3602-3605.

(68) Yang, A.; Chinnasamy, C. N.; Greneche, J. M.; Chen, Y. J.; Yoon,
S. D.; Chen, Z. H.; Hsu, K. L.; Cai, Z. H.; Ziemer, K.; Vittoria, C.;
Harris, V. G. Nanotechnology 2009, 20, 185704.

(69) Golosovsky, I. V.; Sokolov, N. S.; Gukasov, A.; Bataille, A.; Boehm,
M.; Nogués, J. J. Magn. Magn. Mater. 2010, 322, 664—-667.

J. AM. CHEM. SOC. = VOL. xxx, NO. xx, XXXX E

285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305

T2

F5



F6

ohio2/yja-yjalyja-yja/yja99907/yja4389d07z | xppws | 23:ver.3 | 6/11/10 | 10:07 | Msc: ja-2010-021798 [ TEID: mjw00 | BATID: 00000

306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

322
323
324
325
326
327
328
329
330
331
332
333
334
335

ARTICLES Ldpez-Ortega et al.
160 ~
B0
g 5] Ei @)
1 = ¢ ¢
T J
° E sscmmee ¢ ¢
140 —
£ 0T
-~ ° £
3 8 —_ particle size
T‘; E % 151 (b)
Z A g
= o N g 104
120 4 o A ,8 s cosumeg o @
o 5 ~‘
bulk 2 - N
& 0 T T M T T v T M
b g 0 50 100 150 200 250
T(K)
100 T T T T T T v T Figure 6. (a) Temperature dependence of the fwhm of the MnO ('/,, !/
0 5 10 15 20 2, '/2) magnetic reflection for sample M2. (b) Size (averaged diameter) of
DMnO (nm) the magnetic domain deduced from the peak broadening.

Figure 5. Dependence of the Néel temperature, effective Ty, for the MnO
cores in the core/shell nanoparticles (triangles) and MnO nanoparticles
embedded within porous glass (circles)’* on the core size Dypo.

atoms with respect to bulk exchange interactions’® and (ii)
variations in the crystal field resulting in high-spin—low-spin
transitions’' and/or the appearance of new degrees of freedom
which interact with the AFM order parameter.64 Moreover, other
effects such as the observed size dependence of the lattice
parameter may also play a role.”?

Remarkably, as can be seen in Figure 4a for sample M2, with
a thin passivation shell, the observed antiferromagnetic order
in MnO does not vanish at the Néel temperature and persists
up to room temperature, where the sublattice magnetization of
MnO exhibits a “tail” up to high temperatures rather than
vanishing above Ty.

Interestingly, the averaged diameter of the magnetic domains
in the MnO core calculated from the broadening of the
antiferromagnetic peak appears to be significantly smaller than
the core diameter: —6.7(5) vs 17.0(5) nm (M2) and 9(1) vs 19(2)
nm (M1). Note that due to peak overlapping the magnetic size
could only be determined for samples M1 and M2. Similar
domain size effects were observed in MnO nanoparticles
embedded within different porous media.®*®* In Figure 6 the
temperature dependence of the full width at half-maximum
(fwhm) of the MnO (Y/,, '/, '/,) magnetic reflection and volume
average domain diameter are shown for M2. It is seen that the
diameter drastically changes with temperature, reaching a
minimum at temperatures well above Ty = 120.9 K. The results
resemble a fragmentation of the magnetic domains observed in
first-order transitions. However, due to size effects there should
be a continuous magnetic transition,”*”* in contrast to the bulk
first-order transition.®' In fact, the magnetic domain fragmenta-
tion may explain the large “tail” in the temperature dependence

(70) Wesselinowa, J. M. J. Magn. Magn. Mater. 2010, 322, 234-237.

(71) Morales, M. A.; Skomski, R.; Fritz, S.; Shelburne, G.; Shiled, J. E.;
Yin, M.; O’Brien, S.; Leslie-Pelecky, D. L. Phys. Rev. B 2007, 75,
134423.

(72) Kantor, I.; Dubrovinsky, L.; McCammon, C.; Dubrovinskaia, L.;
Goncharenko, I.; Kantor, A.; Kuznetsov, A.; Crichton, W. Phase Trans.
2007, 80, 1151-1167.

(73) Golosovsky, I. V. Private communication.

(74) Imry, Y. Phys. Rev. B 1980, 21, 2042-2043.

(75) Challa, M. S. S.; Landau, D. P.; Binder, K. Phys. Rev. B 1986, 34,
1841-1852.
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of the magnetic moment (Figure 4a), since smaller MnO entities
have larger Ty values. Although some of these effects could be
partially explained by the concomitant particle size distribution,
they are exceedingly large to arise solely from this effect.

Shown in Figure 7 are the hysteresis loops of the samples at
10 K after field cooling in 20 kOe from 200 K. The saturation
magnetization, Ms (obtained by using the total mass), is different
for each sample. Using the TEM values for the particle size
and the shell thickness and assuming that the MnO core does
not contribute to Ms, we can estimate the saturation magnetiza-
tion of the shell. Despite the crude approximations the Mg values
are rather consistent with Mg ~ 32.0—37.7 emu/g for M1—M3
and are slightly smaller for M4, Ms &~ 27 emu/g. These results
are consistent with saturation magnetization for bulk Mn;Oy (M5
~ 38 emu/g)’® and y-Mn,0; nanoparticles (Ms ~ 28 emu/g).”’

All the loops exhibit a large coercivity, Hc (see Figure 7),
which is consistent with the rather large anisotropy of the
Y-Mn,03 or Mn;0, phases.77_80 Moreover, the coercivity is
influenced by the coupling to the AFM core,® where the smallest
core gives rise to the largest coercivity, in agreement with
previous reports.>* Moreover, as expected,>*>%*” all the samples
exhibit a loop shift along the field axis (exchange bias, Hg),
evidencing the exchange coupling between the AFM core and
the FiM shell.® The nonmonotonic dependence of Hg with the
MnO core size (see Figure 7) is consistent with earlier results
in the same system,** characterized by its inverse, Ty > T,
magnetic structure.®'%?

The temperature dependence of the FC and ZFC magnetiza-
tion measured with H = 50 Oe (Figure 8) reveals that all the
samples exhibit their main magnetic features below 7'~ 50 K,
consistent with the known Curie temperature, 7c = 39 and 42
K, of the y-Mn,0s and Mn;0, phases, respectively.””**%* Thus,
the magnetization is largely dominated by the ferrimagnetic

(76) Jacobs, 1. S. J. Phys. Chem. Solids 1959, 11, 1-11.

(77) Kim, S. H.; Choi, B. J.; Lee, G. H.; Oh, S. J.; Kim, B.; Choi, H. C.;
Park, J.; Chang, Y. J. Korean Phys. Soc. 2005, 46, 941-944.

(78) Dwight, K.; Menyuk, N. Phys. Rev. 1960, 119, 1470-1479.

(79) Du, C. S.; Yun, J. D.; Dumas, R. K.; Yuan, X. Y.; Liu, K.; Browning,
N. D.; Pan, N. Acta Mater. 2008, 56, 3516-3522.

(80) Tackett, R.; Lawes, G.; Melot, B. C.; Grossman, M.; Toberer, E. S.;
Seshadri, R. Phys. Rev. B 2007, 76, 024409.

(81) Cai, J. W.; Liu, K.; Chien, C. L. Phys. Rev. B 1999, 60, 72-75.

(82) Nogués, J.; Schuller, 1. K. J. Magn. Magn. Mater. 1999, 192, 203—
232.

(84) Srinivasan, G.; Seehra, M. S. Phys. Rev. B 1983, 28, 1-7.
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Figure 7. Hysteresis loops for samples M1—M4 at 7 = 10 K after field
cooling from 7= 200 K in Hgc = 20 kOe. The values of Hg and Hc are
indicated in the respective panels.

counterpart. Interestingly, it can be seen that the ZFC branch
of samples M1—M3 exhibits fine structure below 7T¢ ~ 42 K
and there is a hump at 7~ 33 K and a second anomaly at T~
20 K. In contrast, for sample M4 both the FC and ZFC curves
are featureless.

To gain further insight into the nature of the low-temperature
anomalies, ac susceptibility measurements were carried out.
Figure 9 shows the real (y") and imaginary (y’") components of
the ac susceptibility measured at different frequencies from 10
Hz to 10 kHz on applying an ac field of 10 Oe. The larger

with the magnetic behavior of the Mn;O,4 phase, in agreement
with neutron diffraction and EELS results which indicate that
the M4 shell is solely formed by y-Mn,0O;. The experimental
results suggest the following picture for the systems: the
nanoparticles present a core/shell structure with AFM MnO core
and a FiM shell that changes its composition (y-Mn,Os and/or
Mn;0,) depending on the nanoparticle size, as shown schemati-
cally in Figure 2f.

Electron Spin Resonance. In order to quantify the core/shell
composition, we also performed an ESR spectroscopy study.
Figure 10 shows representative ESR spectra for temperatures
above and below Ty for M1—M4. Above Ty the spectra exhibit
two resonance lines, one narrow and one broad, both centered
at around H, = 3370 Oe. This corresponds to a gyromagnetic
factor of g ~ 2.00, which is consistent with the values reported
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22 the spin equilibrium state changes and the AFM resonance
= 00 % modes cannot be excited. Therefore, Ty is usually determined
T® by the disappearance of the ESR spectrum.®® This behavior is
reproduced by the AFM MnO pure phase, as was reported by
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Figure 9. Temperature dependence of in-phase (y”) and out-of-phase (y”)

ac susceptibilities for samples M1—M4 measured at different frequencies:
(a) 80 Hz; (O) 600 Hz; (%) 1250 Hz; (O) 5000 Hz; (@) 10 000 Hz.
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Figure 10. ESR spectra for the four samples M1—M4 and bulk MnO above
and below Ty. The dotted line corresponds to the fitting curve (color on
line). Note that for sample M1 the main ESR line corresponds to the shell
resonance which remains below Ty.

in the literature (g = 2.02—2.00 for Mn;0,** ® and g =
1.997—2.001 for MnO®**~®¥). When the temperature decreases,
AH increases for the broad signal, and at 7 &~ 120 K it is no
longer detected. The narrow signal, instead, is observed in the
entire measured temperature range and presents a nonmonotonic
temperature evolution.

It is known that below the AFM transition temperature,
because of the large anisotropy and exchange fields present,

(83) Seehra, M. S.; Srinivasan, G. J. Appl. Phys. 1982, 52, 8345-8347.

(85) Winkler, E.; Zysler, R. D.; Fiorani, D. Phys. Rev. B 2004, 70, 174406.

(86) Dormann, E.; Jaccarino, V. Phys. Lett. 1974, 48A, 81-82.

(87) Ferrante, R. F.; Wilkerson, J. L.; Graham, W. R. M.; Weltne, W., Jr.
J. Chem. Phys. 1977, 67, 5904-5913.

(88) Golosovsky, I. V.; Arcon, D.; Jaglicic, Z.; Cevc, P.; Sakhnenko, V. P.;
Kurdyukov, D. A.; Kumzerov, Y. A. Phys. Rev. B 2005, 72, 144410.
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several authors.®®~®® This fact allowed us to identify the broad
ESR resonance as coming from the AFM MnO (core) phase,
while the narrow line is assigned to the shell phase, as will be
explained later.

In order to quantify and extract reliable ESR parameters, we
fitted the total spectral signal with two Lorentzian lines centered
at g ~ 2. Figure 10 shows the ESR spectra with the corre-
sponding fitting curve. For comparison the resonance signal of
the MnO bulk sample is also included. Observe that all the
samples present the same qualitative behavior: two resonance
lines for T > T, where the relative intensities are different for
each M1—M4 system, and a narrow resonance for 7' < Ty. Apart
from the main narrow resonance, below 7"~ 40 K a second
broad low-field resonance was also observed in a small
temperature range. This line shifts toward zero field, and at T
~ 27 K it is no longer detected. A low-field resonance with
identical temperature and field behavior is present in the Mn3;04
pure oxide.®® This resonance is attributed to the FiM resonance
of ordered magnetic domains at different orientation respect to
the magnetic field.®*

The temperature dependence of AH obtained from the fitting
curves for the core and the shell components are shown in
Figures 11 and 12a. The ESR parameters for bulk MnO (Figure
11) and Mn;0y (inset Figure 12a) are also included as reference.
From Figure 11 it is manifested that the line width of the MnO
core decreases when the size of the particle increases. At room
temperature AH = 3500 Oe for M4 and approaches the bulk
value AH ~ 400 Oe for larger sizes. The line width depends
on the magnetization relaxation mechanism. In the paramagnetic
range the following dependence was established: AH =
CI(Ty(T))AH...5**°" where C is the Curie constant and AH..
is the value reached by AH at high temperature. Assuming that
the susceptibility follows a Curie—Weiss dependence with a
Curie—Weiss temperature ® ~ —600 K, we have estimated

(89) Huber, D. L.; Alejandro, G.; Caneiro, A.; Causa, M. T.; Prado, F.;
Tovar, M.; Oseroff, S. B. Phys. Rev. B 1999, 60, 12155-12161.

(90) Causa, M. T.; et al. Phys. Rev. B 1998, 58, 3233-3239.

(91) Huber, D. L. J. Phys. Chem. Solids 1971, 32, 2145-2149.
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Figure 12. (a) Temperature dependence of the ESR line width, AH,
corresponding to the Mn;O, phase of the samples M1 and M3. For
comparison, the measured parameters of the isolated Mn3;O, phase are also
included in the inset. (b) Temperature dependence of the resonance field,
H,, for samples M1 and M3. The magnetic transitions are indicated by
arrows.
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Figure 13. Temperature dependence of the ESR intensity of MnO, Iggg,
for samples M2 and M4.

AH.. as a function of the core particle size. From the inset of
Figure 11 it is evident that AH.. increases, from the bulk value,
by an order of magnitude when the size is reduced. The
parameter AH., is proportional to E,%/E.,, where E, and E., are
the anisotropy and exchange interaction energies, respectively.
When the particle size is reduced, E.x should not be affected,
in a first approximation, since it mainly originates from nearest
neighbor interactions.’” Therefore, the increase of AH.. implies
a core magnetic anisotropy enhancement (by a factor of ~3)
when the size diminishes, as is observed for pure MnO
nanoparticles,”"*® probably related to surface or interface
effects.”®’" Note that the magnetization loops and the ESR
experiment provide complementary information about the
magnetic anisotropy; while in the first experiment the shell
anisotropy is more significant, the ESR line width can sense
the core anisotropy as a function of the size.

Figure 13 shows the temperature dependence of Iggr for the
MnO phase obtained from the fitting. As expected for an AFM
compound, the ESR intensity decreases to zero at the ordering

(92) Tobia, D.; Winkler, E.; Zysler, R. D.; Granada, M.; Troiani, H. E.
Phys. Rev. B 2008, 78, 104412.

temperature. As can be observed, the AFM core transition is
broad and the onset is located at 7~ 150 K. This result points
out the presence of AFM short-range interaction well above
the bulk 7y, in agreement with neutron diffraction results.
Moreover, the broad Igsg curve correlates with the tails in the
MnO sublattice magnetization (and the domain fragmentation)
observed by neutron diffraction.

In order to analyze the behavior of the shell-narrow ESR line,
we show the AH temperature dependence of the Mn;O,4 pure
phase in the inset of Figure 12a, where several anomalies as a
function of the temperature can be observed. These anomalies
correspond to the FiM transition at 7c = 42 K and the spin
reorientation transitions at 39 and 33 K.** These particular AH
features are also reproduced by the narrow resonance signal
observed in samples M1—M4, which enables us to identify this
line as coming from the Mn;O, phase. The temperature
dependence of H, also presents anomalies at similar tempera-
tures. As can be observed in Figure 12b, H, shifts toward lower
values near T¢ and shows anomalies at 7'~ 30 and 20 K. These
features are consistent with the results reported on Mn;O,,%*
hence corroborating that the low-temperature features found in
the ac and dc susceptibility originate at the shell. The temper-
ature dependence of the resonance field is explained by the
presence of an effective anisotropy field (H,) below T¢, which
modifies the resonance condition iv = gug(H, + H,).”*

It is important to remark that the ground energy state of the
Mn?" ion corresponds to an orbital singlet L = 0; then the
coupling with the lattice is very weak, and as a consequence
the ESR line width is narrow and easily observed. On the other
hand, the orbital degeneracy of the Mn3** ion ground state (3d*,
L = 2) is not completely removed and presents important
spin—orbit interaction; as a consequence Mn®* usually does not
show an ESR signal.94 Therefore, it can be concluded that the
narrow ESR line corresponds to the resonance of Mn?" of the
spinel Mn;0,, while the resonance of Mn*" could not be
detected. This conclusion is supported by several reported results
on manganese oxides.”>*® In these references, by thermal or
chemical treatment, the valence of the manganese ions changes
from Mn>* to Mn?*; as a consequence the ESR signal increases
proportionally to the fraction of ions that are reduced from Mn**
to Mn?". Moreover, this is also the reason why the y-Mn,0;
phase, where all the manganese ions are Mn3*, does not present
a detectable ESR signal.

From the Izsg values obtained from the fit for the narrow
and broad signals (for 7> T¢, Ty), the relative concentrations
of Mn”" ions of the MnO and Mn;Oy phases for each sample
are calculated. The results are presented in Table 3. From this
quantification it became evident that the overall concentration
of the Mn;O, diminishes when the nanoparticle size decreases.
From the D, and Dy,0 values obtained by TEM (Table 1) for
M1—M4, we can estimate the Mn;O, relative volume with
respect to the total volume of the shell. These data are included
in the last column of Table 3. These results indicate that the
surface passivation of the MnO nanoparticles depends on the
size of the particles. Larger particles tend to form Mn;O, shells,
while the smaller particles have y-Mn,O; shells consistent with

(93) Morrish, A. H., The Physical Principles of Magnetism; Wiley-IEEE
Press: New York, 2001.

(94) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of

Transition Ions; Dover Publications: New York, 1986.

(95) Zhang, W.; Yang, Z.; Liu, Y.; Tang, S.; Han, X.; Chen, M. J. Cryst.
Growth 2004, 263, 394-399.

(96) Kijlstra, W. S.; Poels, E. K.; Bliek, B. M.; Weckhuysen, B. M.;
Schoonheydt, R. A. J. Phys. Chem. B 1997, 101, 309-316.
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Table 3. Relative Concentration of Mn2" in MnO and Mn3O,
Phase Obtained from the ESR Spectra®

sample Mn?* core Mn?* shell Viingoa! Vsnel
Ml 0.82(2) 0.18(2) 1
M2 0.985(3) 0.011(3) 0.1
M3 0.960(4) 0.032(3) 0.1
M4 0.995(1) 0.005(1) 0.005

“From Dy and Dy obtained by TEM, the shell ratio Vyn,o0,/Vinen is
estimated and included in the last column.

neutron diffraction, EELS, and magnetic results. This fact can
be understood from the Catlow and Fender model.>*3"°7 This
model takes into account that the usual defects present in MnO
are Mn vacancies, which are compensated by the oxidation of
the manganese ion to Mn*". Therefore, the larger nanoparticles
tend to form Mn;0y at the surface. When the nanoparticle size
is reduced, the density of defects increases, as was observed by
neutron diffraction; consequently, y-Mn,O;, where all the
manganese ions are Mn*", will be the more stable shell phase.

Conclusions

In conclusion, we have studied the structural and magnetic
properties of bimagnetic core/shell nanoparticles. We found that
the nanoparticles present an AFM MnO core and an FiM surface
shell. The shell composition depends on the nanoparticle size,
the larger nanoparticles presenting mainly Mn;O,; however,
when the size diminishes, the density of defects increases and

(97) Catlow, C. R. A.; Fender, B. E. F. J. Phys. C 1975, 8, 3267-3279.
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as a consequence y-Mn,0O3 (where all the manganese ions are
Mn?*") is the more stable shell phase. The systems exhibit
exchange coupling between the core and the shell manifested
by the exchange bias field and the large coercivity. Although
the exchange field is strongly dependent on the magnetic
anisotropy of the AFM core, we have observed (from the size
dependence of the ESR line width) that while the magnetic
anisotropy of the MnO core shows a smooth increase when the
size is reduced, H., shows a nonmonotonic behavior. From
neutron diffraction we have observed that the Néel temperature
of the MnO core is substantially enhanced and that MnO
presents an enhanced stability above Ty. The continuous
magnetic phase transition in the AFM core is accompanied by
the fragmentation—separation of the magnetic domains in
smaller parts.
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