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Remanent magnetization in CoO antiferromagnetic nanoparticles
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We report a study on the remanent magnetization M, induced by field cooling across the ordering tempera-
ture 7Ty in antiferromagnetic CoO nanoparticles with different sizes. The nanoparticles are composed by a
structurally and magnetically ordered core and a structurally ordered and magnetically disordered shell with a
thickness of about 2 nm. The ordered core has cell parameters, moments direction, and modulus similar to
those of bulk CoO. M, is shown to be proportional to the cooling field H,,,;. The low-temperature saturation
values of M, [M,(0)] in the CoO nanoparticles are about two orders of magnitude higher than those found for
bulk CoO. M,/M,(0) of CoO nanoparticles scales with temperature in a single curve, independently on the
magnitude of H,,,, and on nanoparticles size, except for temperatures near to Ty since Ty is size dependent.
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I. INTRODUCTION

It is known that bulk antiferromagnetic (AF) materials can
exhibit remanent magnetization M,. This is the case of 3d
random-field AF (Ref. 1) and of AF compounds where mag-
netic sites are diluted with nonmagnetic impurities,? for in-
stance. The origin of M, in the former is spin readjustments
within the domain walls of immobile AF domains (at low
temperatures) being M, also affected by domain growth at
higher temperatures.! In AF materials diluted with nonmag-
netic impurities, the saturation of M, occurs at fields on the
order of a few oersteds and the proposed mechanism is the
pinning of domain walls due to the nonmagnetic impurities
and lattice defects.?

Small nanoparticles (NPs) are expected to be mon-
odomain and therefore the bulk mechanisms for the genera-
tion of M, associated to domain walls are not effective. Al-
ternatively, M, can arise associated with uncompensated and
canted moments due to surface and/or in-volume effects. In
NPs, much attention has been paid to the interaction between
AF and ferromagnetic components in the context of ex-
change bias (see, for instance the review in Ref. 3) but less to
the existence of a M, associated to the AF component,*>
although it was recognized that the M, of the AF component
and the associated uncompensated moments have an impor-
tant role in the exchange bias phenomena.*% In most of the
cases, the largest fraction of M, is given by a ferromagnetic/
ferrimagnetic component, and the role of the AF component
is to keep the moment in a fixed direction by increasing the
coercivity and the blocking temperature of the NPs.” In a
recent example, the AF component was also found to in-
crease the ordering temperature of the ferrimagnetic
component.®

Considering surface vs in-volume effects, most studies are
devoted to ferrimagnetic nanoparticles, where unlike in AF
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NPs, surface is the origin of a reduction in the magnetic
moment. These studies are not unanimous with some authors
claiming the preferential surface canting®!? in disagreement
with others where finite-size/in-volume effects are
observed.!"1? Studies comparing surfactant-coated particles
with uncoated ones show that the magnetic properties are
greatly affected by the surfactant-particle interaction, sug-
gesting the surface nature of this phenomena.'>!* Another
attempt to characterize the origin of the uncompensated mo-
ment consists in comparing the particle size obtained from
the electron microscopy or x-ray diffraction (XRD) tech-
niques with the magnetic size derived from the field depen-
dence of the magnetization, being the latter generally
lower. !>

In AF NPs, surface is often invoked as the origin of un-
compensated moments.>'~!8 Evidence for the surface origin
includes the linear decreasing of the saturation magnetization
with temperature.'®!°2! The uncompensated moments in-
clude those arising from an odd number of AF planes, gen-
eration of vacancies and oxidation of surface atoms.’ In stud-
ies where surface effects are highlighted, the nanoparticles
are modeled as having a magnetic ordered core surrounded
by a magnetically disordered shell whose thickness is esti-
mated as about 1 nm.??>?% These studies were performed in
ferrimagnetic materials including MnFe,0,,>> CoFe,0,,>
and y-Fe,0;,420 and the techniques used have been
magnetization,>>2>20 Mossbauer spectroscopy,?® and neutron
diffraction.?® In particular, the study of polarized neutron dif-
fraction in surfactant coated and uncoated CoFe,0, nanopar-
ticles provided a better insight on the radial distribution of
the magnetization.”> The authors analyzed the XRD (400)
reflection of this material to derive a crystalline particle size
distribution and the same reflection in polarized neutron dif-
fraction to extract the magnetically ordered size, smaller than
the crystalline one, which corresponds to a magnetically dis-
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ordered shell of about 1.2 and 1.7 nm thick.?

Here we report on the behavior of M, induced by field
cooling (fc) with different field intensities across Ty in CoO
AF NPs of different sizes. The observed behavior is com-
pared with that exhibit by a sample with bulk properties.
Powder neutron-diffraction (PND) technique has been used
as a function of temperature to investigate the relation be-
tween magnetic and structural parameters of the NP and the
origin of the moments responsible for M,.

II. EXPERIMENTAL

The CoO nanoparticles were prepared by adaptation of
the method of Sun et al.?” using cobalt acetate as the source
of cobalt instead of cobalt formate. The size of the particles
was adjusted by changing the cobalt to oleylamine ratio and
the heating rate. In a typical synthesis, Co(CO,CHjs), was
dispersed in oleylamine (in concentration ratios ranging from
1/12 to 1/48) and the mixture was heated at 100 °C for 30
min under N, atmosphere while repeatedly evacuated to re-
move oxygen and water. The solution was then heated up to
190 °C at different heating rates, from 10 to 20 °C/min, and
kept for 3 h under vigorous magnetic stirring. After cooling
the resulting solution to room temperature, the dark-brown
suspension formed was precipitated by adding ethanol and
repeatedly washed.

The sample with CoO nanoparticles with size (7T)xgrp
=24 nm was prepared by a different method; the decompo-
sition of cobalt cupferronate [Co(cup),] in octadecene, ac-
cordingly to Ref. 28. Briefly, 0.25 g of Co(cup), were added
to 25 mL of octadecene and the mixture was sealed in a
Teflon-lined stainless-steel autoclave. The autoclave was
kept inside a preheated air oven at 250 °C for 48 h. After
cooling to room temperature, the brownish-black solid was
washed with toluene followed by methanol. The sample with
CoO particles with larger size ({(7)xgp=190 nm) is a comer-
cial polycrystalline powdered sample obtained from Sigma-
Aldrich.

Transmission electron microscopy (TEM) was performed
using a Jeol-2000 FXII microscope, with point-to-point and
line-to-line resolutions of 0.28 nm and 0.14 nm, respectively,
and equipped with a INCA 200 X-Sight (Oxford Instru-
ments) energy dispersive x-ray spectrometer (EDS). High-
resolution TEM (HRTEM) images were obtained in a FEI
TECNAI G2 F30 instrument. Samples for TEM observations
were prepared by dispersing the nanoparticles in hexane and
evaporating suspension drops on carbon-coated copper grids.

XRD measurements of CoO samples were performed at
room temperature with a Philips X Pert—MPD diffracto-
meter using monochromated Cu K« radiation (A=1.541 A)
in the 30° —80° 26 range at 0.04° resolution and 4000 acqui-
sition points per step. The incident-beam optics included a
Soller slit of 0.04 rad, a 10 mm fixed mask, a divergence
fixed slit of 0.5° and an antiscatter slit of 1°. The diffracted
beam optics included a Soller slit of 0.04 rad and antiscatter
slit of 6.6 mm. The analysis of the diffraction patterns was
performed by Rietveld refinement using the FULLPROF
package.?’ The size effects were treated with the integral
breadth method using the Voigt model for both the instru-
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mental and intrinsic diffraction peak shape considering a
Thompson-Cox-Hastings pseudo-Voigt convoluted with axial
divergence asymmetry function to describe the peak shape.
The contribution of the instrument to the peaks broadening
was determined by the refinement of the XRD pattern of a
LaBy standard sample (NIST Ref. 660a). The contribution of
the finite size of the nanoparticles crystallites to the peaks
broadening was taken into account by an isotropic model
yielding an apparent size, proportional to the mean size of
the structurally ordered region of the nanoparticles
(Dxrp-2>%° In the following, samples will be identified by
their (7)xrp value.

PND was performed in the powder diffractometers D20
and DI1A of the Institute Laue Langevin (ILL). At D20, the
experiments were carried out using a monochromatic beam
of 1.87 A. Neutron diffractograms were recorded as a func-
tion of the temperature and magnetic field by means of in-
troducing the sample in a standard vanadium can inside an
ILL cryomagnet. Diffraction patterns from 2 to 297 K were
collected at zero field, after zero-field cooling (zfc) and after
fc the samples from 297 to 200 K under a magnetic field of
1 X 10* Oe applied perpendicular to the neutron beam. In
order to have neutron data with less instrumental contribu-
tion to the peaks broadening and better accuracy in the de-
termination of the nuclear and magnetic mean sizes, a PND
pattern at 5 K was collected at the instrument D1A with a
monochromatic beam of 1.90 A. The analysis of the PND
patterns was performed as described for the XRD patterns.
The contribution of the instrument to the peaks broadening
was determined by the instrument resolution function built
from the refinement of a Na,CayALF,, standard sample
while wavelengths were refined using a Si standard.

Magnetization was measured as a function of temperature
from 2 to 300 K under a magnetic field of 100 Oe with a
magnetic property measuring system (MPMS) model XL,
Quantum Design Inc, equipped with a superconducting
quantum interference device magnetometer. Two cooling
procedures were used (i) zfc and (ii) field cooling across Ty,
from 300 to 210 K and zfc from 210 to 2 K. The field
cooling in the restricted temperature range near 7y of CoO
was used to guarantee that only the moments associated to
CoO are ordered in the presence of a field and not moments
of a possible residual Co;0,4 phase, which order at ~40 K.
The remanent magnetization M, was calculated from the dif-
ference between the magnetization obtained in (ii) and (i).

III. RESULTS AND DISCUSSION
A. Magnetic and nuclear structure

Rietveld analysis to XRD patterns [Fig. 1(a)] confirms the
existence of CoO nanoparticles with mean structural coher-
ence size (T)xrp ranging from 18 to 68 nm. Sample from
Sigma-Aldrich has a (7)xgp=190 nm. Any possible amount
of Co;0, present in the samples is below the detection
limits.

TEM images of the sample with smaller nanoparticles
({mxrp=18 nm) show that the CoO samples are composed
of rhomboidal shaped nanoparticles with sizes on the order
of 10 to 20 nm and some aggregates of these nanoparticles
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FIG. 1. (Color online) (a) XRD pattern of the CoO nanoparticles
(sample with (T)xrp=33 nm) at 300 K. Vertical lines represent the
position of the allowed Bragg peaks. Inset shows a zoom over the
most intense peak. (b) PND pattern of the CoO nanoparticles
(sample with (7)xgp=40 nm) at 297 K and at 5 K (instrument D20
and D1A, respectively). Vertical lines represent the position of the
allowed Bragg peaks of nuclear (n) and magnetic (m) origin. In
both panels, the instrument contribution to the peaks shape is shown
in dotted lines and Rietveld refinement considering the finite-size
effect of the nanoparticles to the peaks shape is shown in continu-
ous (red) lines.

[Figs. 2(a) and 2(b)]. Electron-diffraction patterns show rings
and spots at the distances expected for CoO while EDS gives
a molar proportion of Co and O of 1:1.15, consistent with a
slightly oxidized CoO. The sample with (7)xgp=40 nm con-
sists of rhomboidal shaped aggregates with sizes of the order
of 100 nm [Fig. 2(c)]. These aggregates are composed of
smaller crystallites oriented in well-defined directions as de-
duced from the well-defined spots of electron diffraction
[Fig. 2(d)].

HRTEM images of sample (7)xgp=18 nm show that the
nanoparticles are single domain with planar boundaries and
planes ordered up to the surface within the precision of the
surface determination, estimated to be better than 0.4 nm
[Fig. 3(a)]. The Fourier transform of the HRTEM images
confirm that the nanoparticles are single domain. As ex-
pected, different zone axis are observed depending on the

orientation of the nanoparticle, including the [211] axis
shown in Fig. 3(b).

The PND patterns performed in samples with (7)xgrp
=40 and 68 nm at room temperature confirm the information
given by XRD, showing the peaks of the cubic face-centered

CoO (space group Fm3m).3! As temperature decreases bel-
low T (which is in the 250-290 K range and depends on the
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FIG. 2. (a) and (b) TEM images (scale bars correspond to 100
nm and 10 nm, respectively) of the CoO sample with (7)xrp
=18 nm and inset showing an electron-diffraction image; [(c) and
(d)] TEM images (scale bars correspond to 200 nm and 20 nm,
respectively) of the CoO sample with (7)xgp=40 nm and inset
showing an electron-diffraction image with spots corresponding to
(111) and (222) reflections; (e) schematic representation of a CoO
crystallite with a magnetic disordered layer of 2 nm; (f) magnetic
structure of the nanoparticles core; and (g) representation of the
magnetic disordered surface layer.

particles size as discussed in the following section) the
nuclear peaks become broader due to a monoclinic distortion
(space group C2/m),3? and peaks associated to AF magnetic
ordering appear. At 5 K, the PND pattern can be well fit by a
monoclinic nuclear cell [Fig. 1(b)] with parameters given in
Table I and by a propagation vector k=[1/2,1/2,1/2] asso-
ciated to a cubic cell, in accordance with Ref. 32. With re-
spect to the monoclinic cell, k splits into the four vectors
k;=[0,1,1/2], ky3=[1/2,*+1/2,0],** and k,=[0,0,1/2].
Best fits are obtained with k; and k4, with the moments
aligned in the ac plane and making and angle ¢ with the a
direction in the 45° —58° range and of about 18°, for k; and
k,, respectively. The magnetic structure corresponding to k;
is represented in Fig. 2(f). The solution with k; is similar to
that of Ref. 32, where the moments were found aligned in the
ac plane with ¢=55°. The values of ¢ for both k; and k4
correspond to an angle ¢ between the moments and the plane
defined by the ferromagnetically aligned moments [the (111)
plane in the cubic cell] of about 12° and 18°, which are
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FIG. 3. (Color online) (a) HRTEM image of the CoO sample
with (7)xgp=18 nm and inset showing the Fourier transform of the
image; and (b) Fourier transform of the rectangular region of the
image show inset.

higher than the 8° found in Ref. 33 and the 1° and 4° re-
cently found in Ref. 34. In fact, the magnetic structure of
CoO is still a matter of debate, particularly in what concerns
to the existence of single or multi-k structures® and the mo-
ments direction. The present results show that the magnetic
structure of the CoO nanoparticles is compatible to that
found for bulk powder and single-crystal CoO.

The magnetic moment per Co ion at 5 K for k; in samples
with (7)xgp=40 and 68 nm is 3.41(7) and 3.40(4) up, re-
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spectively (Table I); similar values are obtained for k,. These
values are close to those reported in Ref. 36 (3.4*=0.1 up)
and slightly smaller than that reported in Ref. 32
[3.98(6) wp] and Ref. 37 (3.8 up). All these values are
higher than the spin-only moment of 3 up, indicating an
important orbital contribution.

As temperature increases, the magnetic (sublattice) mo-
ment M ,;, of samples (7)xrp=40 and 68 nm decreases, simi-
larly to that reported for bulk.® At lower temperatures
(T/Ty<0.5), M,,,(T) in the bulk was described by spin
waves while close to Ty it follows a Brillouin law. At inter-
mediate temperatures non of these models apply [see Fig.
7(b) for comparison between M, (T) and Brillouin law in
sample with {(7)xgp=68 nm].

In both samples, the mean size of the structurally ordered
region obtained from the XRD patterns is higher than that
obtained from the PND data (Table I). This might be due to
uncertain associated to the determination of the instrument
resolution function. At the same time, the nuclear (structural)
coherence size of both samples is higher than the magnetic
coherence size. In the sample with smaller size, where the
contribution to the PND peaks broadening due to the sample
is more relevant and thus the accuracy in the sizes determi-
nation is better, the difference between the structural and
magnetic sizes is consistent in the two instruments used (5.4
nm and 4.4 nm in D20 and D1A, respectively). Considering
the value obtained in the instrument with better resolution in
the low angle region (DIA), the CoO nanoparticles of
sample (7)xgp=40 nm can be described by a core-shell
model, where the core is structural and magnetically ordered
and the shell is structurally ordered and magnetically disor-
dered, with a thickness of about 2 nm, corresponding to
about seven nuclear cells in the ¢ direction, as depicted in
Fig. 2(e).

B. Size dependence of Ty

At temperatures in the 240-290 K range, the magnetic
susceptibility has a maximum. In the context of magnetic
nanoparticles, this could correspond to a Ty or to a blocking
temperature Tp. The former is associated to the intraparticle
AF ordering. The latter is associated to the temperature be-
low which the magnetic moment of the nanoparticles is not

TABLE I. Nuclear and magnetic parameters (propagation vector k;=[0,1,1/2]) obtained from Rietveld refinement of neutron-diffraction
data. Numbers in parenthesis denote the standard deviation expressed in units of the least significant digit. The standard deviation of the size
was estimated based on the standard deviation of the fitted parameters and disregarding the uncertain associated to the determination of the

parameters associated to the instrument contribution.

Nuclear Magnetic
{T)xrRD T a b c B Size u @ Size
(nm)  Instrument (K) (A) (A) (A) (deg) (nm)  Bragg-R  (up) (deg) (nm)  Mag-R

40 D20 2.1 5.178(1) 3.0066(5) 3.0051(5) 125.49(2) 30.8(2) 4.84 3.41(7) 50(1) 25.4(3) 124
DI1A 5.4 5.1895(6) 3.0106(5) 3.0116(5) 125.464(9) 24.1(2) 4.25 3.44(7)  59(1)  19.7(2) 5.83
D20 295 4.2476(6) 6.86

68 D20 54 5.1828(6) 3.0123(3) 3.0110(3) 125.512(8) 57(1) 9.43 3.40(4) 44.9(7) 40(1) 16.9
D20 305 4.2558(1) 3.38
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FIG. 4. (a) Dependence of the Néel temperature Ty (determined
from magnetic-susceptibility data) with the structural mean size
(Txrp (determined from Rietveld refinement to XRD data). Hori-
zontal dotted lines delimitate the range of values for 7y in bulk
samples. Continuous line represents the fit to Eq. (1). (b) Depen-
dence of the remanent magnetization at zero temperature M,(0)
(obtained after cooling the samples with a field of 1 X 10* Oe) with

(xrp in a log-log plot.

able to cross the anisotropy energy barrier within the experi-
mental characteristic time, being a dynamical phenomena al-
ways associated to a frequency-dependent ac susceptibility
and to the existence of an out-of-phase component.’® Since
the PND measurements (which are directly probing the
phase transition via the ordering parameter) performed in
samples with (T)xgp=40 and 68 nm yield Ty values at the
temperatures where the susceptibility peaks occur and since
no frequency dependence or out-of-phase susceptibility is
found in the 240-320 K range, the peaks of the magnetic
susceptibility are associated with T). In fact, it is expected
that within the characteristic sizes here studied (>18 nm) Ty
estimated from susceptibility peaks approaches the true ther-
modynamic values, in accordance to that shown for CoO
films, where for thicknesses higher than ~4 nm T esti-
mated from susceptibility peaks approaches the true values
measured by heat capacity.®®

As the size of the nanoparticles decreases, the transition
temperature 7y (estimated from the maximum of the zfc sus-
ceptibility curve) decreases [Fig. 4(a)]. This decrease can be
described in first approach by the finite-size scaling depen-
dence

TN(OO)—TN(D)=< £o )
T() (xrp/’

where g is the correlation length at 7=0 and A, is the shift
exponent for the finite-size scaling.** By fixing T(%) within

(1)
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FIG. 5. Temperature dependence of the reduced remanent mag-
netization M,/M,(0) of sample with (7)xgrp=39 nm obtained for
different cooling fields H,,,;. Inset shows the dependence of M, at
2 K with H,

cool*

the limits found in literature,3%37 the best fit is obtained with
gy=5 nm and \;=1.5. g, is larger than the value found in
CoO films (1.8 nm) while the value of A, is similar (A,
=1.55), being between the value corresponding to those of
Ising (A\;,=1.56) and three-dimensional Heisenberg systems
(\y=1.42)4

These Ty({T)xrp) results demonstrate that in the CoO NP,
finite-size effects are relevant and contribute to the reduction
in Ty, despite their aggregation state. We notice that 7 may
also be affected by the magnetically disordered layer identi-
fied by PND, although the present results are inconclusive on
this respect. In the CoO sample from Sigma-Aldrich Ty is
within the values found in bulk samples,3®3” and therefore
finite-size effects are not relevant. In the view of finite-size
effects, this sample can be used as a reference for CoO bulk
magnetic behavior.

C. Remanent magnetization

The remanent magnetization induced by cooling in the
presence of a magnetic field, determined as described in Sec.
I, saturates at low temperature and decreases almost linearly
with the temperature up to temperatures near Ty (Fig. 5). As
the cooling field H,,,; increases, M, at 2 K also increases,
following a power law with an exponent close to 1, in first
approach and within the studied field range (Fig. 5, inset).
This contrasts with the H> dependence of M, with origin in
domain walls of bulk AF materials.! On the other hand, M, is
still not saturated at fields much higher than those typical of
AF materials with diluted impurities.?

The reduced remanent magnetization of the CoO NP
M,/ M ,(0) (with M,(0) taken as the value at 2 K) scales with
H.,, as represented in Fig. 5 for sample with (7)xrp
=39 nm, showing that as H,,, increases a larger net mo-
ment is being kept in the field direction while having similar
origin/mechanism.

The dependence of M,(0) with size is scattered [Fig.
4(b)]. However, it is clear that in the nanoparticles M,(0) is
enhanced compared to bulk and in the nanoparticles where
(T)xrp is about one order of magnitude lower than that of
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FIG. 6. (Color online) (a) Temperature dependence of the re-
duced remanent magnetization M,/ M (0) of all studied samples ob-
tained after cooling under H,,,,=1X 10* Oe. (b) M,/M,(0) of all
studied samples obtained after cooling under H,,,,=1X 10* Oe as
a function of the reduced temperature 7/Ty.

bulk, M,(0) is about two orders of magnitude higher.

Comparing M,/ M ,(0) for the different studied sizes [Fig.
6(a)], it is interesting to note that it scales for the samples
containing nanoparticles in the low and medium temperature
range (in the saturation and linear region), separating only
near Ty since the samples have different 7 values. This
scaling is far better than the scaling in a M,/M.(0) vs T/ Ty
scale [Fig. 6(b)]. In fact, in all samples the linear region of
M,/ M ,(0) extrapolates to zero remanent magnetization for
temperatures near to the bulk 7. At low/medium tempera-
tures, the remanent moments behave as there was no reduc-
tion in Ty due to size effects; in other words, finite-size ef-
fects are relevant only near Ty.

M,/ M ,(0) of the sample taken as bulk does not scale in T
nor 7/Ty, showing that in this sample M, has a different
origin, probably domain walls, as usually found in bulk AF.!
Also, the temperature dependence of M, is different from
that arising from interfacial uncompensated moments in CoO
films, where a plateau up to 200 K was found.*

In order to have a better insight on the origin of the mo-
ments associated to the M, induced by H,,, we have per-
formed PND experiments as a function of temperature at
zero field, after zfc and after field cooling across Ty, in
samples (T xrp=40 and 68 nm. It is clear that PND patterns
taken after zfc and fc are equal, within the experimental pre-
cision [Fig. 7(a)]. Since the integral breadth of the magnetic
peaks remains unchanged by fc, the size of the magnetically
ordered core also remains unchanged, within the precision of
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FIG. 7. (Color online) (a) PND pattern of the CoO nanoparticles
(sample with (T)xrp=68 nm) at 5 K after zfc and fc (instrument
D20). (b) Temperature dependence of the reduced remanent mag-
netization M,/M,(0) of sample with (7)xgp=68 nm compared to
the reduced sublattice magnetization M,/ M,,(0) obtained from
Rietveld refinement to zfc and fc PND patterns. Continuous line
represents the Brillouin law for 7y=286 K and §=3/2.

a few standard deviations (see standard deviations in Table
I). In this view, M, arises most probably from magnetic mo-
ments located at the magnetically disordered surface and not
from an important change in the size of the magnetically
ordered core induced by fc. The surface origin of M, is also
supported by the linear behavior of M,(T) at intermediate
temperatures. In fact, the linear M ,(T) indicates that the mo-
ments responsible for the remanent magnetization are in a
two-dimensional (2D) configuration as experimentally*>*3
and theoretically** found in films and particles.'®*> Further-
more, Makhlouf er al.'® refer to molecular-field calculations
showing that the linearity holds down to 7/7Ty=0.2, similarly
to that found here [Fig. 6(b)].

From the point of view of the M,(T) dependence, it is
expected that a 2 nm thick shell behaves as a 2D entity based
on models and experimental results. Models show that M(T)
depends on the number of atomic layers n, on the spin value
and on the ratio between the parallel magnetic anisotropy
constant and the exchange constant.** For some typical val-
ues of this ratio, it is shown that for n>10, M(T) become
similar to bulk. In the present case of CoO, 2 nm correspond
to about 7 Co layers, which is within the range where a shell
is expected to behave as a 2D entity. An experimental study
in Lag;Sry3MnO5 films* show that M(T) probed in a 5 nm
thick surface is still substantially different from that of bulk
and conclude that at least several monolayers below a 0.5 nm
surface boundary M(T) is considerably different from bulk.
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IV. CONCLUSIONS

In this paper we show that a remanent moment M, can be
induced in CoO nanoparticles by crossing the transition tem-
perature in the presence of a magnetic field, with M, being
approximately proportional to the cooling field. The value of
M, at low temperature in the nanoparticles is about two or-
ders of magnitude higher than the value found in the sample
taken as the bulk. The nanoparticles are well described by a
core-shell model with the following characteristics (i) the
core is magnetically similar to that of the bulk (concerning
both the value and direction of the magnetic moment), (ii)
the core remains unchanged by cooling across Ty in the pres-
ence of a magnetic field compared to the zero-field cooling
situation within the instrumental precision, (iii) both core and
shell are structurally ordered, (iv) the shell is structurally
ordered and magnetically disordered having a thickness of
about 2 nm, and (v) most probably M, arises from pinned
uncompensated/canted moments located at the shell. Points
(iii) and (iv) are supported by PND and point (iii) is also in
accordance with HRTEM images which show that the nano-
particles are single domain and the crystalline planes are or-
dered across the nanoparticles up to near the surface. Point
(v) is supported by the linear dependence of M, with tem-
perature. The existence of a structurally ordered and mag-
netically disordered shell opens the question of the source of
this magnetic disorder. This source can be structural, includ-

PHYSICAL REVIEW B 82, 094433 (2010)

ing preferential surface vacancies (which lead to broken ex-
change paths and oxidized nonmagnetic Co) and surface ten-
sion. Magnetic sources include an odd number of planes and
the symmetry break of the exchange paths of surface atoms.
The latter gives rise to a progressively canting of the
moments.*® Another magnetic source for the generation of a
pinned moment was discussed for NiO.!” Accordingly to nu-
merical modeling, the reduced coordination of surface spins
leads to different sublattice configurations, which causes
changes in the magnetic order throughout the particle. This
last cause is clearly compatible with the present experimental
findings.
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