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Critical radius for exchange bias in naturally oxidized Fe nanoparticles
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Details of synthesis and structural characterization of highly crystalline iron oxide nanoparticles are pre-
sented together with results on the magnetic investigation as a function of the temperature and applied field.
Monodisperse Fe nanoparticles were prepared by thermal decomposition of iron pentacarbonyl in the presence
of oleic acid. These iron nanoparticles were readily oxidized on exposure to air. The resulting nanocrystals
have been identified as inverse spinels, being y-Fe,O3 the dominant phase of the small 5-nm iron oxide
nanocrystals, whereas the proportion of the Fe;O4 component gradually increases on increasing the particle
size. The small particles volume resulted in finite-size effects, for instance, the magnetization deviates from the
73?2 Bloch’s law. At the same time, high field irreversibility and shifted hysteresis loops after field-cooled
processes have been detected, and attributed to a low-temperature surface spin-glass layer. Moreover, there is
a critical diameter below which the surface spin-glass behavior and exchange bias effect abruptly disappear.
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I. INTRODUCTION

The “feedback” of technological society has strained an
intense research in the past three decades on nanoscale par-
ticles (NPs). It is strongly believed that understanding the
unique properties of small magnetic entities, in many cases
arising from the high surface-to-volume ratio, would lead to
novelty applications in medical imaging and drug targeting,
cancer treatment through hyperthermia, catalysis, biological
labeling, refrigeration systems, painting, archaeology dating,
as well as an improved performance in magnetic recording
media and permanent magnets. '

Regarding the magnetic features, below a critical size the
magnetic entities become single domain and the magnetiza-
tion reversal, assuming coherent rotation (of the magnetic
domain moment), is well described within the Stoner-
Wolhfarth model.? In addition, it was shown by Néel that at
temperatures above the so-called blocking temperature 7 a
stable bulk magnetization cannot be established due to ther-
mal fluctuations.’ The magnetic anisotropy energy that stabi-
lizes the magnetization of a particle in a certain direction is
generally proportional to the particle volume. At a certain
temperature, there is a critical size below which the particle
magnetic moment starts to fluctuate and goes through a rapid
superparamagnetic relaxation and zero coercive field. There-
fore the truly exciting fact about the magnetic properties of
NPs, related to applications, is that they can exhibit size-
dependent features [i.e., the lowest (zero) or the highest at-
tainable coercivity]. For instance, high coercivity is critical
on magnetic recording media, whereas very low coercivity is
desirable in transformer core materials.

Another important magnetic issue in magnetic NPs analy-
sis is the spin configuration. Frequently, the surface region of
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nanostructured magnetic matter exhibits modified magnetic
properties compared to bulk as a consequence of the lack of
structural periodicity and/or the presence of competing mag-
netic interactions, resulting in a noncollinear spin configura-
tion, or spin canting, at the particle surface, and reduced
saturation magnetization M,* Therefore interface effects
dominate leading to a multiphase character, with phases
magnetically and/or structurally different, which are modu-
lated on the nanometer length scale. Actually such phases do
interact, giving rise to intraparticle exchange anisotropy, as
found in both oxide particles’ and metallic systems.®
The simulation of such magnetic behavior, based on a model
of a magnetic core surrounded by a shell with spin disorder,
is generally in good agreement with the experiments.” Fur-
thermore, the exchange interaction has been shown to pro-
vide additional anisotropy energy to stabilize the magnetiza-
tion of a nanoparticle and consequently may prevent the
superparamagnetic limit during miniaturization.®

For the economical production of large quantities of NPs,
milling is difficult to compete with. However, the product
tends to be very polydisperse in size and irregular in shape
that hinders the physical properties from being characterized.
Solution chemistry approaches, either in aqueous or in or-
ganic solvents, have also been used to synthesize extremely
small and almost monosized iron-based nanoclusters.! In this
paper, crystalline magnetic oxides were obtained from col-
loidal dispersions of iron prepared by a process similar to
that described in Ref. 9. We present the results of dc mag-
netic properties with respect to temperature and magnetic
field, showing evidence of the existence of the surface spin-
glass behavior in ionic magnetic solids above a critical
diameter.
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II. EXPERIMENT

Monodisperse Fe NPs were prepared via thermal decom-
position of iron pentacarbonyl Fe(CO)s. In a typical homo-
geneous nucleation synthesis, for instance, to prepare 11
-nm particles, 0.2 mL of Fe(CO)s (1.52 mmol) was added to
a mixture containing 10 mL of octyl ether and 1.28 g of
oleic acid (4.56 mmol) at 100 °C [1:3 molar ratio of
Fe(CO)s to the oleic acid]. The resulting mixture was heated
to reflux (~280 °C) and kept at that temperature for 2 h.
During this process, the initial orange color solution turned
black, indicative of the presence of Fe’. When the starting
reaction mixture contained Fe(CO)s and oleic acid in 1:1 and
1:2 molar ratios, nanocrystallites with particle sizes of 5 and
8 nm were obtained, respectively. To produce bigger par-
ticles, as for the case of 13-nm nanospheres, a synthesis with
a 1:4 molar ratio was used, and then more iron carbonyl
Fe(CO)5 was added into the previous colloidal dispersion,
followed by aging at temperatures close to 280 °C. The re-
sulting black solution was then cooled to room temperature,
and ethanol was added to yield a black precipitate, which
was then separated by centrifugation. The supernatant was
discarded, and the particles were redispersed in chloroform.
This washing sequence was repeated three times to remove
surfactant excess from solution. For the solutions containing
the slighter particles, warming up the colloidal dispersions
from cryogenic temperatures under the presence of a perma-
nent magnet was also complementary to the centrifugation
routine.

The reduction reactions during preparation of the different
NPs were carried out under Ar atmosphere. Ulterior washing,
drying, storage and transfer to transmission electron micros-
copy (TEM) or superconducting quantum interference device
(SQUID) were carried out in ambient conditions.

Electron microscopy experiments were carried out in a
LEO 922A energy filtered TEM (EFTEM), operating at
200 kV and a JEOL 2011 high-resolution TEM (HRTEM),
operating at 200 kV. Samples were prepared by drying sol-
vent dispersions of NPs onto a lacey C film supported on Cu
grids.

Magnetic properties of the samples have been measured
using a Quantum Design MPMS-5 SQUID magnetometer in
the temperature range from 10 to 300 K and in applied fields
up to 50 kOe.

III. RESULTS AND DISCUSSION
A. Structural characterization

Typical low magnification TEM images of the Fe NPs
considered in this paper are shown in Fig. 1. Variations in the
synthesis procedure engender NPs with average diameter
ranging from 5 to 13 nm. The particle size was most sensi-
tive to the surfactant-to-iron molar ratio. The time of reflux
was also a determining factor in uniformity of particle shape
and size monodispersity. This is normally explained by the
formation of an intermediate iron-oleate complex, the time
and temperature dependence of the reaction attributed to the
decomposition of different intermediates, the concentration
of surfactant controlling the nucleation and growth.
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FIG. 1. Low magnification TEM images of several assemblies
of spheroidal NPs with average diameter ranging from 5 to 13 nm.

The great contrast variations between the particles indi-
cate randomly oriented single crystals. This is also readily
confirmed by the spotty ring selected area diffraction (SAD)
pattern in Fig. 2, obtained from a typical area in the sample
with 13-nm size particles. Detailed measurements of the ob-
served lattice spacing in the SAD patterns revealed that the
great majority of the particles are crystallized in the magne-

FIG. 2. Typical SAD pattern obtained from the 13-nm NPs. The
main diffraction rings are indexed to Fe;O,4. The co-existence of
y-Fe,O5 in the same sample is shown by the double (400) spots,
marked with white arrows.
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tite (Fe;O4) phase; however, in some cases, such as that
shown by the white arrows in Fig. 2, individual reflections
by both the Fe;O, and the maghemite (y-Fe,Oz) phases
could be easily revealed.

Variation in contrast between nonoverlapping nanopar-
ticles is due to the different crystallographic orientation of
each one with respect to the electron beam.'® For the same
reason in overlapping nanoparticles the contribution of two
orientations results in this appearance. Additionally, the con-
trast variations within each NP arise because lattice frag-
ments are at different orientations with respect to the electron
beam. The same type of thickness contrast of spherical or
nearly spherical particles has been also previously reported,'!
where metal nanoparticles are shown to have such contrast
variations due to their superposition one on top of the others.
Finally, it is worth noting that in agreement with relevant
works!"1? the synthesis method of nanoparticles in this manu-
script, i.e., the thermal decomposition of iron-organic precur-
sors in an organic media, leads to precipitation of very
uniform nanoparticles with low polydispersity.

Although, Mossbauer spectroscopy'® and x-ray appear-
ance near-edge structure (XANES) (Ref. 14) are quite pow-
erful techniques for the determination of the precise phase in
the nanoparticles, detailed HRTEM may also distinguish the
magnetite and maghemite phases present as discussed below.

The SAD patterns from various areas of the samples (the
representative case presented in Fig. 2) provided only an
indication of the co-existence of the oxide phases present in
the samples. However, the precise determination of the crys-
tal phase and their relative percentage were performed by
means of the Fourier transform (FT) method in each indi-
vidual nanoparticle, imaged in HRTEM conditions. In more
detail, the TEM negatives—where an adequate number of
nanoparticles was captured—were initially scanned in a
high-resolution scanner and, consequently, the FT was ob-
tained from each individual nanoparticle in the HRTEM im-
age by using Gatan’s Digital Micrograph software package.
A careful calibration of the reciprocal-lattice spacings mea-
sured in FTs by using a Si powder standard sample had been
previously performed.

Consequently, the NPs consist of a mixture of y-Fe,O3
and Fe;0, oxides, which have nearly the same spinel crystal
structure with only ~1% difference in the cubic lattice con-
stant. While the overall size is well controlled (standard de-
viations <5%), the oxidation process may not be, resulting
in homogeneously sized NPs with different ratios of iron and
oxygen compounds.

The type of oxide that is formed is an important issue to
be pursued. Magnetite is ferrimagnetic below 860 K, with a
saturation magnetization value of 84 emu/g, the net magne-
tization reflecting the Fe?" ions in the octahedral sites. In
maghemite the net magnetic moment originates from Fe®*
ions, with a magnetic order-disorder transition temperature
close to 1020 K and a bulk saturation magnetization of
74 emu/g. Therefore HRTEM and image processing was
subsequently employed to reveal the precise crystal structure
of individual particles. A typical HRTEM micrograph from
the 13-nm sample is displayed in Fig. 3, illustrating the
highly crystalline nature of the NPs. Detailed measurements
of the reciprocal-lattice spacing by means of FT analysis

PHYSICAL REVIEW B 74, 054430 (2006)

FIG. 3. HRTEM image of two 13-nm-size NPs, each comprised
of the two (Fe304 and y-Fe,05) different crystal structures. The
composition ratio of Fe;04/y-Fe,O5; was found to be 2:1 in that
sample.

showed that each individual particle is either in the form of
v-Fe,05 or Fe;0,4. The magnetite particle exhibits its [110]
projection, with the (220) crystal planes predominately re-
vealed; the particle is also highly facetted at the {111} and
{100} planes, in the form of truncated octahedrons as would
correspond to entities formed by adatom diffusion close to
the thermodynamic equilibrium. The main lattice planes re-

vealed for the maghemite particle are the (110) and (111), as
shown in Fig. 3, hence the corresponding zone axis is the
[112] in this case.

Eventually, we were able to distinguish the phase (Fe;O,
or y-Fe,03) each individual nanoparticle comprised of and
their relative percentage. Furthermore, the FT analysis was
quite facilitated in cases where the {110} y-Fe,O5 lattice
fringes were resolved—e.g., in Fig. 3 of the manuscript—
which are only present in maghemite due to the different
space group of the two oxide phases.

By measuring more than 100 nanoparticles in each of the
two samples (with the 5- and 13-nm particles), we were able
to estimate the relative percentage of each phase in them.
However, since TEM and HRTEM are sampling techniques
and due to the slight lattice spacing variations observed in
the nanoparticles, there is indeed an uncertainty in the per-
centage values for each sample, in the order of about 5%, not
capable though to dramatically change the Fe;O,/y-Fe,05
relative ratio in the form of (y-Fe,03),_(Fe;0,4), with
x=0.7 for the 13-nm sample. The proportion of y-Fe,O5
component gradually increases on decreasing the particle
size, reaching x=0.3 on the small 5-nm particles.

The structure and oxidation state of the oxide depend on
particle size. More precisely, smaller particles are richer in
maghemite, while increasing core mean size, the shell be-
comes mainly composed of magnetite. Due to the reduced
radius of curvature, the oxide layer of the smaller particles
is expected to exhibit a higher degree of structural disorder
and lower coincidence interfaces between crystallites. These
features enhance the diffusion of vacancies and Fe cations,
thus enhancing the rate of the magnetite to maghemite
transformation.'*
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A similar composition dependence on size has been re-
ported by Park et al.'> The origin of the correlation between
surface reactivity and particle size may rely on the decay
length of the electronic local density of states at the Fermi
energy, similar to quantum-size effects observed in the oxi-
dation rate of ultrathin Mg(001) layers on W(110) as a func-
tion of film thickness.!® Bonds to the surfactant chains and
the presence of dislocations at the particle surface are factors
which are expected to influence the decay length and there-
fore the electron transfer rate by tunneling, from the metal to
the O, molecule, which is supposed to control the initial
oxidation process. For instance, varying the length of the
polymer is believed to explain the different degree of surface
oxidation in our case compared to colloidal iron dispersions
reported by Griffiths et al.’

Actually, the oxidation of Fe starts during synthesis due to
the presence of an oxygen-containing ligand like oleic acid.!”
Such mechanism leads to surface oxidized nanoparticles at a
varied shell depth depending on reflux temperature and du-
ration. Additionally, the use of a solvent such as octyl ether
with a high boiling point (287 °C) allows the rearrangement
of the atoms within the nanocrystal during the synthesis, giv-
ing rise to high crystalline nanoparticles. In addition, we ob-
served that the initially formed oxides have a large Fe/O
ratio compared to maghemite and magnetite. We believe that
oxidation mainly occurs after exposure in atmosphere fol-
lowing this route: an instant total oxidation of the nanopar-
ticle (all of the measurements presented took place after this
stage) and a very slow oxidation of the formed oxides to
maghemite (after some months) as shown by x-ray diffrac-
tion (XRD) experiments. Finally, the oleic acid (used as a
surfactant) seems to be strongly bound to particle surface
leading to magnetic isolation and further oxide isolation.

Furthermore, the oleic acid, as a surfactant, containing 18
carbon units, provides spacing between the particles on the
order of 3 nm. At these distances, magnetic dipolar interac-
tions are so weak that particles will tend to form two-
dimensional arrays. Therefore regular arrays of nanosized
magnetic Fe-based particles, separated by the fatty acid mol-
ecules adsorbed to their surfaces, can be formed by drying
the solution under the appropriate conditions (humidity, tem-
perature, boiling point of the solvent, particle concentration
in the solution, etc.) on different kinds of substrates. The
choice of the appropriate substrate based on its chemical en-
vironment and properties plays crucial role in monodisper-
sity. But also the thermal decomposition as a synthesis
method facilitates the self-assembly mechanisms in iron
oxides.

Deposition of several metal (Cr, Pt, Al) and semiconduc-
tor (Si) capping layers, together with the use of microfabri-
cated wafers, will allow the integration of chemically synthe-
sized NPs from organic solvents into structures suitable for
magnetospintronics applications. Up to now, devices were
formed from multilayers of superparamagnetic Fe;O, NPs
deposited in vertical tunnel junctions using the Langmuir-
Blodgett technique,'® or utilized the nanometer-scale preci-
sion of the NP’s self-assembly.'” In our study, a different
procedure was followed with very promising results as Fig. 4
depicts. This TEM micrograph was recorded after carefully
depositing a drop of the solution onto a silicon substrate by
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FIG. 4. HRTEM image of 5-nm particles, indicated by arrows,
embedded in an organic barrier onto Si(001). In this case, the cap-
ping layer was a 10-nm-thick Cr film.

means of spin-coating methods. After the NP’s film forma-
tion, a conducting 10-nm Cr electrode was evaporated under
vacuum conditions. The quality of the monolayered ordering
of islands is evident.

The exact shape of nanoparticles is more obvious in this
cross section image. Despite the pressure of the Cr overlayer
nanoparticles keep their almost spherical shape. In the case
that there are oxide nanoparticles having disklike shape, they
would be imaged as rectangular in cross sectional TEM im-
age, whereas such a TEM micrograph, as well as from other
areas of the NP’s film formation sample, reveal that the par-
ticles have a spherical shape. The tendency of metallic cores
to form elongated shapes depending on size was observed by
HRTEM imaging in Fe nanoparticles?® contrary to our
samples where in all sizes mainly spherical nanoparticles
were observed. Therefore we believe that there is not such a
great percentage of particles with disklike shapes in the
sample to induce an additional shape anisotropy.

B. Magnetic characterization

A discussion of the macroscopic magnetic properties of
these high-quality NPs follows. The zero-field-cooled—field-
cooled (ZFC-FC) magnetization curves in an applied field of
100 Oe are plotted in Fig. 5 for comparison between the
samples with 5, 8, and 13 nm average particle diameter. Both
types of curves were measured in the direction of increasing
temperature between 10 and 300 K. The ZFC curve exhibits
a typical blocking process of an assembly of superparamag-
netic particles with a distribution of blocking temperatures.
From these temperatures, and assuming a spherical shape of
the particles with a mean volume (V), extracted from TEM
pictures, we could estimate? the effective anisotropy constant
K== 30kgT/ (V) where kj is the Boltzmann constant. The
calculated value of the effective anisotropy (see Table 1) is
comparable with first-order anisotropy y-Fe,O5 (and Fe;0,)
constant usually reported in NP studies following the typical
increase with decreasing particle size. However, it is notice-
able that unlike other nanocrystals, in our case the magnetic
anisotropy constant does not increase significantly with a
reduction in particle size.>!

The superparamagnetic behavior of these samples at tem-
peratures above T3 has been confirmed by plotting the field
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FIG. 5. Magnetization of the 5-nm (triangles), 8-nm (squares),
and 13-nm (circles) NPs vs temperature, measured in a field of
100 Oe. The lower curves are for the samples cooled to 10 K in
zero magnetic field (ZFC, represented by hollow symbols) while the
FC curves are depicted as full symbols. Arrows indicate the block-
ing temperature T for each sample. The vertical line close to 65 K
accounts for the surface spin-glass temperature 7 (at which the
magnetization deviates from the 72 dependence).

dependence of the magnetization as seen in Fig. 6. Consid-
ering a system of monodisperse noninteracting particles, it is
possible to fit these isothermal magnetization curves to
Langevin-like functions M/M =coth(uH/kgT)—(kgT/ wH)
where w is the intrinsic magnetic moment of each particle,
and T is the temperature.”! The calculated curves are in good
agreement with the experimental data, and the mean mag-
netic moment per 8-nm particle is found to be u=7785up at
300 K, and about 8414 u; when measured at 150 K. An es-
timation of the saturation magnetization can be obtained us-
ing the general expression u=M (V). These results corre-
spond to saturation magnetization values of 55 and
59 emu/g, respectively. Here, we have assumed the average
density of bulk 9-Fe,0; (4.87 g/cm’?) and Fe;0,
(5.2 g/cm®) phases. It is worthwhile to mention that usually
reported values of M, for the iron oxide particles case, were
found smaller than the bulk value and decreasing even more
by reducing the size of the NPs.! For comparison, the mag-
netic saturation of bulk Fe;O, is 84 emu/g, which mainly is
that of our 13-nm sized sample. This clearly indicates that
the chemical environment (surfactant itself) may be a strong
influence on the magnetic properties, together with the spin
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FIG. 6. Isothermal magnetization curves corresponding to the
8-nm particles sample, at 150 K (solid squares) and 300 K (open
squares). The magnetization curves for the 13-nm (open circles) and
5-nm (open triangles) samples at 300 K are also shown for com-
parison. The solid lines are fits to the Langevin expression for a
superparamagnet.

canting of the surface ions as in the case of ferrimagnetic
lattice.*

Below T the samples show hysteresis in M vs H curves.
Figure 7(a) shows the field-cooled magnetic hysteresis loops
at 10 K of two representative samples from the series dis-
cussed. The hysteresis loop after the field-cooled procedure
is shifted along the field axis in the opposite (“negative”)
direction to the cooling field, i.e., the absolute value of co-
ercive field for decreasing (H,;) and increasing field (H,,) is
different. This effect is well known to be due to the exchange
coupling between antiferromagnetic AFM (or spin glass)
phases and ferromagnetic FM (or ferrimagnetic) phases.”?>%3
The following details are also worth mentioning. First, the
coercivity at each side of the hysteretic branch increases with
the particle diameter, and consequently the exchange bias
defined as H.,=(H,,+H)/2 and depicted in Fig. 7(b). Sec-
ond, it is well known that in many exchange-biased film
systems, H., depends on the number of measurements, a
property often called a training effect. As an example, if
several consecutive hysteresis loops are measured, the shift
of consecutive loops will decrease. Note that such effect is
not detected in our case. This is best observed for the
13-nm sample in Fig. 7(a), where first the hysteresis cycle

TABLE I. Samples types and magnetic characterization.

Phase K
Diameter (% of Tg T¢ M, 300 K (10 He, H,
(nm) Fe;0,) (K) (K) (emu/g) erg/cm?) (Oe) (Oe)
13+0.4 70 160 820+40 86 6 105 479
8+0.4 80 770+20 55 13 50 210
5+0.3 30 19 540+20 43 12 0 45

054430-5



MARTINEZ-BOUBETA et al.

1.0
(a)
10K
0.5-
]
E 0.0
E gj ?fanrrhj?oﬁxy/
05 g, /,;‘a,/
e iy
-1 -o_ I ' | | | -I -200I -‘mOH(‘oe)‘mﬂ I200
-4000  -2000 0 2000 4000
H(Oe)
120 (b)
© 10K %/+
O 80-
'
X
[
L 40 -
o] &

4 6 8 10 12 14
particle diameter (nm)

FIG. 7. (a) Normalized magnetization loops for the 13-nm NPs
sample at 10 K after cooling from 300 K under an applied field
H,=+10 kOe. Circles accounts for the curve measured between
+10 kOe, while the continuous line is the hysteresis measured cy-
cling the field between +50 kOe. Inset: Hysteresis curves for the
5-nm sample (solid line, measured at 10 K) and the 13-nm NPs
sample (circles, measured at 100 K) after FC processes from 300 K
down to 10 K under a bias field of +10 kOe. No exchange effects
leading to hysteresis displacements are observed. (b) Relation of the
exchange field H,,, extracted from the shifts in the hysteresis loops
after FC sequences, versus the particle diameter at 10 K. The solid
line is a guide for the eyes.

was measured between =10 kOe and then the experiment
was repeated under +50-kOe cycling. This fact suggests the
existence in the initial state of a strong local anisotropy, con-
trasting the orienting action of the applied field. As far as the
particle size is concerned, this effect disappears for the
sample of 5-nm diameter, the hysteresis curve traced on the
inset to Fig. 7(a) being symmetrical without shift.

As the temperature is decreased, the average coercive
field (H.,—H,;)/2 and the remanence increase. For example,
at 10 K the value of remanence for the 13-nm particles on
Fig. 7(a) is close to the value 0.5 that is expected at 0 K for
an ensemble of noninteracting, uniaxial single-domain
particles with randomly oriented axis.

The temperature variation of H, appears below
T~ 150 K in correspondence with the freezing point of most
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FIG. 8. Example of the coercivity dependence, for the 13-nm
sample, as a function of the square root of the temperature normal-
ized to the blocking temperature. The straight line is a linear fit.

moments of the shell regions, indicating that the exchange
bias effect originates from the exchange interaction between
the cores and the shells. While T reduces, H,, increases be-
cause of the progressive freezing of a rising number of shell
region moments in agreement with relevant work on iron
nanoparticles embedded in an iron oxide matrix.>*

Neglecting the interparticle correlations and considering
that the magnetization reversal process takes place coher-
ently, the coercivity is expected to follow the relation
H.(T)=H_[1-(T/Ty)"?]. As can be seen in Fig. 8, the ex-
trapolated value of the intrinsic coercive field H ., has been
derived to be close to H.,=670+40 Oe for the 13-nm
sample. H, increases rapidly with decreasing T, reflecting the
freezing of the shell that, because of the exchange coupling,
also exerts a strong pinning action against the reversal of the
core moments.

In addition, the temperature dependence of the saturation
magnetization has, for all the samples, been observed to fol-
low a monotonic decrease different to the Bloch’s T2 law.
Figure 9 shows the magnetization of the particles, measured
at 20 kOe, as a function of temperature. In our case, M(T)
can be well described by a power law M=M,(1-bT*) where
a=2=+0.1 for all the cases considered. Such a behavior was
initially predicted by Hendriksen et al.,> at the nanometer
scale, due to finite-size effects, where the spin-wave spec-
trum is modified and the magnetization is better accounted
by a 7% power law, with a Bloch exponent a ~ 2 larger than
its bulk value (%) Ever since, this methodology is widely
used in literature’?’ to fit the thermal behavior of various
nanoparticle systems. Additionally, the temperature depen-
dence of the saturation magnetization for the ultrafine par-
ticles in the present work agrees with theoretical
calculations?® on cubic structured spherical particles where
the spin-wave spectrum is quantized due to finite-size ef-
fects. By extrapolating to zero magnetization, the Curie tem-
perature (T) for the sample 13 nm is estimated to be 820 K.
As the particle diameter is decreased, the 7 is expected to
deviate from the bulk value,?® and so we found a reduced
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FIG. 9. Magnetization as a function of the temperature for the
5-nm (triangles), 8-nm (squares), and 13-nm (circles) NP solutions.
The magnetization was measured in a field of 20 kOe. The solid
line shows (fit) the magnetization as a function of 72.

T-=770 K for the sample with 8-nm average particle diam-
eter and an even more reduced T-=~540 K for the 5-nm
sample. In Fig. 9 there is also an important increase of the
magnetization at low temperatures, which can be understood
in terms of a surface state with canted atomic moments. For
low temperatures (<50 K) similar increase of magnetization
has also been evidenced for ferrite nanoparticles and attrib-
uted to misaligned surface spins due to broken exchange
bonds. These spins fluctuate more freely at high temperatures
than those from the core and freeze progressively at low
temperatures into a disordered structure.’®3! Magnetization
vs temperature experiments at different applied fields and
particle sizes show that the temperature T, at which the
magnetization deviates from the previously examined 72 law,
increases from 30 K (measured at 20 kOe cooling field) to
50 K for decreasing fields down to 10 kOe, and extrapolates
to T,~65+10 K for cooling at low fields. For instance, this
temperature corresponds with the vertical line in Fig. 5, de-
picting also the change in the slope of the FC sequences at
low field.

The decrease of M, with decreasing NP size could be
explained by considering the presence of a noncollinear
magnetic outmost shell of thickness 7 that relatively increases
with decreasing particle size. As the particle size decreases
the ratio of thickness of the outer layer to the particle size
increases.?® Similar reduction in magnetization was also ob-
served in ultrafine maghemite particles®? and ferrite
particles®® and attributed to canting of individual spins, to the
presence of a nonmagnetic layer at the particles surface, cat-
ion distribution, superparamagnetic relaxation, and spin
canting.

IV. DISCUSSION

A necessary condition for the observation of exchange
bias is that the antiferromagnetic phase (or ferrimagnetic or
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spin glass) has a large magnetic anisotropy, so that it can
exert a pinning action on the ferromagnetic phase. H., ap-
pears below 7=150 K in correspondence with the freezing
of most of the moments of the oxide magnetic regions, most
probably due to the progressive increase of the coercive field,
the anisotropy and the consequent freezing of more and more
oxide region moments.

We have observed high-field irreversibility in the moment
vs temperature of (y-Fe,03),_,(Fe;04), particles, composi-
tion ranging from x=0.7 for the 13-nm sample to x=0.3 for
the 5-nm case. The onset temperature of this irreversibility is
near 30 K. The appearance of shifted hysteresis loops leads
us to consider a particle as containing a magnetically disor-
dered surface of a certain width and a core more or less
ordered depending on the size of the particle and the tem-
perature. The disorder of the spins at the surface of the mag-
netic NPs could be expected for many reasons. For instance,
the surface spins have a lower coordination number and
therefore experience a reduced mean field which is sufficient
to induce their disorder. Either roughness at the particle edge,
the existence of oxygen vacancies at the surface because an
inhomogeneous oxidation of the initial Fe colloid, or due to
the bonding with the surfactant, would also wane the super-
exchange interaction, thus inducing the spin-canting effect.’

Thermal fluctuations of canted surface spins were also
observed in ferromagnetic particles>3*33 as well as boundary
spins in antiferromagnetic ball-milled FeRh (Ref. 6) and pure
nanocrystalline Fe (Ref. 36) have been found to freeze at low
temperature into a spin-glass-like phase with a multidegen-
erate ground state. The origin of this behavior was ascribed
to the combination of structural disorder and frustration due
to competing magnetic interactions. In our samples, too, the
spins of the surface layers could be frozen in a spin-glass-
like state at low temperature. Such a picture is supported by
the observed high-field irreversibility that appears at hyster-
esis loops (~10 kOe at 5 K for the 13-nm sample). Hence
the shift of the field-cooled hysteresis loop can be associated
with the exchange anisotropy originating from the exchange
coupling between the spin-glass layer and the ferromagnetic
cores. At low temperature, the whole system should be in a
disordered magnetic state, where the orientation of the layer
and the core moments is affected by the exchange coupling
between the spin-glass layer and the ferromagnetic phase.

In other words, it can be assumed that the surface layer is
characterized by a random magnetic anisotropy (locally
varying easy axis and distribution of local anisotropy con-
stant) that increases with decreasing temperature. At high
temperature, where the oxide anisotropy is lower, the polar-
izing action of the cores to the surface moments dominates,
and this implies an enhancement degree of the collinearity of
the moments.

On this basis we may conveniently describe our system as
constituted by two different components, strongly coupled at
the interface: a nonrelaxing (quasistatic) ferromagnetic com-
ponent (core), and a relaxing, magnetically disordered com-
ponent (surface layer).

At room temperature, most of the net moments of the
surface regions thermally fluctuate and tend to be polarized
by the core particle moments. Such a description is sup-
ported by the magnetization values obtained shown in Table
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L. Moreover, spin canting is also a size-dependent feature and
we believe that reduced coordination and hence broken su-
perexchange bonds between surface spins result in an alter-
ation of the orientation of each magnetic moment and con-
sequently to a disordered spin configuration and a reduction
of the average net moment. With decreasing temperature, a
progressive freezing of the moments of the surface layer at
field-dependent temperatures occurs, according to the distri-
bution of anisotropy energy barriers. Finally, below a weakly
field-dependent temperature T, the freezing of the surface
layer in a spin-glass-like state is complete and the shell-core
exchange coupling results in a frozen disordered magnetic
state for the whole system.

In the FC process, a preferred orientation is imposed upon
the spin-glass-like surface spins, while the FM core, with a
higher ordering temperature, is single domain. When the
field is removed, the FM core experiences the field generated
by the frozen surface layer in the direction of the cooling
field, originating the observation of the offset of the hyster-
esis loop at measuring temperatures lower than 7. The dis-
appearance of the exchange bias effect at temperatures over
T,, for instance the 13-nm particles case inserted in Fig. 7(a)
while the sample is well below T clearly reinforces the
above discussion. In addition, if the system undergoes the 7
while the core is still at a superparamagnetic state, as is the
case for the sample with particles of 5 nm diameter, the ex-
ternal magnetic field in the FC process cannot select a pre-
ferred configuration in the spin-glass-like surface, and a
centered hysteresis loop results.

Additionally, one may attribute the disappearance of ex-
change bias to the decreasing thickness of this spin-glass-like
layer when decreasing nanoparticle size. The general trend is
that when AFM thickness is reduced, H,, decreases abruptly
and finally becomes zero. The exact thickness at which the
different stages in this process take place depends on the
specific system, microstructure, and the measurement tem-
perature. The decrease of H., for thin enough layers is due to
several connected factors. It is well known that exchange
bias requires the condition Kppvfapm=Jin to be fulfilled.
Thus as 75p) is reduced this condition is violated, moreover,
the dependence of K,py with AFM thickness, may also in-
fluence H.,. Another important factor is the thickness depen-
dence of Ty and thus the blocking temperature 7y of the
AFM layer. Therefore for thin enough layers the reduced
temperature varies with thickness. In various systems there is
a peak in H,, before the main decrease, a behavior predicted
theoretically if there is a change in the AFM domain struc-
ture with decreasing thickness. Such a behavior was ob-
served by Berkowitz et al.3” The multisublattice spin con-
figuration considered, in which the reduced coordination of
surface spins causes a fundamental change in the magnetic
order throughout the particle leading to significant moments
which further increased with decreasing average particle di-
ameter is contrary to our samples as shown in Table I. The
large contribution of the orbital part of the magnetic moment
exhibited in CoO nanoparticles® due to a large spin-orbit
coupling may eventually cancel the core-shell structure and
diminish the exchange bias effect by causing a change in the
magnetic ordering in the core of the nanoparticles. However,
only x-ray magnetic circular dichroism (XMCD) experi-
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ments at Fe, O edges will clarify this issue by determining
the L,/ S, ratio.

The exact nature of the exchange biaslike properties
dependence on particle size is presently unclear. At least
three types of fundamental processes need to be taken into
consideration in this system.

The first is the thermal fluctuations on the superparamag-
netic core with decreasing NPs diameter, already discussed,
which may destroy the freezing of the surface moments
through indirect exchange interactions for the case 7, <Tp.

In this case the completely frozen state evolves into a
regime where the oxide magnetic regions become progres-
sively unfrozen, according to the distribution of the effective
anisotropy energy barriers, determined by their size and by
the strength of the magnetic interaction with the surrounding.
Once the net moments of the surface layer become able to
thermally fluctuate, they tend to be polarized by the core
moment. Numerical calculations of the exchange bias in
core-shell magnetic nanoparticles® predict that the exchange
bias is due entirely to the existence of the FM/AFM interface
and depends on the structure of the interface and less on its
size. Consequently, the influence of the thermal fluctuations
on the interface will depend on the shell thickness requiring
at least two or more AFM layers to stabilize the exchange
bias field.

The second is the chemically dependent surface aniso-
tropy. From the hysteresis shift, we may treat this surface
anisotropy as uniaxial, with the easy axis defined by the di-
pole moment of the neighboring ions. Hence the easy axis
for these ions is approximately radial. Therefore if the spins
were perfectly aligned, the effect of a radially symmetric
surface anisotropy would average to zero. On the one hand,
it would appear that this type of irreversibility would not
occur if all the cations had the same moment, like in the case
of y-Fe,05 which only contains Fe** ions, and indeed we do
not observe hysteresis shift in samples with 5-nm-diameter
particles and a predominant y-Fe,O5 nature. Although Mar-
tinez et al.’ studies in the ferrimagnetic oxide y-Fe,05 as a
function of the particle size indicate that the effects become
larger as the particle diameter decreases, as expected from a
surface effect, we must recall here that in their case the NPs
were platelets with an aspect ratio close to 4, which gives a
very large specific surface area but departing from the radial
symmetry previously discussed. On the other hand, we can-
not completely exclude the presence of a certain amount of a
nonstoichiometric Fe,O (wiistite) phase in the NP’s surface.
Wiistite is paramagnetic at room temperature and antiferro-
magnetic below 183 K. Since Fe,O can be oxidized to mag-
netite, we may expect a relative amount of Fe, O at the sur-
face of Fe;O, particles. As the amount of Fe;O, in solution
increases with the particles diameter, an increase of the mag-
netic exchange coupling, caused by interfaces between anti-
ferromagnetic Fe,O and the ferrimagnetic Fe;O,, would be
anticipated. But the centered hysteresis loop for the 13-nm
NPs at 100 K in the inset to Fig. 7(a), while the sample is
well below the antiferromagnetic ordering temperature for
Fe O, clearly declines the above discussion.

And the third, energy competition could be relevant since
in small particles the exchange energy, a surface term, be-
comes larger than the Zeeman energy, a volume energy term,
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which tends to orient the surface spins along the field direc-
tion. In this sense, coupling for an AFM/FM sandwich has
been introduced into a phenomenological free energy expres-
sion by Meiklejohn and Bean. It can be shown that in the
limit of infinite anisotropy of the antiferromagnet, the hys-
teresis loop will shift by an amount H,,=J,,/ Mp\tpy along
the magnetic-field axis. The formula exhibits the well-known
dependencies of exchange on the FM layer thickness gy, on
the magnetization My, and on the exchange coupling con-
stant at the interface J;,. The AFM magnetization is gener-
ally assumed to be zero. However, this is no longer the case
in NPs with a spin-glass layer. Within a generalized
Meiklejohn-Bean model,*’ the exchange bias is then calcu-
lated according to He, ~ (a/tgy) + (b/t>AFM). Identifying the
tapm With the spin-glass layer, a peak function in the H,, vs
the particle size may be observed due to changes in the AFM
domain structure.’” Such transition determines a critical di-
ameter for spheroidal NPs below which the spin disorder is
not favorable, and consequently the surface moments should
be aligned with the core moments under the application of an
external field.

V. CONCLUSIONS

Detailed structural and magnetic study of naturally oxi-
dized iron nanoparticles were presented in this work. Finite-
size effects seem to be responsible for the macroscopic mag-
netic behavior of the nanoparticles’ assembly. In particular,
magnetic features like the blocking temperature, the Curie
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temperature, the anisotropy constant, and the saturation mag-
netization were found to be correlated to the nanoparticle
size and the y-Fe,O3/Fe;0, ratio.

Critical radius for exchange bias was evidenced together
with high-field irreversibility and attributed to a low-
temperature surface spin-glass layer. Hence these effects are
associated with exchange anisotropy originating from ex-
change coupling between spin-glass layer (shell) and the fer-
romagnetic core. The phenomenon of surface spin glass is
strongly dependent on the particle size and diminishes when
decreasing the particle diameter. As far as the particle size is
concerned, this effect disappears for the sample of 5-nm
diameter.

In addition, we have shown that regular arrays of nano-
sized magnetic Fe-based particles can be formed by spin
coating the solution under the appropriate conditions. This
may allow the integration of chemically synthesized NPs
from hydrocarbon solvents into structures compatible with Si
technologies for electronic transport measurements. Further
work will aim to explore the magnetotransport behavior of
the samples, for instance, quantum tunneling from ferromag-
netic electrodes through 3-nm organic barriers and single-
electron-transistor effects.
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